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ABSTRACT

FUOrs are young stellar objects (YSOs) whose disks undergo an instability that
raises the disk-to-star accretion rate by a factor of 1,000 to 10,000, and sustain this
elevated accretion rate for up to 100s of years. The outbursts may be a phase through
which all young low-mass stars pass in the early stages of their formation and could
have played a role in the thermal processing of material in the Solar System. In this
thesis, I present a thorough and comprehensive study of the inner disks of FUOrs
and the properties of the accreting stars themselves.

In Chapter I, I contextualize FUOr accretion disks in the timeline of pre-main
sequence stellar evolution and discuss some of the major open questions in the study
of FUOrs today. I address the mechanisms proposed to trigger FUOr outbursts and
how the work in this thesis, as well as future observations, can constrain existing
models for each trigger mechanism.

In Chapter II, I introduce the disk modeling infrastructure that I use to study FUOrs
and to constrain physical parameters like their masses and mass accretion rates. I
include a tutorial of how different parameters in the accretion disk model impact
the spectral energy distributions (SEDs) and high resolution spectra. Finally, I
give a recommendation for a consistent approach to estimating and interpreting the
luminosities of FUOrs and enumerate some important caveats to consider when
using the accretion disk model in this Thesis.

In Chapters III-VI, I rigorously test the accuracy of the accretion disk model with
SEDs, and high and low resolution spectra, spanning visible to NIR wavelengths.
The focus of Chapters III and IV is the photometric and spectroscopic evolution
of V960 Mon following the first 3 years after the peak of its outburst. Disk model
fitting indicates that the inner radius of the disk expanded as the post-peak accretion
rate decreased. The rate of expansion of the inner radius is consistent with the
magnetosphere re-establishing itself as the accretion flow weakens. Chapter V
follows the evolution of HBC 722 in the first 10 years of its outburst. In this source,
the size of the accretion-dominated inner disk grows over a 5 year period, indicating
that the instability driving the outburst can ignite a larger region of the disk than
where it began. In Chapter VI, I apply the disk model to V883 Ori, a FUOr with a
rich molecular millimeter emission spectrum, to measure physical properties of its
inner disk. I find that the visible light from the source is unexpectedly bright for its
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NIR-derived extinction value, but that the discrepancy can be explained by material
near the source scattering light toward the observer along a less-extincted line of
sight.

In Chapter VII, I compute bolometric corrections for measuring the accretion lumi-
nosity of a FUOr from a single photometric observation. The bolometric corrections
are tabulated for a broad range of accretion luminosities using the filters of 6 pho-
tometric surveys/observatories: ZTF, Gaia, LSST, 2MASS, Roman, and WISE.
The work includes 𝐴𝑉 to in-band extinction calibrations for each filter assuming the
underlying SED of a FUOr. The bolometric corrections agree with more rigorously-
derived accretion luminosities of 4 FUOrs. They are useful when estimating the
peak accretion luminosity of a FUOr given a measured value from one epoch and a
lightcurve for the source, and for converting lightcurves to accretion rate evolution
of a disk during its outburst.

In Chapter VIII, I use cross-correlation functions (CCFs) of high resolution near-
infrared spectra to compute the maximum rotational broadening in the disks of 20
FUOrs and to test a critical assumption of the accretion disk model. Measuring
rotational broadening in FUOrs is challenging due to the differential rotation of the
disk. I reveal a means of using CCFs of observed and modeled 𝐻 band spectra
to measure the maximum rotational broadening in the disk while accounting for
differential rotation. I then apply the technique to Keck/NIRSPEC spectra of 20
FUOrs to measure 𝑣max in the disks. I also compute the CCFs for Y, J, H, and K
band spectra of FUOrs and find almost all show the expected differential rotation. I
also compute the same CCFs for model spectra to show that the degree of observed
differential rotation depends on the size of the active accretion region in the disk.

In Chapter IX, I use the infrastructure presented in the previous Chapters to measure
the physical parameters of 4 well-known FUOrs. Two of them, V1057 Cyg and
V1515 Cyg, are among the first known FUOrs and have been studied since the
1970s. The third is BBW 76, one of the oldest known FUOrs, and the fourth is
Gaia 17bpi, which began its outburst in 2017 and appears to be returning to its
pre-outburst state.

In Chapters X and XI, I present the first detection of the FUV continuum in FU Ori,
as well as an NUV spectroscopic survey of 6 FUOrs. Using the FUV continuum
flux of FU Ori and a newly-fit disk model, I demonstrated that the 40 year-old model
for the star-disk interface at FU Ori cannot match the observed spectrum. I then
applied the same technique to the bluest wavelengths of all 6 sources in the NUV
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survey and found that they have UV emission in excess of the disk model spectrum,
but inconsistent with the emission predicted by the classical boundary layer model
proposed for FUOrs.

Chapters XII and XIII contain a high resolution spectral atlas of 15−20 FUOrs using
Keck/HIRES and Keck/NIRSPEC. In total, the atlas covers 0.47 to 2.40 microns at
spectral resolutions of 15,000 (NIRSPEC) to 35,000 (HIRES). In the two chapters,
I briefly compare the spectra of FUOrs at high resolution. The data from the atlases
appear throughout the other chapters in this Thesis.

I conclude the Thesis with Chapter XIV, in which I summarize several upcoming
observational technologies that, when combined with the data and models presented
in this thesis, will produce a complete picture of the FUOr variable class.



ix

PUBLISHED CONTENT AND CONTRIBUTIONS

Carvalho, Adolfo S., Lynne A. Hillenbrand, Gregory J. Herczeg, and Kevin France
(2025). “The Near-Ultraviolet Spectra of FU Orionis Accretion Disks.” In: ApJL,
submitted.
A.S.C aided in data acquisition, led the analysis and interpretation, and wrote the
manuscript.

Carvalho, Adolfo S., Lynne A. Hillenbrand, and Á. Kóspál (2025). “The Hot Inner
AU of V883 Ori.” In: ApJ, submitted.
A.S.C aided in data acquisition, led the analysis and interpretation, and wrote the
manuscript.

Carvalho, Adolfo S., Greg Doppmann, Kyle B. Westfall, Debora Pelliccia, J. Xavier
Prochaska, Joseph Hennawi, Frederick B. Davies, Max Brodheim, Feige Wang,
and Ryan Cooke (Oct. 2024). “Robust Support for Semi-automated Reductions
of Keck/NIRSPEC Data Using PypeIt.” In: RNAAS 8.10, 271.
A.S.C led the development of a new module to reduce spectroscopic data from
NIRSPEC, as well as an independent code notebook to complete the necessary
data reduction steps and analyze the data, and wrote the manuscript., p. 271. doi:
10.3847/2515-5172/ad8bb5. arXiv: 2410.19991 [astro-ph.IM].

Carvalho, Adolfo S., Lynne Hillenbrand, Jerome Seebeck, and Kevin Covey (Aug.
2024). “An Expanding Accretion Disk and a Warm Disk Wind as Seen in the
Spectral Evolution of HBC 722.” In: ApJ 971.1, 44.
A.S.C led the modeling of the disk, aided in data acquisition and analysis, and
wrote the manuscript., p. 44. doi: 10.3847/1538-4357/ad5286. arXiv: 2405.
20251 [astro-ph.SR].

Carvalho, Adolfo S. and Lynne A. Hillenbrand (Nov. 2024). “Bolometric Corrections
for FU Ori Object Accretion Disk Luminosities.” In: ApJL 976.1, L5.
A.S.C contructed the models, wrote software to compute the filter-convolved
fluxes using published filter profiles, analyzed the resulting fluxes, fit the data to
produce bolometric corrections, and wrote the manuscript., p. L5. doi: 10.3847/
2041-8213/ad8cdf. arXiv: 2410.22270 [astro-ph.SR].

Carvalho, Adolfo S., Lynne A. Hillenbrand, Kevin France, and Gregory J. Herczeg
(Oct. 2024). “A Far-ultraviolet-detected Accretion Shock at the Star–Disk Bound-
ary of FU Ori.” In: ApJL 973.2, L40.
A.S.C led the analysis of the data and its interpretation, as well as writing the
manuscript., p. L40. doi: 10.3847/2041-8213/ad74eb. arXiv: 2408.11033
[astro-ph.SR].

Carvalho, Adolfo S., Lynne Hillenbrand, and Jerome Seebeck (Dec. 2023). “Disk
Cooling and Wind Lines as Seen in the Spectral Line Evolution of V960 Mon.”
In: ApJ 958.2, 140.
A.S.C led the modeling of the disk combining several published datasets, analyzed

https://doi.org/10.3847/2515-5172/ad8bb5
https://arxiv.org/abs/2410.19991
https://doi.org/10.3847/1538-4357/ad5286
https://arxiv.org/abs/2405.20251
https://arxiv.org/abs/2405.20251
https://doi.org/10.3847/2041-8213/ad8cdf
https://doi.org/10.3847/2041-8213/ad8cdf
https://arxiv.org/abs/2410.22270
https://doi.org/10.3847/2041-8213/ad74eb
https://arxiv.org/abs/2408.11033
https://arxiv.org/abs/2408.11033


x

new data, and wrote the manuscript., p. 140. doi: 10.3847/1538-4357/acff59.
arXiv: 2310.02465 [astro-ph.SR].

Carvalho, Adolfo S., Lynne A. Hillenbrand, Franz-Josef Hambsch, Shawn Dvorak,
Michael Sitko, Ray W. Russell, Victoria Hammond, Michael Connelley, Michael
C. B. Ashley, and Matthew J. Hankins (Aug. 2023). “Modeling the Multiwave-
length Evolution of the V960 Mon System.” In: ApJ 953.1, 86.
A.S.C assembled publically available data and used this to compute the disk mod-
els that constrain the system parameters. A.S.C. then led the interpretation of the
evolution of the system and wrote the manuscript., p. 86. doi: 10.3847/1538-
4357/ace2cb. arXiv: 2306.15107 [astro-ph.SR].

Carvalho, Adolfo S. and Christopher M. Johns-Krull (May 2023). “A Simple Code
for Rotational Broadening of Broad Wavelength Range High-Dispersion Spectra.”
In: RNAAS 7.5, 91.
A.S.C assembled the data to compare the code with other techniques, formalized
the code for publication and distribution, and wrote the manuscript.., p. 91. doi:
10.3847/2515-5172/acd37e. arXiv: 2305.09693 [astro-ph.IM].

https://doi.org/10.3847/1538-4357/acff59
https://arxiv.org/abs/2310.02465
https://doi.org/10.3847/1538-4357/ace2cb
https://doi.org/10.3847/1538-4357/ace2cb
https://arxiv.org/abs/2306.15107
https://doi.org/10.3847/2515-5172/acd37e
https://arxiv.org/abs/2305.09693


xi

CONTENTS

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
Published Content and Contributions . . . . . . . . . . . . . . . . . . . . . . ix
Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xliv
Chapter I: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 An overview of the main stages of star formation . . . . . . . . . . . 1
1.2 So what exactly are FUOrs? . . . . . . . . . . . . . . . . . . . . . . 3
1.3 The missing trigger of FU Ori outbursts . . . . . . . . . . . . . . . . 5
1.4 The aims of this Thesis . . . . . . . . . . . . . . . . . . . . . . . . 11

Chapter II: A New Framework for Fitting FUOr Disk Spectra . . . . . . . . . 12
2.1 Computing the Spectrum of a Disk . . . . . . . . . . . . . . . . . . 13
2.2 Fitting Disk Models to Observed Spectra . . . . . . . . . . . . . . . 16
2.3 The Importance of Incorporating High Resolution Spectra in SED

Fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4 What Luminosity Should One Adopt for FUOrs? . . . . . . . . . . . 20
2.5 Limitations of the disk model . . . . . . . . . . . . . . . . . . . . . 28

Chapter III: Modeling the Multiwavelength Evolution of the V960 Mon System 33
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3 Disk Model and Fitting . . . . . . . . . . . . . . . . . . . . . . . . 39
3.4 Photometric Evidence of Temperature Evolution in the Disk . . . . . 47
3.5 The Passive Disk Contribution to L and M Band . . . . . . . . . . . 54
3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.7 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . 59
3.8 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.9 Appendix: Photometry used in Figure 1 . . . . . . . . . . . . . . . . 61

Chapter IV: Disk Cooling and Wind Lines As Seen In the Spectral Line
Evolution of V960 Mon . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3 Modeling the High Dispersion Spectra . . . . . . . . . . . . . . . . 66
4.4 Evidence of Disk Cooling in the High-Dispersion Spectra . . . . . . 71
4.5 Lines with Excess Absorption Relative to the Disk Model . . . . . . 77
4.6 Forbidden Emission . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.9 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . 96



xii

4.10 Appendix: Optical HWHD Measurements and the Keplerian Disk
Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.11 Appendix: Attempts to fit the TiO Bandheads . . . . . . . . . . . . . 96
4.12 Appendix: All Orders of the HIRES Spectra and Residuals . . . . . 98

Chapter V: An Expanding Accretion Disk and a Warm Disk Wind As Seen
In the Spectral Evolution of HBC 722 . . . . . . . . . . . . . . . . . . . 99
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.3 SED Fits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.4 The Disk Model in High Resolution Spectra . . . . . . . . . . . . . 111
5.5 Lines with Excess Absorption or Emission Relative to the Disk Model117
5.6 Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
5.7 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . 141
5.8 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
5.9 Appendix: Progenitor Spectral Type . . . . . . . . . . . . . . . . . . 142
5.10 Appendix: Line Profiles of O I Wind Lines . . . . . . . . . . . . . . 144
5.11 Appendix: The Temperature Sensitivity and Time Evolution of the

CO (3-0) Band . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
Chapter VI: The Hot Inner AU of V883 Ori . . . . . . . . . . . . . . . . . . 148

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
6.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.3 Disk Model Fits . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
6.6 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
6.7 Appendix: Aperture Photometry on the Pan-STARRS Stacked Images 167
6.8 Appendix: 20 Years of Ground-based Photometry of V883 Ori . . . 168
6.9 Appendix: Posterior Distributions of the Disk + Scattered Light Model169

Chapter VII: Bolometric Corrections for FU Ori Object Accretion Disk Lu-
minosities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
7.2 Applying A Full-Spectrum Disk Model to Photometric Observations 174
7.3 Computing Accretion Luminosity . . . . . . . . . . . . . . . . . . . 176
7.4 Application to Two Well-Studied FU Ori Systems . . . . . . . . . . 180
7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
7.6 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
7.7 Appendix: New Constant-Temperature Bolometric Corrections . . . 185

Chapter VIII: Cross Correlation Analysis of the Keck/NIRSPEC High Reso-
lution Spectroscopic Survey of FUOrs . . . . . . . . . . . . . . . . . . . 187
8.1 Using CCFs in H band to Measure 𝑣max . . . . . . . . . . . . . . . . 187
8.2 The Wavelength Dependence of Rotational Broadening in FUOrs

Revealed by CCF Analysis . . . . . . . . . . . . . . . . . . . . . . . 191
Chapter IX: New Physical Parameters for Four Well-Known FUOrs . . . . . . 213

9.1 V1057 Cyg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
9.2 V1515 Cyg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216



xiii

9.3 BBW 76 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
9.4 Gaia 17bpi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Chapter X: An FUV-detected Accretion Shock at the Star-Disk Boundary of
FU Ori . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229
10.2 Data and Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . 231
10.3 The FUV Spectrum of FU Ori . . . . . . . . . . . . . . . . . . . . . 233
10.4 Fitting the FUV Excess Emission . . . . . . . . . . . . . . . . . . . 233
10.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
10.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245
10.7 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . 247
10.8 Appendix: Line Profiles of Common CTTS FUV Emission Features 247
10.9 Appendix: Previous Analysis of the FU Ori NUV Spectrum . . . . . 249
10.10Appendix: Revisiting the ¤𝑀 and 𝐴𝑉 of FU Ori . . . . . . . . . . . . 251
10.11Appendix: Detecting the Continuum Blueward of 1200 Å . . . . . . 252

Chapter XI: The Near-Ultraviolet Spectra of FU Orionis Accretion Disks . . . 255
11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
11.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
11.3 Modeling the Spectra . . . . . . . . . . . . . . . . . . . . . . . . . 258
11.4 NUV Emission Lines . . . . . . . . . . . . . . . . . . . . . . . . . 263
11.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267
11.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272
11.7 Appendix: STIS 2D Spectra and Detection Criteria For Fainter Sources273
11.8 Appendix: Posterior Distributions for the UV Excess Blackbody Fits 273
11.9 Appendix: BP Tau as a Representative CTTS . . . . . . . . . . . . . 274

Chapter XII: A Keck/HIRES Spectral Atlas of FU Ori Objects . . . . . . . . 280
12.1 Outflow-tracing features . . . . . . . . . . . . . . . . . . . . . . . . 280
12.2 The HIRES Spectral Atlas . . . . . . . . . . . . . . . . . . . . . . . 283

Chapter XIII: A Keck/NIRSPEC Atlas of FUOrs . . . . . . . . . . . . . . . . 322
13.1 Plots of the Keck/NIRSPEC Spectra . . . . . . . . . . . . . . . . . . 322
13.2 Recommendations for Future Keck/NIRSPEC Observers . . . . . . . 323

Chapter XIV: Summary and Future Directions . . . . . . . . . . . . . . . . . 360
14.1 New Visible and NIR Surveying Capabilities . . . . . . . . . . . . . 360
14.2 Millimeter Observations of FUOrs Can Probe Disk Chemistry . . . . 363
14.3 JWST as a Rapid Follow-Up Instrument of Newly Discovered Outbursts365
14.4 Upgraded Interferometry for FUOr Multiplicity and Disk Inclinations 365

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 368
Appendix A: Robust support for semi-automated reductions of Keck/NIRSPEC

data using PypeIt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403
A.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 403
A.2 Updates to PypeIt . . . . . . . . . . . . . . . . . . . . . . . . . . . 404
A.3 Telluric Contamination Correction . . . . . . . . . . . . . . . . . . 405

Appendix B: A Simple Code for Rotational Broadening of Broad Wavelength
Range High-Dispersion Spectra . . . . . . . . . . . . . . . . . . . . . . . 408
B.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408



xiv

B.2 Broadening by Direct Integration . . . . . . . . . . . . . . . . . . . 409
B.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 411



xv

LIST OF FIGURES

Number Page
1.1 A schematic showing the inner region of a disk during the CTTS

magnetospheric accretion stage (left) and during an FU Ori outburst
(right). The physical parameters of the sample CTTS on the left are:
𝑀∗ = 0.6 𝑀⊙, 𝑅∗ = 2 𝑅⊙, and 𝑅𝑇 ∼ 3 𝑅∗. The location of the
𝑅𝑇 and the dust sublimation region is informed by values from NIR
interferometry (GRAVITY Collaboration et al., 2021). The FUOr
schematic representative of the temperature structure of the inner
disk of FU Ori itself (Zhu, Jiang, et al., 2020; Carvalho, Hillenbrand,
France, et al., 2024). . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 A comparison of the disk models constructed using only blackbodies
(blue) versus those constructed using synthetic stellar spectra (red). . 13

2.2 Sample SED fits to the photometry of V960 Mon (left) and the
spectrophotometry of HBC 722 (right). Descriptions of the objects,
fits, and data can be found in Chapters 3 and 5, respectively. This
Figure is a reproduction of Figure 8 from Carvalho, Hillenbrand,
Hambsch, et al. (2023) and Figure 4 from Carvalho, Hillenbrand,
Seebeck, and Covey (2024). . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Disk models showing how changing different parameters impacts the
SED. In each panel, a single parameter is varied while keeping all
others fixed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 A demonstration of the impact of 𝑇max on template-based extinction
measurements. All 3 model spectra used initially have 𝐴𝑉 = 0 and
are normalized to 1.0 at 𝜆 = 2.15 𝜇m. The 𝐴𝑉 value reported in the
caption is the "correction" necessary to match the template, which
is negative of the spectum needs to be reddened. Left: A model
spectrum with 𝑇max = 7500 K will appear bluer than the template
(𝑇max = 6000 K), causing the fit to underestimate the extinction.
Right: A model spectrum with 𝑇max = 4500 K will appear redder
than the template, causing the fit to overestimate the extinction. . . . 19



xvi

2.5 The effect of varying 𝑅outer on the disk model spectrum and the
estimated 𝐴𝑉 when normalized at 𝐾 band. Left: A reproduction
of Figure 6 from (Carvalho, Hillenbrand, Hambsch, et al., 2023)
showing how the chosen 𝑅outer value in a disk model impacts the
flux, especially for 𝜆 > 2 𝜇m. Right: A model with 𝑇max = 6000 K
and 𝑅outer = 50 𝑅⊙ computed with 𝐴𝑉 = 0 (blue), then reddened by
𝐴𝑉 = 0.4 mag to match the template, which has 𝑇max = 6000 K and
𝑇outer = 150 𝑅⊙. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.6 The effect of varying 𝑣max and 𝑇max on absorption features in the high
resolution disk models. . . . . . . . . . . . . . . . . . . . . . . . . 21

2.7 Same as Figure 2.6 but showcasing the spectra in the NIR. Notice
that in contrast to the visible range, features are much more strongly
affected by the rotational broadening than by changes in disk temper-
ature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.8 A comparison of different luminosity measurements for FUOrs, show-
ing also the importance of inclination. Left: The ratio of isotropic-
emission-derived luminosity to true disk luminosity as a function of
source inclination. Right: The 𝐿acc values of FUOrs measured from
their 𝐾 band brightnesses via bolometric corrections compared with
the 𝐿bol values reported by Connelley and Reipurth (2018). The grey
𝑦 = 𝑥 line is plotted for reference. . . . . . . . . . . . . . . . . . . . 23

2.9 Deriving the luminosity of a FUOr from its lightcurve. Left: The
multiband lightcurve of Gaia 17bpi, showing the pre-outburst state of
the object, its rapid rise, and its slow fade in the past 8 years. Right:
The 𝐿acc curve for Gaia 17bpi, derived from bolometric corrections
to the photometric points in the left panel. . . . . . . . . . . . . . . 26

2.10 CDFs of the 𝑅inner values estimated for the FUOrs in Table 2.2 as-
suming 4 different temperatures. The grey and black lines show the
𝑅∗ values for the 1 and 2 Myr PARSEC isochrones, respectively. . . 27

2.11 The region of the HIRES spectra containing the TiO 8860 Å band for
14 FUOrs and one EX Lup-type object. Important spectra features
are marked with grey vertical lines. . . . . . . . . . . . . . . . . . . 30

2.12 The region of the disk model spectrum containing the TiO 8860 Å
band for 3 potential 𝑣max values. Notice that for increased rotational
broadening, the TiO feature is difficult to distinguish from the Paschen
absorption. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32



xvii

3.1 The multiband lightcurve of V960 Mon, showing photometry from
many sources spanning𝑈 band to the W1 and W2 filters of WISE/NEOWISE.
The outburst and rapid fade of the target is clear in all bands, with
the amplitude tending to decrease toward the red. Photometry that is
more sparsely sampled (WISE, Gaia) is shown connected by lines to
highlight the trend in the outburst and exponential fade. The black
and lime vertical dashes mark the dates on which the HIRES and
SpeX spectra, respectively, were collected. . . . . . . . . . . . . . . 36

3.2 Orders of the HIRES spectrum taken closest to outburst that are used
to compute the 𝜒2 surface described in Section 3.3. The fiducial
model for the outburst spectrum is shown in red. Large mismatches
between the data and model are seen in certain spectral lines; the
extra depth (and blueshift in particular Fe II lines) in the data is due
to wind absorption, which is not included in our disk model, but will
be the subject of a future paper. . . . . . . . . . . . . . . . . . . . . 40

3.3 Same as Figure 3.2 for the next three orders used. . . . . . . . . . . . 41
3.4 Same as Figure 3.2 for three reddest orders used. Here, in addition

to wind absorption that is not included in the model, there is also
uncorrected telluric absorption in the data that appears as narrow
lines toward the right of the bottom panel (grey shaded region). . . . 42

3.5 The 𝜒2 surface for the outburst spectrum and high resolution models
with varying 𝑀∗ and 𝑅inner values, log( ¤𝑀) = −4.6 𝑀⊙ yr−1 and
𝑖 = 15◦. The mininmum 𝜒2 value is found in the region that is
intersected by the 𝑣maxsin 𝑖 = 60 km s−1. The width of the minimum
allows for an uncertainty of 5 km s−1 on that value, which we use to
constrain the SED fits. . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.6 The SED model compared with the photometry from the outburst
epoch, with varying values of 𝑅outer. Notice that the longer wave-
length data points favor increasingly larger values of 𝑅outer, an in-
consistency that can be rectified by adding a passive disk component
exterior to the adopted 𝑅outer for the active accretion disk. . . . . . . 46

3.7 The posteriors from the full SED fit to the outburst SED. All of the
parameters are well-constrained, with the exception of 𝐴𝑉 . . . . . . 48



xviii

3.8 The results of the MCMC fit restricted to 3 parameters, with 𝑀∗ =

0.59 𝑀⊙, 𝑖 = 15◦, and 𝑅inner = 2.11 R⊙ fixed to their best-fit values
shown in Figure 3.7. Left: The posterior distributions shown as
a corner plot. With the fixed system parameters, the ¤𝑀 and 𝐴𝑉

converge and are consistent with the best-fit values found from the
full SED fit. Right: The resulting SED models, with the full fit
shown in blue and the reduced parameter fit shown in red. The good
agreement between the two indicates fixing the chosen parameters
did not significantly affect the fit. The error bars on the photometry
represent 0.01 mag precision. . . . . . . . . . . . . . . . . . . . . . 49

3.9 V magnitude of V960 Mon versus color temperature of V960 Mon,
computed using the Ballesteros (2012) conversion from 𝐵−𝑉 to 𝑇eff.
𝐵 −𝑉 is adjusted assuming 𝐸 (𝐵 −𝑉) = 0.53 . . . . . . . . . . . . . 50

3.10 The SpeX spectra compared with the best-fit outburst model and the
model generated using the extrapolated system parameters described
in Section 3.4. The flux uncertainty is shown with an error bar in
the upper right. Overall, the models are in good agreement with
the NIR disk emission. However, there are significant discrepancies
in between the molecular features in the data and the models, and
generally the pure accretion disk models produce poor fits to the L and
M bands. The models consistently predict a much stronger 𝐻 band
peak than the data predict, especially at outburst. The discrepancies
are further discussed in Section 3.5 and Paper II. . . . . . . . . . . . 52

3.11 Temperature profiles adopted for the high resolution models of the
HIRES epochs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53



xix

3.12 Color magnitude diagrams for V960 Mon using combined photom-
etry from sources shown in Figure 3.1. Model curves are computed
with 𝑀∗ = 0.6 𝑀⊙, 𝐴𝑉 = 1.6 mag, and 𝑑 = 1120 pc (Kuhn and
Hillenbrand, 2019). The grey curves show lines of constant ¤𝑀 and
varying 𝑅inner. The colored curves show lines of ¤𝑀 varying along
with 𝑅inner according to Equation 3.6 for different assumed values
of 𝐵∗. Top Two Plots: 𝑉 vs 𝐵 − 𝑉 and 𝐼 vs 𝑉 − 𝐼 from AAVSO
and other sources, along with our models. Lower Left: Gaia 𝐺 vs
𝐵𝑃−𝑅𝑃 photometry, converted to 𝐴𝐵magnitudes, plotted alongside
our models. The Gaia photometry is very well matched by the mod-
els. Lower Right: 𝑖 vs 𝑟 − 𝑖 using the ROBOTT (USB) photometry.
The ROBOTT photometry spans only the initial steep fade in the
lightcurve, prior to JD 2457400. . . . . . . . . . . . . . . . . . . . 54

3.13 A model of the system for the 2015-01-15 SpeX epoch, incorporat-
ing both an active (red line) and a passive (blue dashed line) disk
component. The active disk component is the same model as that
shown in Figure 3.10 for the 2015-01-15 epoch, but computed with
𝑅outer = 25 𝑅⊙. The passive disk component uses a flared disk model
with a linearly increasing flare angle, described in Section 3.5. Notice
that the addition of the passive disk allows the model to better match
the H band molecular features, the K band continuum, and the L and
M band excess. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.1 The epochs of our HIRES spectra are shown (vertical solid lines)
relative to the AAVSO B (black circles) and Gaia BP (grey connected
points) lightcurves of V960 Mon. The lightcurve illustrates the rapid
post-outburst fade and eventual plateauing in later epochs. The quies-
cent B magnitude reported in Kóspál, Ábrahám, Moór, et al. (2015)
is shown as the black horizontal line for reference. The Dec 10 2014
HIRES epoch is marked with a dot-dashed line due to overlap with
the Dec 9 2014 epoch. . . . . . . . . . . . . . . . . . . . . . . . . . 64



xx

4.2 The HIRES spectra shown in a time-series, with bluer to redder spec-
tra indicating earlier to later epochs. The lower set of curves in each
panel are the residuals after subtracting the disk model appropriate
to each epoch. See Figures 2-4 of Paper I for the direct compari-
son between the outburst epoch spectrum (bluest line here) and the
disk model. Strong excess absorption in certain lines (marked) is
attributed to wind contributions in the spectra; see §4.5. Outside of
these lines, the typical RMS value of the residuals is < 3 %. The
remaining 28 orders are shown in Appendix 4.12. . . . . . . . . . . . 66

4.3 The effect of varying ¤𝑀 and 𝑅inner on the width and depth of absorp-
tion lines with different EPs. Left: Models of the Ca I 6439 (upper
panel) and Si II 6347 (lower panel) lines for different values of ¤𝑀 .
Notice the Ca I 6439 line broadens as ¤𝑀 decreases, whereas the Si
II 6347 line only changes in depth. Right: Models of the same two
lines for different values of 𝑅inner. Notice here that the 𝑇max depen-
dent broadening still dominates in the Ca I line as 𝑅inner decreases,
making the line counter-intuitively broader. However, in Si II, the
broadening decreases with increasing 𝑅inner, as expected due to the
decrease in the maximum Keperian velocity. . . . . . . . . . . . . . 69

4.4 The Ca I 6439 (upper profiles) and Si II 6347 (lower profiles) ab-
sorption lines shown for the different epochs of the HIRES spectra.
Notice the Si II line becomes narrower, in addition to weaker, consis-
tent with an increase in 𝑅inner, while the broadening of the Ca I line
remains relatively unchanged. . . . . . . . . . . . . . . . . . . . . . 70

4.5 The HWHD measurements of several isolated absorption lines in
the HIRES outburst (9 Dec 2014) spectrum (black) and the spectral
model (red). Empty symbols show lines that are isolated and easily
measured in the data but appear severely blended in the models.
Although there are some line-by-line inconsistencies (largely due to
imperfections in the PHOENIX models), neither set of measurements
is significantly correlated with wavelength. The data and the disk
model also have similar standard deviations and the scatter in the
HWHD measurements does not vary with wavelength. The error
bars shown reflect the uncertainty in the width parameter fit used to
compute the HWHD measurements. . . . . . . . . . . . . . . . . . . 72



xxi

4.6 The equivalent width evolution (black squares) of two higher EP and
two lower EP lines in the spectrum of V960 Mon. The AAVSO V
band lightcurve is plotted (green points) for reference, showing the
evolution of the continuum brightness over the spectral epochs. Left
Column: The evolution of the 5316 Fe II line and 8862 Paschen
line equivalent widths, which both closely follow the lightcurve of
the target in their decreasing strength. The EW measurement for the
8862 Paschen line is blended with the Fe I 8866 line, but the Fe I line
does not vary in time. Right Column: The evolution of the 5328 Fe
I line and 6439 Ca I line, which both follow an inverse trend to the
lightcurve in their growth, similarly strengthening as the target fades
and plateauing at later times. . . . . . . . . . . . . . . . . . . . . . . 74

4.7 The 8750 Å and 8862 Å Paschen lines in the HIRES spectra (left
column) and the residual spectrum (right column). Notice the lines
have been removed to within a few % in every epoch, indicating the
modeled 𝑇max change reproduces the evolution of the Paschen series
accurately. The 8750 Å line is blended with the 8751 Si I line and
the 8862 Å line is blended with an Fe I line at 8866 but both are
well-modeled, do not show any evolution, and do not appear in the
residuals. The emission residual in the lower right panel at -200 km
s−1 is due to TiO absorption in the model that is not present in the
data. We discuss this discrepancy in Appendix 4.11. . . . . . . . . . 75

4.8 Equivalent width ratios in the 6400 Åregion used to show temperature
evolution. Left: The equivalent width ratios of the Ca I 6439 line and
the Fe I 6456 line as a function of time in the HIRES spectra. Right:
The equivalent width ratios of the same lines in the PHOENIX grid
in the blue background and the ratios in the HIRES spectra shown in
the red color map, with larger equivalent width ratio values as darker
shades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.9 Equivalent width ratios in the 5300 Åregion used to show temperature
evolution. Left: The equivalent width ratios of the Fe I 5328 line and
the Fe II 5316 line as a function of time in the HIRES spectra. Right:
The equivalent width ratios of the same lines in the PHOENIX grid
in the blue background and the ratios in the HIRES spectra shown in
the red color map, with larger equivalent width ratio values as darker
shades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77



xxii

4.10 The H𝛽 and H𝛼 lines in each of the HIRES epochs as seen in the
original data (left) and as residuals after removing the disk contri-
bution (right). Both lines initially show a high velocity blue-shifted
absorption component, that weakens rapidly over time and becomes
an emission feature in H𝛼. The profiles also contain a slow compo-
nent that moves redward. The emission components of the H𝛼 profile
are both peaked at ±60 km s−1 and strengthen consistently relative to
continuum. The absorption in the upper left panel at +185 km s−1 is
the Cr II 4864 Å line. Notice it is well-removed by the model and is
much weaker in the upper right residual panel. . . . . . . . . . . . . 80

4.11 The Na D 5889 line (top row) and Ca II IRT lines (lower three rows),
shown in the data (left column) and residuals (right column). The
Ca II IRT lines show a weakening fast blue-shifted component and a
±60 km s−1 emission component similar to those seen in the H lines.
Note that the +100 km s−1 absorption is due to Hydrogen Paschen line
blending with the IRT. This is well-matched by our disk model and
mostly removed in the residuals column. The Na D lines are saturated
from −10 to 0 km s−1, which matches the narrow absorption seen
in the latest epoch, indicating there may be a constant slow wind
covering almost the entire visible emission region of the disk. . . . . 81

4.12 High EP lines in the HIRES spectra of V960 Mon, smoothed with
a 𝜎 = 5 pixel Gaussian for clarity. Epochs are shown in different
colors, where redder indicates later epochs when the target is dimmer
and, according to our disk model, cooler. The black vertical lines
mark ±60 km s−1, the estimated 𝑣max at outburst, as a reference for
the line widths. The C I 9095 line is significantly contaminated by
telluric absorption, but its similar evolution to the other lines is still
apparent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.13 The EW ratio of the Si II 6347 line to the Fe I 6400 line for the HIRES
spectra, showing that the ratio decreases in time and is consistent with
a decreasing temperature. The color scheme in the left and right panel
both show lighter red for larger EW ratios. Left: The timeseries of
the EW ratios. Right: The EW ratios of the same lines as measured
in the PHOENIX grid (blue contoured background) and in the HIRES
spectra (red contours). . . . . . . . . . . . . . . . . . . . . . . . . . 84



xxiii

4.14 The EW ratio of the O I 8446 line to the Fe I 8688 line for the HIRES
spectra, showing that the ratio decreases in time and is consistent
with a decreasing temperature. The color scheme in the left and
right panel both show lighter red for larger EW ratios. Left: The
timeseries of the EW ratios. Right: The EW ratios of the same lines
as measured in the PHOENIX grid (blue contoured background) and
in the HIRES spectra (red contours). . . . . . . . . . . . . . . . . . 84

4.15 Fe II lines in the HIRES spectra. Notice their behavior is similar
to the high EP lines shown in Figure 4.12, rapidly shrinking over
time. This effect is strongest in the lines with higher EP, indicating
sensitivity to the hot wind component. The Fe II lines here seem to
trace the disk behavior at lower EPs and bluer wavelengths, and trace
the wind at higher EPs and redder wavelengths. . . . . . . . . . . . 86

4.16 Lines in the HIRES spectra which show the central absorption feature
shown as a time series progressing from blue to red color. Notice
that across the range of lines and EPs, the narrow feature shows a
consistent width ∼ 20 km s−1 and is centered at 0 km s−1. The feature
grows as the target fades, absorbing against the disk continuum to
additional depth that is almost equivalent to the depth of the disk
contribution of many of the lines . . . . . . . . . . . . . . . . . . . . 87

4.17 Selected regions of the residuals of our fits to the HIRES spectra,
compared with log 𝑔 = 1.5, 𝑇eff = 7000 K (green) and 𝑇eff = 9000
(magenta) K PHOENIX models. Notice the residual features are
consistent with the features seen in these hot model atmospheres,
with a tendency for later epochs to more closely resemble the 7000
K atmosphere. This may indicate that the component of the system
probed by the residuals is cooling as the disk cools. The HP lines in
the lower right panel are strongly affected by Stark broadening in the
PHOENIX atmospheres. That we do not see this in the disk model
or the data indicates that the contribution from the narrower/weaker
HP lines in cooler atmospheres is necessary to match the data. . . . 89



xxiv

4.18 The [O I] 6300, [N II] 6583, [S II] 6731 emission lines in the HIRES
spectra. All three features are blue-shifted, with emission compo-
nents ranging from -60 km s−1 to -10 km s−1. The emission in the
[O I] 𝜆6300 and [N II] 𝜆6583 lines is mostly at higher velocities,
whereas the [S II] 𝜆6731 line shows both a -40 km s−1 component
and a nearly 0 km s−1 component. . . . . . . . . . . . . . . . . . . . 90

4.19 The Keplerian velocity at the luminosity weighted mean radius of
each wavelength bin in the outburst spectrum model. Spectral ab-
sorption features appear as annuli with greater total flux at the slightly
greater radii are needed to compensate for the absorption. . . . . . . 97

4.20 The TiO bandhead at 8860 in our models, the HIRES spectra, and
the model residuals, shown for all of the HIRES epochs and for three
different models. Left: Models computed assuming 𝑅outer = 12 R⊙.
Notice the time (and therefore ¤𝑀) dependence of the TiO bandhead is
much stronger for this model. Center: Models using 𝑅outer = 25 R⊙.
Already, there is little change in the TiO bandhead with time, and it
clearly overpredicts the absorptions. Right: Models using 𝑅outer =

45 R⊙. The TiO bandhead is essentially insensitive to ¤𝑀 in these
models and continues to overestimate the absorption we see. . . . . 98

5.1 A simplified diagram of the HBC 722 system near the outburst
peak. The color gradient represents the radial temperature profile
in the disk atmosphere, which is assumed plane-parallel and peaks
at 𝑇max = 5700 K with 𝐿acc = 71 𝐿⊙. The depicted height of the
disk atmosphere above the midplane is representative of the 𝜏 = 1
surface in the Zhu, Jiang, et al. (2020) simulation of the FU Ori sys-
tem. The midplane (in maroon) is marked for reference and given
a height similar to the average scale height in the Zhu, Jiang, et al.
(2020) simulation. The outer, passive disk represents that modeled
in Section 5.3, which is reprocessing the bright inner disk emission.
The fast outflow lines represent a magnetocentrifugal wind following
the BP82 solutions, which appear consistent with what we observe in
the the wind-sensitive lines of the spectrum (Section 5.5). . . . . . . 101



xxv
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and K I 7699 (lower row) lines in the HIRES spectra shown for the
3 main stages of the lightcurve: the outburst (left), the dip (center),
and the plateau (right). Notice the line profiles during the outburst
epoch look very similar to the profiles during the plateau. However,
during the dip, the profiles are dominated by wind absorption and
show almost no disk broadening in the red wing. The narrow, blue-
shifted absorption traced by several Ti I lines (see Section 5.5) can be
seen growing stronger in the plateau epochs of the Fe II 5018 profiles
and their rest-wavelengths are marked with grey vertical lines. The
epochs of the Fe II 5018 line are the same as the Mg I 5183 line, so
we only print them once. In the K I panels, the narrow absorption at
−80, −130, −350, and −400 km s−1 is due to telluric features and
should be disregarded. . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.11 Ca II lines in the HBC 722 HIRES spectra. The upper row shows
the Ca II K line at 3933 Å for the spectra that cover it, including the
outburst epoch (left), dip epoch (center), and the most recent plateau
spectrum (right). The outburst epoch spectrum did not cover the
Ca II IRT 8498 Å line so we only show the dip (left) and plateau
epochs (right) that do cover it. Both sets of lines show similar
profile behavior, particularly in the red-shifted emission. The wind
absorption in the Ca II K line is much stronger than in the Ca II
IRT. The blue-shifted absorption in the Ca II K profiles blends into
two Fe I features at −450 km s−1 and −275 km s−1 (3927.919 Å and
3930.296 Å, respectively). . . . . . . . . . . . . . . . . . . . . . . . 123

5.12 A selection of lines possessing the narrow absorption features in
HBC 722. The features deepen toward later times, eventually almost
dominating the absorption in some lines. The blue-shifted line center
indicates it is tracing a low-velocity outflow. . . . . . . . . . . . . . . 126

5.13 A selection of NIR atomic lines in the NIRSPEC spectrum spanning
the Y to J band that show the same narrow absorption features we see
in the HIRES spectra. The feature is at the same blue-shift and has
a similar width to its visible-range counterparts, indicating it traces
the same material. . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
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5.14 An examination of the likely temperature of the red-optical TiO ab-
sorption in HBC 722. Left: The 7070 Å - 7170 Å region of the
HIRES spectra showing the emergent TiO absorption in the most
2021 epoch compared to previous epochs where it did not appear.
Notice that the bandheads in the red spectrum are offset -10 km s−1

from their typical wavelengths, as highlighted by the grey vertical
lines. The outburst (25 Sept 2010), penultimate (29 Nov 2019), and
most recent (07 Aug 2021) spectra are shown in black, blue, and
orange, respectively. A 3500 K, log𝑔 = 1.5 PHOENIX model spec-
trum, rotationally broadened to 10 km s−1, blue-shifted by 10 km
s−1, and scaled by 0.2, is shown in grey for reference. The scaled
PHOENIX model has TiO absorption similar to that seen in the data.
Right: CCFs computed with the TiO bandhead that appears in the
2021 HIRES spectrum (red in left panel). Notice that the strongest
peak appears at 3500-3800 K and is blue-shifted by -10 km s−1. . . . 128

5.15 A CCF analysis of the NIR CO absorption in HBC 722. Left: The
CO (2-0) and (3-1) bands from the Keck/NIRSPEC 30 Oct 2023
spectrum (blue), the HJST/IGRINS 20 Nov 2014 spectrum (orange)
and the high resolution disk model spectrum (black). As in the HIRES
spectra, we see a narrow excess absorption feature that grown stronger
from 2014 to 2023. Right: The CCFs of the CO (2-0) band computed
with different 𝑇eff PHOENIX model spectra. At cooler temperatures,
the red-shifted disk emission becomes apparent, whereas the hotter
temperature profiles are dominated by the blue-shifted wind absorption.130

5.16 The progenitor data compared with models using the Fang, Hillen-
brand, et al. (2020) reported best-fit parameters and our adopted
parameters. Left: The 1998 Norris spectrum, binned to 𝑅 = 1000,
showing deep TiO absorption more consistent with the veiled late-
type (M4-M5, green) model spectrum than the unveiled K7 model
(blue). Right: The progenitor SED (black dots), using photometry
from Miller, Hillenbrand, et al. (2011), compared with the different
models for the progenitor spectrum (color lines). The model with our
adopted 𝑇eff = 3100 K, 𝑅∗ = 2.8 𝑅⊙, 𝑟7465 = 0.7 and 𝐴𝑉 = 2.5 mag,
shown in green, is a good fit to both the SED and the Norris spectrum. 144
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5.17 Line profiles of red/NIR O features known to trace winds, shown in
the HIRES spectra for the outburst epoch (left column), dip epochs
(middle column) and plateau epochs (right column). Upper Row:
The line profiles of the O I 7773 Å triplet, which is typically only
seen in higher temperature atmospheres. The absorption at +250 km
s−1 is disk atmospheric absorption from the Fe I 7780 feature. Lower
Row: The O I 8446 Å triplet, which appeared only in our dip and
plateau epochs. The grey lines at −390 and −420 km s−1 mark the
locations of the Ti I 8434.961 and 8435.653 Å lines, both of which
have EP = 0.8 eV. The broader absorption marked at −310 km s−1 is
mostly due to the Paschen line at 8837 Å. . . . . . . . . . . . . . . . 145

5.18 Time evolution of the𝐻 band CO absorption in HBC 722. Top Panel:
The CO (3-0) band from the Keck/NIRSPEC 30 Oct 2023 spectrum
(blue), the HJST/IGRINS 20 Nov 2014 spectrum (orange) compared
with the high resolution disk model spectrum (black). Bottom Pan-
els: CCFs between the HBC 722 spectra and PHOENIX model at-
mospheres with different 𝑇eff . Left: The CCFs for the CO (3-0) band
in the IGRINS spectrum. Middle: The CCFs for the CO (3-0) band
in the NIRSPEC spectrum. Right: CCFs computed with (2-0) band
for the IGRINS spectrum. Here, the disk absorption is seen at lower
temperatures than in the NIRSPEC epoch, but at higher temperatures,
the profile still shows strong narrow blue-shifted absorption at -15
km s−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.1 V883 Ori as seen in the Pan-STARRS 𝑔 − 𝑧 color image. The green
ellipse shows the projected shape of the disk on the sky (scaled ×12
for visibility), assuming an inclination of 38.3◦ and a position angle
of 32.4◦ (Cieza, Ruíz-Rodríguez, et al., 2018). The green arrow
shows the axis of rotation of the disk (Lee, Lee, et al., 2019). The
position angle and inclination of the disk indicate it is the primary
illumination source for the bright nebula that extends ∼ 70′′ to the
southeast. The nebula is known as IC 430. . . . . . . . . . . . . . . 151
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6.2 The reddest several orders of the 2003 (orange) and 2011 (blue)
Keck/HIRES spectra, where the signal-to-noise is suitable, plotted
along with the disk model described in Section 6.3 (black). The model
reproduces the weak absorption features well, but misses portions of
several H I and Ca II profiles that arise in winds. Strong telluric
features are present at the reddest wavelengths shown and are marked
by grey vertical lines. . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.3 Select orders from the 2023 Keck/NIRSPEC spectrum (magenta)
compared with the disk model described in Section 6.3 (black). The
model matches the majority of the absorption features accurately
from 1.0 𝜇 to 2.3 𝜇m. Grey vertical bands mark regions of strong
telluric absorption. . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.4 A diagram of the system showing the geometry of the scattering sur-
faces and obscuring screen relative to the disk and the observer. The
illustrated disk (in orange) angle is set to the 38.3◦ disk inclination.
The vertical black arrow marks the 400 au projected spatial width of
the LRIS trace on-sky, while the size of the disk illustration is the
100 au dust disk radius. . . . . . . . . . . . . . . . . . . . . . . . . 156

6.5 The model V883 Ori spectra compared with visible and NIR spec-
tra. Upper panel: The complete disk + scattering model (black)
compared with the LRIS and SpeX spectra (magenta). The disk
component is shown in red and the scattered light component shown
in blue. Historical photometry of the source is shown as green sym-
bols: triangles for PanSTARRS, squares for 2MASS, and circles for
WISE. The WISE photometry includes significant thermal emission
from the dust surrounding V883 Ori, while the SpeX LXD spec-
trum is dominated by emission from only the inner disk. Lower
panel: The dereddened SpeX spectrum and accompanying dered-
dened best-fit models, to better highlight the NIR fit. The 𝐴𝑉 used
for dereddening the spectrum is 20.78 mag. As established from the
joint model, this is much greater than 𝐴𝑉 (scatt), causing the rapid
upward slope toward the visible. . . . . . . . . . . . . . . . . . . . . 159
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6.6 Posterior distributions for 𝐿acc and 𝑇max computed from the distribu-
tions of 𝑀∗, ¤𝑀 , and 𝑅inner. The posterior distribution for 𝐴𝑉 for the
disk component is shown for reference, as it is often covariant with
𝑇max. The lack of strong covariance our posteriors indicates we have
successfully broken the degeneracy typically present in SED fitting
of accretion disk models. . . . . . . . . . . . . . . . . . . . . . . . . 160

6.7 A lightcurve of V883 Ori, spanning the past 20 years of observations.
The arrows to the left of the plot mark the brightness of the source
at 0.8, 3.5, and 4.8 𝜇m, taken in 1963, 1975, and 1975, respectively
(Allen et al., 1975). The source has remained at essentially the same
brightness for at least the past 60 years. The triangles mark points
from Pan-STARRS, while ∗ symbols mark points from ZTF. The tan
and grey squares mark NEOWISE 𝑊1 and 𝑊2 points, respectively.
The symbols on the plot are larger than the photometric uncertainties
for all points except NEOWISE. . . . . . . . . . . . . . . . . . . . . 164

6.8 The sources of heating in the V883 Ori disk. The heating from the
central star is negligible since the disk dominates the luminosity of
the system. The midplane viscous heating, while dominant in the
inner 3 au of the disk, falls below the heating due to irradiation from
the accretion luminosity of the disk. . . . . . . . . . . . . . . . . . 166

6.9 The posterior distributions of all 8 parameters of the disk + scattering
models. They are all well-constrained and show minimal covariance. 171

7.1 The normalized filter profiles for the LSST, Roman, and WISE filters
(colored lines), plotted against our fiducial ¤𝑀 = 10−4.5 𝑀⊙ yr−1 FU
Ori object SED model (black). The filled boxes at the top show the
approximate total wavelength coverage of each survey or mission.
The optical ZTF and Gaia filters overlap the LSST bands, and the
2MASS filters overlap the Roman bands. . . . . . . . . . . . . . . . 176

7.2 The bolometric corrections (filled circles) and our polynomial fits
(solid lines). The visible range surveys in the top row are ZTF (left),
Gaia (center), and LSST (right). The infrared surveys along the
bottom are Roman (left), 2MASS (center), and WISE (right). . . . . 177
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7.3 The 𝑀𝐾𝑠 versus extinction-corrected 𝐽 − 𝐾𝑠 color magnitude space,
with the locations of V960 Mon (blue point) and HBC 722 (green
“x") are marked. The grid of accretion disk model values is plotted
in grey, with constant 𝑅outer tracing approximately vertical lines and
constant 𝐿acc approximately horizontal. The values at the top of the
grid mark 𝑅outer in units of 𝑅⊙ for each set of models and values
along the lower boundary of the grid mark a few 𝐿acc values in units
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10.1 The COS spectrum of FU Ori with the regions selected to repre-

sent continuum highlighted in light blue. Regions in black represent
those masked out due to observed or potential line emission. The pink
points with error bars mark the binned down continuum points we fit
in Section 10.4. The vertical cyan lines mark locations of prominent
H2 features in typical CTTS spectra France, Arulanantham, et al.
(2023), while identified bright or well-known (but marginally de-
tected) atomic emission lines are marked and labeled in maroon. The
vertical shaded regions denote masked geocoronal emission. . . . . . 234

10.2 The FUV and NUV STIS spectra (dark blue) and the continuum
points we derived from the COS spectrum (pink circles with error
bars). Our combined disk + shock model fit is shown (light blue)
along with the individual model components, with the disk model
in green and the 16,275 K blackbody component in maroon. Notice
the sharp transition from the disk-dominated spectrum to the excess
emission dominated spectrum at the 2060 Å continuum break. The
model components have all been reddened to our adopted 𝐴𝑉 = 1.5
mag and using the Whittet et al. (2004) extinction curve, which has a
weaker 2200 Å bump than the commonly used Cardelli et al. (1989)
curve. The effect of the bump can be seen as an undulation from 2000
Å to 2800 Å in the otherwise featureless reddened excess component
blackbody spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . . 235

10.3 The corner plot for our MCMC fit for the FU Ori FUV excess. Our
adopted best-fit values are marked by the navy vertical lines, showing
the medians of the histograms. The modal values, marked by light
blue dotted lines, are identical to the median values. The contours in
the 2-d histogram mark the 0.5, 1.0, 1.5, and 2.0 𝜎 levels, while the
vertical dashed lines mark the 16th and 84th percentiles in the 1-d
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10.4 The 𝐿FUV (this work) and 𝐿𝑋 (Kuhn and Hillenbrand, 2019) for FU
Ori, compared with YSOs in Taurus (Yang et al., 2012). FU Ori has
among the highest 𝐿𝑋 and has the highest 𝐿FUV of the sample. The
range of 𝐿FUV for FU Ori reflects the two values we calculate depend-
ing on the assumed geometry of the emission region. The sources
that have 𝐿FUV > 0.05 𝐿⊙ are T Tau, HD 143006, and RY Tau, which
are much earlier spectral types than the FU Ori central object would
be (K1, G3, and G0, respectively, Herczeg and Hillenbrand, 2014). . 246

10.5 Selected bright emission line doublets commonly studied in the FUV
spectra of YSOs. The data are plotted in black and the uncertainty
on each point is shown in light grey. The blue and red lines mark
the blue and red components of the doublets. The vertical cyan
dashed lines mark the rest-wavelengths of H2 lines and the vertical
magenta dotted lines mark the rest frequencies of known features that
may be contaminating the doublet line profiles (Cl I 1351.657, Fe II
1352.487, and O IV] 1401.17). . . . . . . . . . . . . . . . . . . . . . 249

10.6 Detected bright emission lines commonly seen in the FUV spectra
of YSOs. The data are plotted in black and the uncertainty on each
point is shown in red. The rest-frequency of each line marked by the
vertical grey line. Notice that, if present, the C I 1656 feature is only
marginally detected. . . . . . . . . . . . . . . . . . . . . . . . . . . 250

10.7 The corner plot for the fit with a variable𝑇FUV, 𝑅eff , ¤𝑀 and 𝐴𝑉 . The
dark blue vertical and horizontal solid lines mark the median values
of the histograms, while the light blue dotted lines mark the modal
values. The agreement between the two in all but the 𝑇FUV parameter
show that the posterior distributions are well-behaved. The contours
in the 2-d histogram mark the 0.5, 1.0, 1.5, and 2.0 𝜎 levels, while
the vertical dashed lines mark the 16th and 84th percentiles in the 1-d
histograms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
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10.8 The net counts in the COS G130M spectra from 1150 Å to 1200 Å.
The 𝜆cen = 1309 Å points are shown in maroon and the 𝜆cen = 1222 Å
points are shown as dark blue squares. The counts have been resam-
pled to a grid with 100-pixel-wide bins. Prior to binning, we masked
the spectrum following the procedure described in Section 10.2. We
assume the uncertainties on each bin are Poisson-distributed. No-
tice that there are several bins with ∼ 10 counts, indicating a > 3 𝜎
continuum emission detection. . . . . . . . . . . . . . . . . . . . . . 254

11.1 The G230L and G430L spectra for each of our objects (dark blue),
along with the disk (green) and disk + UV excess (light blue) models
for each of the FUOrs in the survey. The shaded regions show
the range of the 16th and 84th percentile models from the MCMC
samples. The UV excess in each panel (maroon) matches the flux
level of the binned continuum points (salmon) blueward of 2300 Å.
The flux upper limits for V1057 Cyg, HBC 722, and BBW 76 are
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C h a p t e r 1

INTRODUCTION

The primary subject of this thesis is a class of outbursting accreting young stellar
objects (YSOs), called FU Ori objects (FUOrs). These objects take on mass at a
rate 10, 000× greater than their non-outbursting counterparts during episodes that
can last up to 100s of years. It has been argued that all low mass (𝑀∗ < 2 𝑀⊙)
young stars undergo a stage during their formation during which they experience
these episodic accretion outbursts. There is even some evidence that our own Solar
System has undergone such an outburst.

There are many misconceptions about FUOrs and what is known about them to
date. To better contextualize the place of these objects in the story of star and planet
formation, I will begin with an overview of the main stages of star formation. I
will then give a review of the history of FUOrs as a class of YSOs and how the
structure of the inner disk changes during an FU Ori outburst. Following this, I will
discuss the primary sets of theories for what triggers such extreme outbursts and
how observations can constrain or rule out different theories. In the final sections
of this chapter, I will broadly describe the questions this Thesis aims to answer.

1.1 An overview of the main stages of star formation
Star formation in a galaxy begins in giant molecular clouds, where gas densities can
reach 103−106 cm−3 (Draine, 2011). As gravity attracts the dense material to itself,
density fluctuations in the cloud (pre-stellar cores) grow rapidly, until reaching a
point (often called the Jeans density, Jeans, 1902), where the gravity overwhelms
the gas (and magnetic field) pressure support. The material then collapses toward
the center of mass until a sufficiently high temperature and density is achieved at
the core of the cloud to halt the collapse. This, then, is a protostar.

The following steps for the stages of pre-main-sequence evolution were first clearly
laid out in Adams et al. (1987). Following the collapse of the pre-stellar core, the
protostar is still surrounded by a dense envelope of cloud and dust. The emission
from the contracting protostar is powered by the heat of gravitational energy being
converted to radiation. The remaining material from the collapse, in order to
conserve the initial angular momentum of the cloud, settles into a disk around the
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protostar. This is often referred to as the “protoplanetary disk".

Over the next few 100 kyr, the protostar will accrete material from and, via powerful
outflows, clear away its envelope. Once the star is a few Myr in age, the majority of
its initial disk mass has also dissipated via accretion onto the star and evaporative
processes that drive disk material into the circumstellar medium. As the disk clears,
all that will remain is the protostar, as well as any planets or planetesimals that may
have formed around it in its protoplanetary disk. The protostar will continue to
contract until its core reaches sufficient density to ignite hydrogen fusion, at which
point it will join the stellar zero age main sequence.

These steps in pre-main sequence evolution can also be divided into stages empir-
ically by the shapes of their spectral energy distributions (SEDs). Using mostly
near-infrared (NIR) photometric observations of objects in Ophiuchus, Lada and
Wilking (1984) found three classes of SEDs, which were explicitly delineated in
Lada (1987) as: “protostars,” “T-Tauri star,” and “post T-Tauri stars.” These were
assigned to SED Classes I, II, and III. The traditional definitions of these classes,
based on the spectral slope of the SED in the IR (𝛼 = 𝑑 log𝜆𝐹𝜆/𝑑 log𝜆) are briefly
enumerated below. The 𝛼 boundaries provided are those defined in Greene et al.
(1994).

1. Class I: the SED is entirely dominated by emission from the envelope. 𝛼 > 0.3.

2. Class II: the envelope has mostly dissipated and the SED is much more flat,
with excess emission in the NIR/MIR mostly from the protoplanetary disk and
envelope emission in the FIR. The SED contribution from the protostar can be
clearly seen and the SED is much broader than a blackbody. −1.6 < 𝛼 < −0.3.

3. Once the disk has mostly dispersed, the emission is dominated by the star,
with only a very small IR excess relative to the blackbody. 𝛼 < −1.6.

There are two additional stages that have been delineated since the original classifi-
cation: Class 0 and Flat Spectrum. Class 0 sources (Barsony, 1994) emit almost all
of their light in the FIR and millimeter wavelengths, and represent the earliest stages
of the collapse of the pre-stellar core. Flat Spectrum sources (Greene et al., 1994)
have SEDs with intermediate slopes between Class I and Class II: −0.3 < 𝛼 < 0.3.

The eruptive YSOs I will discuss in this thesis span the Class I to Class II stages
in their SEDs. As will be discussed below, the Class II sources appear to be have
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recently entered this evolutionary stage, as they have larger disk masses than most
of the known Class II YSOs.

1.2 So what exactly are FUOrs?
The namesake of the class, FU Ori, was discovered when it began its outburst in
1937 (Wachmann, 1954). The source brightened by 5 magnitudes in the visible
range and exhibited a spectrum unlike any other star observed at the time. After
almost three decades of observations following its outburst, the first notion that FU
Ori might be a YSO was raised by Herbig (1966). In this work, Herbig proposed
that the eruption might be the first observation of a prestellar core collapsing to form
a protostar.

Over the following 10 years, 2 more FUOrs were identified: V1057 Cyg and V1515
Cyg. Comparing the apparent frequency of the outbursts with the known YSO
population led Herbig (1977) to presented a new theory for FUOrs: that they are
merely T Tauri stars (TTSs) experiencing some transient, energetic event. Herbig
(1977) also argued that these events should not be once-in-a-lifetime for young stars
but may repeat over the first few Myr post-formation.

In the following decade, an answer to the mysterious outbursts was provided by the
work of Hartmann and Kenyon (1985a), who hypothesized that they were caused
by sudden increases in the disk-to-star accretion rate. They also demonstrated that
the observed line profiles of FUOrs could be reproduced using a modified form of
the thin, viscously heated accretion disk developed by Shakura and Sunyaev (1973).
The radial temperature profile for FUOr accretion disks was presented in a more
thorough paper (Kenyon, Hartmann, and Hewett, 1988), in which the model was
shown to successfully match the spectra of three FUOrs. The temperature profile
proposed for FUOr disks is nearly identical to the Shakura and Sunyaev (1973)
profile,

𝑇eff (𝑟)4 =
3𝐺𝑀∗ ¤𝑀acc

8𝜋𝜎𝑆𝐵𝑟3

[
1 −

√︂
𝑅inner

𝑟

]
, (1.1)

where 𝑀∗ is the stellar mass, ¤𝑀acc is the disk-to-star accretion rate, 𝑅inner is the
innermost radius of the disk, 𝜎𝑆𝐵 is the Stefan-Boltzmann constant, and 𝐺 is the
gravitational constant. An important modification is that for 𝑟 < 49

36𝑅∗ (where the
temperature profile attains its maximum), the disk is set to be isothermal. Thus
𝑇eff

(
𝑟 < 49

36𝑅∗
)
= 𝑇max ≡ 𝑇eff

(
49
36𝑅∗

)
. The luminosity of the disk, 𝐿acc, is given by
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Figure 1.1: A schematic showing the inner region of a disk during the CTTS
magnetospheric accretion stage (left) and during an FU Ori outburst (right). The
physical parameters of the sample CTTS on the left are: 𝑀∗ = 0.6 𝑀⊙, 𝑅∗ = 2 𝑅⊙,
and 𝑅𝑇 ∼ 3 𝑅∗. The location of the 𝑅𝑇 and the dust sublimation region is informed
by values from NIR interferometry (GRAVITY Collaboration et al., 2021). The
FUOr schematic representative of the temperature structure of the inner disk of FU
Ori itself (Zhu, Jiang, et al., 2020; Carvalho, Hillenbrand, France, et al., 2024).

the equation

𝐿acc =
1
2
𝐺𝑀∗ ¤𝑀
𝑅inner

. (1.2)

The gas near the star is assumed to be in Keplerian rotation, and therefore follows
a Keplerian velocity profile. However, the observed orbit velocity, 𝑣𝐾 , of a given
annulus at 𝑟 is projected on the sky according the the inclination, 𝑖, of the annulus
with respect to the observer. Thus 𝑣obs is given by

𝑣obs(𝑟) = 𝑣𝐾 (𝑟) sin 𝑖 =
√︂
𝐺𝑀∗
𝑟

sin 𝑖. (1.3)

At the stellar surface, the velocity reaches its maximum and we obtain another useful
quantity, 𝑣max = 𝑣obs(𝑅∗). Since we always assume that the gas is in Keplerian orbit
around the star, the choice of 𝑣max prescribes the (viewer projected) velocity profile
in units of 𝑅∗ uniquely.

In the model that FU Ori outbursts are in fact disk accretion events in CTTSs,
the accretion rate reaches values of 10−5 − 10−4 𝑀⊙ yr−1 (Hartmann and Kenyon,
1996). The resulting increase to the ram pressure of the accretion flow crushes
the magnetosphere of the CTTS and the inner disk reaches the stellar surface. A
schematic of this is shown in Figure 1.1. While the observations can be modeled
with a vertically thin accretion disk, the disk has a distinct vertical structure. The
viscous heating is able to rapidly raise the midplane temperature to the ∼ 2, 500
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K necessary to ionize species like Ca, Mg, and Fe. The abundant freed electrons
produce large amounts of H−, which has a large continuous opacity at temperatures
of 3, 000−6, 000. The H− can efficiently trap the viscous heat and raise the midplane
temperature as high as 35, 000 K near the star (Zhu, Jiang, et al., 2020; Nayakshin
and Elbakyan, 2024).

The hot midplane supports above it a plane-parallel atmosphere in hydrostatic equi-
librium with the stellar gravity, not unlike a simplified model for a stellar photo-
sphere. The atmosphere is shown in the schematic in Figure 1.1, with the color scale
representing the radial temperature profile.

There are several lines of evidence that indicate the evolutionary state of FUOrs is
likely Class I or early Class II. The first is that analysis of the SEDs of the majority of
known FUOrs are consistent with Flat Spectrum or Class I sources (Gramajo et al.,
2014). Those that have SEDs more consistent with Class II sources still seem to
have large envelope masses, indicating that they have only recently entered the Class
II stage and have not fully cleared out their envelopes. A second line of evidence is
the large disk masses of FUOrs, as seen with ALMA. The majority of FUOr disks
observed with ALMA have disk-to-star mass ratios greater than 0.1. Such large
disk masses are typically associated with very young Class I source (Manara et al.,
2023).

The final line of evidence I will mention is the fact that there is a visible range
spectrum of the FUOr HBC 722 that is fully consistent with a typical accreting Class
I/II YSO. The spectrum is presented in Chapter 5. It shows that, prior to its outburst,
HBC 722 had an M4 spectral type and, based on its H𝛼 luminosity, a mass accretion
rate of 8 × 10−8 𝑀⊙ yr−1. The accretion rate is high for Class II YSOs (Manara
et al., 2023), but in the range seen for Class I sources (Fiorellino et al., 2023). This
visible range spectrum of a pre-outburst FUOr provides the strongest constraints
on the properties of the pre-outburst object, as well as conclusive evidence that
the progenitors of FUOrs are indeed Class I/II YSOs undergoing magnetospheric
accretion.

1.3 The missing trigger of FU Ori outbursts
A critical missing piece of the outburst puzzle remains the actual trigger of such
a massive outburst. In the picture of magnetospheric accretion, there are small
scale instabilities like local vortices or rapid changes to the magnetic field topology
that can lead to low amplitude, Δ𝑉 ∼ 2 mag, accretion outbursts (Fischer et al.,
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2023a). Even larger-amplitude, Δ𝑉 ∼ 3 − 4 mag, but shorter-lived accretion bursts
like EX-Lup-type events, can happen spontaneously in a massive young disk with
efficient inward radial transport of material (Cecil and Flock, 2024).

Despite the large amplitudes of EX Lup bursts, they only last a few months or up to
2 years (Fischer et al., 2023a). The fact that they are short-lived indicates that the
amount of mass ( ¤𝑀 × Δ𝑡 = 2 − 4 × 10−7 𝑀⊙; Sicilia-Aguilar, Kóspál, et al., 2012;
Sicilia-Aguilar, Fang, et al., 2015; Wang, Herczeg, et al., 2023) accreted per event is
relatively low compared to FU Ori outbursts. FU Ori itself, assuming an accretion
rate of at least 10−4.5 𝑀⊙ yr−1 (Carvalho, Hillenbrand, France, et al., 2024) over the
past 87 years, has accreted almost 3 𝑀Jup of material.

If we assume a relatively flat surface density profile in the inner disk and a surface
density of Σ = 104 g cm−2, the total mass accreted by the star extends to 1 au. Given
the likely lower surface density profile of the pre-outburst disk (e.g., Williams
and McPartland, 2016), the outburst would have to have started at around 2-5 au
to encompass enough material to power the burst we continue to observe today.
However, at 2-3 au, the disk is highly inviscid due to the low ionization fraction
and temperature (Gammie, 1996), so it is difficult to produce the high accretion rate
seen in FU Ori outbursts.

This has led rise to the proposal of external triggers, which might disrupt the disk of
a CTTS and lead to an FU Ori outburst. The four main classes of external triggers
are: planet engulfment, binary or flyby encounters, and late-stage envelope infall.

Planet engulfment
Planet engulfment was proposed as one of the first theories to explain FU Ori
outbursts (Herbig, 1977). Although the outburst itself has been found to result from
an accretion event, recent work has revived a version of the hypothesis as a source
of mass to feed the burst. Nayakshin, Owen, et al. (2023) show that if a Jupiter
mass planet is in a tight orbit (𝑎𝑝 < 0.1 au) and the star undergoes an EX Lup
type eruption, the high temperature reached in the disk midplane can unbind the
atmosphere of the young planet. The unbound Jovian atmosphere can then provide
a mass reservoir to extend the duration of the otherwise short-lived burst.

This model is compelling as an explanation for a few mysteries observed in FU
Ori itself. The first is that the active accretion region is constrained (via NIR
interferometry) to be ∼ 0.3 au (Lykou, Ábrahám, Chen, et al., 2022). This is much
smaller than the few au mentioned above as the necessary feeding zone size. Another
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is that the disk of FU Ori has a mass of only ∼ 7−20 𝑀Jup (Pérez et al., 2020; Lykou,
Ábrahám, Chen, et al., 2022), meaning the disk to star mass ratio is < 0.04 and the
disk is therefore unlikely to be gravitationally unstable. This further complicates
the ability to trigger an outburst in the disk at a few au. A Jovian planet serving as a
mass reservoir near the star allows for a small active region and alleviates the need
to trigger the outburst far out in the disk.

There are also, of course, challenges to the model. The most glaring of these is
the need to efficiently form, and then rapidly migrate, such a massive planet to a
close-in orbit. The first exoplanet discovered around a Sun-like star, 51 Pegasi b, is
one such close-in giant planet (Mayor and Queloz, 1995), and since its discovery
dozens of these hot Jupiters have been found1. The exact formation mechanism
for hot Jupiters planets remains a mystery, with competing theories favoring in-
situ formation, formation in the disk followed by disk-driven migration, or high
eccentricity migration (see Dawson and Johnson, 2018, and references therein).
Furthermore, observations of older planetary systems indicate that giant planets are
much less common around lower mass stars. For the low mass FUOrs (e.g., RNO
54, V890 Aur, HBC 722, BBW 76: Hillenbrand, Carvalho, van Roestel, et al.,
2023; Hillenbrand, Carvalho, Stern, et al., 2025b; Carvalho, Hillenbrand, Seebeck,
and Covey, 2024, this thesis), the chance of rapidly forming a hot Jupiter becomes
exceedingly small. This hypothesis may explain the outbursts in more massive
systems like FU Ori and V883 Ori, but it is unlikely that the very low mass FUOrs
are driven by the evaporation of hot Jupiters.

Binary or fly-by encounters
The idea that FU Ori outbursts could be triggered by the tidal interaction of the disk
of the FUOr with a binary companion was first proposed by Bonnell and Bastien
(1992). In this model, the outburst is triggered at the periastron passage of the
binary system and should therefore be periodic. The binarity of FU Ori (Wang,
Apai, et al., 2004; Reipurth and Aspin, 2004), as well as other famous FUOrs like Z
CMa (Koresko et al., 1991), and V1057 Cyg (Green et al., 2016), appears to support
this theory.

Another version of this theory is that the triggering encounter is not the periastron
passage of a bound binary companion but rather a flyby of an unbound member of
the star’s birth cluster. Hydrodynamical simulations of such flyby encounters at a

1https://exoplanetarchive.ipac.caltech.edu/

https://exoplanetarchive.ipac.caltech.edu/
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range of impact parameters and orbit orientations (Cuello, Dipierro, et al., 2019;
Cuello, Louvet, et al., 2020) are able to reproduce many of signatures observed in
scattered light images of the circumstellar environments of eruptive YSOs (Zurlo
et al., 2024a). Returning to the case of Z CMa, a large filamentary structure seen
in scattered light can be reproduced in hydrodynamical simulations assuming the
binary system experienced a flyby collision with a third object (Dong et al., 2022).
A nearby infrared source at the end of the filament is suggested to be the interloper.

The flyby or binary interaction scenario is a compelling explanation for some FU
Ori outbursts, but not all. While some have been found to be binaries, stellar mass
companions to the objects V1515 Cyg and HBC 722 have been ruled out with high
sensitivity, high spatial resolution NIR observations (Green et al., 2016). As for the
known binary FUOrs, the two main challenges to the interaction-driven outbursts
are the potential frequency (or paucity) of such interactions and the long orbit times
of the systems compared with the recency of their outbursts.

In the case of FU Ori, the separation between the components of the binary is ∼ 200
au and the binary is known to be bound (ruling out a hyperbolic flyby, Pueyo et al.,
2012). Assuming the system is at its periastron now, has a semimajor axis of ∼ 200
au, and that the masses of the components are 0.6 𝑀⊙ and 1.2 𝑀⊙ (Beck and Aspin,
2012), the period of the orbit is ∼ 2000 years. It is therefore unlikely that the
periastron passage could have triggered the outburst.

Late-stage envelope infall
The discovery of a likely accretion streamer in FU Ori (Hales et al., 2024) and
polarimetric imaging of outbursting YSOs showing large, filamentary structures
surrounding many well-known sources (Zurlo et al., 2024a) has renewed interest in
the envelope-infall-driven outburst theory. The idea originates from the notion that
the transfer of mass from envelope to disk might be more rapid than the transfer of
disk onto star (Bell and Lin, 1994). This would naturally cause mass to build up
in the disk, rendering it potentially gravitationally unstable or, in the picture of Bell
and Lin (1994), unstable to the classical thermal instability.

Envelope infall in the FUOr-like sources V346 Nor and L1551 IRS 5 have also been
suggested potentially be connected to the outburst (Momose et al., 1998; Kóspál,
Ábrahám, Csengeri, et al., 2017). In both of these sources, as well as FU Ori, the
envelope infall rates are estimated to be 10−7 − 10−6 𝑀⊙ yr−1, much lower than the
disk-to-star accretion rates of 10−5 − 10−4 𝑀⊙ yr−1, but higher than the expected
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quiescent state mass accretion rates of 10−8 − 10−7 𝑀⊙ yr−1. This supports the
idea that the envelope loads mass onto the disk faster than the disk can be depleted,
leading to an outburst during which the mass is impulsively removed from the disk.

An advantage of this scenario in explaining outbursts is that it enables large reservoirs
of mass to accumulate at radii several AU away from the central star (Pavlyuchenkov
et al., 2020). As mentioned above, the outburst trigger location is expected to be
far out in the disk in order to provide the necessary mass to power the long-lived
outburst. The pile-up of material is aided by the existence of the MRI dead zone
in the disk at a few AU. The weak accretion/turbulence predicted in this region
will naturally cause the excess material infalling from the envelope to pile up at
its outer edge. Models where the material piles up at around 5 − 10 AU for high
envelope infall rates most sucessfully reproduce FUOr-like outbursts (Maksimova
et al., 2020).

The feasibility of the infall-driven outburst hypothesis relies in part on better under-
standing the ubiquity of accretion streamers or infalling envelopes around eruptive
YSOs. Constraining this requires deep observations of each object, because bright
molecular gas tracers like 12CO and 13CO are contaminated by emission from large
scale outflows in the objects and can rapidly become optically thick. Detecting
the streamers and accurately measuring the masses contained in them is best done
with C18O, which is much fainter and thus harder to detect than the brighter CO
isotopologues. Another observational challenge is the large distances to much of
the FUOr sample, which makes high angular resolution critical to finding true in-
falling streamers. Dedicated large programs with ALMA will likely be necessary
to comprehensively survey the envelopes of FUOrs and other eruptive YSOs and
constrain the frequency of streamers. Improved sensitivity of millimeter-wavelength
facilities like ALMA (via the Wideband Sensitivity Upgrade) and JVLA (via the
Next Generation VLA) will aid in these deeper searches for accretion streamers as
well.

How can we identify the trigger?
Identifying the trigger mechanism for FU Ori outbursts is crucial to illuminating
how frequently they occur during a disk’s lifetime and whether they might affect all
young stars or only a select few. If the outburst trigger relies on a rare event like a
flyby interaction, a collision with ejected gas, or extreme evaporation of a young hot
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Jupiter, it is extremely unlikely to repeat2. On the other hand, if the trigger relies
on infall from the circumstellar envelope, delayed-onset accretion following binary
periastron passage, or some mechanism intrinsic to young, massive disks, a system
may experience several FU Ori outbursts during its first few Myr.

Similarly, if the trigger mechanism relies on the occurrence of rare events or specific
orbit architectures it is unlikely (or impossible) that all young stars will undergo
a "FUOr" stage during their formation. If, instead, the outburst is triggered by
infall from the circumstellar envelope or a high disk to stellar mass ratio, the only
restriction this likely places on the FUOr stage is that it must happen early after the
formation of the disk. Any YSO may undergo a FUOr stage in these cases.

A necessary step to better understand the trigger and the ubiquity of FU Ori outbursts
in the YSO population is knowing the properties of the central stars in these systems.
For most FUOrs known today, the only way to do this is to indirectly infer the
properties of the central star based on the dynamics of the disk surrounding it
during the outburst. This leaves many basic properties of FUOrs, such as their mass
distribution, radius distribution, and accretion rate distribution, still unknown. Is
there a tendency for FUOrs to be very low mass stars? Or is their mass distribution
representative of the Class I/II YSO population generally? Similarly, the canonical
mass accretion rate usually cited for FUOrs is 10−5 − 10−4 𝑀⊙ yr−1 (e.g., Hartmann
and Kenyon, 1996; Audard et al., 2014; Fischer et al., 2023a), but how are these
values derived and what about the outbursts sets this range3? Another canonically
adopted value is that the luminosity of a source in outburst will be 100 𝐿⊙, which
is the typical value adopted for FU Ori. However, in the past 10 years, new FUOrs
have been discovered with much lower luminosities, despite otherwise meeting the
photometric and spectroscopic requirements to be classified as FUOrs (e.g., Gaia
17bpi and V890 Aur Hillenbrand, Peña, et al., 2018; Hillenbrand, Carvalho, Stern,
et al., 2025a). Are the outbursts in these objects different from "typical" FU Ori
outbursts?

2In the case of the young hot Jupiter, this is not strictly true. It is conceivable that the planet’s
atmosphere is not stripped away entirely during a single event and that enough material remains to
feed future outbursts.

3A model of the triggering and evolution of the classical thermal instability in FUOrs has
recently shown that objects with accretion rates in this range belong to the "hot branch" of the
thermal instability, while eruptive objects that do not reach these accretion rates fail to trigger the
instability (Nayakshin and Elbakyan, 2024).
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1.4 The aims of this Thesis
The work in this thesis represents an attempt to build a clearer picture of these
objects on both an individual and class-wide basis. The first step in this endeavor
has been to test the limits of the disk model in its ability to reproduce the observed
spectra of FUOrs.

To this end, I have built a new framework to fit the SEDs of FUOrs incorporating
constraints from their high resolution spectra and established new means of con-
straining parameters such as 𝐿acc, 𝑇max, and 𝑣max for each object. I have applied
these developments to study the time evolution of two FUOrs in the first 5-10 years
of their outbursts and produce new measurements of physical properties for long
studied objects like V883 Ori, V1057 Cyg and V1515 Cyg. I have also identified
a new and unexpected UV emission component, in excess of the emission from the
viscous disk, that sheds new light on the physics of the star-disk boundary in FUOrs.
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C h a p t e r 2

A NEW FRAMEWORK FOR FITTING FUOR DISK SPECTRA

In principle, the implementation of the Kenyon, Hartmann, and Hewett (1988)
disk model is relatively straightforward. One need only discretize the disk radially
into several annuli, each representing a single 𝑇eff value prescribed by Equation
1.1. A spectrum with the appropriate 𝑇eff can be assigned to each annulus, and
then summing the area-weighted fluxes from each annulus, we obtain a spectrum
representing the disk. An important caveat in this model is that it represents only
the inner ∼ 0.5 au of the disk. Further out, the temperatures are cool enough that
contribution of dust both in absorption and emission cannot be neglected and a more
detailed treatment becomes necessary.

Historically, there have been two approaches to constructing a disk model spectrum.
At high resolution, the model constitutes area-weighting spectra of standard stars
with𝑇eff = 3, 000−9, 000 (e.g., Kenyon, Hartmann, and Hewett, 1988; Welty, Strom,
Edwards, et al., 1992; Herbig et al., 2003). To model the SEDs, the spectra are
replaced with blackbody functions, due to the challenge of obtaining large libraries
of standard star spectra with the necessary temperature sampling and wavelength
coverage.

More recently, with the broad distribution of accurate synthetic stellar spectral li-
braries with dense sampling of both surface gravity log 𝑔 and 𝑇eff , disk models have
taken advantage of these for their annulus spectra (e.g., Rodriguez and Hillenbrand,
2022; Liu et al., 2022). This enables us to compute model SEDs spanning broad
wavelength ranges while retaining crucial information about the atomic and molec-
ular absorption features of the spectra. As shown in Figure 2.1, the blackbody-only
SEDs are comparable to the stellar-spectrum-based SEDs in the wavelength range
0.4 − 5.0 𝜇m, and can thus be used to model SEDs constructed from multiband
photometry reasonably well. For 𝜆 < 0.4 𝜇m, the bound-free continuous opacity of
metals like Mg, Al, and Si become non-negligible (Travis and Matsushima, 1968),
as does the Balmer break for higher temperatures. In the NIR, the blackbody SEDs
miss the strong molecular absorption, which can be important to constraining the
outer radius of the active disk (Carvalho, Hillenbrand, Seebeck, and Covey, 2024).

The disk model I have worked with is based on that initially developed in Rodriguez
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Figure 2.1: A comparison of the disk models constructed using only blackbodies
(blue) versus those constructed using synthetic stellar spectra (red).

and Hillenbrand (2022). The SEDs shown in Figure 2.1 are from this model. In this
Chapter, I detail the improvements made to the Rodriguez and Hillenbrand (2022)
model to expand its flexibility and ability to rapidly produce high resolution spectral
models spanning 0.1− 5.0 𝜇m. I will then demonstrate the importance of modeling
the high resolution spectra of FUOrs to better constrain the SED fits. I will also
discuss limitations of the disk model and what can be learned from the spectral
features it fails to reproduce.

2.1 Computing the Spectrum of a Disk
In the previous Chapter, I gave a general description of the Kenyon, Hartmann,
and Hewett (1988) disk model for FU Ori objects, including the prescriptions for
the temperature profile (Equation 1.1), accretion luminosity (Equation 1.2), and
the Keplerian orbit velocity profile (Equation 1.3). While these equations together
do describe the emergent spectrum of the disk atmosphere, they are insufficient to
compare with observations. In order to do that, there are 4 additional parameters
that must be accounted for: 𝑖, the inclination of the disk with respect to the observer,
𝑑, the distance to the disk, 𝐴𝑉 , the extinction along the line of sight, and 𝑅outer, the
outermost edge of the disk that can be described via this thin viscous accretion disk
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model1.

The implementation of the disk model that I will describe here is that which we
demonstrated in Carvalho, Hillenbrand, Hambsch, et al. (2023) and Carvalho, Hil-
lenbrand, Seebeck, and Covey (2024). The model has been successfully applied to
fit the visible and NIR spectra of 9 FU Ori objects thus far. The best-fit parameters
for these objects are presented in Table 2.1.

Table 2.1: Physical parameters for FUOrs derived using the disk model described
in this Thesis. Note that parameters like ¤𝑀 , 𝑅inner and the emergent 𝑇max and 𝐿acc
all vary over the course of an outburst. The parameters reported in this Table reflect
the state of each system at the time of observation. For V1057 Cyg, V1515 Cyg,
and BBW 76, the epoch is 2014 − 2016. The distance references are as follows:
FU Ori (Kounkel et al., 2018; Roychowdhury and Hillenbrand, 2024a); V1057
Cyg (Szabó, Kóspál, Ábrahám, Park, Siwak, Green, Moór, et al., 2021); V1515
Cyg (Szabó, Kóspál, Ábrahám, Park, Siwak, Green, Pál, et al., 2022a); V960 Mon
(Kuhn and Hillenbrand, 2019); HBC 722 (Kuhn and Hillenbrand, 2019); BBW 76
(Gaia Collaboration, Vallenari, et al., 2023); RNO 54 (Hillenbrand, Carvalho, van
Roestel, et al., 2023); V890 Aur (Hillenbrand, Carvalho, Stern, et al., 2025a); V883
Ori (Kounkel et al., 2018). Many of the distances in this table have been updated
from those adopted by Connelley and Reipurth (2018) and used in Table 2.2.

𝑀 log ¤𝑀 𝑅inner inc 𝐴𝑉 d 𝑇max 𝐿acc
Object (𝑀⊙) (𝑀⊙ yr−1) (𝑅⊙) (deg) (mag) (pc) (K) (𝐿⊙)
FU Ori 0.60 −4.49 3.52 35 1.50 404 5970 86

V1057 Cyg 1.61 −5.17 2.67 8 2.72 795 6357 63
V1515 Cyg 0.69 −5.24 1.82 2 2.23 960 6585 34
V960 Mon 0.59 −4.96 2.69 15 1.60 1120 5550 38
HBC 722 0.20 −4.18 3.65 79 2.30 745 5840 85
BBW 76 0.2 −5.12 1.41 16 0.43 1040 6380 17
RNO 54 0.23 −3.45 4.5 50 3.9 1400 7000 265

V890 Aur 0.17 −5.48 1.04 6 1.8 1500 6218 8.4
V883 Ori 1.3 −3.9 5.9 38 20.8 388 7045 458

The most computationally expensive part of producing a high resolution disk model
spectrum is computing the rotational broadening, which must be done for each
annulus individually. An improvement we make to the Rodriguez and Hillenbrand
(2022) model is that rather than applying a rotational broadening kernel to the
spectrum in narrow wavelength ranges, we compute our rotational broadening for

1Note that this is not the outer edge of the entire circumstellar disk. Typical values for 𝑅outer in
our models range from 0.12 − 0.5 au, while the full disks of FUOrs have radii of 10s to 100s of au
(e.g., Cieza, Ruíz-Rodríguez, et al., 2018; Pérez et al., 2020; Kóspál, Cruz-Sáenz de Miera, et al.,
2021).
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the entire spectrum at once by numerically integrating over the annulus

𝐹broad(𝑟, 𝜆, 𝑇eff) =
1

2𝜋

∫ 2𝜋

0
𝐹 (𝑟, 𝜆(𝜃), 𝑇eff)𝑑𝜃 (2.1)

where
𝜆(𝜃) = 𝜆 ×

(
1 +

𝑣kep(𝑟)
𝑐

sin(𝜃) sin(𝑖)
)
, (2.2)

and 𝜃 is the azimuthal angle in the disk. A discussion of the benefit of this approach
versus kernel-based broadening is given in Appendix B.

The total disk model spectrum is then given by

𝐹disk(𝜆) = 2𝜋
(
cos(𝑖)
2𝜋𝑑2

) (
𝑒−0.4 𝐴𝜆

) ∫ 𝑅outer

𝑅inner

𝐹broad(𝑟, 𝜆, 𝑇eff) 𝑟 𝑑𝑟, (2.3)

where 𝐴𝜆 is the line of sight extinction at the observed wavelength, usually prescribed
by an extinction law. In the 0.3 − 5.0 𝜇m wavelength range where we usually
perform our fits, the popularly used Fitzpatrick (1999) galactic average extinction
law, suffices. In the UV, we prefer to use the extinction law from Whittet et al. (2004),
which has a higher total-to-selective reddening value of 𝑅𝑉 = 3.63, compared with
the 𝑅𝑉 = 3.1 found for the galactic average. Extinction mapping of star forming
regions in the Milky Way shows greater 𝑅𝑉 values along sightlines with greater 𝐴𝑉
(Zhang and Green, 2025). The Whittet et al. extinction law also assumes a smaller
"UV bump" at 2175 Å, which we find fits the UV spectra of FU Ori objects well
(Carvalho, Hillenbrand, France, et al., 2024).

An additional improvement to the Rodriguez and Hillenbrand (2022) disk model
implementation that I explored was adding a radial log𝑔 profile to the disk spectra.
A version of the code with this implemented was used for the fits to V960 Mon,
adopting log𝑔(𝑟𝑖) = 𝐺𝑀∗/𝑟2

𝑖
for each annulus 𝑖 with central radius 𝑟𝑖. This choice is

justified in Chapter 3. However, when more closely comparing the high resolution
model spectra with the observed HIRES spectra, we found that simply fixing log𝑔 =

1.5 provided slightly better fits and thus did not use the log𝑔(𝑟) profile when fitting
spectra of other sources. This is consistent with the estimate that the red-optical and
NIR arise mostly from 𝑟 ∼ 3 𝑅inner.

For the disk models implemented in Chapters 10 and 11, the log𝑔(𝑟) was kept
because models using only log𝑔 = 1.5 underpredicted the flux in the blue-optical
and UV. This is likely due to the fact that much of that emission comes from very
close to the central star, and therefore is better represented by log𝑔 = 3.



16

2.2 Fitting Disk Models to Observed Spectra
With the full disk SED model in hand, it is possible to fit the actual observed SEDs
of FUOrs. The data we fit are typically either photometric points spanning the
visible to NIR (usually 𝐵𝑉𝑅𝐼 or 𝑔𝑟𝑖𝑧 and 𝐽𝐻𝐾 filters) or visible and NIR medium
resolution flux-calibrated spectra ("spectrophotometry"). Particularly in the NIR,
where the disk spectra show strong H2O absorption between J and K band (Connelley
and Reipurth, 2018), the spectrophotometry is more effective for constraining disk
models than the 𝐽𝐻𝐾 photometric points. Sample fits to the objects V960 Mon and
HBC 722 are shown in Figure 2.2.
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Figure 2.2: Sample SED fits to the photometry of V960 Mon (left) and the spec-
trophotometry of HBC 722 (right). Descriptions of the objects, fits, and data can
be found in Chapters 3 and 5, respectively. This Figure is a reproduction of Figure
8 from Carvalho, Hillenbrand, Hambsch, et al. (2023) and Figure 4 from Carvalho,
Hillenbrand, Seebeck, and Covey (2024).

The fitting itself is typically done via log-likelihood minimizing Markov Chain
Monte Carlo (MCMC) sampling. The parameters we typically choose to fit are
𝑀∗, ¤𝑀 , 𝑅inner, 𝑖, and 𝐴𝑉 . As in many SED fitting problems, it is necessary to
adopt a value for 𝑑. While it is popular to simply adopt the parallax-based distance
measurement from the Gaia mission (Gaia Collaboration, Prusti, et al., 2016) in such
a situation, this is not appropriate for most FUOrs. FUOrs usually have significant
nebulosity surrounding them, which interferes with the ability to compute a precise
parallax for the source. An alternative way to estimate distances to FUOrs is to
instead associate them with other neighboring YSOs which do have good Gaia
parallax measurements and adopt the median value for the cluster (e.g., Kuhn and
Hillenbrand, 2019).

As is demonstrated below, many of the parameters that I seek to fit are degenerate
with one-another. Therefore, I seek to impose as many constraints on them as possi-
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ble. When a full SED of the pre-outburst source is available, I leverage the expected
pre-outburst𝑇eff to narrow the range of masses explored by the sampler. Some disks,
like FU Ori and V883 Ori, have inclination measurements available from ALMA
millimeter continuum imaging of their outer disks (Cieza, Ruíz-Rodríguez, et al.,
2018; Pérez et al., 2020). It is not strictly the case that the inner and outer disks of
FUOrs should be aligned, so I do not fix the 𝑖 values but instead sample them from
a Gaussian prior centered at the value found for the outer disk. In the case of V883
Ori and V960 Mon, I have retrieved best-fit 𝑖 values in perfect agreement with the
outer disk ALMA values (Carvalho et al.,2025a, submitted; Carvalho, Hillenbrand,
Hambsch, et al., 2023).

The most important constraint we place on the SED fits, which also serves to
constrain 𝑖 somewhat, is on the allowed rotational broadening of spectral lines, 𝑣max,
produced by the model. For each combination of 𝑀∗, 𝑅inner, and 𝑖 explored by
the samplers, we require that the resulting 𝑣max value be drawn from a Gaussian
distribution centered on the 𝑣max estimated from a high resolution spectrum of the
source. The technique usually relies on some form of varying 𝑣max for a fiducial
disk model, comparing with a high resolution spectrum, and and minimizing the 𝜒2

value between the two.

For visible range spectra, this can be somewhat sensitive to the adopted fiducial disk
model parameters, due to the sensitivity of the absorption lines to the 𝑇max value
(see Section 2.3 and Chapter 4). In Chapter 8, I present a way to measure the 𝑣max

for a disk using high resolution NIR spectra, which are much less sensitive to the
𝑇max of the disk.

2.3 The Importance of Incorporating High Resolution Spectra in SED Fitting
Even when using the stellar spectra to compute the disk model SED, however, it is
not sufficient to fit only the SED to low resolution spectra. This is because when
constructing a disk model and fitting it to observed data, the primary quantities the
SED can constrain are 𝑇max and 𝐿acc for a disk. Consequently, there are several
parameters that can be degenerate in an SED-only model. For example, in both the
𝑇max and 𝐿acc equations, the stellar mass and accretion rate appear as a product,𝑀∗ ¤𝑀 .
The similar dependence on 𝑅inner between the two quantities

(
𝑅−1

inner versus 𝑅−3/4
inner

)
also introduces some degeneracy between that parameter and 𝑀∗ ¤𝑀 . To complicate
matters further, the overall luminosity of the disk is degenerate with the assumed 𝑖,
due to projection of the flux along our line of sight, and the 𝑇max is degenerate with
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the assumed 𝐴𝑉 .
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Figure 2.3: Disk models showing how changing different parameters impacts the
SED. In each panel, a single parameter is varied while keeping all others fixed.

This degeneracy between different parameters in the SED models is illustrated in
Figure 2.3. In each panel of the figure, the one of the model parameters is varied,
while all others are kept constant. Notice that in the upper two panels, the change
to 𝐴𝑉 affects the bluer wavelengths of the SED in much the same way as the change
to 𝑅inner, due to the strong sensitivity of 𝑇max to 𝑅inner. In the lower two panels, the
mild degeneracy between ¤𝑀 (really 𝑀∗ ¤𝑀) and 𝑖 is shown.

The degeneracy between 𝑇max and 𝐴𝑉 can severely impact template-matching as a
means of estimate the extinction to a FUOr. This is the method adopted by Connelley
and Reipurth (2018) in their NIR spectroscopic survey of FUOrs. However, the
range of 𝑇max values for the objects spans almost 3000 K (see, e.g., Chapters 3 and
9). However, for low 𝐴𝑉 values, the 𝑇max of the FUOr cannot be neglected when
dereddening to a template.

All illustration of this problem is shown in Figure 2.4. In the Figure, all 3 models
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Figure 2.4: A demonstration of the impact of 𝑇max on template-based extinction
measurements. All 3 model spectra used initially have 𝐴𝑉 = 0 and are normalized
to 1.0 at 𝜆 = 2.15 𝜇m. The 𝐴𝑉 value reported in the caption is the "correction"
necessary to match the template, which is negative of the spectum needs to be
reddened. Left: A model spectrum with 𝑇max = 7500 K will appear bluer than the
template (𝑇max = 6000 K), causing the fit to underestimate the extinction. Right: A
model spectrum with 𝑇max = 4500 K will appear redder than the template, causing
the fit to overestimate the extinction.

used are computed with 𝐴𝑉 = 0. The template spectrum is a model with𝑇max = 6000
K, close to the 𝑇max of FU Ori. If the 𝑇max of the observed object is greater than that
of the template, then the measured 𝐴𝑉 may be underestimated. For Δ𝑇max = 1500
K, the underestimate is Δ𝐴𝑉 = −0.7 mag. If the 𝑇max of the object is less than that of
the template, then 𝐴𝑉 can be overestimated. For Δ𝑇max = −1500 K, the overestimate
is Δ𝐴𝑉 = 1.2 mag.

Another less significant effect, but one which can still be bothersome for low (𝐴𝑉 < 5
mag) values is the impact of the 𝑅outer parameter on the 𝐾 band flux of a model.
This is demonstrated in Figure 2.5. If the observed target has 𝑇max = 6000 K and
𝑅outer = 50 𝑅⊙, then when normalized to 1 at 𝜆 = 2.15 𝜇m, the source will appear
bluer than a template that has the same𝑇max and 𝑅outer = 150 𝑅⊙. This is because the
source with a smaller 𝑅outer has less flux at 𝐾 band relative to those with larger 𝑅outer

values. Normalizing instead to a continuum region of 𝐻 or 𝐽 band can mitigate
this problem, since they show relatively little variation over a broad range of 𝑅outer

values (see Figure 2.5, left panel).

Breaking the degeneracy in the SED models requires incorporating information
from high resolution spectra. The benefit of modeling high resolution spectra along
with the lower resolution SEDs is that the absorption lines of the spectra are sensitive
to the rotational broadening in the disk, 𝑣max, and the maximum disk temperature,
𝑇max, but are not impacted by 𝐴𝑉 or 𝑑. The impact of 𝑇max and 𝑣max values on disk
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Figure 2.5: The effect of varying 𝑅outer on the disk model spectrum and the estimated
𝐴𝑉 when normalized at 𝐾 band. Left: A reproduction of Figure 6 from (Carvalho,
Hillenbrand, Hambsch, et al., 2023) showing how the chosen 𝑅outer value in a disk
model impacts the flux, especially for 𝜆 > 2 𝜇m. Right: A model with 𝑇max = 6000
K and 𝑅outer = 50 𝑅⊙ computed with 𝐴𝑉 = 0 (blue), then reddened by 𝐴𝑉 = 0.4
mag to match the template, which has 𝑇max = 6000 K and 𝑇outer = 150 𝑅⊙.

model spectra is demonstrated in Figure 2.6.

The sensitivity of features like the Fe I 5328 line and the H Paschen lines at 8400 Å
to 9000 Å to 𝑇max can be used to approximate 𝑇max for the disk directly. In Chapter
4, I investigate this in detail, showing several features that trace the a decreasing
𝑇max in the disk of V960 Mon as the source faded following the peak of its outburst.
We also used the relative strengths of temperature sensitive features in the spectrum
of RNO 54 to constrain its 𝑇max value (Hillenbrand, Carvalho, van Roestel, et al.,
2023).

In Figure 2.6, the impact of increased disk broadening on the absorption lines can
be clearly seen. At higher 𝑣max values, the profiles of the strongest absorption
features become very box-like, while weaker features are no longer seen. At lower
𝑣max values, the instrumental broadening becomes non-negligible, and the lines no
longer show the expected double-peak. This is apparent in the spectra of face-on
FUOrs like V960 Mon, V1515 Cyg, V890 Aur, and V2775 Ori (see the spectra in
Chapters 12 and 13).

2.4 What Luminosity Should One Adopt for FUOrs?
The luminosity of the disk of a FUOr during outburst (particularly the peak lu-
minosity value) is an important quantity to consider when studying the impact of
the outburst on the disk and its environment. Different means of measuring the
luminosity of a FUOr, however, persist in the literature (e.g., Audard et al., 2014;



21

5280 5300 5320 5340 5360

Wavelength [Å]
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Figure 2.6: The effect of varying 𝑣max and 𝑇max on absorption features in the high
resolution disk models.
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Figure 2.7: Same as Figure 2.6 but showcasing the spectra in the NIR. Notice that
in contrast to the visible range, features are much more strongly affected by the
rotational broadening than by changes in disk temperature.
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Figure 2.8: A comparison of different luminosity measurements for FUOrs, showing
also the importance of inclination. Left: The ratio of isotropic-emission-derived
luminosity to true disk luminosity as a function of source inclination. Right: The
𝐿acc values of FUOrs measured from their 𝐾 band brightnesses via bolometric
corrections compared with the 𝐿bol values reported by Connelley and Reipurth
(2018). The grey 𝑦 = 𝑥 line is plotted for reference.

Connelley and Reipurth, 2018). One of the most common measurements to use,
largely due to the significant line-of-sight extinction to FUOrs and by analogy to
Class 0/I protostars, is the bolometric luminosity of the source, 𝐿bol.

In principle, 𝐿bol captures the emission from the inner disk that has been reprocessed
by the circumstellar material and is emitted at mostly IR wavelengths. This emission
is less susceptible to the effects of extinction and should therefore be an accurate
measurement of the luminosity of the source. While this is the case for the mostly-
isotropic and quiescent emission of Class 0/I protostars, the same does not hold for
FUOrs. The first challenge is with the projection effect of the disk inclination. Since
the disk dominates the emission, and disk emission is non-isotropic, its inclination
must be considered when computing luminosity.

For a given flux density, 𝐹𝜆, the corresponding luminosity from a FUOr is 𝐿𝜆 =

2𝜋𝑑2𝐹𝜆/cos(𝑖), rather than the typical 𝐿𝜆 = 4𝜋𝑑2𝐹𝜆. Ignoring the effect of disk
inclination impacts the estimated luminosity in a stochastic, rather than systematic,
way. The over- or underestimation of 𝐿disk using the isotropic emission assumption
to compute luminosity, 𝐿iso, is shown in Figure 2.8.

For FUOrs, even computing a reliable 𝐿bol in the traditional sense is non-trivial due
to the historically sparse time sampling of NIR-FIR spectroscopic surveys. Since
many of the known FUOrs have been detected in the past 15 years (Contreras Pena et
al., 2025), they will not have 2MASS/WISE/Akari/Herschel photometry from their
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in-outburst states. And, since many of the objects can evolve dramatically on 5-10
year timescales (e.g., Audard et al., 2014; Szabó, Kóspál, Ábrahám, Park, Siwak,
Green, Moór, et al., 2021), the time between these surveys can also inhibit accurate
calculation of 𝐿bol for objects in outburst prior to 2015. Binary FUOrs are also not
resolved in many of the previous MIR/FIR surveys, meaning the 𝐿bol for objects like
Z CMa and RNO 1b/c is not representative of the actual outburst luminosity.

In order to remedy this, I propose that 𝐿acc be used instead of 𝐿bol when discussing
luminosities of FUOrs. The 𝐿acc of a FUOr can be estimated from a single-band
observation using the bolometric corrections provided in Chapter 7. These bolo-
metric corrections have been computed for a broad range of possible source 𝐿acc

values using the accretion disk model described in this Chapter. The bolometric
corrections are produced for several visible and NIR filters for current and upcom-
ing surveys, enabling measurements of 𝐿acc for historical lightcurves of currently
outbursting FUOrs and those of newly discovered ones.

An example of using bolometric corrections to compute 𝐿acc for FUOrs is shown
in the right panel of Figure 2.8. The 𝐿acc values are computed using the 𝐾 band
photometry of FUOrs published in Connelley and Reipurth (2018). I adopted the
same distances and 𝐴𝑉 values reported in Connelley and Reipurth (2018) for each
source in order to compare 𝐿acc with their reported 𝐿bol. I omit Z CMa from the
comparison because at 𝐾 band, the companion to the FUOr dominates the emission
from the system (Hinkley et al., 2013). For sources which do not have literature 𝑖
measurements, I assumed 𝑖 = 60◦. The inclinations adopted from Kóspál, Cruz-
Sáenz de Miera, et al. (2021) are based on their radiative-transfer model best-fit
values. The resulting 𝐿acc values are also given in Table 2.2, along with the values
used to derive them. The uncertainties on 𝐿acc are the result of propagating the 𝐴𝑉
uncertainties reported in Connelley and Reipurth (2018).The median 𝐿acc in Table
2.2 is 86 𝐿⊙.

Note that the 𝐿acc values reported here refer to the state of each system at the epoch of
the𝐾 band photometry, most of which was taken between 2014 and 2016 (Connelley
and Reipurth, 2018). While these provide a more true representation of the state of
the accretion disk at the time of observation, directly comparing the objects in the
class requires considering the evolution of their outbursts. V1057 Cyg, for instance,
had faded by more than 3 magnitudes since its peak, while HBC 722 and V960 Mon
were both near the peaks of their outbursts when this survey was conducted.

An advantage of using the bolometric corrections is the ability to estimate the peak
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Table 2.2: 𝐿acc values compared with the 𝐿bol values in Connelley and Reipurth
(2018), using the distances, 𝐾 band measurements, and 𝐴𝑉 therein. When available,
inclinations were obtained from Kóspál, Cruz-Sáenz de Miera, et al. (2021), Pérez
et al. (2020), Cieza, Ruíz-Rodríguez, et al. (2018), and Carvalho, Hillenbrand,
Seebeck, and Covey (2024). All others, marked with brackets, are assumed to be
60◦.

𝐾 Distance 𝐴𝑉 𝑖 𝐿bol 𝐿acc

Object (mag) (pc) (mag) (deg) 𝐿⊙ 𝐿⊙

RNO 1b 8.34 930 14.5 ± 1.0 [60] 1652 138+15
−13

RNO 1c 7.73 930 19.5 ± 4.0 [60] 1652 406+207
−137

PP 13S 10.82 450 56.5 ± 5.0 [60] 51 233+156
−93

L1551 IRS5 9.21 147 25.5 ± 2.0 79 29 12+3
−2

V582 Aur 8.18 1300 5.6 ± 1.2 [60] 168 126+16
−15

Haro 5a/6a 9.85 388 57.5 ± 5.0 68 18 634+429
−255

V883 Ori 5.53 388 22.5 ± 1.0 38 212 462+50
−45

V2775 Ori 8.43 428 27.5 ± 1.0 [60] 29 100+11
−10

FU Ori 5.79 400 1.5 ± 0.2 35 66 43+1
−1

IRAS 05450+0019 8.76 388 31.5 ± 1.0 [60] 35 91+10
−9

V900 Mon 7.51 1100 13.5 ± 2.0 14 99 193+44
−36

V960 Mon 7.42 1100 1.5 ± 0.4 15 48 62+3
−2

BBW 76 8.60 1800 1.6 ± 0.2 20 114 58+1
−1

Parsamian 21 9.55 500 2.5 ± 0.5 37 16 2+0
−0

V1515 Cyg 7.95 1050 3.5 ± 0.4 0 103 41+2
−2

HBC 722 6.31 550 3.7 ± 0.5 79 17 276+15
−14

V2494 Cyg 8.37 600 17.5 ± 5.0 [60] 187 75+50
−30

V1057 Cyg 6.59 550 3.9 ± 1.6 10 100 42+7
−6

V2495 Cyg 11.79 600 49.5 ± 9.0 [60] 21 82+124
−49

CB 230 10.27 300 26.5 ± 7.0 [60] 7 8+8
−4

V1735 Cyg 7.54 950 12.5 ± 2.0 [60] 166 247+56
−46

HH 354 IRS 10.83 300 31.5 ± 7.0 [60] 16 8+8
−4

V733 Cep 8.29 800 11.5 ± 1.0 [60] 43 78+8
−8
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Figure 2.9: Deriving the luminosity of a FUOr from its lightcurve. Left: The
multiband lightcurve of Gaia 17bpi, showing the pre-outburst state of the object, its
rapid rise, and its slow fade in the past 8 years. Right: The 𝐿acc curve for Gaia
17bpi, derived from bolometric corrections to the photometric points in the left
panel.

𝐿acc value of a FUOr directly from its lightcurve. This will enable converting the
single-epoch measurements presented in Table 2.2 to the true distribution of peak
𝐿acc values for FUOrs. With a complete visible/NIR spectrum of each source to
constrain 𝑀∗ and 𝑅inner for a source one can then also estimate the ¤𝑀 evolution over
the course of an outburst as well as the distribution of peak ¤𝑀 values for FUOrs.

An example of applying the bolometric corrections to compute 𝐿acc during an
outburst is provided in Figure 2.9. In the Figure, the 𝐿acc is computed for the source
Gaia 17bpi, a low luminosity FUOr that began its outburst in 2017 (Hillenbrand,
Peña, et al., 2018). The bolometric corrections used here are from the constant
temperature 𝑇max = 6, 000 K grid, which is computed specifically to optimize the
correction for low-luminosity FUOrs. The data shown in the lightcurve are from the
NEOWISE survey (Mainzer et al., 2011), ZTF (Bellm et al., 2019), and the Gaia
Photometric Alerts Service (Hodgkin et al., 2021). The bolometric corrections
applied to all of the lightcurves, spanning 0.5𝜇m to 4.5𝜇m, provide 𝐿acc estimates
that are consistent within 50%, which is similar to the accuracy of this technique
as discussed in 7. The assumed distance to the source is 𝑑 = 1250 pc (Kuhn and
Hillenbrand, 2019), the inclination is chosen to be 𝑖 = 75◦, which gives an upper
bound on the source distance, and 𝐴𝑉 = 2 mag is estimated from a comparison
between the source NIR spectrum and that of FU Ori.

With the ability to estimate 𝐿acc for several FUOrs with one single photometric
measurement, it becomes possible to test broader assumptions about the underlying



27

0.0 2.5 5.0 7.5 10.0

Stellar Radius or Rinner [R�]

0.0

0.2

0.4

0.6

0.8

1.0

C
D

F
5000 K

6000 K

7000 K

8000 K

2 Myr Stars

1 Myr Stars

Figure 2.10: CDFs of the 𝑅inner values estimated for the FUOrs in Table 2.2 assuming
4 different temperatures. The grey and black lines show the 𝑅∗ values for the 1 and
2 Myr PARSEC isochrones, respectively.

sources. One application of this is to constrain 𝑅inner of the population of FUOrs
at a given time, by assuming a range of 𝑇max values for the sample and computing

𝑅inner =

√︂
3

4𝜋𝜎

(
66

77

)
𝐿acc
𝑇max

. The resulting 𝑅inner values derived from the 𝐿acc in Table

2.2, are summarized as cumulative distribution functions (CDFs) and shown in
Figure 2.10. Compared with 1 Myr and 2 Myr PARSEC Nguyen et al. (2022)
isochrones, the FUOrs have generally larger 𝑅inner. If the standard 𝑅inner = 𝑅∗

assumption is applied, this suggests that FUOrs are indeed generally inflated relative
to their non-outbursting peers, potentially the result of their intense accretion.

The challenge of estimating the inclination to FUOrs remains, but significant
progress is being made on this front using ALMA and optical interferometric instru-
ments like VLT/MATISSE, VLT/GRAVITY, VLT/PIONEER, and CHARA/MIRCX
(e.g., Cieza, Casassus, et al., 2016; Pérez et al., 2020; Kóspál, Cruz-Sáenz de Miera,
et al., 2021; Labdon et al., 2021; Lykou, Ábrahám, Chen, et al., 2022; Lykou,
Ábrahám, Cruz-Sáenz de Miera, et al., 2024). While more recently detected out-
bursts tend to be further away and thus difficult to spatially resolve, spectroscopic
modeling and careful consideration of the properties of the pre-outburst source can
help constrain inclination as well.

As is always the problem when estimating a luminosity, the 𝐴𝑉 and distance to
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FUOrs is important. For 𝐴𝑉 , an estimate can be obtained by comparing the NIR
spectrum of a source with that of FU Ori (e.g., Connelley and Reipurth, 2018,
caveat the challenges discussed in Section 2.3). Thanks to the Gaia mission (Gaia
Collaboration, Prusti, et al., 2016), distance estimates to FUOrs are becoming more
reliable. Note that due to the frequent presence of nebular emission around these
sources, in addition to their optical variability, it is not sufficient to simply adopt
the reported Gaia parallax to the source. Instead, it is preferable to identify their
kinematic association with other nearby YSOs, which enables a reasonably precise
(< 10% uncertain) distance estimate (e.g., Kuhn and Hillenbrand, 2019; Kuhn and
Hillenbrand, 2020; Roychowdhury and Hillenbrand, 2024b).

2.5 Limitations of the disk model
In the following Chapters, I will further demonstrate the efficacy of the relatively
simple model I have presented so far. However, it is important to also bear in mind
the limitations of the model. Several assumptions are made in the construction of
these disk spectra and questioning each is both worthwhile and necessary. Some of
the shortcomings on the disk model in matching observations have been highlighted
in the past by the work of Herbig et al. (2003). I will address these and others in this
section.

The thin disk assumption

The most immediate assumption that can be questioned in this model is that the
disk is geometrically thin, but optically thick. As has been shown in simulations,
the inner disk of FUOrs is not geometrically thin, but can extend vertically as high
as 𝑧 = 𝑅∗ due to the extremely high temperatures produced by viscous heating
(Popham, Narayan, et al., 1993; Popham, Kenyon, et al., 1996; Zhu, Jiang, et al.,
2020). However, empirically, we still see that the disk model matches the line
profiles of disk absorption features at high resolution (see Chapters 3 and 5), though
for temperatures much lower than the midplane temperatures seen in simulations.

This can be understood by considering that the emergent spectrum is not probing the
midplane but rather the material above the midplane where the continuous opacity
reaches an optical depth of 𝜏 = 1. In fact, Zhu, Jiang, et al. (2020) demonstrate in
their simulation that the radial temperature profile at 𝜏 = 1 is almost exactly that
of the thin, viscous accretion disk, despite tracing large vertical heights in the disk
(𝑧 ∼ 𝑟). When fitting the thin, viscous disk model to FUOrs, the derived temperature
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profile can be treated as a minimum temperature at each radius, while the midplane
may be 2 − 10× hotter.

The accuracy limits of synthetic stellar spectra

The disk model I use relies entirely on pre-computed synthetic stellar spectra. This
means that there is no real radiative transfer done when computing the disk spectrum.
Such a heavy reliance on synthetic spectra makes the model susceptible to the same
inaccuracies that plague attempts to model single-temperature stellar atmospheres.
While the spectra are excellent matches to low- and medium-resolution data, at high
resolution the mismatches become clear.

The 8860 Å TiO feature

A persistent problem in the modeling of FUOr accretion disks has been the over-
prediction of the strength of the 8860 Å TiO feature relative to observations. This
was raised as a critique of the disk model by (Herbig et al., 2003) and remains a
challenge even in the synthetic spectral models constructed today.

Figure 2.11 shows the TiO feature in the Keck/HIRES spectra of 14 FUOrs. Although
the strength of the absorption varies between objects, the feature can be seen in
almost all of the FUOrs (the exceptions being V960 Mon and V1057 Cyg). The
presence of the feature is especially clear in the narrow-line spectra of V1515 Cyg
and V890 Aur.

In Figure 2.12, I show the same region in three disk model spectra. The model spectra
were computed for an FU Ori-like disk, with 𝑀∗ = 0.6 𝑀⊙, 𝑅inner = 3.52 𝑅⊙, and
¤𝑀 = 10−4.5 𝑀⊙ yr−1. The 𝑣max is set to 180, 100, and < 5 km s−1 by changing

the disk inclination to the values 89◦, 35◦, and 1◦. For larger values of rotational
broadening, the absorption by the TiO bandhead is severely blended into the wing
H Paschen line. This may, in part, explain the apparent absence of the feature in
the spectra of objects that have 𝑣max > 80 km s−1 (see Chapter 8.1 for the measured
values of 𝑣max for each object).

It may also be that the temperature structure of the disk at the radii where the
molecular absorption is strongest is not as simple as it is very close in to the star.
While 𝑇eff ∝ 𝑟−0.75 reproduces the SED and (most) atomic absorption features well,
the molecular absorption bands, including VO, TiO, and CO, are much less well-
matched. It is possible also that the vertical thermal structure of the disk at the wind
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Figure 2.11: The region of the HIRES spectra containing the TiO 8860 Å band for
14 FUOrs and one EX Lup-type object. Important spectra features are marked with
grey vertical lines.
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launch point of the disk is more complex than the plane-parallel atmospheres we
are using. As is discussed in Chapter 5, there is evidence that the visible range TiO
features and the NIR 2.0 𝜇m CO Δ𝜈 = 2 bands show absorption from the outflow in
HBC 722. Thus, the annuli bearing molecular absorption may be much closer-in to
the star than the thin disk model predicts, and would be rotating at greater speeds.
This would preferentially broaden molecular features and lower their absorption
depth relative to nearby atomic features.

It should be noted also that the disk model spectra underpredict the strength of the Ca
II doublet at 8912/8927 Å in most objects. This doublet has an excitation potential
of ∼ 7 eV (Moore and Merrill, 1968) and thus presumably traces hotter material in
the disk. However, in disk models, the absorption strength of the doublet is almost
unaffected by changes to 𝑇max, despite the its strong temperature dependence in the
𝑇eff = 4, 000 − 6, 000 K atmospheres. Furthermore, the strength of the doublet and
its line profiles vary widely in the spectra of FUOrs. In objects like V582 Aur
and HBC 722, the profiles are very flat-bottomed and box-like, clearly tracing the
Keplerian rotation in the disk. In sources like Gia 17bpi and Par 21, however, the
profiles have very broad wings reminiscent of the profiles of the Paschen lines.

It is likely that the Ca II doublet traces material near the boundary layer at the
surface of the star or in the launch points of the outflow. In V960 Mon, the
decreasing strength of the doublet as the disk cooled in the 3 years following the
peak of its outburst indicates that the doublet may still be sensitive to 𝑇max in the
disk, despite model predictions. The potential temperature sensitivity of doublet,
along with other features like the Si II 6341/6371 Å doublet, are discussed in more
detail in Chapter 4.



32

8860 8880 8900 8920 8940

Wavelength [Å]
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Figure 2.12: The region of the disk model spectrum containing the TiO 8860 Å
band for 3 potential 𝑣max values. Notice that for increased rotational broadening,
the TiO feature is difficult to distinguish from the Paschen absorption.
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C h a p t e r 3

MODELING THE MULTIWAVELENGTH EVOLUTION OF THE
V960 MON SYSTEM

Carvalho, Adolfo S., Lynne A. Hillenbrand, Franz-Josef Hambsch, Shawn Dvo-
rak, Michael Sitko, Ray W. Russell, Victoria Hammond, Michael Connelley,
Michael C. B. Ashley, and Matthew J. Hankins (Aug. 2023). “Modeling the Mul-
tiwavelength Evolution of the V960 Mon System.” In: ApJ 953.1, 86, p. 86. doi:
10.3847/1538-4357/ace2cb. arXiv: 2306.15107 [astro-ph.SR].

Abstract: We study the evolution of the FU Ori object V960 Mon since its outburst,
using available multi-wavelength photometric time series over 8 years, comple-
mented by several epochs of moderate-dispersion spectrophotometry. We find that
the source fading can be well-described by a decrease in the temperature of the inner
disk, which results from a combination of decreasing accretion rate and increasing
inner disk radius. We model the system with a disk atmosphere model that produces
the observed variations in multi-band photometry (this paper) and high resolution
spectral lines (a companion paper).

3.1 Introduction
FU Ori objects are a class of stellar variable consisting of disk-bearing young stellar
objects (YSOs) that have undergone eruptive outbursts. The outbursts reach optical
amplitudes of Δ𝑉 ∼ 4 − 6 mag (Herbig, 1977) and are attributed to a significant
increase in the accretion rate of the disk onto the central star (Hartmann and Kenyon,
1996). The relatively small sample of FU Ori objects seen to outburst show a variety
of rise times and post-outburst fade timescales (Clarke et al., 2005).

Studying the evolution of the spectral energy distribution (SED) of such objects dur-
ing the development of the outburst and also after its peak is critical to understanding
the physics driving the outburst. High resolution spectra are also necessary to con-
strain system parameters independently of the broadband SED via the temperature
and rotational broadening indicated by absorption lines.

V960 Mon is one of the most well-studied objects to have undergone an FU Ori
outburst. The outburst was reported in late 2014 (Maehara et al., 2014; Hillenbrand,
2014; Reipurth and Connelley, 2015; Hackstein, Chini, et al., 2014) and the object

https://doi.org/10.3847/1538-4357/ace2cb
https://arxiv.org/abs/2306.15107
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was followed in its post-outburst state by many photometric campaigns in the optical
and near-infrared. The post-outburst fade of the object is remarkably short (as
presented below in Figure 3.1) relative to other objects like V1057 Cyg (Szabó,
Kóspál, Ábrahám, Park, Siwak, Green, Moór, et al., 2021).

Kóspál, Ábrahám, Moór, et al. (2015) gathered historical photometry of the target
and found the progenitor SED is consistent with a 4000 K T-Tauri-like object.
However, this assumed a distance to the target of 450 pc, whereas recent work
has found a distance of 1120 pc (Kuhn and Hillenbrand, 2019). With the updated
distance to the target, a single 4000 K young star is not luminous enough to account
for the progenitor SED.

A possible remedy to this is that the system may be at least a binary, or a triple. One
faint companion at 0.2 arcsec separation and a candidate companion at 0.1 arcsec
separation have been detected using adaptive optics imaging of the system (Caratti
o Garatti et al., 2015). In addition, Hackstein, Haas, et al. (2015) propose there is a
close-in binary causing variation in the lightcurve at a 17 day period. However, this
is inconsistent with the observed separations of either of the Caratti o Garatti et al.
(2015) companions.

Spectroscopic evolution of V960 Mon was discussed in Park, Lee, et al. (2020)
who presented high dispersion optical data from the Bohyunsan Optical Echelle
Spectrograph (BOES) and near infrared data from Immersion Grating Infrared
Spectrograph (IGRINS).

Here, we consider the photometric evolution of V960 Mon, complemented by
several epochs of newly presented near-infrared moderate resolution spectra from
IRTF/SpeX. The post-outburst fade was also sampled by us spectroscopically with
high-resolution optical spectra from Keck/HIRES and Lick/APF, which we present
in a companion paper (Carvalho et al. 2023b, in preparation), hereafter Paper II.
That study will focus on the evolution of the high dispersion optical spectra and
specifically the details of the line profile changes as the source has faded. In Paper
II we also interrogate the evolving disk model presented below with respect to the
spectroscopic evolution.

In this paper, we interpret the body of available photometric time series data in the
context of an accretion disk model. In Section 3.2, we discuss the photometric and
spectroscopic data we use in our analysis. Section 3.3 presents our improvements to
the pure accretion disk model described in Rodriguez and Hillenbrand (2022) and



35

our modeling strategy for the V960 Mon system. In Section 3.4 we give evidence
that disk cooling is driving the post-outburst fade, and provide evidence for the
physical drivers of the cooling being a combination of decrease in accretion rate
and increase in disk inner radius. We address the possible presence of a passive
disk component in Section 3.5. We then discuss our results in the context of recent
literature, and provide further interpretation of our analysis in Section 3.6. Our
conclusions are briefly summarized in Section 3.7.

3.2 Data
Photometry
We use numerous archival sources and lightcurves assembled in previous literature
of the target to study its post-outburst evolution across multiple bands spanning 𝑈
in the near-ultraviolet to WISE/W2 in the mid-infrared.

Visible Range

The first 6 months post-outburst is well-sampled by the photometry assembled by and
reported in Hackstein, Haas, et al. (2015). We use their data from Universitätsstern-
warte Bochum (USB) and The Remote Observatory Atacama Desert (ROAD). The
data from USB were taken with RoBoTT (𝑈, 𝐵,𝑉, 𝑟, 𝑖, 𝑧) are labelled as ROBOTT
in our plots.

We additionally use B, V, R, and I band lightcurves accessible in the American
Association of Variable Star Observers (AAVSO) archive. The tight sampling of
the data made it possible to follow the evolution of the closely during the early
stages of the fade. To mitigate some of scatter in the photometry and enable better
interpolation to observation dates of the spectroscopic data, we bin the AAVSO
photometry in 10 day increments.

We also include photometry from the Gaia mission, which we accessed via the
Gaia ESA Archive (Gaia Collaboration, Brown, et al., 2021; Riello et al., 2021).
The Gaia 𝐵𝑃, 𝑅𝑃, and 𝐺 band photometry show the outburst peak itself, in the
MJD 56954 epoch. The Gaia photometry constrains the date and amplitude of the
outburst peak and informs our interpretation of our other data on the system. It is
especially important in our analysis below to confirm that the earliest epoch in the
high dispersion spectra is representative of the outburst peak of the system.
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Figure 3.1: The multiband lightcurve of V960 Mon, showing photometry from
many sources spanning𝑈 band to the W1 and W2 filters of WISE/NEOWISE. The
outburst and rapid fade of the target is clear in all bands, with the amplitude tending
to decrease toward the red. Photometry that is more sparsely sampled (WISE, Gaia)
is shown connected by lines to highlight the trend in the outburst and exponential
fade. The black and lime vertical dashes mark the dates on which the HIRES and
SpeX spectra, respectively, were collected.

Infrared

We assemble the infrared lightcurves from several sources. Monitoring of the target
in 𝐽, 𝐻, 𝐾 bands was also done by Hackstein, Haas, et al. (2015) using the 0.8 m
Infrared Imaging System (IRIS, Hodapp et al., 2010).

The Gattini infrared survey (Moore, Kasliwal, et al., 2016) provides J-band pho-
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tometry of V960 Mon starting in September 2018, sampling the brightness of the
target late along its plateau.

The object was also observed pre-outburst by the Wide-field Infrared Suvey Ex-
plorer (WISE) survey and post-outburst by the reactivation of the WISE mission as
NEOWISE (Mainzer et al., 2011) which observes any given position approximately
every six months. We use the 𝑊1 and 𝑊2 photometry, binning the point spread
function fitting photometry from each visit to one point at the median epoch, median
flux, and with error equivalent to the dispersion in the individual measurements.
We perform the saturation correction provided in Cutri, Mainzer, et al. (2015) for
the saturated observations following outburst.

There is a nearby source (∼ 5′′ to the North), but the FU Ori object is well-resolved
from it in all photometry included in this work. The full lightcurve, including all data
described above, is shown in Figure 3.1. We include the pre-outburst 𝐵 magnitude
of the target reported by Kóspál, Ábrahám, Moór, et al. (2015) from 1953 and 1983
Palomar plates as a reference.

The photometry corresponding to the epoch of our high-dispersion spectrum shortly
following the outburst (marked in Figure 3.1) is used to produce an SED of the target.
The SED is used to fit our disk model (see Section 3.3 for the SED and the disk
model-fitting procedure).

Multi-Wavelength Lightcurve and Photometric Evolution

Figure 3.1 shows the multi-band time-series photometry (lightcurve) of the target.
Although V960 Mon has faded considerably from its peak brightness, the lightcurve
shows a plateau from MJD 58500 to the present that is well above quiescence,
indicating that the object is still accreting at a significant rate and has not yet fully
returned to its pre-outburst low-state accretion rate.

The initial outburst spanned multiple magnitudes in every band shown in Figure 3.1.
Using the quiescent state estimated by Kóspál, Ábrahám, Moór, et al. (2015), theΔ𝐵
of the outburst was approximately 3 magnitudes1. The ROBOTT 𝑟 and 𝑖 photometry
shows outburst amplitudes of 2.8 and 2.6 magnitudes, respectively. Near-infrared
𝐽 band photometry from the 2-micron All Sky Survey (2MASS, Cutri, Mainzer,
et al., 2015) compared with IRIS 𝐽 band photometry shows the object jumped by

1See also the historic lightcurve from Jurdana-Šepić and Munari (2016), constructed using
Harvard photograpic plates, showing no previous evidence of eruptions from 1899 to 1989.
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Δ𝐽 ∼ 2.5 mag. Even in the mid-infrared, the outburst amplitudes reach 2.5 and 2.2
for W1 and W2, respectively. The post-outburst fade measured by AAVSO 𝐵-band
photometry shows that V960 Mon is still ∼ 1 magnitude brighter than at quiescence,
while at J-band the Gattini photometry indicate the object is 1.6 mag brighter than
at quiescence, and similarly in NEOWISE photometry the plateau is about 1.5 mag
brighter than the faint-state WISE measurement.

Spectroscopy
Our disk models described in Section 3.3 are constrained by the photometry de-
scribed above and by high and medium dispersion spectra.

Optical

We use a high dispersion visible range spectrum taken at the time of the object’s
outburst at the Keck Observatory using the HIgh Resolution Echelle Spectrograph
(HIRES; Vogt et al., 1994). The spectrum covers 4780-9220 Å at a signal-to-noise
of 170 at 7100 Å and was processed with the 2008 version of the MAKEE pipeline
reduction package written by Tom Barlow2.

The orders used in our accretion disk model fits are shown in Figures 3.2, 3.3, and
3.4. This spectrum is a part of a dedicated monitoring campaign which samples
the post-outburst fade over several epochs, as indicated in Figure 3.1 and given in
Table 3.1. The spectra from this campaign are discussed in detail in Paper II.

In the outburst spectrum, we compute the half-width-half-depth (HWHD) of several
absorption lines across the optical range, and find that there is no correlation between
wavelength of the line and HWHD. The measurements are discussed and shown in
detail in Paper II. The mean and standard deviation of the measurements are 44 ± 5
km s−1, consistent with the line-width measurements reported by Park, Lee, et al.
(2020). As described below, this linewidth provides important constraints in the
disk model that we explore for matching the lightcurve evolution.

We also measure a heliocentric system velocity of -43 km s−1. This was determined
by comparison of the spectrum with our high dispersion disk model, using it as a
radial velocity reference. Our RV value is consistent with the system velocity of
-42.6 km s−1 found for CO by Cruz-Sáenz de Miera et al. (2023, submitted), which
is the RV value we adopt.

2https://sites.astro.caltech.edu/~tb/makee/

https://sites.astro.caltech.edu/~tb/makee/
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Infrared

Our analysis also makes use of data from the NASA InfraRed Telescope Facility
(IRTF) SpeX spectrograph (Rayner, Toomey, et al., 2003). We include the outburst
epoch SpeX spectrum of V960 Mon obtained on 19 Dec 2014 and published by
Connelley and Reipurth (2018) who provide a detailed description of the data
reduction. We also make use of SpeX data taken at several other epochs: 15 Jan
2015, 6 Jan 2016, and 24 Jan 2016, all of which are previously unpublished.

The SpeX observations were obtained using the cross-dispersed echelle gratings
between 0.8 and 5.4 𝜇m, using two spectrograph slit widths: 0.8′′ (15 Jan 2015
and 24 Jan 2016) and 0.5′′ (19 Dec 2014 and 6 Jan 2016). Spectral extraction,
wavelength calibration, telluric correction, and flux calibration were done using the
Spextool reduction package (Vacca et al., 2003; Cushing et al., 2004) running under
IDL. 𝐾 band photometry was also obtained on each night using the SpeX guide
camera, and extracted using aperture photometry. Due to the use of a slit with
variations in throughput from seeing and tracking changes, all SpeX spectra were
normalized to the 𝐾 band photometry.

The spectrophotometry from SpeX is an important supplement to the photometry
when evaluating the success of our cooling accretion disk model.

3.3 Disk Model and Fitting
To constrain the physical parameters of the evolving V960 Mon system, we model
the disk photosphere using a modified version of the model described in Rodriguez
and Hillenbrand (2022). Our modifications to this model are described below. The
model is based on the Shakura and Sunyaev (1973) viscous accretion disk radial
temperature profile,

𝑇4
eff (𝑟) =

3𝐺𝑀∗ ¤𝑀
8𝜋𝜎𝑟3

(
1 −

√︂
𝑅inner

𝑟

)
, (3.1)

where 𝑅inner is the inner radius of the accretion disk, 𝑀∗ is the mass of the central
star, ¤𝑀 is the stellar accretion rate, 𝐺 is the gravitational constant, and 𝜎 is the
Stefan-Boltzmann constant.

In this profile, a maximum temperature (𝑇max) is reached at 𝑟 = 1.361 𝑅inner.
Interior to this radius, the temperature falls rapidly to 0. This is not physical for
this system, where we assume 𝑅inner ∼ 𝑅∗ (see, e.g., Hartmann and Kenyon, 1996).
We therefore follow the example of Kenyon, Hartmann, and Hewett (1988) and set
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Figure 3.2: Orders of the HIRES spectrum taken closest to outburst that are used to
compute the 𝜒2 surface described in Section 3.3. The fiducial model for the outburst
spectrum is shown in red. Large mismatches between the data and model are seen
in certain spectral lines; the extra depth (and blueshift in particular Fe II lines) in the
data is due to wind absorption, which is not included in our disk model, but will be
the subject of a future paper.

𝑇eff (𝑟 < 1.361 𝑅inner) = 𝑇max. The annuli at each 𝑟 value are then constructed from
the appropriate PHOENIX (Husser et al., 2013) model using the calculated 𝑇eff (𝑟).

We fit the outburst SED of the target and the outburst HIRES spectrum using the
modified model. We then use the photometry of the target to guide our modeling of
the time-evolution of the system, which includes the evolution. The outburst epoch
fitting procedure is described below, and the construction of models for later epochs
is described in Section 3.4.

Improvements to the Rodriguez et al. 2022 Model
We have implemented several improvements to increase the accuracy of the model
and its ability to rapidly compute high dispersion spectra. One important improve-
ment is to the rotational broadening calculation. Rodriguez and Hillenbrand (2022)
use the popular method of rotationally broadening spectra by convolution with the
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Figure 3.3: Same as Figure 3.2 for the next three orders used.

kernel

𝜙(𝜆) =
[
1 −

(
𝜆 − 𝜆0

𝜆max(𝑟)

)2
]− 1

2

, (3.2)

where 𝜆max(𝑟) = 𝜆0
𝑣kep (𝑟)
𝑐

sin 𝑖, 𝑣kep(𝑟) is the Keplerian velocity of the annulus
centered at 𝑟, 𝑖 is the disk inclination, and 𝑐 is the speed of light in a vacuum. This
method is only valid in small wavelength ranges (∼ 100 Å). Rotationally broadening
a broadband high dispersion spectrum with this method requires convolving dozens
of 100 Å segments at a time. This is extremely slow, and a different approach is
needed to compute high dispersion models for the HIRES wavelength range of 4500
Å to 9000 Å quickly enough to reasonably use them for fitting.

We compute our rotational broadening by numerically integrating the disk

𝐹broad(𝑟, 𝜆) =
∫ 2𝜋

0
𝐹 (𝑟, 𝜆(𝜃))𝑑𝜃 (3.3)

where
𝜆(𝜃) = 𝜆 ×

(
1 +

𝑣kep(𝑟)
𝑐

sin(𝜃) sin(𝑖)
)
, (3.4)

and 𝜃 is the azimuthal angle in the disk.
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0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

F
lu

x

HP Ca II Ca II

8840 8860 8880 8900 8920 8940 8960 8980

Wavelength [Å]
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Figure 3.4: Same as Figure 3.2 for three reddest orders used. Here, in addition to
wind absorption that is not included in the model, there is also uncorrected telluric
absorption in the data that appears as narrow lines toward the right of the bottom
panel (grey shaded region).

This greatly accelerates the model calculation because we can integrate the spectrum
in one operation, rather than folding it into 100 Å chunks. (see Carvalho and Johns-
Krull, 2023a for further detail). The accelerated method enables us to rapidly
produce high resolution model spectra, limited only by the large amount of memory
required for the atmosphere model grid.

Another significant improvement to the model is the calculation of log 𝑔 at each
annulus in the disk. For this calculation, we assume the gravity is dominated by the
central star and neglect self-gravity from the disk, so that the acceleration 𝑔 at an
annulus with average radius 𝑟 is given by

𝑔(𝑟) = 𝐺 𝑀∗
𝑟2 (3.5)

where 𝐺 is the gravitational constant and 𝑀∗ is the mass of the central star.

The prescription for the disk gravity given in Chiang and Goldreich (1997) is
𝑔 ∼ Ω2𝑧, where Ω is the Keplerian angular velocity and 𝑧 is the height of the disk
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atmosphere above the plane. Using Ω(𝑟) =
√︁
𝐺𝑀∗/𝑟3, we get 𝑔 ∼ 𝐺𝑀∗

𝑟3 𝑧. If we
assume that the disk flaring is constant and write 𝛼 = 𝑧

𝑟
, then 𝑔 ∼ 𝛼𝐺𝑀∗

𝑟2 , or 𝑔 ∼ 𝛼𝑔∗,
where 𝑔∗ is the gravitational acceleration due only to the star. For thin disks, our
approximation greatly overestimates the gravity. However, as flaring increases, our
approximation becomes more accurate. The inner disk model presented in Zhu,
Jiang, et al. (2020) shows the flaring in the inner disk during an outburst may be as
high as 𝑧/𝑟 ∼ 0.5 − 1.

Modeling Strategy and Results
Our modeling strategy requires a broadband SED of the FU Ori object and a
contemporaneous high resolution spectrum. In the case of V960 Mon, we construct
the SED from the photometry shown in Figure 3.1 near the peak, and use the outburst
HIRES spectrum from the 2014 December 9 epoch.

Using the two sets of data, we can constrain the mass of the central object, 𝑀∗,
the innermost radius of the accretion disk, 𝑅inner, the inclination of the target, 𝑖, the
accretion rate, ¤𝑀 , and the extinction to the target, 𝐴𝑉 .

Directly fitting the high dispersion spectrum alone proved challenging for a variety
of reasons. One in particular is that there are broad combinations of the model
parameters which produce fits with similar errors. The error surface then has many
deep, steep-walled local minima that are difficult for optimization algorithms to
escape from to find the global minimum.

Fitting the SED alone is not as significant a challenge, but the SED is quite limited in
its ability to constrain many physical parameters simultaneously. The inclination of
the system is degenerate with the overall luminosity, and the extinction to the system,
𝐴𝑉 , is degenerate with the maximum temperature in the disk. These degeneracies
result in broad posteriors in our SED fits when using uniform priors on the physical
parameters.

Combining the data to fit both the SED and high dispersion spectrum simultaneously
is also challenging because the data volumes and ranges are vastly different. Defining
properly scaled error terms in the combined space is unclear and requires further
study.

We therefore adopt a hybrid approach: using a course sampling of the 𝜒2 surface
of the high dispersion data to inform priors on the parameters of the SED fit. This
way, we impose both physically motivated and data-driven constraints on the most
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difficult-to-disentagle parameters such as 𝑀∗ and ¤𝑀 , which are highly covariant in
the SED.

Fitting the High Dispersion Spectrum

Before fitting the high dispersion spectrum, we compute several high dispersion
models, spanning a broad range of 𝑖, 𝑀∗, ¤𝑀 , and 𝑅inner parameter space. The
widths of the absorption lines (see the empirical HWHD measurement above, and
the 𝑣 sin 𝑖 ∼ 60 km s−1 inference discussed in Paper II) are much smaller than the
Keplerian velocities expected near the surface of young stars (150 − 300 km s−1,
assuming 𝑀∗, 𝑅∗ values from 0.5 Myr PARSEC isochrones, Nguyen et al., 2022).
This immediately implies that the system is relatively face-on, with 𝑖 < 30◦.

Varying 𝑇max, by choosing different values of 𝑀∗ ¤𝑀 and 𝑅inner, and comparing
with the observed outburst spectrum allows us to estimate a reasonable 𝑇max range
of 6500 K < 𝑇max < 8000 K. Assuming then reasonable 𝑅inner values based
on the 𝑅∗ values in the 0.5 Myr PARSEC isochrones (Nguyen et al., 2022) for
0.1 𝑀⊙ < 𝑀∗ < 2 𝑀⊙, gives a range of 1.5 𝑅⊙ < 𝑅inner < 5 𝑅⊙.

We fix the system inclination to 15◦, the best-fit value from the radiative transfer
modeling in Kóspál, Cruz-Sáenz de Miera, et al. (2021). This choice of inclina-
tion agrees well with our expectation that the system is relatively face-on, despite
the broad error bars reported in Kóspál, Cruz-Sáenz de Miera, et al. (2021). We
continuum-normalize the models following the same normalization procedure ap-
plied to the HIRES spectra (see Paper II), eliminating 𝐴𝑉 as a parameter for the 𝜒2

analysis.

Having established a reasonable range of 𝑀∗, ¤𝑀 , and 𝑅inner values to explore, and
fixing the other model parameters, we compute a grid of high dispersion models.
We explore a range of 0.3 𝑀⊙ < 𝑀∗ < 1.4 𝑀⊙, 1.5 𝑅⊙ < 𝑅inner < 2.9 𝑅⊙, and
−5 < log ¤𝑀

𝑀⊙ yr−1 < −4 in steps of 0.1 𝑀⊙, 0.1 𝑅⊙, and 0.1 dex, respectively. For
each of the high-dispersion models, we compute the 𝜒2 value.

We inspect the slices of the 𝜒2 cube along the ¤𝑀 dimension and find the ¤𝑀 = 10−4.6

𝑀⊙ yr−1 contains a minimum with physically reasonable values of 𝑀∗ and 𝑅inner

that are also consistent with the estimated 𝑣max sin 𝑖 ∼ 60 km s−1. The slice is shown
in Figure 3.5. For reference, we draw lines of constant 𝑣max sin 𝑖 = 𝑣kep(𝑅inner) sin 𝑖.

Notice the valley of minimum 𝜒2 values approximately intersects the 60 km s−1 line
at 𝑀∗ = 0.6 𝑀⊙ and 𝑅inner = 2.2 R⊙. We adopt these as our best-fit parameters from
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the 𝜒2 fit and will use them to construct the priors for the MCMC fits to the SED
(Section 3.3).
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Figure 3.5: The 𝜒2 surface for the outburst spectrum and high resolution models
with varying 𝑀∗ and 𝑅inner values, log( ¤𝑀) = −4.6 𝑀⊙ yr−1 and 𝑖 = 15◦. The
mininmum 𝜒2 value is found in the region that is intersected by the 𝑣maxsin 𝑖 = 60
km s−1. The width of the minimum allows for an uncertainty of 5 km s−1 on that
value, which we use to constrain the SED fits.

Fitting the SED

The first prior we impose on the SED fits is that the 𝑀∗ should be drawn from the
Kroupa (2001) Initial Mass Function (IMF), to properly reflect the lower probability
that 𝑀∗ would be large.

We then use the estimated 𝑣max sin 𝑖 ∼ 60 km s−1 from the high dispersion data
to construct a joint prior on 𝑀∗ and 𝑅inner. At each iterative step, we compute
𝑣max sin 𝑖 =

√︁
𝐺𝑀∗/𝑅inner sin 𝑖. We then impose that the resulting value be drawn

from a Normal distribution, with a mean of 𝑣̄ = 60 km s−1 and standard deviation
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of 𝜎𝑣 = 5 km s−1. The 𝜎𝑣 value is chosen from the approximate width of the valley
in the 𝜒2 plane, and thus represents the uncertainty on the best-fit parameters.

To account for the uncertainty in the 𝑖 reported in Kóspál, Cruz-Sáenz de Miera,
et al. (2021), we construct a skew-normal prior distribution for 𝑖. The parameters
of the distribution are chosen such that the bounds of the 95 % confidence interval
match the Kóspál, Cruz-Sáenz de Miera, et al. (2021) likely range. Finally, we
fix 𝑅outer to be 45 R⊙, which is approximately where the model reaches the dust
sublimation temperature. We find that when varying 𝑅outer, values around 45 R⊙

are marginally preferred. We demonstrate the effect of varying 𝑅outer on the SED in
Figure 3.6.
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Figure 3.6: The SED model compared with the photometry from the outburst epoch,
with varying values of 𝑅outer. Notice that the longer wavelength data points favor
increasingly larger values of 𝑅outer, an inconsistency that can be rectified by adding
a passive disk component exterior to the adopted 𝑅outer for the active accretion disk.

We fit the SED in two major steps via MCMC using the emcee package (Foreman-
Mackey et al., 2013). In the first step, we allow 𝑀∗, ¤𝑀 , 𝑅inner, 𝑖, and 𝐴𝑉 to vary
, imposing the priors described above. The corner (Foreman-Mackey, 2016) plot
showing the posterior histograms for this fit is shown in Figure 3.7.

The parameters are generally all well-constrained, with the exception of 𝐴𝑉 . They
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are also consistent with the estimates from the high dispersion model fits. We
therefore fix 𝑀∗ = 0.59 𝑀⊙, 𝑅inner = 2.11 R⊙, and 𝑖 = 14.76◦ and in the second step
fit only the ¤𝑀 and 𝐴𝑉 . The posteriors for this second fit are shown in Figure 3.8,
along with the SED models from the full and reduced-parameter fit. This second
SED model is almost indistinguishable from that produced in the first step of the
SED fit and the ¤𝑀 and 𝐴𝑉 best-fit values are consistent with the posteriors in the
first step.

We therefore adopt as the best-fit parameters for the system: 𝑀∗ = 0.59 𝑀⊙,
𝑅inner = 2.11 R⊙, ¤𝑀 = 10−4.59 𝑀⊙ yr−1, 𝑖 = 15◦, and 𝐴𝑉 = 1.61. This best-fit model
is the one shown in Figures 3.2, 3.3, and 3.4, in comparison to the observed high
dispersion spectrum over the orders that were used to compute the initial 𝜒2 cube.

Our best-fit system parameters for the disk yield an 𝐿acc ∼ 100 𝐿⊙ at outburst. For
a 0.6 𝑀⊙, 1 Myr star, the PARSEC isochrones predict that the stellar luminosity
should be 𝐿∗ = 0.85 𝐿⊙. Thus, the central star contributes less than 1 % of the
total luminosity of the FU Ori object, and thus can be ignored in our modelling
procedure.

We take the values of 𝑀∗, 𝑖, and 𝐴𝑉 as fixed and unchanging, with the justification
for adopting a constant 𝐴𝑉 provided in 3.4. However, we consider the derived 𝑅inner

and ¤𝑀 parameters as references for the outburst epoch of the system only. In Section
3.4 we discuss the temperature evolution of the system, and the effect of varying
these two parameters. We assume that during the photometric fade, these are the
only two system parameters which change and argue that this is sufficient to explain
the variation in both the photometry and spectrophotometry (discussed below) and
the high dispersion spectra (Paper II).

3.4 Photometric Evidence of Temperature Evolution in the Disk
The post-outburst fade of V960 Mon can be explained by a decrease in 𝑇max in the
disk, driven by a decrease in ¤𝑀 and an increase in 𝑅inner. We ignore any stellar
contribution to the system, as justified above based on the luminosity arguments.

The early fade of the system is well-sampled by several photometric surveys, enabling
us to study the fade in color-magnitude space for several bands. We primarily make
use of the AAVSO, ROAD, and ROBOTT photometry for our analysis. We use the
photometry to study the color-temperature of the system, estimate the variation in
accretion rate during the post-outburst fade, and demonstrate that 𝑅inner is changing
along with the ¤𝑀 over time.
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Figure 3.7: The posteriors from the full SED fit to the outburst SED. All of the
parameters are well-constrained, with the exception of 𝐴𝑉 .

The color temperature of the system
We first compute the color-temperature variation in the system, using the AAVSO
𝐵 and 𝑉 photometry. We adjust the 𝑉 magnitudes using the best-fit 𝐴𝑉 = 1.61
and use (𝐵 − 𝑉) − 𝐸 (𝐵 − 𝑉), assuming the typical interstellar value 𝑅𝑉 = 3.1
(Cardelli et al., 1989). We then use the Ballesteros (2012) calibration to convert the
(𝐵 −𝑉) − 𝐸 (𝐵 −𝑉) values to temperatures. The color-magnitude diagram with the
color temperature conversion is shown in Figure 3.9.

The color temperature of the disk at outburst is approximately 6500 K, and cools
to 5000 K before reaching the plateau after MJD = 58500. In order to estimate the
appropriate disk parameters at later epochs, we explore use of the estimated color
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Figure 3.8: The results of the MCMC fit restricted to 3 parameters, with 𝑀∗ =

0.59 𝑀⊙, 𝑖 = 15◦, and 𝑅inner = 2.11 R⊙ fixed to their best-fit values shown in
Figure 3.7. Left: The posterior distributions shown as a corner plot. With the
fixed system parameters, the ¤𝑀 and 𝐴𝑉 converge and are consistent with the best-fit
values found from the full SED fit. Right: The resulting SED models, with the full
fit shown in blue and the reduced parameter fit shown in red. The good agreement
between the two indicates fixing the chosen parameters did not significantly affect
the fit. The error bars on the photometry represent 0.01 mag precision.

temperature evolution and the best-fit system parameters at outburst as a starting
point. We can then scale the system parameters (particularly ¤𝑀 and 𝑅inner) to model
the post-outburst disk in a physically motivated and consistent way.

In T Tauri systems, the innermost accretion boundary is typically estimated to be
set by the pressure balance between the magnetic field energy density 𝑃𝐵 = 𝐵2

8𝜋 and
the accretion ram pressure 𝑃ram = 1

2𝜌𝑣
2. One thus derives the classic equation

𝑅inner =

[
𝐵4
∗𝑅

12
∗

2𝐺𝑀∗ ¤𝑀2

] 1
7

, (3.6)

where 𝑅∗ is the stellar radius and 𝐵∗ is the stellar surface field strength (Hartmann,
Herczeg, et al., 2016).

This shows immediately that 𝑅inner ∝ ¤𝑀−2/7. Recall then that plugging 𝑟 =

1.361 𝑅inner into Equation 3.1 gives

𝑇4
max =

3𝐺𝑀∗ ¤𝑀
56𝜋𝜎𝑅3

inner
, (3.7)

from which we see 𝑇max ∝ ¤𝑀 1
4 𝑅

− 3
4

inner. Using now the fact that 𝑅inner ∝ ¤𝑀− 2
7 , we can

write 𝑇max ∝ ¤𝑀 13
28 .
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Figure 3.9: V magnitude of V960 Mon versus color temperature of V960 Mon,
computed using the Ballesteros (2012) conversion from 𝐵 − 𝑉 to 𝑇eff. 𝐵 − 𝑉 is
adjusted assuming 𝐸 (𝐵 −𝑉) = 0.53

This gives us a way to scale the estimated mass accretion rate at outburst, to
that at later epochs by using the relative color temperatures between epochs, while
accounting for expected increase in 𝑅inner. We demonstrate good agreement between
this model, with an increasing 𝑅inner, and the photometric evolution in Section 3.4.

Using 𝑇max ∝ ¤𝑀 13
28 at a given time and the temperature difference between the

outburst epoch and each HIRES epoch, we can estimate the Δ ¤𝑀 over time as

𝑇epoch

𝑇outburst
=

( ¤𝑀epoch
¤𝑀outburst

) 13
28

(3.8)

The accretion rates we calculate with Equation 3.8 (and resulting 𝑅inner values) at
each HIRES epoch are reported in Table 3.1. The temperature profiles for these
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system parameters are shown in Figure 3.11.

We confirm the efficacy of this means of estimating the ¤𝑀 and 𝑅inner of the disk for
a given epoch by comparing our models with the SpeX spectrophotometry, shown
in Figure 3.10. The SpeX epoch closest to outburst (19 Dec 2014, cyan spectrum)
is consistent with our model using the best-fit outburst parameters derived above.
We then scale the ¤𝑀 and 𝑅inner to the later epochs and those models are consistent
as well. The 24 Jan 2016 epoch (red spectrum) is well-matched by the model that
uses log ¤𝑀 = −4.75 and 𝑅inner = 2.37 𝑅⊙.

We also compare the integrated luminosities of the SEDs and the models in the
0.7-2.5 𝜇m range and find them to be in good agreement. The earlier two SpeX
epochs, have integrated luminosities of 46 (cyan curve) and 49 (blue curve) 𝐿⊙ and
the two models have luminosities of 49 and 48 𝐿⊙, with discrepancies of ∼ 2%. The
later epochs have luminosities of 31 (orange curve) and 36 (red curve) 𝐿⊙ and the
model has a luminosity of 35 𝐿⊙, in better agreement with the red curve but still
within 15 % of the orange curve.

We address the mismatches between the model and the data in the deep molecular
bands of the H and K bands in detail in Paper II. In Section 3.5 we address the
long-wavelength mismatches, in L and M bands of the SpeX spectra, which we find
can be accounted for by including a passive disk component that reproduces the
observed excess above the pure-accretion disk model.

Considering the overall evolution of the system, the change in accretion rate is
relatively small, with ¤𝑀2017 = 0.6 ¤𝑀outburst. If we assumed only that

Δ ¤𝑀
¤𝑀outburst

∝ Δ𝐿bol

𝐿bol, outburst
∝ 10−0.4 Δ𝑉 , (3.9)

and used the Δ𝑉 ∼ 1.5 since outburst, we would find ¤𝑀2017 ∼ 0.25 ¤𝑀outburst.

Color-Magnitude Evolution during the Post-Outburst Fade
In Hackstein, Haas, et al. (2015), the authors point out that the evolution of V960
Mon post-outburst in color-magnitude space does not convincingly follow the 𝐴𝑉
vector across all color spaces. In fact, while the initial fade (MJD < 7300) is
well-matched by an 𝐴𝑉 of 0.5 magnitudes, that amount of extinction significantly
overpredicts the amount of fading and reddening in redder color spaces.

In Figure 3.12, we show the photometry in four color-magnitude diagrams (CMDs):
(𝐵−𝑉, 𝑉), (𝑉 − 𝐼, 𝐼), (𝐵𝑃− 𝑅𝑃, 𝐺), (𝑟 − 𝑖, 𝑖). In these four spaces, the necessary
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Figure 3.10: The SpeX spectra compared with the best-fit outburst model and the
model generated using the extrapolated system parameters described in Section
3.4. The flux uncertainty is shown with an error bar in the upper right. Overall,
the models are in good agreement with the NIR disk emission. However, there
are significant discrepancies in between the molecular features in the data and the
models, and generally the pure accretion disk models produce poor fits to the L
and M bands. The models consistently predict a much stronger 𝐻 band peak than
the data predict, especially at outburst. The discrepancies are further discussed in
Section 3.5 and Paper II.

amount of extinction to match the evolution of the target differs significantly, as
described in Hackstein, Haas, et al. (2015). In fact, not only does the magnitude of
extinction fail to match across the four CMDs, the corresponding reddening fails to
match the reddening in the photometry. This is especially egregious in the (𝑉 − 𝐼, 𝐼)
diagram, where the slope of the photometry is much steeper than the slope of the
𝐴𝑉 vector.

We thus conclude that the 𝐴𝑉 variation is negligible and we propose that the evo-
lution of the target can be better explained by a change in 𝑇max that is driven by a
simultaneous decrease in ¤𝑀 and an accompanying increase in 𝑅inner. We model sev-
eral SEDs with different ¤𝑀 and 𝑅inner values and compute the magnitudes in several
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logṀ =−4.59
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Figure 3.11: Temperature profiles adopted for the high resolution models of the
HIRES epochs.

Epoch log ¤𝑀 𝑅inner 𝑀∗ 𝐴𝑉 𝑖

(𝑀⊙ yr−1) (𝑅⊙) (𝑀⊙) (mag) (◦)
2014-12-09 -4.59 2.11 0.59 1.61 15
2014-12-10 -4.59 2.11 0.59 1.61 15
2015-02-09 -4.60 2.13 0.59 1.61 15
2015-10-27 -4.72 2.29 0.59 1.61 15
2016-02-02 -4.75 2.35 0.59 1.61 15
2016-10-14 -4.78 2.40 0.59 1.61 15
2017-01-13 -4.81 2.44 0.59 1.61 15

Table 3.1: V960 Mon System parameters at each HIRES epoch. Parameters in the
first epoch are all best-fit parameters from the procedure described in Section 3.3.
For later epochs, ¤𝑀 and 𝑅inner are estimated using the color-temperature method in
Section 3.4. The parameters shown in italics in later epochs are fixed.

bands using the filter profile package speclite. We use the get_ab_magnitude
function along with the filter response profiles. We convert AB magnitudes to Vega
magnitudes as appropriate. The modeled CMDs are also plotted in Figure 3.12. The
increasing 𝑅inner reddens the target more rapidly than just the decreasing ¤𝑀 , which
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is consistent with the photometric evolution in several color spaces.

The maximum recession rate of 𝑅inner implied by these models can be estimated
by focusing on the rapid fade from MJD 56935 to MJD 57163. The photometry
corresponding to this period shows a Δ𝑉 ∼ 0.3 magnitudes and is well-sampled
by both AAVSO and ROAD. The ¤𝑀 for that epoch would be 10−4.75 𝑀⊙ yr−1,
corresponding to 𝑅inner ∼ 2.4 𝑅⊙. This is a recession of 0.25 R⊙ in 228 days. The
implied recession rate, then, is ∼ 8.8 m s−1 or 1870 AU Myr−1, This recession rate
gives a viscous timescale ∼ 100 times greater than those typically associated with
T Tauri accretion disks (Armitage et al., 2003).
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Figure 3.12: Color magnitude diagrams for V960 Mon using combined photometry
from sources shown in Figure 3.1. Model curves are computed with 𝑀∗ = 0.6 𝑀⊙,
𝐴𝑉 = 1.6 mag, and 𝑑 = 1120 pc (Kuhn and Hillenbrand, 2019). The grey curves
show lines of constant ¤𝑀 and varying 𝑅inner. The colored curves show lines of ¤𝑀
varying along with 𝑅inner according to Equation 3.6 for different assumed values of
𝐵∗. Top Two Plots: 𝑉 vs 𝐵 − 𝑉 and 𝐼 vs 𝑉 − 𝐼 from AAVSO and other sources,
along with our models. Lower Left: Gaia 𝐺 vs 𝐵𝑃 − 𝑅𝑃 photometry, converted
to 𝐴𝐵 magnitudes, plotted alongside our models. The Gaia photometry is very
well matched by the models. Lower Right: 𝑖 vs 𝑟 − 𝑖 using the ROBOTT (USB)
photometry. The ROBOTT photometry spans only the initial steep fade in the
lightcurve, prior to JD 2457400.

3.5 The Passive Disk Contribution to L and M Band
As can be seen in Figure 3.10, the SpeX spectra (and the W1 and W2 photometry)
show a clear L and M band excess that we do not model with our active accretion
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disk model. Increasing the 𝑅outer parameter in our model does not account for the
excess, and, as discussed in Section 3.3, overestimates the flux in K band.

We find that adding a passive disk component to the system accounts for the majority
of this excess, though matching the SpeX L and M bands precisely is challenging. To
compute the contribution of the passive disk, we modify the passive disk prescription
given in Chiang and Goldreich (1997). We assume a slightly flared disk, with linearly
increasing flare angle, such at that a given radius 𝑟, the height of the disk surface, ℎ,

is set by ℎ
𝑎
= 𝜂

(
𝑎
𝑎𝑖

) 𝛽
.

We estimate the effective temperature, 𝑇eff , of the passive disk reprocessing the disk
accretion flux to be given by a version of Chiang and Goldreich (1997) Equation
1. We generalize the expression to allow for contributions to 𝑇eff from multiple
sources. The modified version is shown below:

𝑇eff (𝑎) ≈
(𝛼

2

)1/4
(

N sources∑︁
i

𝑟2
𝑖

𝑎2 𝑇
4
𝑖

)1/4

. (3.10)

This allows us to incorporate different annuli of the active disk centered at radii of
𝑟𝑖 and effective temperatures 𝑇𝑖. 𝛼 gives the grazing angle at which the incoming
radiation strikes the disk. We only model the emission from the two innermost
active disk annuli, and since 𝑎 >> 𝑟𝑖, 𝛼 will not change significantly between the
two.

We compute 𝛼 assuming the dominant flux is coming from a given annulus of the
inner disk, rather than a central star. This new geometry would result in a 𝛼 given
approximately by

𝛼 ≈ arctan
(

ℎ

𝑎 − 𝑎𝑖

)
− arctan

(
ℎ

𝑎 − 𝑟𝑖

)
. (3.11)

We then use Planck functions 𝐵𝜈 (𝑇eff) to model the reprocessed emission from the
annuli of the passive disk and integrate the flux.

We fix the 𝑎𝑖 value to be equal to 𝑅outer of the active component. To best match
the K band continuum, we must decrease 𝑅outer of the active disk from 35 𝑅⊙ to 25
𝑅⊙. Otherwise, the passive disk contribution causes the total model to overestimate
the K band flux. We vary the 𝜂 and 𝛽 flaring parameters and find that the flaring
law that best matches the decrease in K band, the sudden rise at L band, and the flat
M band, is given by ℎ

𝑎
= 0.08

(
𝑎
𝑎𝑖

)1.0
. This is in good agreement with the flaring

law found for FU Ori by Lykou, Ábrahám, Chen, et al. (2022), though they find a
shallower power law index of 0.13. The final model is shown in Figure 3.13.
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Figure 3.13: A model of the system for the 2015-01-15 SpeX epoch, incorporating
both an active (red line) and a passive (blue dashed line) disk component. The active
disk component is the same model as that shown in Figure 3.10 for the 2015-01-15
epoch, but computed with 𝑅outer = 25 𝑅⊙. The passive disk component uses a flared
disk model with a linearly increasing flare angle, described in Section 3.5. Notice
that the addition of the passive disk allows the model to better match the H band
molecular features, the K band continuum, and the L and M band excess.

3.6 Discussion
Our accretion disk model consistently reproduces the evolution of V960 Mon during
its post-outburst fade from 2015-2017 in multiple color-magnitude spaces, as well
as in the high dispersion spectra that are discussed in Paper II.

Combining constraints from the outburst SED and HIRES spectrum, we are able
to constrain the system parameters to: ¤𝑀 = 10−4.59 𝑀⊙ yr−1, 𝐴𝑉 = 1.61 mag,
𝑀∗ = 0.59 𝑀⊙, 𝑅inner = 2.11 R⊙, and 𝑖 = 15◦.

Using the outburst SED we have compiled, the 1120 pc distance to the target, and
the best-fit 𝐴𝑉 = 1.61 mag, we compute an 𝐿bol = 107 𝐿⊙. If we compute the
𝐿acc expected from the system parameters at outburst, we get 𝐿acc = 113 𝐿⊙. This
indicates we may be missing some flux, perhaps in the NUV. Integrating our model
SED gives 𝐿bol,model = 90 𝐿⊙. However, as shown in Figure 3.13, a model of just
the active disk misses a significant amount of flux in the NIR. Our inclusion of a
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passive disk component to the model (see Section 3.5) accounts for this missing flux
by reproducing the L and M band excesses.

Comparison with previous results
Our derived parameters are generally consistent with those found in other literature
on the target. Though we use the inclination posteriors reported in Kóspál, Cruz-
Sáenz de Miera, et al. (2021) as a prior in our fits, the SED fit finds a best-fit
inclination consistent with theirs. Our best-fit 𝑅inner value is a bit larger than their
reported 𝑅∗ = 1.69 𝑅⊙, but they have a broad 68 % credible region, extending to
𝑅∗ = 6.45 𝑅⊙ on the larger side.

The best-fit 𝐴𝑉 value is in good agreement with the 1.5 mag measured by Connelley
and Reipurth (2018), and is somewhat smaller than the 2.4 mag estimated by Car-
valho and Hillenbrand (2022). This may indicate that the DIB method overestimates
𝐴𝑉 values for 𝐸 (𝐵 −𝑉) > 0.5.

Our mass is slightly smaller than that estimated for the progenitor object in Kóspál,
Ábrahám, Moór, et al. (2015). However, using a distance estimate of 1120 pc, it
is difficult to reconcile the SED of a 0.6 𝑀⊙ or 0.75 𝑀⊙ object with the progenitor
SED compiled by Kóspál, Ábrahám, Moór, et al. (2015).

Though the color temperatures we computed from the Ballesteros (2012) calibration
do not match the 𝑇max values for the temperature profiles, they do match the temper-
atures at 𝑟 ∼ 3 𝑅∗. This is consistent with the result of radiative transfer modeling of
FU Ori by Calvet, Hartmann, et al. (1993), who find that that the optical continuum
arises predominantly from the 𝑟 ∼ 3 𝑅∗ annulus. Since the color temperatures are
derived from 𝐵 − 𝑉 colors, we expect the estimated temperature to be that of the
𝑟 ∼ 3 𝑅∗ region of the disk.

The outburst amplitudes across the photometric bands are somewhat consistent with
the outbursts modeled in Hillenbrand and Rodriguez (2022) and Liu et al. (2022).
The outburst is slightly greater amplitude at shorter wavelengths (Δ𝐵 ∼ 3 mag) and
smaller in the NIR (Δ𝑊2 ∼ 2.2 mag). However, this is not as drastic a difference
as that predicted in Hillenbrand and Rodriguez (2022). This can be explained by
two effects not modeled by Hillenbrand and Rodriguez: the pre-outburst accretion
shock and the post-outburst variable passive disk. A significant contribution from
the magnetospheric accretion shock in the bluer bands (especially𝑈) would increase
expected pre-outburst 𝑈 and 𝐵 magnitude and decrease the outburst amplitude in
those bands.
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For the NIR outburst amplitude, we expect the passive disk should be more luminous
after outburst, as the incident radiation has both a greater 𝑇eff and overall luminosity.
This will increase the post-outburst passive disk contribution to the SED, increasing
the outburst amplitude in the reddest bands, especially W1 and W2. Therefore,
it is not entirely surprising that the outburst would have an approximately similar
amplitude across all optical/NIR photometric bands.

The case for a cooling inner disk
We find that the exponential post-outburst fade of V960 Mon is well-explained by
the inner disk cooling over time. The cooling is primarily driven by a decrease in
the disk accretion rate, which in turn causes the 𝑅inner to increase.

Our investigation of the evolution of the system in four CMDs shows that a model
wherein the disk cools is a better fit to the data than one wherein the extinction
increases. A single extinction vector cannot reproduce the slope and magnitude of
the color variation of the system in the 4 CMDs consistently. In fact, assuming the
Δ𝐽 ∼ 0.9 mag fade is due to extinction, and using 𝐴𝐽/𝐴𝑉 = 3.55 (Mathis, 1990),
we obtain a corresponding 𝐴𝑉 increase of 3.2 mag, which is much greater than the
Δ𝑉 observed.

A cooling inner disk (though accompanied by an increase in 𝐴𝑉 ) is also proposed to
explain the long-term fading of V1057 Cyg (Szabó, Kóspál, Ábrahám, Park, Siwak,
Green, Moór, et al., 2021). In their model, Szabó, Kóspál, Ábrahám, Park, Siwak,
Green, Moór, et al. (2021) vary the product 𝑀∗ ¤𝑀 and 𝐴𝑉 over time, finding that an
exponential decrease in ¤𝑀 and a factor 2 increase in 𝐴𝑉 is consistent with the SED
evolution of the target over 50 years. It is possible that the increase in 𝐴𝑉 might be
substituted for an increase in 𝑅inner in this system to better fit the data. The slopes
of the CMDs shown in their Figure 7 are inconsistent with either ¤𝑀 or 𝐴𝑉 vectors.
However, comparing their d𝑉 /d(𝑉− 𝐼), the overall fading and reddening in the CMD
is approximately consistent with the d𝑉 /d(𝑉 − 𝐼) we obtain from our model. Rather
than varying 𝐴𝑉 , varying 𝑅inner over time could better explain the slope seen in the
CMDs.

Ultimately, a cooling inner disk is more consistent with the photometric evolution
of systems like V960 Mon and V1057 Cyg than only increasing 𝐴𝑉 . We discuss the
issue of varying 𝑅inner in Section 3.6, supported by evidence presented in Section
3.4.



59

The case for an increasing 𝑅inner

Using the time-evolution of the object in color-magnitude space and the fixed
¤𝑀outburst = 10−4.59 𝑀⊙ yr−1, we have estimated the ¤𝑀 as a function of time for

the system. Assuming only ¤𝑀 varies over time, we find ¤𝑀 = 10−5.05 𝑀⊙ yr−1 for
the 2017 HIRES epoch. This represents a maximum decrease of a factor of 2.9 in
the accretion rate since outburst.

For the February 2016 epoch, we find that 𝑅inner = 2.4 𝑅⊙ and ¤𝑀 = 10−4.75 𝑀⊙ yr−1

fits the SpeX spectrum well (See Section 3.4). For this same epoch, varying only
¤𝑀 gives an estimate of 10−4.89 𝑀⊙ yr−1, which is a poor fit to the SpeX spectrum.

This difference indicates that varying only ¤𝑀 causes us to underestimate it at later
times.

The question that arises then is whether our use of Equation 3.6 is physically
reasonable in this system. For a 0.6 𝑀⊙, 2.1 𝑅⊙ star (corresponding to a ∼ 0.7
Myr central star; Baraffe et al., 2015), we can solve for the necessary 𝐵∗ such that
𝑅inner = 𝑅∗. Doing this gives a value of ∼ 1.4 kG, well within the range of, and
in fact at bit smaller than, typical T Tauri star surface field strengths (Johns-Krull,
2007).

Though this 𝐵∗ value is slightly smaller than that of the track along which the
photometry evolves in Figure 3.9, there are factors of order unity, such as the
partition of pressure support between gas pressure and magnetic field pressure,
which might contribute to this difference. Another possible contribution to the
pressure support in the system is that of the magnetic field of the disk, which may
be comparable to the 𝐵∗ value we estimate here (Donati et al., 2005; Zhu, Jiang,
et al., 2020).

We find that this relation between ¤𝑀 and 𝑅inner is consistent with what we observe
in the high dispersion spectra, as presented in Paper II. Of note is the fact that there
are many subtleties in the spectral data, with line strength and line broadening that is
sometimes nonintuitive in terms of behavior with excitation potential or wavelength,
but in fact can be well-explained by the disk model.

3.7 Summary and Conclusion
We have demonstrated that a single accretion disk model can be used to fit the SED
and high dispersion spectrum of V960 Mon at outburst. The model can then be
modified by varying ¤𝑀 and 𝑅inner in physically consistent ways to reproduce the
photometric evolution of the system during its post-outburst fade.
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In summary:

1. We have modified the accretion disk model described in Rodriguez and Hil-
lenbrand (2022) to more accurately and rapidly produce both SEDs and high
dispersion model spectra.

2. We introduced a hybrid technique for using high dispersion spectra of FU Ori
objects to inform priors on contemporaneous SED fits of the targets. The
technique produces best-fit system parameters near the lightcurve peak of
¤𝑀 = 10−4.59 𝑀⊙ yr−1, 𝐴𝑉 = 1.61 mag, 𝑀∗ = 0.59 𝑀⊙, 𝑅inner = 2.11 R⊙, and
𝑖 = 15◦. We find 𝑅outer = 45 𝑅⊙ produces models most consistent with the
𝐾 band photometry. The 𝐿acc computed from these parameters is 113 𝐿⊙, in
good agreement with the 𝐿bol = 107 𝐿⊙ computed by integrating the outburst
epoch SED.

3. We used the color-temperature evolution of the system, along with the derived
relation 𝑇eff ∝ ¤𝑀−13/28, to trace the photometric evolution of the system. To
better match the evolution as seen in the CMDs, we allowed 𝑅inner to vary,
assuming a justified 𝑅inner ∝ ¤𝑀−2/7. We assume all other system parameters
are fixed during this time.

4. We investigated the contribution of a passive disk to emission at 𝐿 and𝑀 band
in the NIR, finding a simple blackbody representation produces a consistent
model, even improving the agreement with the H and K band. The K, L, and
M band are well-matched by reducing the 𝑅outer of the active component to 25
𝑅⊙ and introducing a passive component with a flaring law of ℎ

𝑎
= 0.08

(
𝑎
𝑎𝑖

)
.

We study the evolution of the system at high dispersion in Paper II. In future work,
we will expand this technique to other well-known FU Ori objects. For other objects
that show an exponential fade, a cooling inner disk driven by a decrease in ¤𝑀 and
increase in 𝑅inner may be the best explanation for the systems’ fading.
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3.9 Appendix: Photometry used in Figure 1
A significant fraction of the photometry used in Figure 3.1 can be found on a variety
of public databases and in Hackstein, Haas, et al. (2015). We present in Table 3.2
the photometry used in Figure 3.1, and throughout this work, that is not already
published. All of the photometry from RoBoTT, ROAD, and IRIS can be found in
the CDS table associated with Hackstein, Haas, et al. (2015).

Epoch Flux Flux Uncertainty Source/Facility Band
(JD - 2450000.5) (mag) (mag)

7010.51 12.25 0.01 AAVSO B
7010.51 12.25 0.01 AAVSO B
7012.10 12.27 0.01 AAVSO B
7012.11 12.28 0.01 AAVSO B
7013.10 12.27 0.01 AAVSO B
7013.10 12.29 0.01 AAVSO B
7014.10 12.28 0.01 AAVSO B
7014.10 12.27 0.01 AAVSO B
7015.10 12.24 0.01 AAVSO B
7015.10 12.27 0.01 AAVSO B
7016.09 12.28 0.01 AAVSO B
7016.09 12.27 0.01 AAVSO B
· · · · · · · · · · · · · · ·

Table 3.2: Photometry from AAVSO, Gaia, Gattini, and WISE, shown in Figure
3.1. The full, machine-readable version of the table is available in the online journal
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C h a p t e r 4

DISK COOLING AND WIND LINES AS SEEN IN THE
SPECTRAL LINE EVOLUTION OF V960 MON

Carvalho, Adolfo S., Lynne Hillenbrand, and Jerome Seebeck (Dec. 2023). “Disk
Cooling and Wind Lines as Seen in the Spectral Line Evolution of V960 Mon.” In:
ApJ 958.2, 140, p. 140. doi: 10.3847/1538-4357/acff59. arXiv: 2310.02465
[astro-ph.SR].

Abstract: We follow up our photometric study of the post-outburst evolution of
the FU Ori object V960 Mon with a complementary spectroscopic study at high
dispersion that uses time series spectra from Keck/HIRES. Consistent with the
photometric results reported in Carvalho et al. 2023, we find that the spectral
evolution of V960 Mon corresponds to a decrease in the temperature of the inner
disk, driven by a combination of decreasing accretion rate and increasing inner disk
radius. We also find that although the majority of the absorption lines are well-
matched by our accretion disk model spectrum, there are several strong absorption
line families and a few emission lines that are not captured by the model. By
subtracting the accretion disk model from the data at each epoch, we isolate the
wind/outflow components of the system. The residuals show both broad and highly
blueshifted profiles, as well as narrow and only slightly blueshifted profiles, with
some lines displaying both types of features.

4.1 Introduction
FU Ori outbursts produce photometric brightenings that reach optical amplitudes
of Δ𝑉 ∼ 4 − 6 mag, and that are associated with episodes of significantly enhanced
accretion (Hartmann and Kenyon, 1996) in young stellar objects (YSOs). The
accretion rates during these outbursts may increase by factors 102 to 104, leading
to proposals that YSOs may accrete a significant fraction of their mass during the
events (see Fischer et al., 2023b, for a review).

In December 2014, the relatively unknown young stellar object V960 Mon under-
went a large outburst, which was initially reported as a suspected FU Ori object by
Maehara et al. (2014). V960 Mon has several other YSOs nearby, is surrounded
by diffuse dust emission, and its status as an FU Ori object was quickly confirmed

https://doi.org/10.3847/1538-4357/acff59
https://arxiv.org/abs/2310.02465
https://arxiv.org/abs/2310.02465
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by followup observations (Hillenbrand, 2014; Reipurth and Connelley, 2015; Hack-
stein, Chini, et al., 2014). The outburst peaked at 𝑉 ∼ 11.2 magnitudes and had
a relatively flat outburst amplitude across the spectrum, with Δ𝐵 ∼ 3 reported by
Kóspál, Ábrahám, Moór, et al. (2015) and a ΔW2 ∼ 2.2 from the Widefield Infrared
Survey Explorer (WISE, Mainzer et al., 2011). Carvalho, Hillenbrand, Hambsch,
et al. (2023, hereafter Paper I) Figure 1 provides the full multiband lightcurve to
date.

In the months and years following the outburst, the target faded approximately
exponentially, eventually reaching a plateau of 𝐵 ∼ 14 (𝑉 ∼ 13) after 2018, as can
be seen in Figure 4.1. Though the target faded rapidly post-outburst, since reaching
the plateau in 2018 its brightness has remained essentially unchanged and is still 1.2
mag brighter in the B band than pre-outburst.

In Paper I, we presented a disk model that successfully reproduces the color-
magnitude evolution of the target during its exponential fade. We used photom-
etry gathered near the outburst epoch and a single high dispersion spectrum from
the same time to determine the best-fit system parameters in the pure-accretion
scenario. The stellar and disk parameters that best explain the outburst peak are:
𝑀∗ = 0.59 𝑀⊙, 𝑅inner = 2.11 𝑅⊙, and ¤𝑀 = 10−4.59 𝑀⊙ yr−1, corresponding to
𝑇max = 8240 K, 𝐿acc = 113 𝐿⊙, and 𝑣max = 60 km s−1. Our analysis in Paper I
assumed a distance to the target of 1120 pc (Kuhn and Hillenbrand, 2019).

The model described in detail in Paper I is used here to study the spectral evolution of
the V960 Mon system at high dispersion. We followed the exponential decline over
several years, from the initial outburst to the beginning of the plateau, as indicated
in Figure 4.1. In this paper, we present the spectra, gathered with Keck/HIRES,
and demonstrate that our accretion disk model is able to accurately reproduce the
spectral evolution over a broad range of optical wavelengths during the fade.

We then isolate the excess absorption and emission in the spectrum by subtracting
our high resolution model from the data. In this way, we are able to analyze a
spectrum of the non-disk components in the system.

We begin by discussing our reduction and continuum normalization of the HIRES
spectra in Section 4.2. We then give a brief summary of our disk model from
Paper I, followed by a discussion of the spectral line evolution in the system in
Section 4.3. We show evidence for a cooling inner disk and how that is traced
by the absorption lines in the HIRES spectra (and reproduced by our model) in
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Figure 4.1: The epochs of our HIRES spectra are shown (vertical solid lines) relative
to the AAVSO B (black circles) and Gaia BP (grey connected points) lightcurves
of V960 Mon. The lightcurve illustrates the rapid post-outburst fade and eventual
plateauing in later epochs. The quiescent B magnitude reported in Kóspál, Ábrahám,
Moór, et al. (2015) is shown as the black horizontal line for reference. The Dec 10
2014 HIRES epoch is marked with a dot-dashed line due to overlap with the Dec 9
2014 epoch.

Section 4.4. Once we have subtracted the model spectra from the data, we analyze
the excess absorption/emission spectrum, which is presented in Section 4.5. We
identify several forbidden emission lines in the spectrum, which grow as the target
fades, and we show those in Section 4.6. We discuss our results in the context of
existing FU Ori object and other young star literature in Section 4.7 and summarize
our conclusions in Section 4.8.

4.2 Data
We obtained visible range high-dispersion spectra from the Keck Observatory’s
HIgh Resolution Echelle Spectrograph (HIRES; Vogt et al., 1994), covering 4780-
9220 Å. Table 4.1 gives the epochs, instruments, and S/N for the spectra. The
spectra were processed with the 2008 version of the MAKEE pipeline reduction
package written by Tom Barlow1.

We normalize the spectra by fitting the continuum using a regularized Asymmetric
1https://sites.astro.caltech.edu/~tb/makee/

https://sites.astro.caltech.edu/~tb/makee/
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Table 4.1: Spectroscopic Observations Log

Date Instrument S/N at 7100 Å Exposure Time (s)
2014-12-09 HIRES 170 600
2014-12-10 HIRES 117 315
2015-02-09 HIRES 98 245
2015-10-27 HIRES 97 300
2016-02-02 HIRES 147 600
2016-10-14 HIRES 80 180
2017-01-13 HIRES 52 180

Least-Squares technique (Eilers and Boelens, 2005). The regularization parameter
allows for more or less flexible continuum fits and the technique is more robust to the
edges of the spectrum than polynomial fitting. Orders with emission lines (e.g., H𝛼,
weak forbidden emission lines, and the Ca II Infrared Triplet) need special treatment.
We mask emission lines in the spectrum and use the linear interpolation from the
redward continuum point to the blueward continuum point on either side of the lines
as the continuum under those lines. Several orders from the continuum-normalized
HIRES outburst epoch spectrum are illustrated in Figure 4.2.

As is mentioned in Paper I, we compute the half-width-half-depth (HWHD) of
several absorption lines in the outburst spectrum (taken 9 December, 2014) across
the optical range, and find no correlation between wavelength of the line and HWHD.
The measurements are discussed and shown in Section 4.3. The mean and standard
deviation of the measurements are 44 ± 5 km s−1, consistent with the line-width
measurements reported by Park, Lee, et al. (2020).

We compute the equivalent widths (EWs) of select lines via direct integration, taking
the continuum to be 1.0 following our normalization described above. The proce-
dure for the equivalent width measurement and uncertainty estimation is described
in detail in Carvalho and Hillenbrand (2022) and our results for V960 Mon are
presented in Section 4.4.

We measure a heliocentric system velocity of +43.0 km s−1, which is roughly
consistent with the 𝑣LSR = 23.81 km s−1 (𝑣helio ∼ 40 km s−1) measured by Cruz-
Sáenz de Miera et al. (2023).

The 7 epochs of HIRES data, along with the residuals from the high dispersion disk
model described below, are shown in Figure 4.2.
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Figure 4.2: The HIRES spectra shown in a time-series, with bluer to redder spectra
indicating earlier to later epochs. The lower set of curves in each panel are the
residuals after subtracting the disk model appropriate to each epoch. See Figures
2-4 of Paper I for the direct comparison between the outburst epoch spectrum (bluest
line here) and the disk model. Strong excess absorption in certain lines (marked) is
attributed to wind contributions in the spectra; see §4.5. Outside of these lines, the
typical RMS value of the residuals is < 3 %. The remaining 28 orders are shown in
Appendix 4.12.

4.3 Modeling the High Dispersion Spectra
We use the disk model described in Paper I to model the high dispersion data. We
briefly summarize the model below, as well as the technique we adopt to model the
evolution of the system from outburst to later epochs. We describe how temperature-
sensitive lines behave in the model in terms of their presence and broadening We
also discuss the effect of varying the accretion rate and innermost radius on the high
dispersion models and the strong agreement with what we observe in the HIRES
spectra.

A Recap of the Disk Model
We assume that the system can be well-approximated by a thin accretion disk,
following the Shakura and Sunyaev (1973) model, with the change that for radii
interior to that of the maximum temperature,𝑇max, we impose a flat profile, following
Kenyon, Hartmann, and Hewett (1988). Therefore, the radial temperature profile in
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the model is given by:

𝑇4
eff (𝑟) =

3𝐺𝑀∗ ¤𝑀
8𝜋𝜎𝑟3

(
1 −

√︂
𝑅inner

𝑟

)
, (4.1)

for 𝑟 ≥ 49
36 𝑅inner and 𝑇4

eff (𝑟) = 𝑇max for 𝑟 < 49
36 𝑅inner. Here, 𝑀∗ is the mass of the

central star, ¤𝑀 is the accretion rate, 𝑅inner is the innermost radius of the accretion
disk, while 𝜎 is the Stefan-Boltzmann and𝐺 the gravitational constant, respectively.

We use PHOENIX (Husser et al., 2013) model atmosphere spectra2 corresponding
to the 𝑇eff of each annulus of the disk, following the temperature profile in Equation
4.1. We find that using only the log 𝑔 = 1.5 atmospheres gives a better match to the
high dispersion spectra than the 𝑔(𝑟) model implemented in Paper I. The change
does not affect the SED fits from Paper I.

To account for turbulence in the disk like that seen in simulation of FU Ori pre-
sented by Zhu, Jiang, et al. (2020), we apply 20 km s−1 of spherical broadening to
the atmospheres using the direct integration method in Carvalho and Johns-Krull
(2023a). The broadening is similar to stellar rotational broadening, but without limb
darkening. This initial broadening step helps to better match the individual line pro-
files, which do not show the narrow double-peaks typical of Keplerian rotation in a
thin disk, but instead have a flat-bottomed, box-like profile. We then apply the disk
Keplerian broadening as described in Paper I.

In Paper I, we found that as the target fades, the color-magnitude evolution is well-
matched by varying both ¤𝑀 and 𝑅inner. The exact scaling between the two quantities
is that given by the canonical truncation radius equation (Equation 6 of Paper I),
which yields 𝑅inner ∝ ¤𝑀−2/7. We use the color-temperature calculated in Paper I
at each HIRES epoch from the AAVSO photometry to estimate the appropriate ¤𝑀 ,
assuming the scaling 𝑇 ∝ ¤𝑀13/28. We compute a 𝑇max at each epoch ranging from
8300 K to 6600 K. See Figure 11 of Paper I for the resulting temperature profiles.

The high dispersion disk models computed from the lightcurve evolution are gen-
erally very good fits to the HIRES spectra. The models reproduce the absorption
lines across the entire spectral range well, with the exception of certain features we
believe trace non-disk absorption and emission components (including "wind" lines
like H𝛼, Ca II and high excitation potential (EP) lines like Si II and C I, see Section
4.5). The typical RMS of the residuals, excluding these and other key excess features
that are not accounted for in the disk model, is < 3 %.

2Downloadable at: http://svo2.cab.inta-csic.es/theory/newov2/index.php

http://svo2.cab.inta-csic.es/theory/newov2/index.php
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Temperature-Sensitive Lines: Differential Broadening
In the canonical FU Ori disk model (Kenyon, Hartmann, and Hewett, 1988; Calvet,
Hartmann, et al., 1993), the spectral line broadening is given by the Keplerian
rotation of the gas disk. Therefore, for a given spectral line, the broadening should
be proportional to

√︁
𝐺𝑀∗/𝑟line, where 𝑟line is the radius in the disk where the line is

expected to form. For lines with higher EP, one might expect 𝑟line ∼ 𝑅inner, whereas
lower EP lines are expected to form further out in the disk, on average. While this
may be the case, we also find that the ¤𝑀 in the model plays a role in determining
the final observed line broadening.

We find that for lower EP lines belonging to neutral species such as Fe I and Ca
I, lower values of ¤𝑀 produce broader line profiles and higher ¤𝑀 values produce
narrower line profiles. In fact, the effect is so strong in these lines that it overwhelms
the effect of varying 𝑅inner, as shown in Figure 4.3.

This is because for higher values of ¤𝑀 , the 𝑇eff in the fastest-moving annuli is high
enough that low EP lines from Ca I (e.g., Ca I 6439) and Fe I (e.g. Fe I 6393)
are extremely weak or totally absent. The effect is especially pronounced in the
𝑇eff > 7000 K annuli. In this case, the low EP lines will not be broadened as
significantly as lines that still appear in those hottest annuli, such as Si II 6347 and
6371.

As ¤𝑀 decreases, we see in Figure 4.3 that the Ca I 6439 line grows broader because
the fastest-moving, closest-in annuli are cool enough to show lower EP lines in
absorption. The higher EP lines like Si II 6347 remain the same width throughout,
because the innermost annuli do not get hot enough for the lines to disappear.
Decreasing ¤𝑀 only decreases the depth of the lines. This is clear in the lower left
panel of Figure 4.3.

We see then, that this dependence on ¤𝑀 in the line broadening is in fact a dependence
on 𝑇max. This implies that changes to 𝑅inner should elicit the same effect. Varying
𝑇max via 𝑅inner, as we propose in Paper I, however, is expected to directly affect the
rotational broadening of all lines by changing the maximum Keplerian velocity in
the disk. The question becomes: are changes in the rotational broadening of lines
due to the changes in the maximum Keplerian velocity distinguishable from those
due to changes in 𝑇max?

The two panels in the right column of Figure 4.3 show our investigation of this in
the Ca I 6439 and the Si II 6347 lines. In the Ca I line, the 𝑇max effect dominates,
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working to broaden the line as 𝑅inner increases due to the overall decrease in 𝑇max.
In the Si II line, the decreasing maximum Keplerian velocity dominates and we see
the line narrows as we increase 𝑅inner.
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Figure 4.3: The effect of varying ¤𝑀 and 𝑅inner on the width and depth of absorption
lines with different EPs. Left: Models of the Ca I 6439 (upper panel) and Si
II 6347 (lower panel) lines for different values of ¤𝑀 . Notice the Ca I 6439 line
broadens as ¤𝑀 decreases, whereas the Si II 6347 line only changes in depth. Right:
Models of the same two lines for different values of 𝑅inner. Notice here that the 𝑇max
dependent broadening still dominates in the Ca I line as 𝑅inner decreases, making
the line counter-intuitively broader. However, in Si II, the broadening decreases
with increasing 𝑅inner, as expected due to the decrease in the maximum Keperian
velocity.

We find this is consistent with the broadening we see in the high dispersion spectra.
Figure 4.4 shows the Si II and Ca I lines over time as observed in the HIRES spectra
at different epochs. The Ca I line remains at a relatively constant width, tending
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toward slightly broader at later epochs. This is what we expect from a decreasing
¤𝑀 and increasing 𝑅inner, as seen in Figure 4.3. The Si II line narrows rapidly toward

later epochs, as we might expect from the discussion above and as is shown in Figure
4.3. As we discuss in Section 4.5, the Si II line does not arise entirely from the disk,
so its rapid narrowing is not only due to the increase in 𝑅inner.
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Figure 4.4: The Ca I 6439 (upper profiles) and Si II 6347 (lower profiles) absorption
lines shown for the different epochs of the HIRES spectra. Notice the Si II line
becomes narrower, in addition to weaker, consistent with an increase in 𝑅inner, while
the broadening of the Ca I line remains relatively unchanged.

Line Broadening as a Function of Wavelength
Half-width half-depth measurements have been used by many authors to argue for
the presence (Welty, Strom, Strom, et al., 1990; Park, Lee, et al., 2020) or absence
(Herbig et al., 2003) of disk broadened spectral lines in FU Ori stars. However,
due to the differential broadening of different spectral lines based on their location
of formation in the disk, as just discussed (Section 4.3), it is not straightforward to
connect a HWHD vs wavelength (or even EP) relation to the physics of the disk.

We measured the HWHD values for several lines in the observed outburst spectrum
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and in outburst epoch model spectrum of V960 Mon (shown in Figure 4.5. To
estimate the uncertainty of the HWHD measurements, we fit disk profiles to the
lines and multiplied the fractional 1𝜎 uncertainty in the width parameter of the fit
by our HWHD value. While there is a generally decreasing (though not statistically
significant) trend in HWHD vs wavelength over broad regions of the spectrum,
there is significant scatter in the measurements of even neighboring lines. This is
in agreement with the results presented in Zhu, Espaillat, et al. (2009a), which also
shows that for FU Ori, the disk model predicts almost no wavelength dependence in
HWHD measurements made in the optical.

Both the slightly decreasing trend with wavelength and the large scatter are con-
sistent with the high resolution disk model, as shown in Figure 4.5. The HWHD
measurements from our high resolution model have a slightly lower median than
those in the HIRES data. However, attempting a model with slightly greater median
broadening gives a worse fit to the data, with greater chi-squared values. For more
direct comparison between the two datasets, we scale the model HWHD values to
have the same median as the HIRES values.

Linear fits to the two HWHD vs wavelength relations give slopes of -3.8 × 10−4 km
s−1 Å−1 and -9.3 × 10−4 km s−1 Å−1 with low significance Pearson test 𝑝 values of
0.33 and 0.40 for the data and model respectively. The scatter of 2.1 km s−1 in the
HIRES HWHD measurements is greater than any wavelength-dependent change in
width predicted by the disk model over the 5000-9000 Å wavelength range.

4.4 Evidence of Disk Cooling in the High-Dispersion Spectra
We look to the behavior of temperature sensitive absorption lines in the high dis-
persion spectra to confirm the temperature evolution of the disk that is seen in the
photometric models presented in Paper I. We will focus on two sets of lines: those
with very high EP values (> 7 eV) and those with relatively lower EP values (< 3
eV). In general, we find that the high EP lines weaken rapidly as the target fades,
while the low EP lines become deeper over the same time. This is expected for a
target that is cooling, as the higher energy levels depopulate and fill the lower energy
levels.

One challenge to interpreting the behavior of the highest EP lines in the HIRES
spectra is that some lines are significantly stronger than the models predict them to
be. We believe this is evidence that the highest EP lines, such as Si II 6347 and 6371,
O I 8446, Ca II 8912/8927 and C I 9111 trace a non-disk (potentially outflowing)
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Figure 4.5: The HWHD measurements of several isolated absorption lines in the
HIRES outburst (9 Dec 2014) spectrum (black) and the spectral model (red). Empty
symbols show lines that are isolated and easily measured in the data but appear
severely blended in the models. Although there are some line-by-line inconsistencies
(largely due to imperfections in the PHOENIX models), neither set of measurements
is significantly correlated with wavelength. The data and the disk model also have
similar standard deviations and the scatter in the HWHD measurements does not
vary with wavelength. The error bars shown reflect the uncertainty in the width
parameter fit used to compute the HWHD measurements.

component in the system. We will discuss these lines in detail in Section 4.5. The
high EP lines we will focus on in this section are those that do not appear to be
influenced by wind.

To illustrate the general time evolution of the lines in our HIRES spectra of V960
Mon, we have chosen four lines to highlight: two high-EP and two low-EP. The
high EP regime is represented by the Paschen series lines of H I (hereafter HP), with
the HP 8862 Å line serving as a specific example, and the Fe II 5316 line. These
are both isolated features that show dramatic decreases in line strength as the target
fades. The low EP lines are represented by the Fe I 5328 line and the Ca I 6439
line. The Fe I 5328 feature (which is in reality a blend of low EP Fe I lines) is
especially temperature sensitive, increasing in strength dramatically as the target
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fades (see Figure 4.2). The Ca I 6439 line has the advantage of being isolated, so it
clearly shows the flat-bottomed line profile characteristic of FU Ori objects (though
the profile develops a rest-velocity excess absorption feature over time, as discussed
in Section 4.5. It also grows significantly in time, as seen in the profiles shown in
Figure 4.4.

We quantify the weakening or strengthening of lines we will discuss in this section by
computing their EWs at each HIRES epoch. The measurements are shown in Figure
4.6 with the V band lightcurve from Paper I plotted alongside the measurements as
a reference for the brightness evolution of the target. In the Figure, we see that the
shape of the EW curves qualitatively either follows or mirrors that of the V band
lightcurve, depending on the line. The high EP Paschen line and the Fe II 5316
line both show decreasing EW measurements over time. The Paschen line closely
follows the lightcurve, with a greater slope matching the initial rapid fade of the
target, then plateauing at later epochs. The lower EP lines, Fe I 5328 and Ca I 6439,
both mirror the lightcurve, growing rapidly during the early epochs and plateauing
at larger values later.

The time evolution of the H I Paschen Series
As can be seen in Figure 4.7, our disk model is a good match to the line strength of
the HP 8862 line at outburst and its subsequent time evolution. We interpret this to
mean three things: the HP lines are good tracers of disk temperature; our outburst
model 𝑇max ∼ 8300 K is sufficiently high to describe the initial HP depth; and the
line evolution supports our proposed temperature evolution of the disk. We note
that the HP lines blueward of 8350 Å are not detected, which is consistent with our
model predictions, due to blending with other features and minimal time evolution.
Of the lines blueward of 8350 Å, only the 8345.5 Å line varies by more the ∼ 1%.

The exponential decrease of the HP 8862 line is a strong indication that the line
is closely tracing the decrease of 𝑇max, which is driving the brightness decrease in
V960 Mon. We note that this differs somewhat from the behavior of the Fe II 5316
line, which also decreases in strength, but shows a more linear decline in time. The
difference in evolution can be explained by the relative temperature sensitivities of
the two lines. The HP lines are strongest in very hot atmospheres and will weaken
quickly as the hottest components of the disk cool. This makes the HP lines very
sensitive to the𝑇max in the disk. The Fe II lines span a broader range of temperatures
and are relatively temperature insensitive in our disk models. Therefore, as the disk
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Figure 4.6: The equivalent width evolution (black squares) of two higher EP and
two lower EP lines in the spectrum of V960 Mon. The AAVSO V band lightcurve
is plotted (green points) for reference, showing the evolution of the continuum
brightness over the spectral epochs. Left Column: The evolution of the 5316
Fe II line and 8862 Paschen line equivalent widths, which both closely follow the
lightcurve of the target in their decreasing strength. The EW measurement for the
8862 Paschen line is blended with the Fe I 8866 line, but the Fe I line does not vary in
time. Right Column: The evolution of the 5328 Fe I line and 6439 Ca I line, which
both follow an inverse trend to the lightcurve in their growth, similarly strengthening
as the target fades and plateauing at later times.

cools, the EW of the Fe II lines may decrease but the annuli in which the line largely
forms will simply shift radially inward, slowing the weakening of the line.

The time evolution of the low EP metal lines
We also see evidence of disk cooling in the behavior of temperature-sensitive low
EP lines, such as Fe I 5328 and Ca I 6439. The region of the disk from which the
optical continuum arises is at 5000-7000 K, which is hot enough that the majority
of the Ca and Fe is ionized. This makes the Ca I and Fe I lines particularly sensitive
temperature tracers (Gray, 2008).

One supporting argument for the cooling disk was presented in Section 4.3, we
attribute the slight broadening of the Ca I 6439 line in time to the cooling of the
innermost annuli. Another argument is that the Fe I and Ca I lines increase in
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Figure 4.7: The 8750 Å and 8862 Å Paschen lines in the HIRES spectra (left column)
and the residual spectrum (right column). Notice the lines have been removed to
within a few % in every epoch, indicating the modeled 𝑇max change reproduces the
evolution of the Paschen series accurately. The 8750 Å line is blended with the
8751 Si I line and the 8862 Å line is blended with an Fe I line at 8866 but both are
well-modeled, do not show any evolution, and do not appear in the residuals. The
emission residual in the lower right panel at -200 km s−1 is due to TiO absorption in
the model that is not present in the data. We discuss this discrepancy in Appendix
4.11.

strength significantly as the target fades. The line strength increase is seen clearly
in the EW measurments of the Fe I 5328 and Ca I 6439 lines in Figure 4.6.

In order to more directly constrain disk properties from the equivalent width mea-
surements of the low EP lines, we compute the equivalent width ratios of these
lines to neighboring lines. Using equivalent width ratios allows us to investigate the
local gravity and temperature from the regions where the lines were emitted without
worrying about contributions from continuum opacity.

We focus our analysis on two line ratios in particular: the 6439/6456 ratio, between
the Ca I 6439 line and the Fe II 6456 line, and the 5328/5316 ratio, between the Fe I
5328 line and the Fe II 5316 line. The denominators of the line ratios are chosen for
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Figure 4.8: Equivalent width ratios in the 6400 Åregion used to show temperature
evolution. Left: The equivalent width ratios of the Ca I 6439 line and the Fe I 6456
line as a function of time in the HIRES spectra. Right: The equivalent width ratios
of the same lines in the PHOENIX grid in the blue background and the ratios in
the HIRES spectra shown in the red color map, with larger equivalent width ratio
values as darker shades.

two reasons: in the case of Fe II 6456, the line remains unchanged in the spectra,
allowing a good comparison with the evolution of the Ca I 6439 line, whereas for
Fe II 5316, its evolution is opposite that of Fe I 5328, potentially making the ratio
more temperature sensitive.

We study these two line ratios by comparing to computed expected line ratios in
the PHOENIX grid, for a range of temperatures (5000 K - 9000 K) and range of
gravities (log g = 1.5 - log g = 4.0). This gives us an equivalent width ratio surface,
on which we can plot the equivalent width ratios we compute in the HIRES spectra.
Placing the equivalent width measurements on their appropriate contours shows the
corresponding temperature and gravity for that ratio in the PHOENIX grid.

The resulting contour plots are shown in Figure 4.8 and 4.9, along with the timeseries
of the ratios for reference. As predicted from our model, both sets of ratios are
initially consistent relatively high temperatures and evolve toward cooler ones. In
fact the 5328/5316 ratio is a good match to the predicted 𝑇max evolution of the
system.

Ultimately, both the high EP HP lines and the low EP neutral atomic lines show
good agreement with our model of a cooling disk. Both sets of lines also support
our 𝑇max estimate for the outburst epoch, particularly in the fact that the HP line
depths are well-matched for that epoch and those that follow.



77

7000 7200 7400 7600 7800
Date [JD - 2450000]

1.00

1.25

1.50

1.75

2.00

W
53

2
8
/W

53
1
6

6000 7000 8000 9000
Temperature [K]

1.5

2.0

2.5

3.0

3.5

4.0

lo
g
g

[c
m

s−
2
]

0.0

0.5

1.0

1.5

2.0

4.0

W
5
3
2
8
/W

53
1
6

Figure 4.9: Equivalent width ratios in the 5300 Åregion used to show temperature
evolution. Left: The equivalent width ratios of the Fe I 5328 line and the Fe II 5316
line as a function of time in the HIRES spectra. Right: The equivalent width ratios
of the same lines in the PHOENIX grid in the blue background and the ratios in
the HIRES spectra shown in the red color map, with larger equivalent width ratio
values as darker shades.

4.5 Lines with Excess Absorption Relative to the Disk Model
In the high dispersion spectra, there are three distinct families of features which
are not well-matched by our pure-accretion disk models. This section highlights
lines showing high-velocity, blue-shifted excess absorption; then lines showing
broad, rest-velocity absorption that shrinks over time; and lines showing a narrow,
rest-velocity absorption that grows over time.

The high-velocity blue-shifted features include lines which typically trace winds in
young stars and show absorption velocities as high as −200 km s−1. These may
probe the wind/outflow acceleration region in the disk. We find that the broad, rest-
velocity absorption in high EP lines may trace a hot wind, with 𝑇 ∼ 8000− 9000 K.
The narrow, rest-velocity absorption in lower EP lines may in turn trace the outflow
as it cools. We describe the line families individually below and discuss possible
physical mechanisms from which they may arise.

Blue Excess Absorption
There is evidence of a fast moving and evolving outflow in the traditional wind-
tracing lines in the V960 Mon spectra. We identify several morphological features
in the H𝛼, H𝛽, Na I D, and Ca II Infrared Triplet (IRT) lines, shown in Figures
4.10 and 4.11. The lines trace different velocity components in the flow and the
variations in those components over time.

In the outburst epoch and the two epochs shortly after outburst (∼ 1 month after) we
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see a strong, blue-shifted absorption component in H𝛼 and H𝛽 extending to -200 km
s−1. The component is strongest in H𝛼 and disappears sometime between February
2015 and October 2015, over which time the source faded by 0.8 mag in the 𝐵 band.
There is a distinct component seen in H𝛽 with an absorption peak at −110 km s−1

that disappears between October 2015 and February 2016, but then reappears during
the October 2016 epoch. The feature again disappears by the January 2017 epoch
and is not apparent in later spectra shown in Park, Lee, et al. (2020).

There is also a slower absorption component in the H lines, which shows an absorp-
tion peak around −30 km s−1 in both H𝛼 and H𝛽 at the outburst epoch, but moves
to slower velocities at later times. In the January 2017 epoch, the component has
slowed to −10 km s−1.

The H𝛽 line has a red-shifted absorption wing that is similar in slope to the disk-
tracing atomic features. That the absorption likely arises in the disk is confirmed by
the fact it is almost fully removed in by our disk-model subtraction, as seen in the
right column of Figure 4.10. The blue-shifted absorption features discussed above
persist in the residuals, indicating they are indeed tracing outflow components.

The especially fast absorption in the H lines is absent in the other wind tracers.
The slower component, however, is visible in both H lines and the Ca II IRT. At
the outburst epoch, there is a distinct absorption minimum at -30 km s−1, which
slows over time to -10 km s−1. The change in velocity of this absorption is most
noticeable in the Ca II IRT profiles. We note also that the Ca II IRT profiles appear
quite different from one another in the HIRES spectra, despite being a triplet (Figure
4.11, left column). We find that this is due to the differing levels of HP blending each
line experiences, and when the disk (and therefore HP) contribution is subtracted,
the lines show similar profiles, as expected (Figure 4.11, right column).

The Na D lines are remarkably featureless compared with the other wind lines.
They are saturated from −10 to 0 km s−1, indicating the presence of a slow wind
that covers the entire optical continuum emission region. The blue wings of the
lines extend to −100 km s−1, tracing a much slower component than the H𝛼 and
H𝛽 lines. There is also a component at −60 km s−1 that is slightly deeper at earlier
epochs, but the change is relatively small compared to that in the other wind lines.

H𝛼 shows consistent red-shifted and blue-shifted emission components at velocities
of ±60 km s−1. The blue-shifted emission appears in the earliest epochs despite the
significant wind absorption, and toward later epochs rises to equal the strength of
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the red-shifted component (see also the 2019 epochs of Park, Lee, et al., 2020).
The red- and blue-shifted emission features are also apparent in the profiles of the
Ca II IRT lines in later epochs. On closer inspection, the feature may be discernable
as an inflection point in the profiles of the Ca II IRT lines in early epochs, as well as
the H𝛽 line profiles. Strangely, the peaks of the emission in the Ca II IRT lines are
consistent with the locations of the peaks in H𝛼 in the data, but after removing the
disk contribution, the peaks shift to lower velocities (± 40 km s−1).

The locations of the peaks of these emission components is approximately consistent
with the Keplerian velocity at the innermost radii of the accretion disk. We interpret
that the emission arises from a hot boundary layer, which may be shocking against
the stellar photosphere.

The deep, narrow, low velocity absorption component may trace an outflow with a
wide opening angle, as has been observed in T Tauri systems (e.g. Whelan et al.,
2021). These low velocity absorption features are typically attributed to disk winds
in T Tauri systems, which may indicate we are also seeing a slower disk wind.

In summary, we have demonstrated in this sub-section that several of the strong lines
traditionally used to diagnose inflowing and outflowing gas in young stellar objects
can have contributions from disk absorption in FU Ori type systems. Subtraction
of the disk component reveals both inflowing possible boundary layer material, and
outflowing slow and fast winds.

Broad Central Absorption
The evolution of the especially high EP lines mentioned briefly in Section 4.4 (due
to Si II, Si I, O I, Ca II, and C I) is shown in Figure 4.12. The lines follow a similar
evolution to that of the HP lines, indicating the lines all trace a rapidly cooling hot
component of the system. However, unlike the HP lines, these lines are significantly
stronger in our spectra than in the disk model (especially in the earliest epochs)
and can be clearly seen in the residuals in Figure 4.2. The profile shapes are also
very similar in the residuals after we subtract the disk model. The significant
difference in depths and profile shapes for these lines from the predictions in our
disk model indicate the majority of the absorption traced by them is not accounted
for in our model. We note that the residual depths are much smaller in the later
epochs, indicating the absorption excess relative to the disk model has almost full
disappeared by the 2017 epoch.

The component traced by the high EP lines appears to be somewhat dynamically
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Figure 4.10: The H𝛽 and H𝛼 lines in each of the HIRES epochs as seen in the
original data (left) and as residuals after removing the disk contribution (right).
Both lines initially show a high velocity blue-shifted absorption component, that
weakens rapidly over time and becomes an emission feature in H𝛼. The profiles
also contain a slow component that moves redward. The emission components of
the H𝛼 profile are both peaked at ±60 km s−1 and strengthen consistently relative to
continuum. The absorption in the upper left panel at +185 km s−1 is the Cr II 4864
Å line. Notice it is well-removed by the model and is much weaker in the upper
right residual panel.
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Figure 4.11: The Na D 5889 line (top row) and Ca II IRT lines (lower three rows),
shown in the data (left column) and residuals (right column). The Ca II IRT lines
show a weakening fast blue-shifted component and a ±60 km s−1 emission com-
ponent similar to those seen in the H lines. Note that the +100 km s−1 absorption
is due to Hydrogen Paschen line blending with the IRT. This is well-matched by
our disk model and mostly removed in the residuals column. The Na D lines are
saturated from −10 to 0 km s−1, which matches the narrow absorption seen in the
latest epoch, indicating there may be a constant slow wind covering almost the entire
visible emission region of the disk.
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different from the disk. The lines show a largely round-bottomed profile, almost
consistent with profiles of high 𝑣 sin 𝑖 stellar features. The wings of the lines show
relatively consistent 60 km s−1 broadening, which may be attributed to the disk
broadening as is seen in other features. However, the line core shows an initial
40 − 50 km s−1 broadening which decreases as the line weakens, narrowing to only
20− 30 km s−1. The lines appear centered at the system rest velocity, implying they
are tracing a particularly slow, albeit hot, outflow.

To better quantify the evolution of these high EP lines and to try to understand the
implications for the temperature conditions in this additional component, we again
use equivalent width ratios like those described in Section 4.4. For our investigation,
we choose two lines: Si II 6347 and O I 8446. These lines are high EP (8.1 eV
and 9.5 eV, respectively), show a dramatic decrease in strength over time, and are
well-isolated from other photospheric lines and telluric lines. For the denominators
in the line ratios, we choose the Fe I 6400 and 8688 lines, both of which show almost
no time variability.

The time-series of the 6347/6400 and 8446/8688 ratios are shown in Figures 4.13
and 4.14. Both sets of ratios show an initial rapid fade, similar to that of the HP
lines, followed by a plateau, closely following the structure of the V band lightcurve.
The 𝑇eff vs log 𝑔 contour plot for the 6347/6400 ratio shows that the line ratio is
initially consistent with a ∼7000 K temperature atmosphere and as the target fades
the ratio is more consistent with that seen in ∼5800 K atmospheres.

The contour plot for the 8446/8688 ratios also shows a similar evolution, where
the ratio is initially consistent with ∼ 5700 K atmospheres and evolves to be more
consistent with ∼ 5200 − 5300 K atmospheres. Both sets of ratios indicate then
that this excess component is cooling as the target fades. They also show, however,
that different wavelengths are indeed tracing regions with different temperatures.
This is consistent with the expected 𝑇eff (𝜆) relation expected for accretion disks and
indicates that the continuum at 6400 Å arises from a warmer region of the disk than
that at 8400 Å. We can use the temperatures described above and the wavelengths
of the line ratios to find that at outburst, 𝑑𝑇/𝑑𝜆 ∼ 0.65 K/Å whereas at the 2017
epoch, 𝑑𝑇/𝑑𝜆 ∼ 0.45 K/Å.

Taking the temperature from the 6347/6400 ratio at outburst to be ∼ 7000 K and the
temperature from the 8446/8688 ratio to be ∼ 5700, we can also estimate that the
lines arise from the 𝑟 ∼ 2 𝑅∗ and 𝑟 ∼ 3 𝑅∗ annuli respectively. That would in turn
mean an average 𝑑𝑇

𝑑𝜆
∼ 0.62 K Å−1 across the red range of the optical spectrum.
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Figure 4.12: High EP lines in the HIRES spectra of V960 Mon, smoothed with a
𝜎 = 5 pixel Gaussian for clarity. Epochs are shown in different colors, where redder
indicates later epochs when the target is dimmer and, according to our disk model,
cooler. The black vertical lines mark ±60 km s−1, the estimated 𝑣max at outburst, as
a reference for the line widths. The C I 9095 line is significantly contaminated by
telluric absorption, but its similar evolution to the other lines is still apparent.
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Figure 4.13: The EW ratio of the Si II 6347 line to the Fe I 6400 line for the HIRES
spectra, showing that the ratio decreases in time and is consistent with a decreasing
temperature. The color scheme in the left and right panel both show lighter red for
larger EW ratios. Left: The timeseries of the EW ratios. Right: The EW ratios of
the same lines as measured in the PHOENIX grid (blue contoured background) and
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Figure 4.14: The EW ratio of the O I 8446 line to the Fe I 8688 line for the HIRES
spectra, showing that the ratio decreases in time and is consistent with a decreasing
temperature. The color scheme in the left and right panel both show lighter red for
larger EW ratios. Left: The timeseries of the EW ratios. Right: The EW ratios of
the same lines as measured in the PHOENIX grid (blue contoured background) and
in the HIRES spectra (red contours).
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We now turn our attention to some cooler lines, namely moderate EP lines of Fe
II that also show broad excess absorption relative to the disk model. Similarly to
the high EP lines, the Fe II lines (shown in Figure 4.15) also decrease in strength
significantly as V960 Mon fades. The effect is not as dramatic as that seen in the
high EP lines such as Si II 6347, but it is notable. The Fe II lines are also much
stronger than predicted in the disk models, as can be seen for the Fe II 5316 and
5362 lines in Figure 4.2. These two facts imply the Fe II lines may trace the same
excess component as the high EP lines.

However, there are also Fe II lines, especially those blueward of 5200 Å, that show
almost no time evolution. The FeII lines which most closely follow the evolution
of the high EP lines in Figure 4.12 are those between 5200-7000 Å having EPs
between 3.0-4 eV. We note that these FeII lines are also typically gravity sensitive
in single-atmosphere models, but when varying the log 𝑔 of our disk model, we do
not see significant gravity sensitivity.

In summary, in this sub-section we have demonstrated that there is a family of
lines with deep broad profiles in V960 Mon that have distinctly deeper depths,
and very different broadening shapes relative to the disk model. These lines come
exclusively from high and intermediate excitation potential species. We speculate
that they originate in the hot components of the wind, near its point of origin in the
disk.

Narrow Central Absorption
Several lines in the spectra at later epochs show an excess narrow absorption feature
centered at the system velocity. The feature deepens over time, but does not broaden,
maintaining a relatively consistent ∼ 20 km s−1 half-width measured from the
intersection of the narrow component with the disk component. The lines exhibiting
this feature most prominently are shown in Figure 4.16.

Narrow central absorption lines span most of the optical range covered by the HIRES
spectra but seem especially prominent between 4900 Å < 𝜆 < 8400 Å. The lines
with excess narrow absorption components predominantly occupy a narrow range of
somewhat high EPs: 2.5−3.5 eV, such as Ca I (shown in detail in Figure 4.4) and Fe
I though there are a few at lower EPs, including the Ba II and Li I features (all shown
in Figure 4.16). A comparison with the PHOENIX model spectra shows the depths
of many of these features are consistent with 𝑇eff ∼ 5000 − 7000 K atmospheres.
The lines are also generally temperature-sensitive and grow deeper in the PHOENIX
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Figure 4.15: Fe II lines in the HIRES spectra. Notice their behavior is similar
to the high EP lines shown in Figure 4.12, rapidly shrinking over time. This
effect is strongest in the lines with higher EP, indicating sensitivity to the hot wind
component. The Fe II lines here seem to trace the disk behavior at lower EPs and
bluer wavelengths, and trace the wind at higher EPs and redder wavelengths.
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Figure 4.16: Lines in the HIRES spectra which show the central absorption feature
shown as a time series progressing from blue to red color. Notice that across the
range of lines and EPs, the narrow feature shows a consistent width ∼ 20 km s−1

and is centered at 0 km s−1. The feature grows as the target fades, absorbing against
the disk continuum to additional depth that is almost equivalent to the depth of the
disk contribution of many of the lines

atmosphere models as 𝑇eff is lowered from 7000 K to 5000 K.

The somewhat high temperatures at which we expect these features, the fact that
they appear at the system velocity, and their growth as the high EP lines discussed
in Section 4.5 shrink, implies a connection between the two families of lines. As
mentioned in Section 4.5, the high EP lines shown in Figure 4.12 are all initially
much deeper than predicted by our disk model, but over time their strength decreases
to be more consistent with the models at later epochs. We have also shown that the
evolution of the lines is consistent with this hot excess component cooling over time.

The low velocity of the absorption may be consistent with absorption by a slow
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outflow at a distance of 𝑟 ∼ 4 − 5 𝑅inner. This region would be consistent with
broadening < 35 km s−1 as we see in this excess. If the outflow cools as the
disk cools, the highest EP levels may depopulate and fill the 2.5-3.5 EP levels,
contributing to increased absorption in those species.

When we isolate the high and low EP excess absorption by subtracting the disk
model from the data, we can get a spectrum of this non-disk component. Parts of
the residual spectrum are shown in Figure 4.2, but we reproduce it in better detail
in Figure 4.17. In Figure 4.17, the residual spectrum is shown compared to two
log 𝑔 = 1.5 PHOENIX atmospheres, one with 𝑇eff = 9000 K and another with
𝑇eff = 7000 K. For better comparison with the line widths we see in the residuals,
we broadened both models to 𝑣 sin 𝑖 = 30 km s−1.

The outburst epoch residual spectrum possesses features that are quite similar to
those seen in the 9000 K spectrum (e.g., Si II 6347 and 6371, Fe II 6456, and O I

8446). As the target fades, features that are similar to those in the 7000 K spectrum
(e.g. Ca I 6439, 6449, and 6463) grow stronger. The upper left panel of Figure 4.17
shows this well, where there are several lines in the 4750-4850 Å range that are not
in the 9000 K atmosphere but can be seen in the residual spectrum. The lower left
panel of Figure 4.17 shows the same fact in another wavelength range. In this panel,
the Fe II 6456 line appears in both the 9000 K and 7000 K atmospheres, where
the Ca I 6439 and 6449 lines are not expected in the hotter atmosphere. They are
indeed generally weaker initially. However, as the target fades, the Ca I features in
the residual spectrum deepen until they are consistent in depth with those seen in the
7000 K spectrum. The inverse case is shown in the upper right panel of the Figure,
where the Si II features weaken over time, which is again what we may expect from
a residual component cooling.

In summary, in this sub-section we have demonstrated that there is a family of
narrow absorption lines in V960 Mon that grows in strength over time against the
“continuum" of the disk photosphere, which produces disk-broadened profiles in
many of the same lines. We speculate that the lines may trace a slow-moving, cooler
component of the wind that was initially traced by the excess high EP absorption
discussed in Section 4.5.

4.6 Forbidden Emission
The [S II] 6731 emission feature was reported in the spectrum of V960 Mon by
Park, Lee, et al. (2020), and they discuss the growth of the feature at later epochs.
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Figure 4.17: Selected regions of the residuals of our fits to the HIRES spectra,
compared with log 𝑔 = 1.5, 𝑇eff = 7000 K (green) and 𝑇eff = 9000 (magenta) K
PHOENIX models. Notice the residual features are consistent with the features
seen in these hot model atmospheres, with a tendency for later epochs to more
closely resemble the 7000 K atmosphere. This may indicate that the component of
the system probed by the residuals is cooling as the disk cools. The HP lines in
the lower right panel are strongly affected by Stark broadening in the PHOENIX
atmospheres. That we do not see this in the disk model or the data indicates that the
contribution from the narrower/weaker HP lines in cooler atmospheres is necessary
to match the data.

We recover this feature and its growth in our HIRES spectra. We also find the [O I]
6300 and [N II] 6583 emission features. The maximum normalized flux of the [O
I] 6300 line is a bit greater than that of the [S II] 6731 line. The [O I] and [N II]
fluxes also increase relative to the continuum at later epochs. The features as seen
in the HIRES spectra are shown in Figure 4.18.

The weaker components of these two doublets, the [S II] line at 6716 Å and [OI] line
at 6363 Å, are tentatively identifiable in the latest epoch but are barely 1 % above
continuum. The doublet of the [N II] line falls in between orders in the HIRES
spectra. Detecting the 6716 Å and 6363 Å emission in the data is complicated
by line blending with nearby photospheric lines, namely the Fe I 6715 and 6362
absorption lines, which are sufficiently broadened to blend with the neighboring
forbidden emission features. Fortunately, the Fe I lines can be removed using our
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Figure 4.18: The [O I] 6300, [N II] 6583, [S II] 6731 emission lines in the HIRES
spectra. All three features are blue-shifted, with emission components ranging from
-60 km s−1 to -10 km s−1. The emission in the [O I] 𝜆6300 and [N II] 𝜆6583 lines is
mostly at higher velocities, whereas the [S II] 𝜆6731 line shows both a -40 km s−1

component and a nearly 0 km s−1 component.

high dispersion models of the HIRES spectra. Looking at the residuals, the features
appear clearly and show similar structure to the 6731 Å and 6363 Å features. The
stronger 6731 Å and 6300 Å are also clearly seen in the residuals and retain the
amplitude we see in the data.

The line profiles show a velocity structure different from that we see in the absorp-
tion features. The emission is predominantly blue-shifted in all three main lines,
indicating they are tracing outflows from the FU Ori object. They also show multiple
velocity components, the velocities of which differ slightly from line to line. To
measure the widths and central velocities of the components, we use the optimize
toolkit in scipy to do least-squares fitting of a sum of two Gaussian functions to the
line profiles. The fits are quite noisy because the detections of the lines are weak and
not all epochs are well-described by a sum of two Gaussians. However, the best-fit
parameters provide a general picture of the composition of the forbidden emission.

The [S II] 6731 line has two distinct peaks, one at essentially system rest velocity
and one at −30 km s−1. Both peaks have a HWHM of ∼ 15 km s−1. The [O I] line
also has a peak at system rest velocity but its blue-shifted component is closer to
−50 km s−1. Its components are also both broader, with HWHM values of ∼ 20
km s−1. The [N II] line seems dominated by a single component at −30 km s−1,
which has a HWHM of ∼ 25 km s−1, though there may also be a weak rest-velocity
component.

The 𝑣 sin 𝑖 = −30 km s−1 peak is consistent with the velocity of the narrow absorption
component in the wind lines described in Section 4.5.
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4.7 Discussion
The accretion disk model presented in Paper I successfully reproduces most of the
variability seen in the spectra, as can be seen in the residuals presented in Figure
4.2. There are also many features in the residuals that are not captured by the disk
model, either because they are classic wind tracers, such as H𝛼, the CaII triplet
and the Na D lines, or because they trace some other, unmodeled component of the
system (see Section 4.5).

Disk absorption and the gravity and temperature dependencies
The observed high-dispersion spectra are reasonably well-reproduced by models of
an accretion disk photosphere. However, great care is needed in understanding and
disentangling the effects of temperature and surface gravity in the disk, from the
wind components.

The lines that are typically used as gravity indicators cannot be used to determine
the gravity of FU Ori objects because they are often sensitive to outflows and are
therefore dominated by outflow absorption. This is the case for the Na D lines and
many other highly gravity-sensitive features (see Section 4.5 for a discussion of
these and other wind lines). We therefore must rely on other gravity indicators in
the spectrum of V960 Mon, in the weaker optical atomic lines that are known to
trace the disk.

To explore the gravity sensitivity of the absorption lines in the spectrum, we com-
puted a grid of high dispersion models using the outburst epoch best-fit parameters
and in each we fixed the log 𝑔(𝑟) to be one of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, or 3.5.
We then compared the change in the spectra due to the variation of log 𝑔 with the
time-evolution of the HIRES spectra.

Although we do see some evolution in the high EP lines discussed in Section 4.5,
they remain at least a factor of 2 deeper in the data than in the models, indicating
once again that they are likely tracing excess absorption not accounted for in our disk
model. The Fe II lines are also much deeper in the data than in any of the models,
similarly indicating that they may also in part trace this hot excess absorption
component. Hartmann and Calvet (1995a) show that the Fe II lines in other FU Ori
objects, such as FU Ori itself or V1515 Cyg, are consistent with wind absorption
models. We do not see blue shifted absorption in these profiles, but they may trace
a slower outflowing component.

For the other gravity sensitive lines, such as Ti I 8435, explaining the line evolution
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seen in the HIRES spectra with only a change in the disk gravity would require a very
large log 𝑔 increase (at least ∼ 2 dex). In general, we find that the overall spectrum
is more consistent with the lower gravity models (log 𝑔 ∼ 1.5) than models that use
a 𝑔(𝑟) profile. However, this should also be tested with the gravity sensitive features
in the near-infrared, such as the CO (2-0) and (3-1) bandheads.

Ultimately, we find that it is critical to look at the disk-integrated model spectrum to
study gravity sensitivity of different features, rather than looking at them atmosphere-
by-atmosphere. The gravity sensitivity of a given feature is a function of the
effective temperature of the atmosphere and may not extend across broad temperature
ranges. Therefore, the temperature blending in the full integrated disk spectrum may
counteract or weaken the gravity sensitivity of lines like Ti I 8435.

The evolution of the Fe I and Ca I lines, on the other hand, is insensitive to log 𝑔
but consistent with a ∼ 1000 − 2000 K decrease in 𝑇eff . The lower EP Fe I lines are
especially temperature sensitive and grow rapidly as the target fades. The higher EP
Fe I lines do not vary as significantly initially, but consistently show the growing
narrow central absorption feature at later times. We also see a similar pattern in
the Ca I features. The Ca I 6439 and 6462 features show little evolution except the
growth of the narrow central absorption.

The relative lack of gravity sensitivity and significant temperature sensitivity of these
two species in the temperature ranges we expect (5000 - 7000 K) are indicative that
the narrow central absorption is not tracing a higher gravity component of the system
but rather one that is cooling.

Wind features
The wind lines shown in Section 4.5 show evidence of a multicomponent outflow
that evolves over the course of the post-outburst fade. The primary components we
identify are: a fast-moving (-200 km s−1) component traced by the H𝛼 and H𝛽 lines,
a slower component (-50 to -30 km s−1) traced initially by H𝛼, H𝛽, and the Ca II
IRT, and a very slow component (-10 to 0 km s−1), traced by all lines (the Na I D
doublet in all epochs and the other lines at later epochs). The velocities probed by
the emission components in the [O I], [N II], and [S II] forbidden emission lines
discussed in Section 4.6 are also consistent with some of the slower components
seen in the wind lines.

The fastest component of the wind that is visible in the -200 km s−1 absorption of
the H𝛼 and H𝛽 lines is similar in shape to that seen in the Na I D and H𝛽 lines of
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other FU Ori objects like V1057 Cyg or FU Ori (Hartmann and Calvet, 1995a). This
absorption is consistent with a high mass-outflow rate, ¤𝑀out, during the outburst, as
demonstrated in models of disk winds during FU Ori outbursts (Calvet, Hartmann,
et al., 1993; Milliner et al., 2019a).

As the target fades, however, we see this high velocity component disappears,
indicating the ¤𝑀out is much lower. Following estimated ¤𝑀out ∼ 0.1 ¤𝑀acc described
in Calvet, Hartmann, et al. (1993), we would expect that the high velocity component
would remain relatively deep, because we only predict a 40% decrease in ¤𝑀acc. To
preserve the 𝐿𝑤/𝐿acc they describe (which is also supported by Zhu, Jiang, et al.,
2020), we would require a much more massive wind corresponding to the apparent
velocity decrease, which would likely make it optically thick.

The slow component of the outflow, visible in H𝛼, H𝛽, the Na D lines and the Ca
II IRT, ranges from -10 km s−1 to -30 km s−1. In the Na I D lines in particular, this
component is saturated, indicating it may be a very massive outflow and absorbs
against a large area of the disk from which the visible continuum arises. In the
other lines, the component is initially more blue-shifted (up to −50 km s−1) but
slows to −10 km s−1 over time. The persistence of the component in Na I, and its
appearance in the H𝛼, H𝛽, and Ca II IRT lines at later epochs suggests the outflow
is present during the course of the initial outburst, throughout the fade and into the
plateau. It may be that the faster outflow traced by the other lines obscures the
slower component we see in Na I.

This absorption is also consistent in velocity with the -30 km s−1 component we
see in the [S II], [O I], and [N II] forbidden emission (Section 4.6). This may be
evidence of the a disk wind similar to that seen in T Tauri stars (Whelan et al., 2021),
though it may be much more massive.

The forbidden emission lines shown in Section 4.6 may allow us to differentiate
between different outflow components. The [O I] 6300 emission line has the highest
critical density of the three emission features (𝑛𝑐 ∼ 2 × 106 cm−3) and also shows
the highest velocity emission feature (−50 km s−1). This may be emission from a
region closer to 𝑅inner, where the wind density and escape velocity may be higher.
The [S II] emission, which has the lowest critical density (𝑛𝑐 ∼ 2 × 104 cm−3, may
in turn probe a region further from 𝑅inner, and therefore is lower velocity.

Both the [S II] and [O I] features also have 𝑣 ∼ 0 km s−1 emission features at
similar strengths to their blue-shifted emission. This very low velocity emission is
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consistent with the low velocity components of the forbidden emission observed in
T Tauri disks, which are believed to be trace slow-moving disk winds (as opposed
to the “high velocity components" that are usually attributed to jets; see Pascucci
et al., 2023, for a review). It is possible that due to the increase in 𝑇eff and 𝐿bol of the
source irradiating the outer disk, the wind that is launched may be more massive than
that in T Tauri systems. This would be consistent with the finding by Cruz-Sáenz
de Miera et al. (2023) that FU Ori outflows observed in cooler molecular emission
are indeed be more massive than those of T Tauri systems.

Using the de-reddened fluxes of our SED models at each HIRES epoch, we are able
to estimate the total flux in the emission lines. Though the target fades significantly
over time, we find that the fluxes of the [O I] 6300 and [S II] 6731 lines are relatively
constant, perhaps increasing slightly over time. The measured median fluxes for the
lines are log𝜆𝐹𝜆 (6300) = −14.2 ± 0.34 and log𝜆𝐹𝜆 (6731) = −13.9 ± 0.11 erg s−1

cm−2. Using the distance to the target of 1120 pc, we estimate line luminosities
of log(𝐿6300/𝐿⊙) = −3.66 ± 0.34 and log(𝐿6731/𝐿⊙) = −3.36 ± 0.11. For the [O
I] 6300 line, these values are almost 1.5 dex greater than the log(𝐿6300/𝐿⊙) ∼ −5
reported for several Classical T Tauri Stars by Fang, Pascucci, et al. (2018).

The H𝛼 and Ca II IRT lines show a strong red-shifted emission component, centered
at +60 km s−1, which grows stronger over time. Toward later epochs, the strong
absorption features in H𝛼 and Ca II IRT also become dominated by blue-shifted
emission at −60 km s−1. The H𝛼 profiles shown in Park, Lee, et al. (2020) for
their 2018 epochs continue to show the double-peaked H𝛼 emission, and the peaks
remain at 𝑣 ∼ ±60 km s−1. The velocities of the emission peaks are consistent with
the 𝑣kep sin 𝑖 of 𝑅inner. This may be evidence of emission from the innermost radius
of the disk, tracing the accretion boundary with the star.

For the broad/shrinking and narrow/growing low-velocity absorption excess compo-
nents, we believe these can be attributed to some sort of excess, outflowing material
above the disk atmosphere. The rest-velocity absorption profile is consistent with
observations of disk winds through [O I] emission profiles in face-on circumstellar
disks (Fang, Wang, et al., 2023). The notion of a hot excess component cooling and
a cooler component appearing is also consistent with the behavior in the coronal
X-Ray emission of the system (Kuhn and Hillenbrand, 2019).
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4.8 Conclusion
In Paper I, we presented a means of modeling the SED of the V960 Mon system at
outburst using information from our HIRES spectrum at outburst to constrain the
SED fit and break some existing degeneracies between physical parameters in the
model. We also presented a means of estimating the ¤𝑀 and 𝑅inner of the system for
subsequent epochs as the system faded post-outburst.

In this work, we used the disk parameters in Paper I to construct high spectral
resolution models at each observational epoch in our high spectral resolution time
series data set, in order to better understand the evolution of both disk and non-disk
components of the V960 Mon system. We have shown:

1. Our high resolution model disk spectrum accurately reproduces the evolution
of disk absorption features across the 4000-9000 Å range of the HIRES spectra
during the post-outburst fade of the V960 Mon system.

2. The HIRES spectra show evidence of temperature evolution that is consistent
with our predicted SED evolution of the system.

3. We are able to isolate absorption and emission from non-disk components
of the V960 Mon system, including a strong multicomponent outflow, by
subtracting our model disk spectrum from the HIRES spectra.

a) We detect [O I], [N II], and [S II] emission that is consistent with the
multicomponent forbidden emission from CTTS disk systems, though
these likely trace much more massive outflows because they tend to be
as bright shock emission from jets.

b) At outburst, the spectra show a very massive, high-velocity outflowing
wind that weakens and largely disappears as the target fades.

c) Several high EP lines in the spectra show strong and broad rest-velocity
excess absorption, which weakens as the target fades. Correspondingly,
lower EP lines show a narrow rest-velocity excess that strengthens as the
target fades. We interpret this as evidence of a slow-moving, cooling
outflow in the system.

Further high-resolution follow-up of the system will be crucial to understanding
how it compares at later epochs to the older, more mature FU Ori outbursts that have
been well-studied.
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4.10 Appendix: Optical HWHD Measurements and the Keplerian Disk Model
In past studies of FU Ori objects, the HWHD or FWHD measurements of spectral
lines have been used to estimate the location in the disk from which spectral lines
arise (Herbig et al., 2003; Park, Lee, et al., 2020). However, repeated investigations
of line width in FU Ori objects have found little variation in the line widths as a
function of wavelength, particularly in the optical.

Historically, this observation has been raised as evidence against the canonical
𝑇 ∝ 𝑅−3/4 and 𝑣 ∼ 𝑣𝐾 models used. This is because the line width measurements
are assumed to follow a velocity profile similar to that shown in Figure 4.19. The
velocity profile is derived by taking the 𝑣kep at the luminosity weighted mean radius
of each wavelength bin in our outburst SED model.

Contrary to these expectations, however, we find that measurements of the HWHD
in our Keplerian, thin disk, 𝑇 ∝ 𝑅−3/4 disk model are relatively consistent with
those we measure in the HIRES spectra (see Section 4.3). Though there is some
slope in the measurements, tending toward narrower lines at redder wavelengths, the
correlation is not significant. Furthermore, the widths of individual spectral lines is
not sufficient to estimate the radial locations of the annuli from which the lines arise
due to the differential broadening effect described in Section 4.3. The limited utility
of HWHD measurements of spectral lines in the visible range is also pointed out in
Zhu, Espaillat, et al. (2009a), where the authors argue that much broader wavelength
ranges must be used. Zhu, Espaillat, et al. (2009a) find that lines around 5 𝜇m do
indeed have significantly narrower profiles than those in the visible.

4.11 Appendix: Attempts to fit the TiO Bandheads
We generally find some inconsistency between the predictions of the disk model
in the NIR and the data, particularly in its ability to match molecular features. In
Paper I, we show that our model is capable of reproducing the spectrophotometry
of V960 Mon in the NIR near the outburst peak. However, the model fails at later
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Figure 4.19: The Keplerian velocity at the luminosity weighted mean radius of each
wavelength bin in the outburst spectrum model. Spectral absorption features appear
as annuli with greater total flux at the slightly greater radii are needed to compensate
for the absorption.

epochs when the H2O H band features are significantly deeper. The difficulty in
matching molecular absorption consistently across our disk model begins near the
8600 Å region, where the model predicts multiple strong TiO bands should be
visible between I and Y band, but they do not appear in the data.

The problem with the red/NIR TiO bandheads in FU Ori objects is also mentioned
by Herbig et al. (2003) in their attempts to use a disk model to model the spectra of
FU Ori and V1057 Cyg. Their model uses only three stellar templates, chosen to
represent three different temperatures in the disk, but they find the same problem,
indicating that the issue does not arise from our choice of spectral model grid.
Herbig et al. (2003) find that in both objects, the model predicts a very strong TiO
8860 bandhead, though in FU Ori and V1057 Cyg (as in V960 Mon), only the
Paschen line at 8860 appears in the object spectra.

In our attempts to fit the TiO Bandhead at 8860 Å we find that the bandhead is
best-replicated by having a disk that truncates at 𝑅outer = 12 R⊙, which is very
compact, extending only to 6 𝑅inner. A comparison between the bandhead in the
data and the models with varying 𝑅outer values is shown in Figure 4.20. An active
disk component like that is too small because if it were truncated at such short
radii, would have an outermost temperature of 4500 K. With this as the outermost
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Figure 4.20: The TiO bandhead at 8860 in our models, the HIRES spectra, and the
model residuals, shown for all of the HIRES epochs and for three different models.
Left: Models computed assuming 𝑅outer = 12 R⊙. Notice the time (and therefore ¤𝑀)
dependence of the TiO bandhead is much stronger for this model. Center: Models
using 𝑅outer = 25 R⊙. Already, there is little change in the TiO bandhead with time,
and it clearly overpredicts the absorptions. Right: Models using 𝑅outer = 45 R⊙.
The TiO bandhead is essentially insensitive to ¤𝑀 in these models and continues to
overestimate the absorption we see.

(minimum) temperature of the active disk, no region of the active component would
be cool enough to produce any of the NIR molecular features.

4.12 Appendix: All Orders of the HIRES Spectra and Residuals
All of the HIRES spectral orders from our 7 observations, including those shown in
Figure 4.2.
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C h a p t e r 5

AN EXPANDING ACCRETION DISK AND A WARM DISK
WIND AS SEEN IN THE SPECTRAL EVOLUTION OF HBC 722

Carvalho, Adolfo S., Lynne Hillenbrand, Jerome Seebeck, and Kevin Covey (Aug.
2024). “An Expanding Accretion Disk and a Warm Disk Wind as Seen in the
Spectral Evolution of HBC 722.” In: ApJ 971.1, 44, p. 44. doi: 10.3847/1538-
4357/ad5286. arXiv: 2405.20251 [astro-ph.SR].

We present a comprehensive analysis of the post-outburst evolution of the FU
Ori object HBC 722 in optical/near-infrared (NIR) photometry and spectroscopy.
Using a modified viscous accretion disk model, we fit the outburst epoch SED to
determine the physical parameters of the disk, including ¤𝑀acc = 10−4.0 𝑀⊙ yr−1,
𝑅inner = 3.65 𝑅⊙, 𝑖 = 79◦, and a maximum disk temperature of 𝑇max = 5700 K.
We then use a decade of optical/NIR spectra to demonstrate a changing accretion
rate drives the visible-range photometric variation, while the NIR shows the outer
radius of the active accretion disk expands outward as the outburst progresses.
We also identify the major components of the disk system: a plane-parallel disk
atmosphere in Keplerian rotation and a 2-part warm disk wind that is collimated
near the star and wide-angle at larger radii. The wind is traced by classic wind lines,
and appears as a narrow, low-velocity, deep absorption component in several atomic
lines spanning the visible spectrum and in the CO 2.29𝜇m band. We compare
the wind lines to those computed from wind models for other FU Ori systems and
rapidly accreting young stellar disks and find a 4000-6000 K wind can explain the
observed line profiles. Fitting the progenitor spectrum, we find 𝑀∗ = 0.2 𝑀⊙ and
¤𝑀progenitor = 7.8 × 10−8 𝑀⊙ yr−1. Finally, we discuss HBC 722 relative to V960

Mon, another FU Ori object we have previously studied in detail.

5.1 Introduction
FU Ori-type sources are a class of Young Stellar Object (YSO) that have under-
gone extreme (Δ𝑉 ∼ 4 − 6 mag) outbursts attributed to rapid increases in their
circumstellar-to-star disk accretion rates. While ∼ 30 of these objects have been
identified since the eruption of FU Ori itself in 1936 (Herbig, 1966), the mechanisms
triggering and driving the outbursts remain elusive.

https://doi.org/10.3847/1538-4357/ad5286
https://doi.org/10.3847/1538-4357/ad5286
https://arxiv.org/abs/2405.20251
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The recent outbursts of the FU Ori objects HBC 722 (Semkov and Peneva, 2010)
and V960 Mon (Maehara et al., 2014) have provided unique opportunities to study
outbursts as they evolve, in unprecedented detail. These outbursts happened well
into the era of deep all-sky surveys, enabling multi-wavelength characterization that
was not possible for the “classic" FU Ori objects like FU Ori itself, V1057 Cyg, and
V1515 Cyg. Both outbursts were both promptly followed-up, with the outburst peaks
captured by several observatories with high precision photometry, intermediate res-
olution spectrophotometry, and high-resolution spectroscopy (Miller, Hillenbrand,
et al., 2011; Hillenbrand, Reipurth, et al., 2015).

In the years following these two outbursts, the targets were revisited by many of these
same facilities, enabling detailed study of the spectral evolution of the objects (e.g.
Lee, Park, et al., 2015; Park, Lee, et al., 2020; Carvalho, Hillenbrand, Hambsch,
et al., 2023; Carvalho, Hillenbrand, and Seebeck, 2023). Continued observations
of these targets by the American Association of Variable Star Observers (AAVSO)
and the ease of access to their publicly available data has also provided crucial
multi-band photometry to contextualize the spectroscopic observations.

Following a similar approach to the work in Carvalho, Hillenbrand, Hambsch, et al.
(2023) and Carvalho, Hillenbrand, and Seebeck (2023) for V960 Mon, here we use
several Keck/HIRES, IRTF/SpeX, and Palomar/TripleSpec spectra to supplement
the existing photometry of HBC 722 and better understand the many components in
the accretion/outflow system.

Our picture of the system near the outburst peak is shown in Figure 5.1, illustrating
the various absorption and emission components that we detect in the spectra of
the object. Our interpretation of the structure of the inner disk region is consistent
with past studies of FU Ori objects (Calvet, Hartmann, et al., 1993; Hartmann
and Kenyon, 1996; Zhu, Jiang, et al., 2020). The presence of each component
is identified empirically and is agnostic to the potential outburst trigger or active
instability in this system. In our data, we are able to clearly identify absorption from
a rotating, plane-parallel disk atmosphere, a high-velocity collimated disk wind, a
low-velocity disk wind with a wide opening angle, and emission from the winds. The
disk atmosphere is generally consistent with a modified viscously-heated accretion
disk (Shakura and Sunyaev, 1973; Kenyon, Hartmann, and Hewett, 1988; Rodriguez
and Hillenbrand, 2022), while the disk winds are similar to the Blandford and Payne
(1982, hereafter BP82) magnetocentrifugal wind model.

Over the course of this article, we will present our evidence for the existence of each
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Figure 5.1: A simplified diagram of the HBC 722 system near the outburst peak.
The color gradient represents the radial temperature profile in the disk atmosphere,
which is assumed plane-parallel and peaks at 𝑇max = 5700 K with 𝐿acc = 71 𝐿⊙.
The depicted height of the disk atmosphere above the midplane is representative of
the 𝜏 = 1 surface in the Zhu, Jiang, et al. (2020) simulation of the FU Ori system.
The midplane (in maroon) is marked for reference and given a height similar to
the average scale height in the Zhu, Jiang, et al. (2020) simulation. The outer,
passive disk represents that modeled in Section 5.3, which is reprocessing the bright
inner disk emission. The fast outflow lines represent a magnetocentrifugal wind
following the BP82 solutions, which appear consistent with what we observe in the
the wind-sensitive lines of the spectrum (Section 5.5).

of these components and how they varied as HBC 722 evolved through the 3 main
stages of its post-outburst lightcurve.

In Section 5.2, we describe the different datasets we used and the data reduction
steps for the spectra. We then explain, in Section 5.3, the SED fits with which we
predict the time-evolution of the outer boundary of the active region of the disk
and its atmosphere. In Section 5.4 we present our high resolution models of the
system. In Section 5.5 the wind components of the system are identified in the high
resolution spectra. We then provide an interpretation and summary of our analysis
in Section 5.6.

5.2 Data
To understand the parameters of the HBC 722 system both at outburst and as they
evolve in time, we combine several years of photometry, flux-calibrated medium-
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resolution spectra, and high resolution spectra. We mostly rely on previously
unpublished data, though we include some published data in our analysis. The
spectra sample the lightcurve well, especially in the 3 main epochs: the outburst
peak, the subsequent fade (which we refer to as the “dip"), and the second outburst
into the plateau phase. An observing log for the spectra is given in Table 5.1.

Photometry
We use photometry from Miller, Hillenbrand, et al. (2011), Semkov, Peneva, et al.
(2013), and Semkov, Ibryamov, et al. (2021), as shown in Figure 5.2.

To briefly summarize the photometric evolution of the system: HBC 722 began a
slow rise in 2009 (Δ𝑉/Δ𝑡 ∼ −1 mag yr−1), which culminated in a strong (Δ𝑉 ∼
−4 mag) outburst in late 2010. The outburst maximum brightness lasted only a few
days before the object began to fade. In the following months, the object faded at a
rate of Δ𝑉/Δ𝑡 ∼ 2 mag yr−1, reaching a post-outburst minimum brightness in May
2011 before steadily brightening again at a rate of Δ𝑉/Δ𝑡 ∼ −0.75 mag yr−1 until
late 2013. Since 2014, the system brightness has remained relatively constant, with
occasional |Δ𝑉 | ∼ 0.1 mag variations over several months.

Medium Resolution Spectrophotometry
We make use of several medium resolution flux-calibrated spectra to study the
photometric evolution of the spectrum simultaneously with the changing molecular
absorption.

Near the outburst epoch, the visible range medium resolution spectrum we use to
constrain the model is from September 16, 2010, taken using the Kast spectrograph
(Miller and Stone, 1993) on the Lick observatory 3 m Shane Telescope. The near-
infrared (NIR) medium resolution spectrum was taken on September 25, 2010, with
the TripleSpec spectrograph (Herter et al., 2008) on the Palomar 5 m Hale telescope.
Details of the data reduction for both spectra can be found in Miller, Hillenbrand,
et al. (2011). We use these spectra without further manipulation or reduction beyond
that described in Miller, Hillenbrand, et al. (2011).

For the “dip" and “plateau" epochs, NIR medium resolution spectra were taken
with the SpeX spectrograph (Rayner, Toomey, et al., 2003) on the 3 m NASA
Infrared Telescope Facility (IRTF) on June 26, 2011, and October 27, 2015. The
spectrum from 2015 has been previously published as part of the Connelley and
Reipurth (2018) survey of FU Ori objects and the data reduction is described there.
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Figure 5.2: The multiband lightcurve of HBC 722, illustrating the rapid rise during
outburst, brief post-outburst fade (“dip") and subsequent rise and “plateau." Filters
are as given in the legend; see text for details. Green and red triangles show ZTF
photometry shifted by 𝑔 − 0.9 and 𝑟 − 0.4 to overlap with the 𝑉 and 𝑅 photometry.
Square points in the 3.4 and 4.6 𝜇m bands mark the Spitzer/IRAC photometry from
Kóspál, Ábrahám, Acosta-Pulido, et al. (2016), distinguishing it from the WISE and
NEOWISE measurements. Left-pointing arrows indicate the progenitor photometry
taken prior to 2009 (Miller, Hillenbrand, et al., 2011). Epochs of our optical HIRES
spectra are shown as vertical black dashed lines, while epochs of infrared SpeX and
TripleSpec spectra are marked with short vertical magenta lines.
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The previously unpublished (2011) SpeX observations were obtained using the
cross-dispersed echelle gratings between 0.8 and 2.45 𝜇m, using the 0.5′′ wide slit.
Seeing was 0.5-0.7′′, with light to heavy cirrus. Spectral extraction, wavelength
calibration, telluric correction, and flux calibration were done using the Spextool
reduction package (Vacca et al., 2003; Cushing et al., 2004). Observations of the
A0V standard HD 205314 obtained immediately prior and at similar airmass were
used for telluric correction and spectral slope calibration. Contemporaneous 𝐾 band
photometry was used to correct for slit losses by fixing the flux level of the spectrum
at 2.2 𝜇m.

High Resolution spectra
Keck/HIRES

We obtained visible range high-dispersion spectra from the Keck Observatory’s
HIgh Resolution Echelle Spectrograph (HIRES; Vogt et al., 1994). The spectra
were taken in slightly different spectrograph settings over time, but broadly overlap
in their wavelength coverage. Table 5.1 gives the epochs, coverage, and resolution
for the spectra.

The spectra with 3600-7500 Å coverage were obtained upon request by the California
Planet Search collaboration and processed using their standard reduction scripts
(Howard et al., 2010); the first such spectrum was published previously by us in
Miller, Hillenbrand, et al., 2011. The spectrum for 14 November 2010 was obtained
from the Keck Observatory Archive (PI: G. Herbig) and was processed by their
automated pipeline, which uses the MAKEE pipeline reduction package written by
Tom Barlow1. All other spectra were processed with the 2008 version of MAKEE.

We normalize the spectra by fitting the continuum using a regularized Asymmetric
Least-Squares-based algorithm (Eilers and Boelens, 2005). The technique relies
on non-parameteric least-squares fitting with a regularization term to smoothly
reproduce major features in the data. The error function the algorithm aims to
minimize is 𝑆 = Σ𝑖𝑑

2
𝑖
+ 𝜆Σ𝑖 (Δ2𝑧𝑖)2, where 𝑑𝑖 is the residual between 𝑦𝑖, the input,

and 𝑧𝑖, the model. The Δ2𝑧𝑖 term is the second derivative of the model and ensures
the smoothness of the fit. The regularization parameter, 𝜆, enables us to tune the
smoothness of the continuum fits to avoid removing broad molecular absorption
features or blended atomic features (see Oller-Moreno et al., 2014, Section III.A for
a clear description of the algorithm).

1https://sites.astro.caltech.edu/~tb/makee/

https://sites.astro.caltech.edu/~tb/makee/
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The technique is also more robust to the edges of the spectrum than polynomial
fitting. Orders with emission lines (e.g., H𝛼, weak forbidden emission lines, and
the Ca II Infrared Triplet) need special treatment. We mask emission lines in the
spectrum and use the linear interpolation from the redward continuum point to the
blueward continuum point on either side of the lines as the continuum under those
lines. The normalized spectra are shown in Section 5.4.

We measure a heliocentric system velocity of −10.0 km s−1 for the system by
centering the disk profiles of isolated disk lines (e.g., Ca I 6439, Ca I 6449, and Li
I 6707).

Keck/NIRSPEC

We obtained a NIR spectrum spanning 1.0-2.5 𝜇m on 30 October 2023 using the
Keck Observatory Near InfraRed SPECtrograph (NIRSPEC, McLean et al., 1998;
Martin et al., 2018; López et al., 2020). The spectrum was taken in good weather
and seeing, yielding a signal-to-noise ratio of ∼ 300. Four sets of spectrograph
settings were required to cover the wavelength range, one for each of Y, J, H and
K bands (the coverage and resolution are given in Table 5.1). We acquired the
spectra in ABBA nod pairs to facilitate efficient background subtraction, nodding
the telescope ∼ 6′′ along the slit between integrations. The exposure times differed
in each band due to the target SED and the different filter throughput values. The
exposure numbers and times for each band were as follows: 8×30 s (𝑌 ), 8×30 s (𝐽),
4×60 s (𝐻), 8×10 s (𝐾).

We reduced the spectrum using the newly developed NIRSPEC pipeline (Carvalho,
Doppmann, et al., 2024) in the PypeIt package (Prochaska et al., 2020). The
pipeline uses the lamp flats to identify the edges of the orders of the spectra, which
it then traces to construct slit masks. The slits are then extracted and rectified. We
use Ar, Xe, Kr, Ne arc lamp spectra to wavelength-calibrate the spectra. PypeIt
fits the emission lines with Gaussian profiles to identify their centroids in pixel
space. We then manually identify the emission lines using the references produced
by Greg Doppmann and published on the NIRSPEC instrumentation webpage2. The
A/B nod pairs are then subtracted from one another and the target traces extracted
using an optical extraction algorithm. The A0V telluric standards and the lamp flats
are then used to estimate the sensitivity and blaze functions prior to coadding the
individual spectra.

2https://www2.keck.hawaii.edu/inst/nirspec/cals.html

https://www2.keck.hawaii.edu/inst/nirspec/cals.html


106

We telluric corrected the spectra by first continuum normalizing the telluric standard
spectrum and fitting an A0V PHOENIX (Husser et al., 2013) stellar model spectrum
to it. We then continuum normalize the target spectrum and divide it by the telluric
spectrum. The continuum normalization was done using the same procedure we
used for the HIRES spectra.

Gemini/IGRINS

We also use a spectrum from the Immersion GRating INfrared Spectrograph (IGRINS,
Park, Jaffe, et al., 2014) to study the observed NIR variability at high resolution.
The spectrum was taken on November 20, 2014 when IGRINS was installed on
the Harlan J. Smith Telescope at the McDonald Observatory and was previously
published by Lee, Park, et al. (2015). The spectrum was reduced using the IGRINS
Pipeline Package (Lee, Gullikson, et al., 2017) and is available on the Raw and Re-
duced IGRINS Spectral Archive3. We continuum normalize the IGRINS spectrum
using the same procedure as we used for the HIRES and NIRSPEC spectra.

5.3 SED Fits
We adopt a viscous accretion disk model that follows the Shakura and Sunyaev
(1973) temperature profile,

𝑇eff (𝑟)4 =
3𝐺𝑀∗ ¤𝑀acc

8𝜋𝜎𝑆𝐵𝑟3

[
1 −

√︂
𝑅inner

𝑟

]
, (5.1)

where 𝑅inner is the innermost radius of the disk, 𝑀∗ is the stellar mass, ¤𝑀acc is the
mass accretion rate (hereafter we will simply use ¤𝑀 for the disk-to-star accretion
rate during the FU Ori outburst), 𝜎𝑆𝐵 is the Stefan-Boltzmann constant, and 𝐺 is
the gravitational constant. Following Kenyon, Hartmann, and Hewett (1988), we
set 𝑇eff (𝑟 < 49

36𝑅inner) = 𝑇eff ( 49
36𝑅inner) = 𝑇max. Kinematically, the gas is assumed to

be in Keplerian orbit around the star and thus follows the velocity profile: 𝑣Kep(𝑟) =√︁
𝐺𝑀∗/𝑟. Our model is described in detail in Carvalho, Hillenbrand, Hambsch,

et al. (2023).

We fit the model to our spectrophotometry of HBC 722 to constrain the physical
parameters of the disk and how they evolve post-outburst. We first fit the outburst
epoch, allowing several system parameters to vary. We then fix most of the param-
eters to their outburst epoch best-fit values and demonstrate that the post-outburst

3https://igrinscontact.github.io

https://igrinscontact.github.io
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Table 5.1: Spectroscopic Observations Log

Date Instrument Band (𝜇m) 𝜆/Δ𝜆
2010-09-25 Keck/HIRES 0.36 − 0.79 30,000
2010-11-14 ” 0.43 − 0.86 ”
2010-12-13 ” 0.43 − 0.86 ”
2011-05-20 ” 0.36 − 0.79 ”
2011-12-10 ” 0.47 − 0.92 ”
2012-01-06 ” 0.44 − 0.86 ”
2013-12-27 ” 0.47 − 0.92 ”
2015-06-02 ” 0.47 − 0.92 ”
2015-07-24 ” 0.47 − 0.92 ”
2015-10-27 ” 0.47 − 0.92 ”
2016-05-20 ” 0.47 − 0.92 ”
2016-06-15 ” 0.47 − 0.92 ”
2016-12-22 ” 0.47 − 0.92 ”
2018-11-03 ” 0.47 − 0.92 ”
2019-11-29 ” 0.47 − 0.92 ”
2021-08-07 ” 0.36 − 0.79 ”
2010-09-16 Lick/Kast 0.35 − 1.00 6000
2010-09-23 Palomar/TripleSpec 0.90 − 2.50 2700
2011-06-26 IRTF/SpeX 0.80 − 2.50 2000
2015-10-27 ” 0.70 − 5.00 ”
2014-11-20 Gemini/IGRINS 1.40 − 2.50 45,000
2023-10-30 Keck/NIRSPEC 1.00 − 2.50 15,000

evolution can be modeled by changing just ¤𝑀 and 𝑅outer. We detail these two main
modeling stages below.

Fitting the Outburst Epoch SED
We constrain the HBC 722 system outburst epoch parameters by fitting an SED
constructed from 2 medium-resolution spectra taken at the peak of the outburst
and spanning 0.4-2.5 𝜇m: the 16 September 2010 Lick/Kast spectrum and the 23
September 2010 Palomar/TripleSpec spectrum (Miller, Hillenbrand, et al., 2011).
Since our focus in the SED fit is to match the continuum and broad molecular
emission in the target, we resample the spectra to a grid with 𝜆/Δ𝜆 = 100. This also
accelerates the model construction (and therefore fitting) significantly.

Our SED fitting technique follows a similar procedure to that outlined in Carvalho,
Hillenbrand, Hambsch, et al. (2023), combining information from existing literature
and the high resolution spectra to constrain an MCMC (emcee, Foreman-Mackey
et al., 2013) fit. The parameters we will need to compute our models are: 𝑀∗,
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¤𝑀 , 𝑅inner, 𝐴𝑉 , 𝑅outer, 𝑑 (the distance to the target), and 𝑖 (the disk inclination).
We will also demonstrate in Section 5.3 that we will need to also vary 𝑇min, the
coolest temperature atmosphere model used in the accretion disk model, where for
𝑇 (𝑟) < 𝑇min, 𝐹𝜆 (𝑟) = 𝐵𝜆 (𝑇 (𝑟)). For the fits described below, we fix 𝑇min = 2400 K.

The existence of pre-outburst observations of the target (Fang, Hillenbrand, et al.,
2020; Miller, Hillenbrand, et al., 2011) enables us to use the progenitor 𝑀∗ and
𝑅∗ to guide our modeling of the post-outburst state. The pre-outburst visible range
spectrum indicates the progenitor had a 𝑇eff = 3100 K, while the pre-outburst SED
(Miller, Hillenbrand, et al., 2011) indicates an 𝑅∗ = 2.8 𝑅⊙, corresponding to
𝑀∗ = 0.2 𝑀⊙ in the 105 yr PARSEC (Nguyen et al., 2022) isochrone (see Appendix
5.9 and Fang, Hillenbrand, et al., 2020). We therefore fix 𝑀∗ = 0.2 𝑀⊙ for our
disk model. We can then restrict the 𝑅inner ≥ 𝑅∗ = 2.8 𝑅⊙. We also adopt the
Gaia-derived 745 pc as the distance to the target (Kuhn and Hillenbrand, 2020).

The 25 Sept 2010 HIRES spectrum shows clear disk-like absorption line profiles
that are consistent with a maximum disk velocity, 𝑣max ∼ 90 km s−1 (see samples
from the spectra in Section 5.4 and Section 5.4). The line profiles are distinctly
non-Gaussian and are characterized by having flat “cores" and are well-matched
by Keplerian rotation profiles. We use this to impose a prior on the 𝑅inner and
inclination (𝑖) in the MCMC fit by requiring that 𝑣max should be drawn from a
Gaussian distrubution centered at 90 km s−1 with an uncertainty of 10 km s−1.

Since we have 𝑑 = 745 pc and 𝑀∗ = 0.2 𝑀⊙, we only need to fit ¤𝑀 , 𝑅inner, 𝑖,
and 𝐴𝑉 . The very weak K band emission in this epoch implies an "active" region
much smaller than the 𝑅outer ∼ 100 𝑅⊙ typically assumed for FU Ori objects (e.g.,
Rodriguez and Hillenbrand, 2022). For this epoch we fix 𝑅outer = 25 𝑅⊙, which

matches the data well (and larger values overestimate the 𝐾 band continuum flux).
We discuss the 𝑅outer value for this and other epochs of HBC 722 spectra in Section
5.3.

The corner (Foreman-Mackey, 2016) plot with the results of the fit is shown in
Figure 5.3. The posterior distributions are well-behaved, with good agreement
between the modal and median values for each of the 4 parameters, so we take as
our best-fit model parameters: ¤𝑀 = 10−4.0 𝑀⊙ yr−1, 𝑅inner = 3.65 𝑅⊙, 𝑖 = 79◦, and
𝐴𝑉 = 2.3 mag. The best-fit 𝐴𝑉 = 2.3 mag is slightly smaller than our estimated
𝐴𝑉 = 2.5 mag to the progenitor, but is still formally consistent with the value. The
best-fit model is shown in Figure 5.4 as the outburst epoch model. The 𝑅inner and
𝑖 values are reflected in Figure 5.1, while the ¤𝑀 sets the maximum temperature
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Figure 5.3: The corner plot for the MCMC fit of the outburst epoch SED showing
the posterior distributions for the ¤𝑀 , 𝑅inner, 𝑖, and 𝐴𝑉 model parameters. The median
(mode) parameter values in the posterior distributions are marked by the red (blue)
horizontal and vertical lines.

represented by the rainbow colorscale in the Figure.

Determining the Evolution of Disk Parameters
Following the procedure described in Section 5.3, we are able to successfully fit the
outburst epoch Lick/Shane + Palomar/TripleSpec spectrophotometry well. We then
sought to fit the other two NIR (IRTF/SpeX) spectra to better understand the system
evolution in the dip (26 Jun 2011) and the plateau (27 Oct 2015).

We find that the color-magnitude evolution of the target as it faded into the dip
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and brightened into the plateau is inconsistent with the model for the post-outburst
fade of V960 Mon presented in Carvalho, Hillenbrand, Hambsch, et al. (2023),
in which 𝑅inner ∝ ¤𝑀−2/7 and 𝑇max ∝ ¤𝑀13/28. Therefore, we do not assume the
same behavior for this system and instead choose to fix 𝑅inner in our models. The
relatively constant-color evolution favors a fixed 𝐴𝑉 mag over time, so we also fix
that parameter. For these two fixed parameters, we adopt the best-fit values from
Section 5.3: 𝑅inner = 3.65 𝑅⊙ and 𝐴𝑉 = 2.3 mag. Of the parameters that we varied
in the MCMC fit described in Section 5.3, we only varied ¤𝑀 to match the other
two NIR spectrophotometric epochs. For the outburst epoch, we use the best-fit
parameters described above, including ¤𝑀 = 10−4.0 𝑀⊙ yr−1. For the dip, we find
that ¤𝑀 = 10−4.4 𝑀⊙ yr−1 best-matches the spectrum, whereas in the plateau we find
a value of ¤𝑀 = 10−3.9 𝑀⊙ yr−1.

Since the NIR data show a rapid increase in the strength of the 𝐻2𝑂 absorption
features between 1.3-1.4 𝜇m and 1.8-1.9 𝜇m, we found it necessary to also increase
𝑅outer and decrease𝑇min for the 2011 (dip) and 2015 (plateau) epochs. This is further
corroborated by the steady brightening of the 3-5 𝜇m continuum flux (see Figure
5.2), especially after HBC 722 recovered from the dip. The brightening 3-5 𝜇m
continuum indicates that an increasing area of the disk is hotter than predicted by the
passive disk model and is better matched by the viscously heated disk component.

The 𝑇min for the outburst epoch is 2400 K, whereas matching the dip epoch requires
a minimum of 1500 K and matching the plateau spectrum requires a minimum of
1100 K. We also find that between the outburst and the dip the 𝑅outer = 25 𝑅⊙ grows
to 𝑅outer = 35 𝑅⊙, but then must increase by another 65 𝑅⊙ to match the plateau
epoch spectrum. The implied outward motion of the outer boundary of the active
region of the disk is 65 𝑅⊙ over the course of 1950 days. This translates to an
outward velocity of 0.27 km s−1.

The models are shown in Figure 5.4. The ¤𝑀 progression described above enables
us to match the overall flux level and 𝐼 to 𝐽 band slope well, while the 𝑅outer and
𝑇min progression produce an excellent match to the molecular absorption in 𝐽 and 𝐻
band and a good fit to the 𝐾 band continuum. The larger 𝑅outer values in the 2011
and 2015 epochs are critical to producing the appropriate continuum shape in 𝐻 and
𝐾 bands.

We also model the contribution of a passive disk for the 2010 (peak) and 2011 (dip)
epochs to better match the WISE and Spitzer photometry at 3 − 5 𝜇m. The model
we adopt is that of a passive disk irradiated by the inner actively accreting region
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Figure 5.4: The 3 epochs of NIR spectra that trace the major parts of the lightcurve –
the outburst peak (purple), the dip (blue), and the plateau (green). From outburst to
the dip to the plateau, the evolution of the spectra is consistent with a general increase
in 𝑅outer and a decrease in the minimum 𝑇eff of the model grid used to generate the
disk model spectrum. Right panel includes extended wavelength coverage, and in
order to match the photometry, a model for the passive disk in the outburst and dip
epochs. For the plateau epoch, the active disk is large enough that a passive disk
component is not necessary to model the spectrum in the 3 − 5 𝜇m range.

of the disk, as described in Carvalho, Hillenbrand, Hambsch, et al. (2023). We
use three 𝑇eff components in the model for the incident radiation, based on 𝑇max,
𝑇 (1.5 𝑅inner) and 𝑇 (2.0 𝑅inner) of the disk in each epoch. We assume a mildly

flaring disk, with ℎ
𝑟
= 0.2

(
𝑟
𝑟𝑖

)1.0
, where ℎ is the height of the disk atmosphere, 𝑟

is the radial coordinate, and 𝑟𝑖 is the inner radius of the passive disk. The flaring
index of 1.0 is similar to that found for the outer disk of the other outbursting YSOs
(Cieza, Ruíz-Rodríguez, et al., 2018). For both epochs, we set 𝑟𝑖 = 𝑅outer, so that
the passive disk begins where the active disk ends (see Figure 5.1 for an illustration
of this in the outburst epoch).

For the 2015 (plateau) epoch, the 3 − 5 𝜇m spectrum is well-fit by the active disk
model alone, indicating that the active region of the disk dominates the flux at those
bands, and that the passive component may be detected only in longer wavelength
observations. The models including the passive disk components are shown in the
right panel of Figure 5.4.

5.4 The Disk Model in High Resolution Spectra
The HIRES and NIRSPEC spectra enable us to test the simple thin-disk viscous
accretion disk model across a broad range of spectrum, with nearly continuous
coverage from 0.4-2.5 𝜇m. The broad wavelength range allows us to probe emission
presumed to arise from a large fraction of the active region of the disk, from 𝑟 ∼ 𝑅inner

to 𝑟 ∼ 10 𝑅inner = 36 𝑅⊙ (see Figure 8.24). In this section, we demonstrate the
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strong agreement between our disk model and the data for the HIRES and NIRSPEC
spectra, which we interpret as evidence of the presence of the disk atmosphere
depicted in Figure 5.1.

The Accurately-predicted Visible Range Spectra
Using the system parameters derived from the SED fits, we predict high resolution
spectra corresponding to the three epochs for which we modeled the medium-
resolution spectrophotometry. We compare these predicted models to the three
HIRES spectra that were taken nearly coincident with the medium-resolution spectra.
The HIRES epochs we select are: 25 Sept 2010 (outburst), 20 May 2011 (dip), and 27
Oct 2015 (plateau). The high resolution spectra show significant evolution between
the outburst, dip, and plateau stages. While we find that our models of the outburst
epoch and the plateau epoch match the HIRES spectra well, the dip epoch is not
very well-fit by the disk model, with the observations showing additional structure
distinct from the line profiles predicted by the pure-disk model. The disk models
and several of the HIRES spectral orders for the three epochs are shown in Figure
5.5.

The outburst epoch HIRES spectrum agrees with the 𝑇max = 5700 K best-fit model
for the outburst SED, especially toward the redder orders. The bluer orders, espe-
cially blueward of 4500 Å, are dominated by wind absorption that is not included in
our model so the fits are worse there than in the red.

During the dip, the HIRES spectrum no longer looks like a disk spectrum. This
seems surprising given the similarity between the dip epoch model and the 26 Jun
2011 SpeX spectrum. The inconsistency between the optical and near-infrared
spectra may indicate that although the temperature profile still follows 𝑇 (𝑟) ∝ 𝑟−3/4,
the disk atmosphere may no longer be rotating as a Keplerian disk would be. We
discuss this possibility further in Section 5.6.

The plateau HIRES spectrum is also well-matched by the 𝑇max = 6000 K plateau
SED model. The absorption lines in the spectrum have also recovered their disk
profiles, indicating the disk atmosphere has recovered its Keplerian velocity profile.

As was observed in the Carvalho, Hillenbrand, and Seebeck (2023) models of V960
Mon, the TiO bandhead at 8860 Å is predicted to be quite strong in all of our
models but is totally absent in the data. This mismatch between the modeled and
observed spectra of FU Ori objects was noted in Herbig et al. (2003) and Petrov
and Herbig (2008) as a flaw with accretion disk models of these objects. Zhu,
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Figure 5.5: Selected orders from the HIRES spectra corresponding to the 3 SpeX
epochs shown in Figure 5.4. Notice the strong agreement with the disk model
spectrum that was derived to fit the lower resolution infrared spectrum, across a
large range of visible wavelengths that include many atomic species. The most
discrepant lines (e.g., Fe II 5018) trace wind absorption and are discussed in Section
5.5 while others (e.g., Li I 6707) exhibit a narrow blue-shifted absorption that grows
over time and are discussed in Section 5.5
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Espaillat, et al. (2009b) demonstrated that the excessively deep TiO absorption
can be revolved by lowering the assumed 𝑇max in the model so that the flatter part
of the temperature distribution constributes relatively more in the visible range.
The excess TiO absorption in our model of HBC 722 is surprising because the
target is much cooler than V960 Mon, and, following the logic of Zhu, Espaillat,
et al. (2009b), would not have such strong predicted TiO. This consistent TiO
overprediction highlights a need to better understand the location in the disk where
these features are formed to explain how the conditions differ from those assumed
in our model.

The Accurately-predicted NIR Spectra
The disk model also predicts the line profiles in the 30 Oct 2023 NIRSPEC spectrum,
which spans 1.0-2.5 𝜇m. Though the spectrum was taken later than the plateau
HIRES and SpeX epochs, the line profiles in the 1.0-2.5 𝜇m wavelength range are
relatively insensitive to the small difference in accretion rate between the two epochs.

Representative orders of the NIRSPEC spectrum are shown in Figure 5.6. For most
of the atomic and molecular features across the entire NIRSPEC range, the disk
model matches the data very closely. Major exceptions to this are wind-sensitive
features (e.g. He I 10830 and the H absorption lines, Dupree et al., 2005). or low
excitation potential (EP) lines tracing a disk wind (e.g., Ti I 10396 Å and Fe I 11879
Å, see Section 5.5). The excess absorption in Sr II 10326 relative to the disk model
is an indicator of the very low gravity in the disk (Rayner, Cushing, et al., 2009) and
a result of the strong departure in the line from the local thermodynamic equilibrium
(LTE) assumptions in the model spectra (Korotin et al., 2020).

The lines that trace the disk absorption in the NIR tend to have higher EP than the
disk tracing lines in the visible range (typically > 2 eV). It is notable that across the
entire NIR range shown in Figure 5.6, the line profiles are matched in both depth
and width by our disk model. This, combined with the good model-data agreement
in HIRES, indicates that the plane-parallel disk atmosphere with Keplerian rotation
is present in the system for the entire region of the disk that is probed by the 0.4-2.5
𝜇m continuum.

The wind features in the NIR do not show the same dramatic high-velocity absorption
we see in the HIRES spectra (discussed in Section 5.5). The absorption in both Pa𝛽
and Br𝛾 are similar to the most recent plateau HIRES spectra, as might be expected.
Both lines show blue-shifted absorption out to −200 km s−1, consistent with the
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absorption velocities seen in the later H𝛽 profiles, which indicates they are tracing
the same massive wind (see Sections 5.6 and 5.6). The He I 10830 Å line shows
a symmetric disk profile, indicating the line is tracing mostly the disk atmosphere
and potentially the launching point of the rotating wind.

The CO absorption in the NIR spectra is particularly illuminating. Although the
modeled CO (Δ𝜈 = 3) bands are consistent with those observed in the NIRSPEC
spectrum (see the analysis in Section 5.5), there is a significant discrepancy between
the modeled CO (Δ𝜈 = 2) bands and the data, where the observed CO (Δ𝜈 = 2)
bands show deep, narrow, blue-shifted absorption that is not predicted by the model.
We attribute this absorption to a low-velocity disk wind, that is increasing in density
over time. We show the CO (2-0) and (3-1) bands and contrast them to the disk
model in Section 5.5 and we discuss their connection to the disk wind in Section
5.6.

Cross Correlation Analysis of the HIRES Spectra
To highlight the profile evolution of atomic lines in the HIRES spectra, we computed
the cross-correlation function (CCF) between different spectral orders and a 𝑇eff =

4500 K, log𝑔 = 1.5 PHOENIX model stellar spectrum4. We chose 3 orders that
appear in almost all HIRES epochs and represent a large fraction of the HIRES
wavelength coverage: 5040-5130 Å, 6666-6783 Å, and 7060-7170 Å. The CCFs,
shown in Figure 5.7, have clear disk line profiles in the outburst and plateau epochs.
During the dip, as mentioned above, the profiles differ from disk absorption profiles
and take on a more centrally absorbed structure.

As has been observed for many of the classical FU Ori objects (Herbig et al., 2003),
there is little wavelength-dependence in the width of the line profiles across the
visible range. This may in part be due to the phenomenon described in Carvalho,
Hillenbrand, and Seebeck (2023, see also Figure 8.24) whereby atomic lines that
probe different temperature components do not simply follow the expected contin-
uum wavelength dependence. There are several lines in the redder visible orders
(e.g., Ca II 8927 Å) that probe hotter regions of the disk than some of the lines in the
bluer orders (e.g., Fe I 5328 Å).

Our detailed disk modeling, in addition to previous work (Welty, Strom, Edwards, et
al., 1992; Zhu, Espaillat, et al., 2009b), has shown that the rotational broadening of

4𝑇eff = 4500 K is representative of the expected region in the disk from which the 5000-8000
Å continuum arises (see Figure 8.24). The log𝑔 = 1.5 is similarly a typical expected gravity in this
region.
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Figure 5.6: Selected orders from the NIRSPEC spectrum (in black), spanning 1.0-
2.2 𝜇m. Grey vertical lines mark locations of strong telluric absorption. The plateau
epoch model is shown in green. The lines tracing the wind outflow, such as Pa𝛽
and Br𝛾, as well as several disk atmosphere lines including Ti I, Mg I, and Fe I, are
marked with cyan vertical lines.



117

−200 −100 0 100 200

Velocity [km s−1]

0

2

4

6

8

10

N
or

m
al

iz
ed

C
C

F
+

off
se

t

5040-5130 Å
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Figure 5.7: CCFs computed for 3 HIRES orders that are covered in 15/16 HIRES
epochs, showing the evolution of the disk absorption over time. The purple profile
indicates the 25 Sept 2010 outburst epoch, the blue profiles are those spanning the
dip (Dec 2010 - Jan 2013) and the green profiles show the epochs in the plateau
(2013-2022). The dotted grey lines show the approximate velocities of the peak
absorption (±55 km s−1), whereas the solid grey line marks the −10 km s−1 at which
we see a narrow absorption feature growing over time (see Section 5.5). For most of
the epochs and across the HIRES wavelength range, the line profiles are a consistent
width, indicating an unchanging 𝑣max over time.

atomic lines in the optical wavelength range has a very weak wavelength dependence
and that NIR observations are necessary to observe the phenomenon.

In the outburst and plateau epochs, the line profiles remain strongly disk-like and
have peaks at ±55 km s−1. At later times in the plateau, we begin see a strong,
narrow, blue-shifted absorption component that grows in strength against the disk
absorption, which we discuss in Section 5.5. The centrally absorbed lines seen in the
13 Dec 2010 and 20 May 2011 CCFs are indicative of a departure from Keplerian
rotation in these epochs and potentially increased turbulence in the disk atmosphere
(see Section 5.6).

5.5 Lines with Excess Absorption or Emission Relative to the Disk Model
As in V960 Mon, the high resolution spectra of HBC 722 contain several lines that
show absorption in excess of that predicted by the disk model. In this section we
highlight several of these lines and describe their time-evolution.

We divide the lines into 2 main groups: the wind-tracing lines, many of which show
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P-Cygni-like profiles and show both high- and low-velocity blue-shifted excess
absorption, in addition to some emission, and a series of atomic lines with low-
velocity and narrow blue-shifted absorption. We then also identify the molecular
absorption that appears suddenly in the 2021 HIRES spectrum and the similar
narrow CO absorption in the NIR spectra.

The Variable Profiles of Wind-tracing Lines
The lines typically known to trace outflows, H𝛽, H𝛼, Fe II 5018 Å, Mg I 5183 Å, the
Na I D doublet, and the Ca II H & K and Infrared Triplet (IRT) all show significant
post-outburst evolution. Although in other YSO disk systems these features are also
known to trace accretion, in FU Ori objects they are only known to trace outflows
(Lima et al., 2010). We consider the line profiles of HBC 722 within the three
main stages of post-outburst evolution discussed above: outburst (the 25 Sept 2010
epoch), dip (13 Dec 2010 - 06 Jan 2012), and plateau (27 Dec 2013 - 07 Aug 2021).

The outburst line profiles are generally similar to the plateau profiles, so we will
discuss them together, though there remain some subtle differences between them
that we will address. The spectrum of HBC 722 during the dip differs strongly from
the outburst and plateau epochs, so we will address the line profile behavior during
the dip separately. We will also then highlight the persistant low-velocity absorption
present in all of the wind-tracing lines and the emission component of the H𝛼 and
Ca II IRT lines.

Regarding the Ca II lines, there are two important notes. First, in FU Ori objects,
the strong blue-shifted wind absorption in the H𝜖 line at 3970 Å blends into the red
side of the Ca II H line profile. For our discussion we will focus on the Ca II K line
since it is isolated. Second, of the lines in the Ca II IRT, we will focus on 8498 Å,
because it is the only one covered in almost all of the HIRES spectra.

The Outburst and Plateau Profiles

As mentioned above, all of the wind line profiles look remarkably similar between
the outburst epoch the plateau epochs. The lines all have multi-component blue-
shifted absorption profiles and, in general, the red-shifted absorption is contained
within the velocity range of the disk profile (see the absorption in the H𝛼 line
in Figure 5.8 compared with the disk profile CCFs in Figure 5.7), indicating the
absorbing material is moving slower than the 𝑣max of the disk model. We detail
below the components of each of the wind lines and how they evolve during the
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Figure 5.8: H𝛽 (upper row) and H𝛼 (lower row) lines in the HBC 722 HIRES
spectra. The H𝛽 line is not covered in the outburst epoch, so only the dip (left panel)
and plateau (right panel) epochs are shown. The outburst H𝛼 profile is shown in the
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all consistently trace a massive outflow with 𝑣 = −10 to −30 km s−1.
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Figure 5.9: The evolution Na I D 5889 line in the HIRES spectra shown for the 3
main stages of the lightcurve: the outburst (left), the dip (center), and the plateau
(right). Notice the line profile during the outburst epoch looks very similar to the
profiles during the plateau. However, during the dip, the profiles are dominated by
wind absorption and show almost no disk broadening in the red wing.
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outburst and plateau epochs. The evolution of the profiles during the dip epochs is
discussed in Section 5.5.

The H𝛼 profiles are the most variable and complex of the wind lines, as can be
seen in Figure 5.8. The blue-shifted H𝛼 absorption has two primary components in
the outburst epoch: one at high velocity, absorbing from −150 km s−1 to −300 km
s−1 and one at lower velocity, absorbing from 0 km s−1 to −100 km s−1. The high
velocity component is not apparent in the plateau profiles, though in the profiles
prior to 2016 there is a weak intermediate velocity absorption component ranging
from −100 km s−1 to −250 km s−1, which disappears after 2016. The low-velocity
component persists almost unchanged and is especially deep, with a maximum
absorption depth of 0.75 at −30 km s−1 that deepens during the plateau to almost
0.9 and slows to −15 km s−1.

The spectrograph settings in the outburst epoch did not cover H𝛽; during the plateau,
however, the line profiles show only the slow wind component at −15 km s−1 that
is persistent in H𝛼. With an absorption depth of 0.95, the slow component in H𝛽 is
even deeper than in H𝛼.

The Na I D lines (shown in Figure 5.9) also primarily trace this deep, slow absorption,
and are almost totally absorbed from 0 km s−1 out to −30 km s−1. At outburst, the
Na I D lines have a higher velocity component from −100 km s−1 to −200 km
s−1. In the plateau spectra, the faster component has disappeared and only the slow
component remains. On the red side of the line, both outburst and plateau spectra
show a disk-like absorption profile, though the absorption is around 2× deeper in
the plateau than at outburst.

The Fe II 5018, Mg I 5183, and K I 7899 (Figure 5.10) lines evolve similarly in
our spectra. All three lines have a relatively unchanging −15 km s−1 absorption
component with an absorption depth of 0.8. The Fe II and K I lines lack the
𝑣 < −100 km s−1 absorption present in the Mg II line at outburst (though it is also
not in the Mg II plateau profiles). The red wing of the lines has a disk-like profile in
both epochs, though its "boxiness" is more pronounced in the outburst epoch. The
most dramatic change in both line profiles is the emergence of the narrow Ti I and
Fe I absorption, which appears only after the dip and grows dramatically over time
in the plateau stage. This absorption is discussed in more detail in Section 5.5.

The Ca II K line absorption (shown in Figure 5.11) is totally saturated in the outburst
and plateau epochs. The profile is absorbed to ∼ 0 from 0 to −60 km s−1 at outburst
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and from 0 to −40 km s−1 in the plateau. It is difficult to determine whether the
line has any high velocity absorption at outburst due to blending with several lines
to the blue of Ca II K. The Ca II IRT (also in Figure 5.11) does not appear in the
outburst spectrum, but we can discuss the line profiles in the plateau epochs. The
lines show relatively little evolution during the plateau and their low-velocity, deep
absorption is similar to that of the Fe II 5018 and Mg I 5183 lines. The blue-shifted
absorption reaches a maximum depth of 0.8. The core of the absorption is at −15
km s−1 and the blue wing of the low-velocity component ends at −80 km s−1. There
is some hint of a higher velocity component from −80 km s−1 to −150 km s−1 in
some epochs but not all.

The Dip Profiles

The wind absorption profiles during the dip show several features that do not appear
in the outburst or plateau wind line profiles. The first notable difference is that all
of the wind lines show a strong high-velocity absorption component with maximum
velocities of −200 km s−1 (in H𝛽, Fe II 5018, Na I D, Mg I 5183 and the Ca II IRT)
up to −400 km s−1 (in H𝛼). The second is that the red-shifted disk absorption only
appears in Mg I 5183.

Beginning again with the H𝛼 line profiles, we see the high velocity blue-shifted
absorption extending out to −400 km s−1. The wind is absorbing against the blue
wing of the H𝛼 emission, which can be seen centered at −80 km s−1. Taking into
consideration the blue emission wing of the line, it becomes clear that the high
velocity wind component blends into the low-velocity component. The low velocity
component has weakened to a depth of 0.7 and slowed to a velocity of −20 km s−1.

The high velocity absorption in the H𝛽 line appears to extend to similarly high
velocities but there is a Fe I feature at 4854 Å that may be responsible for the
absorption blueward of −300 km s−1. However, there is certainly absorption from
−200 km s−1 to −300 km s−1 that is not present in the plateau epochs. As in the
outburst and plateau spectra, the H𝛽 absorption during the dip is deeper than the
H𝛼 absorption.

The distinction between the high velocity component and low velocity component
is more clear in the Na I D lines, which show a clear “kink" at −80 km s−1. The
Na I D high velocity component only extends to −200 km s−1. The low velocity
component is consistent with that seen in the other wind lines and remains as strong
as in the outburst and plateau epochs.
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Figure 5.10: The evolution Fe II 5018 (upper row) and Mg I 5183 (middle row) and
K I 7699 (lower row) lines in the HIRES spectra shown for the 3 main stages of the
lightcurve: the outburst (left), the dip (center), and the plateau (right). Notice the
line profiles during the outburst epoch look very similar to the profiles during the
plateau. However, during the dip, the profiles are dominated by wind absorption and
show almost no disk broadening in the red wing. The narrow, blue-shifted absorption
traced by several Ti I lines (see Section 5.5) can be seen growing stronger in the
plateau epochs of the Fe II 5018 profiles and their rest-wavelengths are marked with
grey vertical lines. The epochs of the Fe II 5018 line are the same as the Mg I 5183
line, so we only print them once. In the K I panels, the narrow absorption at −80,
−130, −350, and −400 km s−1 is due to telluric features and should be disregarded.
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Figure 5.11: Ca II lines in the HBC 722 HIRES spectra. The upper row shows the
Ca II K line at 3933 Å for the spectra that cover it, including the outburst epoch
(left), dip epoch (center), and the most recent plateau spectrum (right). The outburst
epoch spectrum did not cover the Ca II IRT 8498 Å line so we only show the dip
(left) and plateau epochs (right) that do cover it. Both sets of lines show similar
profile behavior, particularly in the red-shifted emission. The wind absorption in
the Ca II K line is much stronger than in the Ca II IRT. The blue-shifted absorption
in the Ca II K profiles blends into two Fe I features at −450 km s−1 and −275 km
s−1 (3927.919 Å and 3930.296 Å, respectively).

In the Fe II 5018 and Mg I 5183 lines, the high velocity component also extends
to −200 km s−1 and blends into the low velocity component, though the Fe II 5018
line has a slight kink at −80 km s−1 like that in the Na I D profiles. The K I
line continues to only trace the lower velocity absorption, although it is deeper at
−100 km s−1 than in the outburst or plateau epochs. A similarity between all of the
profiles features highlighted in this section is that during the dip, their profiles are
all distinctly wedge-shaped, with a nearly vertical slope near 0 km s−1 and almost
no red shifted absorption.

The Ca II K line absorption remains relatively unchanged during the dip. Despite the
apparently weaker blue-shifted absorption, the line minimum may still be consistent
with zero due to the low signal-to-noise in the region. The Ca II IRT has a clear
2-component blue-shifted absorption profile, with absorption minima at −10 km
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s−1, −90 km s−1, which later (by 2012) becomes a 3-component profile with a third
minimum at −50 km s−1. Though the slowest of the three can be attributed to the
same absorbing material that has contributed to the low-velocity absorption in the
other lines, the −50 km s−1 component is more difficult to explain. It may not
be a distinct absorption component but rather an artifact of stronger blue-shifted
emission that splits the broader absorption by filling in a narrow range of velocities
during this epoch, as is the case in H𝛼.

The Persistent Slow Absorption Component

Despite the variability in the high-velocity absorption components of the wind lines,
the low-velocity component remains relatively constant throughout the outburst, dip,
and plateau epochs. In the Fe II 5018, Na I D, and Ca II IRT lines, this component
is centered at around −10 km s−1 and has a half width at half depth (HWHD) of
approximately 20 − 25 km s−1. In the Na I D lines the core is saturated, but ranges
from 0 km s−1 to −20 km s−1.

In the Balmer lines, the low-velocity component is more dynamic. The H𝛽 profile
in the dip epochs appears to contain a low-velocity component that is centered at
−40 or −50 km s−1, though it is blended with the higher velocity component. In the
plateau epochs, the component slows to −10 km s−1 with a HWHD of ∼ 30 km s−1.
The line is nearly saturated at low velocities in both sets of spectra.

The H𝛼 line at outburst shows a relatively faster low-velocity component, centered
around −50 km s−1 with a HWHD of ∼ 20 km s−1. In the dip, the low-velocity
component is initially similar to that at outburst but, in the 10 Dec 2011 and 06 Jan
2012 epochs, the component becomes a bit shallower and broader, with a HWHD
of ∼ 30 km s−1. In the plateau spectra, The low-velocity component tends to slow
from −30 km s−1 to −20 km s−1. The HWHD remains ∼ 25 km s−1.

Emission in the H𝛼 and Ca II Lines

In all (or most) of the HIRES epochs, the H𝛼 and Ca II (K and IRT) profiles show
both red- and blue-shifted emission components. The emission components are
consistent with the emission expected for a hot, collimated disk wind, as we will
discuss in Section 5.6. Here, we describe the characteristics of the emission in the
two sets of lines and how it evolves post-outburst.

In the pre-outburst, progenitor spectrum, the H𝛼 line shown in Figure 5.8 (left panel
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inset) is purely in emission and extremely bright, with a peak-to-continuum flux
ratio of 11.0. Accounting for the 𝑅 ∼ 2000 of the spectrograph used to obtain the
spectrum (Fang, Hillenbrand, et al., 2020)5, the width of the progenitor emission is
∼ 250 km s−1. In the post-outburst spectra, the red-shifted emission extends from 0
km s−1 to 200 km s−1, though the emission peak is strongly absorbed blue-ward of
50 km s−1. The blue-shifted emission extends to greater velocities than the red-shift
emission, reaching −400 km s−1 in the outburst epoch and the 2013-2014 epochs of
the plateau, potentially indicating forward-scattering of emission line by the outflow.
The blue-shifted emission between 0 and −100 km s−1 may explain why the H𝛼
absorption is shallower than the H𝛽 absorption, as is seen in V960 Mon (Carvalho,
Hillenbrand, and Seebeck, 2023) and V1331 Cyg (Petrov, Kurosawa, et al., 2014).

Like H𝛼, the Ca II K line and the IRT also show some blue- and red-shifted emission,
though during the plateau it is much weaker. The red side of the Ca II H line is
heavily absorbed by the blue wing of the H𝜖 line, so we cannot see any potential
red-shifted emission in the feature. We will also focus on the 8498 Å component of
the Ca II IRT, since it is the one most consistently covered by the HIRES spectra.
However, the 2012-01-06 spectrum all three Ca II IRT components are visible and at
their greatest peak-to-continuum ratios, enabling us to better compare the emission
from all three. The ratios of the emission peaks of the three are 1:1:0.7 in increasing
wavelength order. If the emission were optically thin, the expected peak flux ratios
would be those of the log𝑔 𝑓 values between the lines, or 1:9:5 (Ryabchikova et al.,
2015), which indicates the source of the Ca II IRT optically thick, as is seen most
T Tauri stars and Herbig Ae/Be stars (Hamann and Persson, 1992a; Hamann and
Persson, 1992b).

The Ca II K and 8498 Å emission components are brightest during the dip, with
peak-to-continuum ratios of 2.0 and 1.35, respectively. The emission of the Ca II
K line extends to almost 150 km s−1, almost as high velocity as the H𝛼 emission.
The maximum velocity of the Ca II IRT red-shifted emission peak is only 100 km
s−1, much slower than the H𝛼 emission. The difference may be due to significant
Paschen absorption to the red side of every IRT component, (e.g., line at 8502.49 Å
may absorb the highest velocity emission from the wing of the Ca II 8498 Å line).

5To account for this, we measure the FWHM of the line, then divide by 2
√

2 ln 2 to com-
pute the appropriate measured Gaussian width 𝜎𝑚. Assuming the instrument broadening is ap-
proximately Gaussian with a width 𝜎𝑅, we can estimate the underlying line width by calculating
𝜎𝐻𝛼 =

√︃
𝜎2
𝑚 − 𝜎2

𝑅
.
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Figure 5.12: A selection of lines possessing the narrow absorption features in HBC
722. The features deepen toward later times, eventually almost dominating the
absorption in some lines. The blue-shifted line center indicates it is tracing a low-
velocity outflow.

For H𝛼 and both sets of Ca II lines, the emission peak-to-continuum ratios are
significantly anti-correlated with the brightness of the 𝑅 band continuum, such that
in the deepest part of the dip (the 13 Dec 2010 and 20 May 2011 spectra) the blue
and red emission components are strongest.

A Forest of Narrow Blue-shifted Absorption
Above, we discussed the high-velocity blue-shifted absorption visible in the wind-
sensitive lines. We also identified a low-velocity component in these lines. There
is another, distinct, family of lines that show a similar narrow, low-velocity blue-
shifted absorption component in the HBC 722 spectra, a subset of which we show
in Figure 5.12. These lines are typically neutral species like Fe I and Ti I and almost
all have low (< 1.5 eV) excitation potentials (EPs). We find 130 of these features in
the HIRES spectra between 4800-8700 Å, the vast majority of which are Ti I lines
with EP < 1.0.

The narrow, blue-shifted absorption can be seen weakly in the outburst spectrum
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Figure 5.13: A selection of NIR atomic lines in the NIRSPEC spectrum spanning
the Y to J band that show the same narrow absorption features we see in the HIRES
spectra. The feature is at the same blue-shift and has a similar width to its visible-
range counterparts, indicating it traces the same material.

but not in the dip spectra, though it reappears as soon as the target emerges from the
dip. As can be seen in Figure 5.12, the feature appears consistently at −10 km s−1

and is very narrow, with a HWHD ∼ 10 km s−1. We see it across the entire HIRES
spectral range and, in the Aug 7 2021 spectrum it dominates over the disk absorption
in several lines. Weak absorption lines tracing this feature are so ubiquitous, they
appear 6 and 13 times over ∼ 800 km s−1 in the plateau line profile snippets in
Figure 5.10 of the Fe II 5018 (upper right panel) Mg I 5183 (lower right panel) lines,
respectively.

The strong absorption in the region surrounding the Fe II 5018 line is especially
notable. There are 6 weak Ti I lines within ±400 km s−1 of the Fe II 5018 line that
reappear during the plateau phase and grow to be very strong during the plateau.
The features have rest wavelengths (marked in Figure 5.10) of 5012.0676, 5014.187,
5014.276, 5016.1608, 5020.0263, 5022.868 and 5024.844 Å, though they are all
blue-shifted by 10 km s−1, and they all have 0.8 eV < EP < 0.9 eV (except 5014.187
Å, which has EP = 0 eV). During the plateau, they reappear and grow consistently
in strength, some reaching depths of 70 % (e.g. Ba II 4934). The absorption is
strongest and the growth more rapid in the lower EP features.

We also observe similarly narrow features in certain atomic lines in the Y and J
bands of the NIRSPEC spectrum, shown in Figure 5.13. Unfortunately, many of
the features suffer from severe blending with other atomic absorption lines, so the
line profiles are not as clear as those in the HIRES spectra. However, both the Ti I
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Figure 5.14: An examination of the likely temperature of the red-optical TiO
absorption in HBC 722. Left: The 7070 Å - 7170 Å region of the HIRES spectra
showing the emergent TiO absorption in the most 2021 epoch compared to previous
epochs where it did not appear. Notice that the bandheads in the red spectrum are
offset -10 km s−1 from their typical wavelengths, as highlighted by the grey vertical
lines. The outburst (25 Sept 2010), penultimate (29 Nov 2019), and most recent
(07 Aug 2021) spectra are shown in black, blue, and orange, respectively. A 3500
K, log𝑔 = 1.5 PHOENIX model spectrum, rotationally broadened to 10 km s−1,
blue-shifted by 10 km s−1, and scaled by 0.2, is shown in grey for reference. The
scaled PHOENIX model has TiO absorption similar to that seen in the data. Right:
CCFs computed with the TiO bandhead that appears in the 2021 HIRES spectrum
(red in left panel). Notice that the strongest peak appears at 3500-3800 K and is
blue-shifted by -10 km s−1.

10396 Å and Ti I 10496 Å lines have profiles that are similar to the Ti I lines seen
in the 2021 epoch of the HIRES spectra. Overall, in the NIR, the lines tend to be
of slightly higher EP values than those in the visible, though they are still almost all
< 1.5 eV.

In both the HIRES and NIRSPEC spectra, the deepest narrow absorption features
appear in lines showing strong disk broadening already. We note that in the HIRES
spectra the absorption depth of these narrow features grows rapidly, while the disk
component of the profiles remains constant in both depth and width. This contrast
demonstrates that the material carrying these lines must be absorbing against the
underlying disk atmosphere. We interpret the behavior of these lines to be evidence
of a low-velocity, wide angle disk wind, which we discuss in detail in Section 5.6.

TiO Absorption
In addition to the sudden increase in strength in the narrow low-EP absorption
feature in the 7 Aug 2021 HIRES spectrum we also see strong TiO absorption bands
at 7088 and 7126 that did not appear in any previous epochs. The spectral range
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containing both bandheads is shown in Figure 5.14, compared with the previous
HIRES epoch (29 Nov 2019) and the outburst epoch. Notice that in the 9 years
between the 2010 outburst spectrum and the 2019 spectrum, there is almost no
evolution in this wavelength range.

The bands are blue-shifted by ∼ 10 km s−1 and have widths of ∼ 10 km s−1,
consistent with the narrow blue-shifted absorption features described above. They
are also relatively shallow, with bandhead absorption depths of 0.2, but they are
similar in structure to those in a 3500 K, log𝑔 = 1.5 atmosphere. A 3500 K,
log𝑔 = 1.5 PHOENIX model that has been rotationally broadened by 10 km s−1 is
shown in Figure 5.14 for reference.

To better understand the line structure of the TiO absorption and where in the system
it may originate, we performed a CCF analysis similar to that described in Section
5.4. Here, we computed the CCFs between the 2021 HIRES spectrum and several
different 𝑇eff PHOENIX models in the wavelength range of 7060 Å to 7170 Å. The
temperature range we explored spanned 2500 K to 4300 K, though we found the
strongest CCF power to be between 3000 K and 4000 K. The CCFs are plotted in the
right panel of Figure 5.14. We also computed the CCF between the HIRES order
containing the 6707 Li I feature and a 𝑇eff = 4500 K PHOENIX model, to serve as
a reference for the profiles of the atomic absorption features.

The line profiles of the TiO bands are similar to the line profiles of the atomic
absorption in the rest of the HIRES spectrum. The lines show the double-peak
of the disk absorption profile at ±60 km s−1 and the strong, narrow, blue-shifted
absorption component that is dominant in the 2021 spectrum. The CCF peaks
tracing this narrow component are also similar in width to the Li I order CCF. We
therefore conclude that the TiO absorption traces the same component of the HBC
722 system as the narrow blue-shifted absorption in the low-EP atomic lines.

The CCF analysis shows that the preferred temperature for the TiO absorption feature
is 3500-3700 K, though the 2900 K CCF peak is also quite strong. We discuss the
implications of the TiO absorption in relation to the narrow blue-shifted atomic
absorption and its preferred temperature range in Section 5.6.

CO Absorption
So far in this Section, we have discussed the typical visible and NIR wind features
which we expect to probe a component not included in the disk model, as well
as a new narrow absorption component not previously seen. Another notable
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Figure 5.15: A CCF analysis of the NIR CO absorption in HBC 722. Left:
The CO (2-0) and (3-1) bands from the Keck/NIRSPEC 30 Oct 2023 spectrum
(blue), the HJST/IGRINS 20 Nov 2014 spectrum (orange) and the high resolution
disk model spectrum (black). As in the HIRES spectra, we see a narrow excess
absorption feature that grown stronger from 2014 to 2023. Right: The CCFs of the
CO (2-0) band computed with different 𝑇eff PHOENIX model spectra. At cooler
temperatures, the red-shifted disk emission becomes apparent, whereas the hotter
temperature profiles are dominated by the blue-shifted wind absorption.

discrepancy between the model and data appears in the CO (2-0) band at 2.29𝜇m.

The CO (2-0) band is expected to originate in the disk and has been shown to match
a disk profile well in other FU Ori objects (e.g., V960 Mon, Park, Lee, et al., 2020).
However, the CO (2-0) band is dominated by narrow absorption lines much deeper
than those predicted by the disk model, as can be seen in Figure 5.15, where we
show the (2-0) bands in the IGRINS and NIRSPEC spectra compared with our disk
model prediction.

Relative to the disk model spectrum, the (2-0) band shows a deep excess absorption
component in both epochs. We note that the near-continuum wings of the lines in
the (2-0) band are similar in width to the model lines, indicating that the absorption
is growing against the underlying disk spectrum. The absorption is reminiscent of
that seen growing in the HIRES spectra and which appears in some atomic features
in the Y and J bands of the NIRSPEC spectrum.

We again turn to CCF analysis to study the temperature sensitivity of the line
profiles of the CO (2-0). For consistency with our analysis of the visible range TiO
absorption, we use the same log𝑔 = 1.5 models, and explore 2300 K < 𝑇eff < 4300
K. The wavelength ranges over which we computed the CCFs was 22920−23205 Å
and the CCFs are shown in Figure 5.15. We will focus on the NIRSPEC spectrum
here, but we discuss the CO (2-0) band in the IGRINS spectrum and the time
evolution of the narrow CO absorption in Appendix 5.11.
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In general, the higher 𝑇eff CCFs are dominated by the blue-shifted wind absorption
feature and only for 𝑇eff < 3000 K do we see the red-shifted disk atmospheric
absorption appear. Still, even the cooler model CCFs show strong wind absorption
and a very weak red-shifted disk absorption profile. These facts indicate that the
wind traced by CO (2-0) has a temperature range of 3000 K < 𝑇eff < 4300 K,
whereas the region of the disk from which the CO (2-0) atmospheric absorption
arises has a temperature range of 2300 K < 𝑇eff < 3000 K. The wind temperature
range is consistent with the temperature range found for the TiO wind absorption
discussed in Section 5.5. The disk temperatures are only slightly cooler than those
predicted by our plateau epoch model (see Figure 8.24).

5.6 Interpretation
The fact that HBC 722 had dedicated follow-up following its 2010 outburst to
collect spectra that sample the entire post-outburst lightcurve to date, enables us to
construct a detailed picture of the system. We find that a multi-component accretion
disk system, with high and low velocity warm disk wind components and an evolving
disk, are all necessary to explain the observed data. In this Section, we describe
our interpretation of the spectroscopic and photometric evolution of the HBC 722
system in light of the picture presented in Figure 5.1.

The 𝛼 Disk
The primary component we observe is the accretion disk atmosphere, which at
outburst has an 𝐿acc = 71 𝐿⊙, dominating the emission from the system. The
relatively simple disk model with 𝑇max = 5700 K, 𝑀∗ = 0.2 𝑀⊙, ¤𝑀outburst =

10−4.0 𝑀⊙ yr−1, 𝑅inner = 3.65 𝑅⊙, 𝐴𝑉 = 2.3 mag, 𝑖 = 79◦ and 𝑅outer = 25 𝑅⊙

reproduces the data excellently. The model matches the spectrophotometry of HBC
722 (Figure 5.4) and is able to accurately predict the line profiles of the spectrum at
high resolution spanning 0.4-2.5 𝜇m (Figures 5.5 and 5.6).

Varying only 3 parameters in the model is also able to reproduce the evolution of
the system post-outburst. The 0.3-1.3 𝜇m spectrum at outburst, in the dip, and
during the plateau can be reproduced by simply varying the ¤𝑀 of the system from
¤𝑀outburst = 10−4.0 𝑀⊙ yr−1 to ¤𝑀dip = 10−4.4 𝑀⊙ yr−1 to ¤𝑀plateau = 10−3.9 𝑀⊙ yr−1.

The accretion luminosities and temperatures are correspondingly 𝐿acc = 71 𝐿⊙ →
28 𝐿⊙ → 90 𝐿⊙ and 𝑇max = 5700 K → 4500 K → 6000 K. The 𝐻2𝑂 absorption
at 1.35 𝜇m and 1.8-2.0 𝜇m, along with the 2.2 𝜇m continuum, help to constrain the
values of 𝑅outer and 𝑇min in each of the three stages.
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In Section 5.3, we demonstrated that the spectophotometric evolution indicates an
increasing 𝑅outer value, from 25 𝑅⊙ at outburst to 35 𝑅⊙ in the dip and 100 𝑅⊙ in
the plateau. During the earlier two epochs, a passive disk component starting at
𝑟𝑖 = 25 𝑅⊙ and 𝑟𝑖 = 35 𝑅⊙, respectively, is necessary to match the flux level of the
3 − 5 𝜇m photometry, whereas the 2015 spectrum is well-fitted with only a passive
disk component. This is consistent with a model wherein the viscous accretion
region of the disk propagates outward and “activates" the passive disk.

Accompanying the increase in 𝑅outer, we also found that the 𝑇min value of the
active disk evolved from 2400 K to 1500 K to 1100 K. The decreasing 𝑇min is
consistent with the outer boundary of the high-viscosity, high accretion rate region
of the object propagating outward. The decreasing 𝑇min may also indicate cooler
annuli are establishing plane-parallel disk atmospheres with significant molecular
absorption, rather than simply emitting as blackbodies. The outward propagation
rate of 0.27 km s−1 is well below the expected sound speed of the disk midplane
Zhu, Jiang, et al. (2020). Future simulations are necessary to test the ability of
different instabilities to propagate outward in the disk as we observe in this system.

Notably, we showed in Section 5.4 that the HIRES (outburst and plateau epochs)
and NIRSPEC spectra are closely-matched by the high resolution spectra predicted
by our disk model. That spectra of FU Ori objects are consistent with disk model
spectra has been shown for some of the classic objects like FU Ori and V1057
Cyg (Kenyon, Hartmann, and Hewett, 1988; Welty, Strom, Edwards, et al., 1992;
Zhu, Espaillat, et al., 2009b) but many of these studies rely on relatively isolated
regions of the spectrum, usually in visible wavelengths (e.g., 6100-6200 Å). Here,
we demonstrate agreement between model and data to within ∼ 5 % for the entire
0.4-2.5 𝜇m spectrum, excepting only lines known to trace massive disk winds, as
discussed in Section 5.5. This bolsters the veracity of a high viscosity, relatively
thin (ℎ𝑝/𝑟 < 0.02, where ℎ𝑝 is the disk pressure scale height, Zhu, Jiang, et al.,
2020) accretion disk as a model for the innermost regions of FU Ori accretion disks.

Although the 𝛼 disk model successfully reproduces the intermediate resolution
spectra in all epochs and the HIRES and NIRSPEC spectra during the outburst and
plateau, the model is a poor fit to the HIRES spectra during the dip. This is not
a difficiency in the disk model but rather illustrates that during the dip the spectra
show a distinct and different average line profile. In the dip spectra, the atomic line
profiles generally do not show the tidy Keplerian disk profiles seen before and after
(see Section 5.4). Rather, the CCFs show that the atomic lines are dominated by the
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low-velocity narrow absorption component, and have relatively triangular profiles.
Interestingly, the CCFs of the reddest order do show much more disk-like profiles
than are seen in the bluer orders.

Altogether, this may be an indication that as the accretion rate decreased during the
dip and the innermost annuli cooled, the region nearest the star became dominated
by turbulence rather. The triangular line profiles can be reproduced by convolving a
Keplerian disk kernel (𝑣kep ∼ 90 km s−1) with a spherically rotationally broadened
line (𝑣rot ∼ 30− 40 km s−1). This is similar to the ∼ 20 km s−1 turbulence observed
in the V960 Mon system Carvalho, Hillenbrand, and Seebeck (2023) and in the
Zhu, Jiang, et al. (2020) simulation of FU Ori, though it is at a higher velocity and
is only seen during the dip. Such high turbulence would imply that the Shakura
and Sunyaev (1973) viscosity parameter 𝛼 ∼ 1 − 5 in the innermost region of the
disk during the dip. However, the turbulent motion we observe may not necessary
translate to an elevated viscosity in the 𝛼 disk model but may instead by due to the
disruption of the inner disk by the decrease in accretion rate.

The High Velocity Collimated Outflow
In the outburst spectrum, during the dip, and early into the plateau, a very high
velocity 𝑣 ∼ 100 − 400 km s−1 wind can be seen as blue-shifted absorption in the
H𝛼 line profiles. Lower velocity regions of this outflow can also be observed in
some of the other wind lines discussed in Section 5.5: H𝛽 (dip, 100 − 300 km
s−1), Na I D (outburst and dip, 100 − 250 km s−1), Fe II 5018 and Mg I 5183 (dip,
100 − 200 km s−1), Ca II IRT (dip, 100 − 250 km s−1).

The highest velocity wind absorption is seen especially in the dip in the H𝛼 line.
During the dip, the absorption reaches a depth of ∼ 0.3 at −200 km s−1 to −300 km
s−1. The absorption then weakens at higher velocities but is still ∼ 0.1 at −400 km
s−1.

The line profiles of the Na I D, Fe II 5018, and Mg I 5183 lines are consistent with
those created with the BP82 magnetocentrifugally driven disk wind model. The
solid curves in our Figure 5.1 are generated using the BP82 prescription for the
streamlines of the outflow. The pure-absorption case for Model MHD1i of Milliner
et al. (2019b) illustrates the BP82 model with the best-match to the profiles in HBC
722 being the 55◦ inclination case shown in their Figure 14.

The BP82 solutions predict winds that accelerate and decrease in density as they
rise. This may be observable in the different maximum velocities seen in different
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wind lines. When the wind is denser and nearer the disk, it is traced by all of the
wind lines, so we see the −100 km s−1 to −200 km s−1 component in the Ca II IRT,
Na I D, Fe II 5018, and Mg I 5183 lines. During the dip, we also see this component
in the H𝛽 line. However, as the wind accelerates, the only line strong enough to
trace the more diffuse material is H𝛼. Therefore, we see the −200 km s−1 to −400
km s−1 absorption in H𝛼.

The H𝛼 line profiles of HBC 722 shown in Lee, Park, et al. (2015) have 10 more
epochs sampling the dip, which help to clarify the evolution of the profiles imme-
diately post-outburst and as the target recovers from the dip more clearly. As can
be seen in our Figure 5.8 and Figure 1 of Lee, Park, et al. (2015), the high velocity
component in H𝛼 is strongest as the target is fading and when it reaches its minimum
brightness in the dip. As the target brightens, starting in August 2012, the H𝛼 line
dramatically changes over just 28 days from one showing absorption to −400 km s−1

to showing only low velocity wind absorption. The rapid disappearance of the high
velocity component must be due to a change in the wind structure, where either the
wind no longer reaches such high velocities or the absorbing material is too diffuse
to be detected.

The Zhu, Jiang, et al. (2020) magneto-hydrodynamical (MHD) simulation of the FU
Ori outburst provides some potential context for interpreting our observations. They
find a wind that accelerates a relatively short distance above the disk atmosphere,
where the estimated optical depth is 𝜏 ∼ 0.01. The wind quickly reaches velocities
along the rotation axis of 𝑣𝑧 > 50 km s−1, velocities along the disk radial axis of
𝑣𝑟 > 100 km s−1, and rotational velocities of 𝑣𝜙 > 100 km s−1. The high inclination
of HBC 722 implies the projected velocities from the outflow in our direction will
be dominated by 𝑣𝑟 and 𝑣𝜙. Given the rapid wind acceleration in the 𝑟 direction,
the 𝑣𝑟 component may be more responsible for the high-velocity blue-shifted wind
absorption than the 𝑣𝑧. The absorption would be present only in the strongest
wind lines due to the lower optical depth in the region where the wind reaches the
velocities we observe.

The Low Velocity Disk Wind
The low-velocity absorption seen consistently in the wind-tracing lines (Section 5.5)
can be attributed to a wide opening-angle, rotating disk wind, like that modeled in
Calvet, Hartmann, et al. (1993). The massive wind modeled by Calvet, Hartmann,
et al. (1993) was demonstrated to match the line behavior of FU Ori, particularly
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for deeper absorption lines like Fe II 5018, in Hartmann and Calvet (1995b). As we
show in Section 5.5, the cores of the line profiles are typically centered at−10 to−30
km s−1, while the blue wing of the profiles terminate near the blue-shifted wing of the
disk model line profiles (e.g., the H𝛼 line in Figure 5.5). This is mainly the behavior
that was successfully modeled for deep atomic absorption (Calvet, Hartmann, et al.,
1993; Hartmann and Calvet, 1995b) and the Na I D doublet (Milliner et al., 2019b)
in FU Ori.

This low-velocity disk wind may also be traced by other absorption lines, as dis-
cussed in Section 5.5 and shown in the CCFs in Figure 5.7. The low EP, neutral
atomic lines in both the HIRES and NIRSPEC 𝑌 and 𝐽 band spectra all show a
growing absorption component that is blue-shifted between −5 km s−1 and −15 km
s−1, consistent with the lower range of velocities probed by the wind lines. Although
this feature has not been seen in other FU Ori objects (except perhaps V960 Mon),
it appears in lines that have been previously identified as wind-tracing lines at high
mass outflow rates in FU Ori, V1057 Cyg, and Z CMa (Welty, Strom, Edwards,
et al., 1992).

The structure of the absorption is also reminiscent of that identified in the bluer low
EP neutral species lines in the spectrum of V1057 Cyg, dubbed the "shell features"
by Herbig et al. (2003). The features are attributed to condensations in the wind
absorbing against the host star. They are not consistently seen in other FU Ori
objects, implying V1057 Cyg may be a special case. Potentially, as the HBC 722
system ages it will reveal more narrow absorption features as the wind evolves.

The growth of the disk wind absorption in HBC 722 is also seen in the CO (2-0)
band. Between the 2014 IGRINS spectrum and the 2023 NIRSPEC spectrum, the
feature doubled in depth, ultimately dominating the absorption profiles of the band.
Generally, the wind seems to be traced by the higher-temperature features of the
CO (2-0) band, similar to the temperatures traced by the HIRES TiO 7088/7126 Å
absorption (see Section 5.5).

Altogether, the slow disk wind absorption component seen in the wind lines is con-
sistently also seen absorbing against the disk spectrum across the entire visible/NIR.
The growing absorption may be due to an increasing mass reservoir accumulating in
the disk wind. As the outburst progresses and propagates outward and more material
is lifted into the wind, the wind can be seen in increasingly weak absorption lines,
like the many very weak Ti I lines that appear in the 2021 HIRES epoch.
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In the Zhu, Jiang, et al. (2020) MHD simulation, lower portion of the wind acceler-
ation region, where the highest layers of the disk atmosphere begin to show vertical
motion, the density is still comparable to lower in the disk atmosphere, with an
optical depth around 𝜏 = 0.1. The model predicts that in this region the material
will still rotate at roughly the local 𝑣Kep, though the 𝑣𝑟 is predicted to be around
10 − 20 km s−1 and 𝑣𝑧 ∼ 50 km s−1.

Considering the high inclination of HBC 722, the observed absorption line velocities
would be around −10 km s−1 to −20 km s−1, depending on the strength of the line.
This is exactly what we see for the low-velocity absorption in the wind lines, the
narrow, growing atomic and visible range TiO absorption features, and the deep CO
(𝛿𝜈 = 2) bands. Zhu, Jiang, et al. (2020) find that for the FU Ori system, the wind
has an ¤𝑀out ∼ 0.1 ¤𝑀acc, which would mean a ¤𝑀out ∼ 10−6 to 10−5 𝑀⊙ yr−1 for HBC
722.

Emission from the Warm Disk Wind
There are only 5 lines that show emission in any of the epochs of HIRES spectra: the
Ca II K line, H𝛼 line and the Ca II IRT. Both H𝛼 and the Ca II lines are heavily wind
absorbed blueward of 0 km s−1, as discussed above, but both blue- and red-shifted
emission components can be seen in almost all epochs. In both sets of lines, the
line peak-to-continuum ratio is inversely correlated with the 𝑅 band continuum flux
level, indicating the disk continuum may be out-shining most of the emission.

The H𝛼 emission is strongest during the first two epochs in the dip, reaching a
peak-to-continuum ratio of 2.0, whereas during the plateau, due to the increased
continuum brightness, the ratio is only 1.25. The blue side shows a clear emission
component similar to that seen in the red side, though it is weaker in the outburst
and dip epochs due to wind absorption. The blue emission strengthens to equal the
red emission peak as the wind absorption weakens (as in the V960 Mon system,
Park, Lee, et al., 2020; Carvalho, Hillenbrand, and Seebeck, 2023).

Similarly, the Ca II IRT reaches a maximum peak-to-continuum ratio of 1.35 during
the dip which decreases to 1.1 during the plateau. As discussed in Section 5.5, the
ratios of the individual emission line peaks of the Ca II IRT show that the emission
source is optically thick.

Many of these points are consistent with the observations of the wind line profiles in
the V960 Mon spectra (Carvalho, Hillenbrand, and Seebeck, 2023), as well as those
of FU Ori (though FU Ori does not show Ca II emission). We therefore propose that
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the emission in these systems is due to a warm wind, similar to those seen in high
accretion rate Classical T Tauri Star (CTTS) systems (e.g. the strong accreter RW
Aur, Alencar et al., 2005). The emission seen in lines like H𝛼 in these systems has
been demonstrated to arise not only from the magnetospheric accretion but also in
large part from hot disk and stellar winds (Kurosawa et al., 2011; Petrov, Kurosawa,
et al., 2014).

A warm, line-emitting wind has been modeled in the past for FU Ori objects
(Croswell et al., 1987), using a spherically symmetric geometry and a plane-parallel
geometry. Their H𝛼 line profile models for a wind with ¤𝑀𝑤 = 10−6 −10−5 𝑀⊙ yr −1

are a good match to the H𝛼 lines we observe in HBC 722 and V960 Mon. However,
their predicted Na I D line profiles have emission components, whereas we do not
see emission in our data. Their plane-parallel geometry ¤𝑀𝑤 = 10−6 𝑀⊙ yr −1 model
line profiles, on the other hand, somewhat under-predict the H𝛼 emission but are
more similar to the Na I D line.

To better understand the impact of different wind geometries and temperature pro-
files, we also compare our results models of CTTS disk winds. One example is
the strong difference between the profiles generated by more collimated winds, po-
tentially originating from the star or the innermost region of the disk, and those
with wider opening angles being launched from the disk surface. In the model line
profiles presented by Kurosawa et al. (2011), the more collimated wind models are
consistent with the H𝛼 profiles observed in HBC 722 and V960 Mon shortly after
their outburst peaks, though wider opening angle models better match the profiles
of these systems at later times. We also see a similar progression in the H𝛼 lines of
V1057 Cyg over time (Szabó, Kóspál, Ábrahám, Park, Siwak, Green, Moór, et al.,
2021). Though the wind mass loss rates modeled by Kurosawa et al. (2011) are
much lower than those we expect in FU Ori systems, the comparison may indi-
cate an initially more collimated wind that becomes dominated by a slower, wider
opening-angle component over time.

Another instructive set of CTTS wind models comes from Lima et al. (2010).
They compute several H𝛼 profiles for a Blandford and Payne (1982) hot disk wind
under different model conditions, include the wind mass outflow rate, ¤𝑀𝑤, and the
maximum temperature attained in the wind 𝑇MAX,w. Several of their profiles are
consistent with those we see in the later epochs of the HBC 722 and V960 Mon
spectra, especially the emission on the red side of the profile. One of their findings
is that strong blue-shifted absorption appears at particular combinations of ¤𝑀𝑤 and
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𝑇MAX,w (10−9 𝑀⊙ yr−1 and 9000 K, for example) and that the required 𝑇MAX,w to
see absorption decreases with ¤𝑀𝑤. They state that for systems with very high mass
loss rates (> 10−8 𝑀⊙ yr−1), the critical 𝑇MAX,w could be as low as 6000 K. In FU
Ori systems, where mass loss rates may be as high as > 10−7 to 10−6 𝑀⊙ yr−1,
this may allow wind temperatures to be even cooler and still show the blue-shifted
absorption.

An important detail about the Lima et al. (2010) disk wind models is that their winds
are slower (by a factor of 10-100), denser (by ∼1.5 dex) and cooler (by ∼2000 K)
near the wind launching points on the disk surface. This would allow the deep,
fast, blue-shifted H𝛼 absorption to appear in a relatively warmer part of the wind,
perhaps around 5000-6000 K, while the denser, cooler region of the wind, nearer
the launching point, would be traced by the low-velocity atomic and molecular
absorption we highlighted in Sections 5.5, 5.5, and 5.5. In this way, the model may
also be consistent with the predictions made by the cold wind models in Calvet,
Hartmann, et al. (1993) and Milliner et al. (2019b).

Therefore, we propose that, as is the case in V960 Mon (Carvalho, Hillenbrand,
and Seebeck, 2023), the emission components of H𝛼 and the Ca II IRT originate
in a boundary layer between the accretion disk and the central star. The variability
in the emission is then caused by the boundary layer being absorbed by the disk
atmosphere and wind. When the accretion rate is lower, the disk atmosphere is
dimmer and the boundary layer appears brighter by contrast.

Comparison with V960 Mon
In contrast to the V960 Mon system we studied in Carvalho, Hillenbrand, Hambsch,
et al. (2023), we find here that the 𝑅inner of HBC 722 is constant in time. The
relatively colorless evolution of the system does not match the predictions made
by the 𝑅inner ∝ ¤𝑀−2/7 model found to match the exponential fade of V960 Mon.
The constant 𝑅inner may place an upper limit on the magnetic field of the HBC 722
central star or at least its ability to provide pressure support against the ram pressure
of the accretion flow. For the system parameters during the low accretion rate
state in the dip, using the magnetospheric truncation radius equation (Hartmann,
Herczeg, et al., 2016), we estimate an upper bound for the stellar magnetic field of
𝐵∗ < 1.3(1/𝜉)1/4 kG, where 𝜉 is an order unity correction factor.

Another possibility is that the high inclination of the system prevents us from directly
observing the variation in the innermost annulus of the disk. If the disk atmosphere
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is sufficiently flared, it may absorb the emission from 𝑟 < 3.65 𝑅⊙. The HIRES
spectra with coverage blueward of 4000 Å are not as well-matched by the disk model
and have many absorption lines that show wind excess relative to the model line
profiles. This may indicate that the emission from the 𝑟 < 3.65 𝑅⊙ annuli of the
disk is obscured by self-absorption from the disk and wind absorption from the
collimated, high-velocity outflow.

The second strong contrast between the V960 Mon disk and the HBC 722 disk
is the expansion of 𝑅outer in HBC 722, which was not found for V960 Mon. In
V960 Mon, the 3-5 𝜇m emission is matched by an active disk component with
𝑅outer ∼ 25 𝑅⊙ and a passive disk beyond that in both the 2015 and 2016 epochs.
The HBC 722 outburst and dip spectra also require a 2-component active + passive
disk model, though with different 𝑅outer values between the epochs. The plateau
spectrum, however, requires only an active disk with the large 𝑅outer = 100 𝑅⊙.
The difference in the 𝑅outer evolution in the two systems hints at potentially distinct
outburst mechanisms in the two systems.

The evolution of the V960 Mon system post-outburst hints at an outside-in instability,
originating further out in the disk then propagating inward. This would be consistent
with something like gravitational instability in the disk, which has been observed at
large scales in millimeter and NIR imaging (Weber, Pérez, Zurlo, et al., 2023a). The
outward propagation of the instability in HBC 722 indicates the trigger is likelier
to have originated closer to the central star. This would be more consistent with a
thermal-instability-driven outburst, though how the instability can extend to larger
𝑅outer is not clearly understood (Nayakshin, Cruz Sáenz de Miera, et al., 2024).

Despite the differences in the evolution and geometry of the two systems, there are
several elements in common between them. An especially important one is the
emergence of the narrow absorption component that strengthens over time, which in
HBC 722 we can attribute to a low velocity disk wind. In V960 Mon, the essentially
0 km s−1 central velocity of the component makes this scenario less clear, but
not impossible. The fact that the absorption grows as HBC 722 brightens/remains
bright, whereas in V960 Mon it grows as the target fades may be evidence of a
difference between the sources of the absorption. Detailed wind models of these
systems are necessary to test the low-velocity high-line-opacity disk wind picture.

The two systems also show very similar wind line evolution, where they initially
show higher velocity blue-shifted absorption that over time weakens and becomes
dominated by always-present low velocity absorption component and red-shifted
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emission (in the case of the H𝛼 and Ca II lines). As discussed in Section 5.6, this is
also seen in V1057 Cyg and may be due to evolution in the velocity structure of the
wind over years and decades following the outburst that may be in common between
the three systems.

Comparison with Previous Literature
Our best-fit models tend to produce lower 𝑇max and higher ¤𝑀 than the previously
published𝑇max > 7000 K and ¤𝑀 ∼ 10−5 𝑀⊙ yr−1 (Kóspál, Ábrahám, Acosta-Pulido,
et al., 2016; Rodriguez and Hillenbrand, 2022; Liu et al., 2022). This is due to two
main differences in our approach to the model fitting: we assume a much smaller
mass for the central object (0.2 𝑀⊙, compared with the previously typical 0.6 𝑀⊙)
and we use the line broadening from the high resolution spectra to directly constrain
𝑅inner and 𝑖 parameters in the SED fit.

The smaller mass, which we demonstrated to be more consistent with the progenitor
spectrum than the previously assumed 𝑀∗ = 0.6 𝑀⊙ (Miller, Hillenbrand, et al.,
2011; Kóspál, Ábrahám, Acosta-Pulido, et al., 2016) implies a central star radius
of 𝑅∗ = 2.8 𝑅⊙ (see Appendix 5.9); much greater than the 𝑅∗ = 1.51 𝑅⊙ derived
from matching isochrones. While our best-fit 𝑖 = 79+2

−2 deg agrees with the 73+6
−15

deg reported by Kóspál, Ábrahám, Acosta-Pulido, et al. (2016), our constraint
on 𝑣max sin 𝑖 also required a large 𝑅inner = 3.65+0.2

−0.3 𝑅⊙ for the system, which is
expected from the large progenitor radius though greater than the previous to 2.0 𝑅⊙

(Rodriguez and Hillenbrand, 2022; Liu et al., 2022) values derived from SED fitting
alone. The inclusion of the rotational broadening from the high resolution spectra
as a constraint on the radius is critical to breaking the degeneracy in SED fitting
between 𝑀∗ ¤𝑀 and 𝑅inner and helps to provide a more reliable estimate of 𝑅inner.

Despite the differences in our derived physical parameters of the disk, our best-fit
𝐴𝑉 = 2.3 mag (0.7-1.0 mag smaller than previous results) and adopted distance to
the source (∼ 200 pc farther away, Connelley and Reipurth, 2018) counteract one
another to give a similar 𝐿acc estimate. The effect of our smaller 𝑀∗, edge-on disk
orientation, and similar 𝐿bol conspire to require a much larger ¤𝑀 than before. The
large 𝑅inner for the system drives the𝑇max to be much lower, since𝑇max ∝ 𝐿acc/𝑅2

inner.
We find our 𝑇max ∼ 5700 − 6000 K is a better match to high resolution spectra at
outburst and in the plateau than higher 𝑇max models.

The increasing 𝑅outer over time that we discuss in Section 5.6 was also identified by
Kóspál, Ábrahám, Acosta-Pulido, et al. (2016). Using 3 − 5 𝜇m photometry from
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WISE and Spitzer in their SED fits, they report an initial 𝑅outer ∼ 19 𝑅⊙ that expands
to 60 𝑅⊙ between JD 2455500 to JD 2456300, which are similar to the values we
report and imply an expansion rate only 1.5× faster than the one we find.

5.7 Summary and Conclusions
We have used several years of photometry and spectroscopy of the HBC 722 system
to constrain the behavior of the components in the system. This has also enabled us
to better understand the nature of each of the components in this complex accretion
disk .

The HBC 722 system is composed of 3 identifiable components: a viscous, active
accretion disk, a low-velocity disk wind, and a high velocity collimated outflow.
From our SED + spectroscopic fitting we are able to constrain the disk parameters
at outburst and find that the disk begins with an 𝑅outer = 25 𝑅⊙. Varying the ¤𝑀 ,
𝑅outer and 𝑇min in the model to match the other epochs, we see that over time the
active region expands from 𝑅outer = 25 𝑅⊙ in 2010 to 𝑅outer = 35 𝑅⊙ in 2011 to
𝑅outer = 100 𝑅⊙ in 2015, and that 𝑇min of the disk decreased over that same time.

We also see strong variability in the two outflow components. The high velocity
outflow is much stronger during the dip than during the outburst or plateau, contrary
to the expectation that the outflow velocity should correlate with the accretion rate.
This may indicate a change in the geometry of the flow, such that during the dip
the outflow is less collimated and the higher velocity material points more in the
direction of the observer.

The low-velocity wind does not show much kinematic change but grows significantly
in absorption strength over time. The absorption from this component even appears
stronger than the disk absorption in some lines (e.g., Li I 6707) during the most
recent HIRES epoch.

The high and low velocity wind components may also be the source of the emission
in H𝛼 and the Ca II lines if they are warm winds, with temperatures around 3000-
5000 K. The line profiles are generally consistent with the profiles of hot wind
models for CTTS systems. The exact wind temperature may not need to be as hot
as that expected for CTTS winds, however, but could cool enough to be consistent
with the atomic and molecular wind absorption we observe (Lima et al., 2010).

Our spectroscopic analysis of the progenitor of the system reveals it to be a low-mass
but highly inflated CTTS, with 𝑀∗ = 0.2 𝑀⊙, 𝑅∗ = 2.8 𝑅⊙, and ¤𝑀 = 7.8× 10−8 𝑀⊙
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yr −1. The accretion rate is typical of Class I YSOs and among the highest for Class
II YSOs in this mass range.

Comparisons between the spectral evolution of HBC 722 and V960 Mon hint at
potentially different outburst mechanisms operating in the two systems. It may
be that the different mechanisms can be classified according to their post-outburst
photometric evolution. In that case, the outburst of HBC 722 is most similar to
those of V1515 Cyg and FU Ori, whereas the V960 Mon outburst is more similar
to that of V1057 Cyg, though with different fading timescales.

We strongly encourage more high and intermediate resolution follow-up of other
FU Ori systems, especially in the short time following their outbursts. Sampling
the post-outburst evolution (and ideally pre-outburst when possible) is critical to
constraining the physics of the outburst mechanism.
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5.9 Appendix: Progenitor Spectral Type
To better constrain the physical parameters of our disk model, in particular 𝑀∗, we
made use of the pre-outburst spectrum of the HBC 722 progenitor published in Fang,
Hillenbrand, et al. (2020). The spectrum, spanning 5100-7800 Å, was obtained in
1998 with the Norris multi-object spectrograph on the Palomar 5-m Hale telescope at
an estimated resolution 𝑅 ∼ 2000. Fang, Hillenbrand, et al. (2020) fit both empirical
and model template spectra to the Norris spectrum to determine the spectral type,
veiling, and 𝐴𝑉 . In their first spectral type calculation, they report a spectral type of
M4.4 (𝑇eff ∼ 3000 K) for the progenitor. However, the second step of their analysis
included a post-outburst spectrum and their final spectral type of K6.6 adopted for
the source, as reported in their Table 4, is not consistent with the pre-outburst Norris
spectrum (see Figure 5.16). As a result, their final adopted 𝐿∗ and 𝐴𝑉 for the system
are unreliable because they may have been derived by fitting the outburst spectrum,



143

rather than the progenitor spectrum.

To establish reliable 𝑇eff , 𝑅∗, 𝐴𝑉 , and veiling values for the HBC 722 progenitor,
we reanalyze the Norris spectrum and the pre-outburst SED (using the photometry
from Miller, Hillenbrand, et al., 2011). We first use a 𝑇eff = 3100 K BT-Settl
model spectrum simultaneously produce models of both the SED and medium-
resolution spectrum. This consistent with an M4.3 spectral type according to
Fang, Hillenbrand, et al. (2020) (and close to their reported M4.4 from their initial
spectral type fit), which we do find to be a good match for deep TiO absorption in
the progenitor spectrum.

We then vary the angular size of the progenitor to match the 𝐻 band flux and find
𝑅∗ = 2.8 𝑅⊙, assuming our adopted distance of 745 pc, indicating the star was
highly inflated relative to typical CTTSs (Baraffe et al., 2015; Nguyen et al., 2022).
The final step is to vary the veiling, 𝑟7465, and the 𝐴𝑉 , until both the SED and Norris
spectra are well-matched. Our best-fit values for the progenitor are then 𝑇eff = 3100
K, a veiling of 𝑟7465 = 0.7 , 𝐴𝑉 = 2.5 mag, and a 𝑅∗ = 2.8 𝑅⊙. The 𝑇eff and
𝑅∗ correspond to 𝑀∗ ∼ 0.2 𝑀⊙ in the 100 kyr PARSEC isochrone (Nguyen et al.,
2022). The best-fit models (with and without veiling) are shown in Figure 5.16
alongside a model that adopts the Fang, Hillenbrand, et al. (2020) parameters for
the system.

We can also follow the procedure in Herczeg and Hillenbrand (2008) to estimate
the mass accretion rate of the progenitor based on the H𝛼 line luminosity, 𝐿H𝛼.
We first use the 𝐴𝑉 -corrected continuum flux from the best-fit SED model, 𝐹𝑐 =

2.388 × 10−15 erg s−1 cm−2 Å−1, to estimate the flux of the H𝛼 line. We then
integrate the line from 6545 Å to 6580 Å to get 𝐹H𝛼 = 2.43× 10−13 erg s−1 cm−2 or
, 𝐿H𝛼 = 4.19 × 10−3 𝐿⊙, using the distance to the target, 745 pc. We convert this to
an accretion luminosity using the prescription adopted in Herczeg and Hillenbrand
(2008), log 𝐿acc = 1.2 log𝐻𝛼 + 2, yielding 𝐿acc = 0.14 𝐿⊙ and 𝐿acc/𝐿bol = 0.22.
Using Equation 1 from Herczeg and Hillenbrand (2008), ¤𝑀 ∼ 1.25 𝐿acc𝑅∗/(𝐺𝑀∗),
we estimate ¤𝑀 = 7.8×10−8 𝑀⊙ yr−1. This would make the HBC 722 progenitor one
of the most rapidly accreting stars with 𝑀∗ ∼ 0.2 𝑀⊙ (Manara et al., 2023), although
it is consistent with measured accretion rates of Class I protostars (Fiorellino et al.,
2023).
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Figure 5.16: The progenitor data compared with models using the Fang, Hillen-
brand, et al. (2020) reported best-fit parameters and our adopted parameters. Left:
The 1998 Norris spectrum, binned to 𝑅 = 1000, showing deep TiO absorption
more consistent with the veiled late-type (M4-M5, green) model spectrum than the
unveiled K7 model (blue). Right: The progenitor SED (black dots), using photom-
etry from Miller, Hillenbrand, et al. (2011), compared with the different models for
the progenitor spectrum (color lines). The model with our adopted 𝑇eff = 3100 K,
𝑅∗ = 2.8 𝑅⊙, 𝑟7465 = 0.7 and 𝐴𝑉 = 2.5 mag, shown in green, is a good fit to both
the SED and the Norris spectrum.

5.10 Appendix: Line Profiles of O I Wind Lines
In Section 5.5, we identify the main absorption components of several lines typically
understood to trace outflows in young stars. Here, we include 2 lines that were
omitted from that discussion: the O I 7773 Å triplet (at 7771, 7774, and 7775 Å)
and the O I 8446 triplet (at 8446.25, 8446.36, and 8446.76 Å), both shown in Figure
5.17. We omit the O I triplets because the three components blended together make
it difficult to identify the distinct velocity components we see in the other wind lines.

The O I 7773 triplet, which has an EP= 9.1 eV, is typically only present in higher
temperature atmospheres or high 𝑇max FU Ori objects (Hillenbrand, Carvalho, van
Roestel, et al., 2023). Here, it appears almost entirely in excess of the disk model,
which predicts a maximum depth of ∼ 5% for the line. This indicates the triplet
must arise entirely from some hotter region in the disk, potentially near the launch
point of the collimated wind (i.e., near 𝑅inner). This may be corroborated by the
blue-shifted absorption that can be seen at −30 km s−1 relative to the 8774 line. The
triplet absorption is also shallower in the dip than in the outburst or plateau, which
is the opposite of what we see in the other wind lines. If the triplet is sensitive here
to the hottest region in the disk, the weaker absorption can be considered further
evidence that the disk cools during the dip.

The behavior of the O I 8446 triplet, which also has an EP= 9.1 eV, differs from the
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Figure 5.17: Line profiles of red/NIR O features known to trace winds, shown in the
HIRES spectra for the outburst epoch (left column), dip epochs (middle column)
and plateau epochs (right column). Upper Row: The line profiles of the O I
7773 Å triplet, which is typically only seen in higher temperature atmospheres.
The absorption at +250 km s−1 is disk atmospheric absorption from the Fe I 7780
feature. Lower Row: The O I 8446 Å triplet, which appeared only in our dip and
plateau epochs. The grey lines at −390 and −420 km s−1 mark the locations of the
Ti I 8434.961 and 8435.653 Å lines, both of which have EP = 0.8 eV. The broader
absorption marked at −310 km s−1 is mostly due to the Paschen line at 8837 Å.

O I 7773 lines. This triplet clearly shows blue-shifted wind absorption that extends
to −100 km s−1 and red-shifted disk profile absorption, like we see in the Fe II 5018
line profiles. The lower velocity component of O I 8446 is at −50 km s−1, faster
than we see for the other wind features, and like O I 7773, it is shallower in the dip
than in the plateau. Again this may indicate that these high EP O I triplets trace the
hottest absorbing material in the system, close to the central star.

5.11 Appendix: The Temperature Sensitivity and Time Evolution of the CO
(3-0) Band

In this appendix we explore the potential temperature ranges for the disk and wind
absorption components of the CO bands in the NIRSPEC and IGRINS spectra. We
expand the CCF analysis used in Section 5.5 for the CO (2-0) band in the NIRSPEC
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spectrum to the CO (2-0) band in the IGRINS spectrum and the CO (3-0) bands of
both spectra. For the CO (3-0) and (3-1) bands, the wavelength ranges over which
we compute the CCFs are 15540−15640 and 23205−23305 Å. We also investigate
the relative sensitivity of the CO (3-0), (3-1), and (2-0) bands to the low-velocity
wind absorption.

Considering first the CO (3-0) bands (top panel of Figure 5.18) we see that there is
little evolution between the IGRINS and NIRSPEC epochs and that the disk model
generally matches the data closely. Accordingly, CO (3-0) band CCFs (middle row,
Figure 5.18) show very clear disk profiles in both the NIRSPEC and IGRINS spectra.
This remains the case almost regardless of the 𝑇eff of the model used to compute the
CCF.

One trend that appears is that higher𝑇eff models produce CCFs with slightly broader
disk profiles, whereas the lower 𝑇eff models show narrower profiles. This demon-
strates two important properties of the accretion disk model: that a large region
of the disk representing several 𝑇eff values can contribute to any particular spec-
tral feature and that the Keplerian broadening of the hotter (closer in) regions is
greater than that of the cooler (further out) regions. The only significant difference
between the two epochs in this band is that the cooler temperature CCFs in the
NIRSPEC spectrum are narrower than those of the IGRINS spectrum. This may
trace the coolest, slowest-moving material at large radii away from the star and may
be evidence of 𝑅outer continuing to expand between 2014 and 2023.

The CCFs computed for the CO (2-0) band in the IGRINS spectrum (bottom right
panel, Figure 5.18) highlight the difference between the band in the two spectral
epochs, as discussed in Section 5.5. In the IGRINS spectrum, the disk profiles
seen at lower temperatures are much more clear than in the NIRSPEC spectrum.
Although we also see the wind absorption component growing in prominence from
the cooler model CCFs to the hotter ones, the feature does not dominate the profiles
like we see in the NIRSPEC spectrum.

The IGRINS CO (2-0) band notably shows similar behavior to the CO (3-0) band: the
CCFs computed with hotter models have broader disk profiles than those computed
with the cooler models. The CO (2-0) disk profiles are also generally narrower than
the CO (3-0) profiles, which was also identified by Lee, Park, et al. (2015). We
generally see the trend in the NIRSPEC spectra for the cooler temperature CCFs.
This is consistent with the idea that the 𝐾 band continuum is dominated by emission
from greater (and therefore slower-orbiting) radii than 𝐻 band as predicted by the
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Figure 5.18: Time evolution of the 𝐻 band CO absorption in HBC 722. Top Panel:
The CO (3-0) band from the Keck/NIRSPEC 30 Oct 2023 spectrum (blue), the
HJST/IGRINS 20 Nov 2014 spectrum (orange) compared with the high resolution
disk model spectrum (black). Bottom Panels: CCFs between the HBC 722 spectra
and PHOENIX model atmospheres with different 𝑇eff . Left: The CCFs for the
CO (3-0) band in the IGRINS spectrum. Middle: The CCFs for the CO (3-0)
band in the NIRSPEC spectrum. Right: CCFs computed with (2-0) band for the
IGRINS spectrum. Here, the disk absorption is seen at lower temperatures than
in the NIRSPEC epoch, but at higher temperatures, the profile still shows strong
narrow blue-shifted absorption at -15 km s−1.

expected 𝑇 (𝑟) and 𝑣(𝑟) profiles of viscous accretion disks in Keplerian rotation
(demonstrated in Figure 8.24).
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C h a p t e r 6

THE HOT INNER AU OF V883 ORI

Abstract: The V883 Ori system is a rapidly accreting young stellar object that has
been used as a laboratory for studying the molecular inventory of young circumstellar
disks with high luminosity. We simultaneously fit high resolution spectroscopy
and medium resolution spectrophotometry of the system to constrain the physical
conditions in the inner au. Using our thin viscous accretion disk model, we find ¤𝑀 =

10−3.9±0.2 𝑀⊙ yr−1, 𝑅inner = 5.86 ± 1 𝑅⊙, 𝑖 = 38.2 ± 3 degrees and 𝐴𝑉 = 20.8 ± 0.7
mag, resulting in an accretion luminosity of 458 𝐿⊙ and maximum disk temperature
of 7045 K. The optical portion of the SED greatly exceeds the flux level expected for
a highly extincted accretion disk. We propose that the excess emission arises from
a contribution due to scattering of the accretion disk spectrum off nearby envelope
material that is viewed along a less-extincted line of sight. Additionally, we use
photometric observations spanning 137 years to demonstrate that the source has
accreted at least 18 𝑀Jup of disk material to date. Finally, we discuss the importance
of considering both the viscous heating from the midplane and the consequent
irradiation effects on the outer disk when modeling the temperature structure to
reproduce millimeter-wavelength observations.

6.1 Introduction
There is a population of accreting young stellar objects (YSOs) known to undergo
extreme photometric outbursts, during which the mass accretion rate onto the star
increases by up to 10,000, causing the system to brighten by a factor of 100.
The class prototype was defined when FU Ori itself rapidly brightened in 1937
by 6 magnitudes (in 𝐵 band, Wachmann, 1954) and then remained at its elevated
brightness for several decades (Herbig, 1977). By the 1990s, around 10 FU Ori-like
objects (FUOrs) had been discovered and their spectra were shown to be consistent
with those of thin, viscously-heated accretion disks (Kenyon, Hartmann, and Hewett,
1988; Hartmann and Kenyon, 1996).

Among these first half dozen or so discovered FUOrs was the V883 Ori system.
Although it was only identified in 1993 as a FUOr in outburst, it is one of the bright-
est and longest-lived accretion outbursts, having potentially peaked in brightness
sometime before 1888 (Pickering, 1890; Strom and Strom, 1993).
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V883 Ori has been the target of several millimeter and submillimeter observations
aimed at studying the molecular inventory of the disk. Due to the intense heat of
the outburst, complex molecules that are typically trapped in ices in the midplane of
the disk are released when the ices sublimate. The liberated molecules, now in gas
phase, emit brightly at millimeter/submillimeter wavelengths. Although the details
of this sublimation, like the new location of the H2O snow line (Schoonenberg et al.,
2017), are not well known, the rich millimeter emission line spectrum of V883 Ori
is well documented (Cieza, Casassus, et al., 2016; van ’t Hoff et al., 2018; Lee, Lee,
et al., 2019; Tobin et al., 2023).

Modeling the emission from these molecules to interpret the millimeter spec-
tra requires a detailed understanding of the radiation field in the disk. In non-
outbursting YSOs, the majority of the relevant radiation is from the central star (in
the visible/near-infrared) and the accretion columns shocking on the stellar surface
(in the X-ray/ultraviolet, Öberg et al., 2023). In FUOrs, however, the star itself
contributes minimally to the overall spectrum, while the magnetospheric accretion
columns are expected to have been overwhelmed by the disk and thus also do not
contribute much (Hartmann and Kenyon, 1996; Liu et al., 2022).

Instead, the near-ultraviolet (NUV), visible, and near-infrared (NIR) spectrum is
dominated by emission from the viscously heated accretion disk itself. The far-UV
(Carvalho, Hillenbrand, France, et al., 2024) and X-ray (Kuhn and Hillenbrand,
2019) are likely dominated by emission near the star-disk interface, either from
enhanced magnetic activity during the outburst or a shock from the accretion flow
along the surface of the disk. In V883 Ori, most of the NUV/visible flux is faint
due to the high line-of-sight extinction to the central source. This has limited the
ability to constrain the properties of the inner disk like the disk mass accretion rate,
accretion luminosity, and maximum temperature.

The V883 Ori system was first identified as a potential YSO by Haro (1953), who
observed the morphological similarity of the bright nebula that extends 67′′ to the
southeast of the point source (see Figure 6.1) to Herbig-Haro objects. The point
source, which is V883 Ori, was then classified as a B-type star under 20 mag of
extinction by Allen et al. (1975). Eventually, Strom and Strom (1993) highlighted
the spectroscopic similarities between V883 Ori and FU Ori in low resolution optical
spectra, identifying it as a FUOr. The FUOr classification of the source has since
been re-affirmed by Connelley and Reipurth (2018).

Millimeter continuum observations of V883 Ori have revealed a large outer disk,
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extending to 100 au, with an inclination of 38.3◦ and a position angle on the sky
of 32.4◦ (Cieza, Casassus, et al., 2016). The orientation of the disk relative to the
bright nebula is shown in Figure 6.1.

In this article, we present new measurements of the inner disk temperature, luminos-
ity, and truncation radius, enabled by deep spectroscopic observations of the source
from 0.4 − 4.2 𝜇m. We demonstrate that the visible range emission from V883
Ori, while faint, is much brighter than expected for a highly extincted FUOr and
likely due to scattering in the surrounding nebula. We then discuss our model of the
system and its implications for interpretation of the emission at longer wavelengths.

6.2 Data
To fully characterize the inner disk of V883 Ori, we combine several public and
newly collected datasets spanning the 0.4 to 5 𝜇m and wavelength range, including
both and high and low resolution spectra. The data are described below.

High Resolution Spectroscopy
Visible (Keck/HIRES)

Two high dispersion red-optical spectra of V883 Ori were obtained on 5 October
2003 and 10 December 2011 using the HIgh RESolution spectrograph (HIRES,
Vogt et al., 1994) on the W.M. Keck Observatory’s Keck I telescope. The 2003
spectrum was obtained from the Keck Observatory Archive (PI: R. White) and was
processed by their automated pipeline, which uses the MAKEE pipeline reduction
package written by Tom Barlow1. The 2011 spectrum was also obtained from the
Keck Observatory Archive (PI: L. Hillenbrand), but was extracted and reduced using
the HIRES data reduction pipeline in PypeIt (Prochaska et al., 2020).

Both spectra were continuum normalized using the asymmetric least-squares de-
trending code described in Carvalho, Hillenbrand, and Seebeck (2023). The spectra
both have a resolution of 𝑅 ≡ 𝜆/Δ𝜆 = 37, 000 and have reasonable signal-to-noise
from 6400 Å to 9000 Å. V883 Ori is very faint in the visible (𝑉 ∼ 20 mag, see
Section 6.4), requiring prohibitively long exposure times for greater sensitivity at
shorter wavelengths. The position angle (PA) of the slit in the 2003 (2011) spectrum
was to 72◦ (50◦), so the nebula shown in Figure 6.1 is mostly excluded from the slit.
Visual inspection of the 2D images confirm that there no extended nebular emission
captured during the observations.

1https://sites.astro.caltech.edu/~tb/makee/

https://sites.astro.caltech.edu/~tb/makee/
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Figure 6.1: V883 Ori as seen in the Pan-STARRS 𝑔−𝑧 color image. The green ellipse
shows the projected shape of the disk on the sky (scaled×12 for visibility), assuming
an inclination of 38.3◦ and a position angle of 32.4◦ (Cieza, Ruíz-Rodríguez, et al.,
2018). The green arrow shows the axis of rotation of the disk (Lee, Lee, et al.,
2019). The position angle and inclination of the disk indicate it is the primary
illumination source for the bright nebula that extends ∼ 70′′ to the southeast. The
nebula is known as IC 430.
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Selected orders from the spectra are shown in Figure 6.2. Absorption features that
trace the disk and those which trace the outflow in V883 Ori are marked in black
and blue, respectively. The Ca II IRT and O I have blue-shifted absorption that is
variable between 2003 and 2011, indicating they are outflow features tracing a wind
in the inner disk (Calvet, Hartmann, et al., 1993).

NIR (Keck/NIRSPEC)

We obtained a high resolution NIR spectrum of V883 Ori from 1 − 2.5 𝜇m on 31
Oct 2023 using the Keck Observatory’s Near InfraRed SPECtrograph (NIRSPEC,
McLean et al., 1998; Martin et al., 2018) using the NIRSPEC-1, NIRSPEC-3,
NIRSPEC-5, and Kband-new filters to span the entire wavelength range. The
exposure times for each band were 1200s, 480s, 360s, and 40s, respectively, to
achieve a minimal signal-to-noise ratio (SNR) per pixel of 50 in each band. The slit
PA was set to 0◦ to avoid the large nebula to the southeast.

The spectra were extracted and reduced using the NIRSPEC pipeline (Carvalho,
Doppmann, et al., 2024) in the data reduction software package PypeIt (Prochaska
et al., 2020). The telluric correction was performed using a high SNR spectrum
of the A0V standard star HIP 102074, by first fitting an A0V template spectrum to
remove the stellar hydrogen absorption, then continuum normalizing the remaining
telluric spectrum to 1.0 (again using the asymmetric least-squares detrending code).
We then divide the observed V883 Ori spectra by the normalized telluric spectrum.
A description of the general procedure is given in Carvalho, Doppmann, et al.
(2024). Select orders from the spectrum are shown in Figure 6.3

Spectrophotometry
NUV/Visible (Keck/LRIS)

We obtained a visible range flux-calibrated spectrum of V883 Ori on 3 February
2025 with the Low Resolution Imaging Spectrometer (LRIS, Oke et al., 1995;
McCarthy et al., 1998; Rockosi et al., 2010). The spectrum spans 0.4 𝜇m to 1.0 𝜇m
at 𝑅 = 400 and has SNR increasing with wavelength from 20 in the blue to 200
in the red. The PA of the slit was set to −45◦ to avoid the optical nebula to the
southeast. The spectrum was extracted and flux-calibrated using the LRIS pipeline
in PypeIt (Prochaska et al., 2020).

We scale the final spectrum by a factor of 4.0 to match the flux level of the IRTF/SpeX
spectrum at 1.0 𝜇m.



153

8420 8440 8460 8480 8500 8520 8540 8560

Wavelength [Å]
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Figure 6.2: The reddest several orders of the 2003 (orange) and 2011 (blue)
Keck/HIRES spectra, where the signal-to-noise is suitable, plotted along with the
disk model described in Section 6.3 (black). The model reproduces the weak ab-
sorption features well, but misses portions of several H I and Ca II profiles that arise
in winds. Strong telluric features are present at the reddest wavelengths shown and
are marked by grey vertical lines.
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Figure 6.3: Select orders from the 2023 Keck/NIRSPEC spectrum (magenta) com-
pared with the disk model described in Section 6.3 (black). The model matches the
majority of the absorption features accurately from 1.0 𝜇 to 2.3 𝜇m. Grey vertical
bands mark regions of strong telluric absorption.

NIR (Palomar/TripleSpec and IRTF/SpeX)

We use the 30 October 2015 NASA Infrared Telescope Facility (IRTF) SpeX
SXD/LXD spectrum published in Connelley and Reipurth (2018). The spectrum
spans 0.7 − 4.2 𝜇m at high signal-to-noise and is shown in Figure 6.5.

Photometry
We obtained multiband photometry of V883 Ori from several archival datasets. The
target appears reliably in the Two-Micron All Sky Survey (2MASS, Cutri, Skrutskie,
et al., 2003), Wide-field Infrared Survey Explorer (WISE/NEOWISE, Wright et al.,
2010; Mainzer et al., 2011; Cutri, Mainzer, et al., 2015), and Zwicky Transient
Facility (ZTF, Bellm et al., 2019) point source catalogs. We also perform new
aperture photometry on the source using the Pan-STARRS 𝑔𝑟𝑖𝑧𝑦 stacked images
(Chambers et al., 2019; Magnier et al., 2020; Waters et al., 2020; Flewelling et
al., 2020) to obtain consistent and reliable measurements of the optical flux for
comparison with our Keck/LRIS spectrum. The aperture photometry procedure is
described in Appendix 6.7.
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To contextualize the duration of the outburst and the current state of V883 Ori relative
to past observations, we also assemble 20 years of ground-based photometry in 𝑉 ,
𝑅, and 𝐼 bands. The data reduction and aperture photometry procedure for these are
described in Appendix 6.8 and the lightcurve we produce is discussed in Section 6.4.
While the source flux is reported in the ZTF stacked image catalog, the individual
detections are unreliable, so we preform aperture photometry on individual ZTF
image frames to include in our lightcurve. The ZTF photometry is also described
in Appendix 6.8.

The NEOWISE data are binned by visit and each point in the lightcurve is the 3
sigma-clipped median flux for the observations in the visit, with the uncertainty
given by the 3 sigma-clipped standard deviation of the measurements. The source
is extremely bright in the 𝑊1 and 𝑊2 bands, so we apply the necessary saturation
corrections2.

6.3 Disk Model Fits
The visible/NIR spectrum of V883 Ori is shown in Figure 6.5. In this section, we
describe an accretion disk model fit and demonstrate that a standard FU Ori disk
model cannot fit the spectrum blueward of 1 𝜇m. The emission in the NUV/visible
is consistent with a less extincted disk, indicating it is dominated by scattered light
with less line-of-sight extinction, while the NIR likely probes a line of sight directly
to the inner disk. A cartoon illustrating the scenario is shown in Figure 6.4.

We fit the entire 0.4−2.5 𝜇m spectrum simultaneously with a thin, viscously heated
accretion disk and a physically motivated scattering law. We describe the models
we adopt and fitting procedure in detail below.

The Viscous Disk
The disk model we fit is a thin, viscously heated accretion disk following the
formulation of Shakura and Sunyaev (1973) modified to be isothermal interior to
𝑟 = 49

36𝑅inner (Kenyon, Hartmann, and Hewett, 1988). The details of the model are
given in Carvalho, Hillenbrand, and Seebeck (2023) and Carvalho, Hillenbrand,
Seebeck, and Covey (2024).

For the distance to the source, we assume V883 Ori is a member of the Orion Nebula
Cluster (ONC, Roychowdhury and Hillenbrand, 2024b) and adopt the Gaia-derived
distance to the ONC of 388 pc (Kounkel et al., 2018). The parameters we vary in this

2https://wise2.ipac.caltech.edu/docs/release/neowise/expsup/sec2_1civa.
html

https://wise2.ipac.caltech.edu/docs/release/neowise/expsup/sec2_1civa.html
https://wise2.ipac.caltech.edu/docs/release/neowise/expsup/sec2_1civa.html
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Figure 6.4: A diagram of the system showing the geometry of the scattering surfaces
and obscuring screen relative to the disk and the observer. The illustrated disk (in
orange) angle is set to the 38.3◦ disk inclination. The vertical black arrow marks
the 400 au projected spatial width of the LRIS trace on-sky, while the size of the
disk illustration is the 100 au dust disk radius.

part of the model are ¤𝑀 , 𝑀∗, 𝑅inner, the inclination (𝑖), and the line of site extinction
(𝐴𝑉 , using Fitzpatrick, 1999). V883 Ori has an extinction-corrected 𝐽 − 𝐾 = 1.25
magnitudes, so following the guidance of (Carvalho and Hillenbrand, 2024) we
adopt 𝑅outer = 300 𝑅⊙. Above this value, the 𝑅outer parameter does not affect the
NIR continuum in the model (see Figure 6 in Carvalho, Hillenbrand, Hambsch, et
al., 2023). The choice of 𝑅outer is also justified by the good match to the 3− 4.2 𝜇m
region of the SpeX LXD spectrum (see Figure 6.5).

Attempting to fit an accretion-disk-only model to the entire SED is impossible due to
the drastically different slopes of the visible and NIR. As can be seen in the bottom
panel of Figure 6.5 and in Figure 3 of Connelley and Reipurth (2018), de-reddening
the spectrum to the best-fit extinction value based on the NIR (∼ 20 mag) results in
an extremely steep de-reddened visible range spectrum that is 106 times brighter at
0.4𝜇m than at 1 𝜇m and gives a nonphysical 𝐿 = 8 × 107 𝐿⊙. Fitting an accretion
disk model to only the 1.0 − 2.5 𝜇m region of the spectrum is possible and yields
best-fit parameters that are consistent with those we report for our fiducial model
but are not as well-constrained.
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Scattered Light Model
For a source with the right inclination relative to the observer or surrounding enve-
lope material and significant line-of-sight extinction to the inner disk, the scattered
light from the disk becomes non-negligible. In the case of the large 𝐴𝑉 ∼ 20 mag
estimated from NIR observations of V883 Ori (Strom and Strom, 1993; Connelley
and Reipurth, 2018), the direct line-of-sight visible range flux is suppressed and
must be dominated by scattering. Modeling the scattering is necessary to match the
observed SED, which cannot be fit by a disk model alone (see Figure 6.5).

We use a simple 2 component scattered light model, assuming that the two physical
phenomena dominating the scattering at these wavelengths is Rayleigh scattering
and Mie scattering. We model the scattering of emission from the inner disk,
𝐹disk(𝜆) into our line of sight as a sum of the two scattering laws,

𝐹scatt(𝜆) = 𝐹disk(𝜆) ×
[
𝑓R

(
9000
𝜆

)4
+ 𝑓Mie

]
. (6.1)

The fraction of Rayleigh scattering is given by 𝑓𝑅, while the fraction of light subject
to Mie scattering is given by 𝑓Mie. The normalization of the Rayleigh component
at 9000 Å is chosen as the wavelength where the scattering component begins to
dominate, but is formally degenerate with the value of 𝑓𝑅. The two factors 𝑓𝑅

and 𝑓Mie treat only the total emergent scattered light flux along the line of sight of
the observer. The model does not consider the effect of scattering phase function,
since the scattered light is unresolved in our observations. For the sub-micron sized
grains dominating the scattering, the Mie scattering opacity between 𝜆 = 0.3𝜇m
and 𝜆 = 1.0𝜇m of most dust compositions is approximately constant (Ysard et al.,
2018). After computing the scattered light spectrum, we redden it to 𝐴𝑉 (scatt),
which is distinct from the 𝐴𝑉 to the viscous accretion disk.

Fitting Process and Results
The fit was performed using a log-likelihood minimizing Markov-Chain Monte
Carlo (MCMC) technique with the nested sampling code dynesty (Speagle, 2020).
We adopt uniform priors for 6 of the 8 total model parameters. The two priors we
impose on the disk model MCMC fits are that we require that 𝑖 be drawn from a
normal distribution with mean 𝜇 = 38.3◦ and standard deviation 𝜎 = 3◦ and that
the maximum Keplerian broadening in the disk, 𝑣max =

√︁
𝐺𝑀∗/𝑅inner sin 𝑖 be drawn

from a normal distribution with 𝜇 = 130 km s−1 and 𝜎 = 5 km s−1. The prior on
𝑖 comes from the inclination of the outer disk, measured from exquisite millimeter
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Table 6.1: Best-fit values for the dynestyMCMC disk + scattering model.

Parameter Symbol Value Units
Disk Model

Accretion Rate log( ¤𝑀) −3.89+0.22
−0.14 dex 𝑀⊙ yr−1

Stellar Mass 𝑀∗ 1.34+0.37
−0.46 𝑀⊙

Truncation Radius 𝑅inner 5.86+0.94
−1.83 𝑅⊙

Inclination 𝑖 38.15+3.02
−2.93 deg

Extinction 𝐴𝑉 20.78+0.77
−0.67 mag

Scattered Light Model
Rayleigh Factor log 𝑓𝑅 −3.32+0.44

−0.45 · · ·
Mie Factor log 𝑓Mie −2.31+0.07

−0.20 · · ·
Extinction 𝐴𝑉 (scatt) 7.84+0.96

−0.57 mag
Inner Disk Properties

Accretion Luminosity 𝐿acc 458+141
−80 𝐿⊙

Max Disk Temperature 𝑇max 7046+1405
−744 K

imaging of the source (Cieza, Casassus, et al., 2016). The 𝑣max constraint is based
on our measurements of 𝑣max in the disk using the NIRSPEC spectrum and we
describe the procedure in more detail in Carvalho (2025, in prep).

Despite the large number of parameters, they are all extremely well-constrained
and the fit to the 0.4 − 2.5 𝜇m spectrum is excellent, as can be seen in Figure 6.5.
The best-fit parameters of the model are summarized in Table 6.1. The posterior
distribution for each parameter is shown in a corner plot in Appendix 6.9. Our
best-fit parameters for the inner disk are ¤𝑀 = 10−3.89 𝑀⊙ yr−1, 𝑀∗ = 1.34 𝑀⊙,
𝑅inner = 5.86 𝑅⊙, which produce 𝐿acc = 458 𝐿⊙ and 𝑇max = 7046 𝐿⊙. The best-
fit inclination is 𝑖 = 38.15◦ and the disk is seen through 𝐴𝑉 = 20.78 mag. The
large extinction to the inner disk is confirmed by the strong 3 𝜇m ice absorption
(Connelley and Reipurth, 2018), which can be seen in Figure 6.5. The scattered light
component is seen through 𝐴𝑉 = 7.84 mag, indicating it follows a less extincted
line-of-sight than the inner disk.

We also used the the posterior distributions of the disk model parameters to construct
the distributions of 𝐿acc and 𝑇max values of the system. The distributions are shown
in Figure 6.6. The median values of 𝐿acc = 458 𝐿⊙ and 𝑇max = 7045 K are reported
in Table 6.1 along with the upper and lower uncertainties.

Using Keck/LRIS and IRTF/SpeX, we are able to observe the inner disk of V883
Ori and constrain its accretion luminosity and maximum disk temperature, along
with the physical parameters of the system. The non-negligible contribution from
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Figure 6.5: The model V883 Ori spectra compared with visible and NIR spectra.
Upper panel: The complete disk + scattering model (black) compared with the
LRIS and SpeX spectra (magenta). The disk component is shown in red and the
scattered light component shown in blue. Historical photometry of the source is
shown as green symbols: triangles for PanSTARRS, squares for 2MASS, and circles
for WISE. The WISE photometry includes significant thermal emission from the dust
surrounding V883 Ori, while the SpeX LXD spectrum is dominated by emission
from only the inner disk. Lower panel: The dereddened SpeX spectrum and
accompanying dereddened best-fit models, to better highlight the NIR fit. The 𝐴𝑉
used for dereddening the spectrum is 20.78 mag. As established from the joint
model, this is much greater than 𝐴𝑉 (scatt), causing the rapid upward slope toward
the visible.
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Figure 6.6: Posterior distributions for 𝐿acc and𝑇max computed from the distributions
of 𝑀∗, ¤𝑀 , and 𝑅inner. The posterior distribution for 𝐴𝑉 for the disk component is
shown for reference, as it is often covariant with 𝑇max. The lack of strong covariance
our posteriors indicates we have successfully broken the degeneracy typically present
in SED fitting of accretion disk models.
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scattering in the visible range required modeling both the inner disk and the scattered
light from the inner disk simultaneously. The combined model described in Table
6.1 is an excellent match to the spectrum of the system from 0.4 − 4.2 𝜇m.

The best fit stellar mass and disk inclination are both in good agreement with the
𝑀∗ = 1.3 𝑀⊙ and 𝑖 = 38.3◦ derived from millimeter range observations of the
system (Cieza, Casassus, et al., 2016). The 𝑅inner = 5.86 𝑅⊙ for the system is much
larger than the 2.7−3.5 𝑅⊙ radii expected for a 0.5-1 Myr old system (Baraffe et al.,
2015), but FUOrs are likely to have inflated radii due to their rapid mass accretion
(Hartmann and Kenyon, 1996). The ability of rapid mass accretion to inflate the
radius of a star is seen in models of main sequence accretors in symbiotic binary
systems (Lau et al., 2024).

6.4 Discussion
Using Keck/LRIS and IRTF/SpeX, we are able to observe the inner disk of V883
Ori and constrain its accretion luminosity and maximum disk temperature, along
with the physical parameters of the system. The non-negligible contribution from
scattering in the visible range required modeling both the inner disk and the scattered
light from the inner disk simultaneously. The combined model described in Table
6.1 is an excellent match to the spectrum of the system from 0.4 − 4.2 𝜇m.

The best fit stellar mass and disk inclination are both in good agreement with the
𝑀∗ = 1.3 𝑀⊙ and 𝑖 = 38.3◦ derived from millimeter range observations of the
system (Cieza, Casassus, et al., 2016). The 𝑅inner = 5.86 𝑅⊙ for the system is much
larger than the 2.7−3.5 𝑅⊙ radii expected for a 0.5-1 Myr old system (Baraffe et al.,
2015), but FUOrs are likely to have inflated radii due to their rapid mass accretion
(Hartmann and Kenyon, 1996). The ability of rapid mass accretion to inflate the
radius of a star is seen in models of main sequence accretors in symbiotic binary
systems (Lau et al., 2024).

The Scattered Light Component
The visible range spectroscopy and spectrophotometry of V883 Ori are both many
orders of magnitude brighter than is expected for a FUOr inner disk observed through
𝐴𝑉 = 20 mag. The disk model shown in Figure 6.5 indicates that the source should
barely be detectable blueward of 0.6 𝜇m. Nevertheless, we see faint emission from
V883 Ori across the whole visible range in the Pan-STARRS photometry and the
Keck/LRIS spectrum, indicating a different emission component in the system must
be dominating the visible spectrum.
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The optical spectrum is also consistent with that of a FUOr, as was first reported in
Allen et al. (1975). We affirm this with our LRIS spectrum. It is therefore more
likely that the blue excess is due to the dust surrounding V883 Ori scattering the
optical spectrum of the inner disk into our line of sight. This requires scattering
only 0.5% of the radiation, which is typical of the fraction of starlight scattered by
typical circumstellar disks (e.g., Wolff et al., 2017).

The source has been observed at high (∼ 10 𝜇Jy) sensitivity with ALMA at angular
resolutions spanning 0.04′′ − 1.0′′ and fields of view from 0.3′ − 1.0′, covering both
the point source and the extended nebula (Cieza, Ruíz-Rodríguez, et al., 2018; Lee,
Lee, et al., 2019; Tobin et al., 2023). Matching the visible range excess emission
with a stellar companion would require a luminosity of 𝐿 > 2.25 𝐿⊙ assuming
𝐴𝑉 ∼ 7.8 and a temperature of ∼ 10, 000 K. This would imply a radius of 0.5 𝑅⊙,
which is unphysically small for such a hot star. Furthermore, such a companion
would be expected to disrupt the V883 Ori outer disk, which would be detectable in
the millimeter dust emission and no such disruption to the disk has been reported.

Typically, in cases where the central source is highly extincted such that the visi-
ble/NIR are largely seen as scattered light, the extinction is due to the flared disk
itself. These systems are edge-on, such that the disk obscures a direct line of sight
to the star and the light from the star is mostly seen scattered off the side of the disk
opposite the observer (e.g., HH 30 and IRAS04302+2247, Burrows et al., 1996;
Padgett et al., 1999). The outer disk inclination of V883 Ori is too face-on for this
scenario.

We propose instead that the visible light is scattered off the outer disk and nearby
circumstellar material. The direct line of the sight to the inner disk is obscured by
a cloud of dense envelope material, which produces the 20 magnitudes of optical
extinction to the inner disk spectrum. The less extincted visible light is scattered off
material near the disk but not obscured by this cloud, so we see it through a much
lower 𝐴𝑉 , as shown in Figure 6.4.

The full-width at half maximum (FWHM) of the optical extraction window used to
extract the LRIS spectrum is 1.0′′, which translates to a physical size of 388 au at the
source location. The dust continuum emission in the disk only extends to 0.25′′ or a
radius of 100 au (Cieza, Casassus, et al., 2016). Large dust structures surrounding
face-on FUOrs beyond their disks are seen in scattered light at flux ratios of ∼ 1%
of the inner disk luminosity (e.g., V960 Mon and FU Ori, Weber, Pérez, Zurlo,
et al., 2023b; Zurlo et al., 2024a). In FU Ori, the light-scattering circumstellar
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envelope extends more than 200 au from the source, despite the extremely compact
disk radius of ∼ 11 au (Pérez et al., 2020).

The 12CO and 13CO millimeter emission from V883 Ori reveals a biconical outflow
extending 5′′ from the disk (Ruíz-Rodríguez et al., 2017). The same observations
also show that within 0.5′′ of the disk, the 12CO emission suffers significant absorp-
tion. The absorption is attributed to a large dust column along the line of sight to the
inner disk, which would be consistent with the visible/NIR observations presented
here. It is possible that the large outflow in the system traces a nebula near the disk
that is contributing to the scattered light component, as is seen in FU Ori (Hales
et al., 2024).

The Enormous Mass Consumed by V883 Ori
The luminosity of V883 Ori has remained essentially constant for at least the past 60
years of observation, and plausibly longer, implied by Figure 6.7. This indicates that
the mass accretion rate has remained at an extremely high 10−3.9 𝑀⊙ yr−1 that entire
time. Over 60 years, the source has accreted a minimum of 8 𝑀Jup ( ¤𝑀 ×Δ𝑡). In their
simulation of an FU Ori outburst, Zhu, Jiang, et al. (2020) found that the mechanical
energy removal by winds during the burst can be highly efficient, resulting in a 30%
lower 𝐿acc than the thin disk model predicts. Thus, for a given 𝐿acc, the actual ¤𝑀 in
the disk can be 3× greater. If this is the case in V883 Ori, the total accreted mass in
60 years could be as much as 24 𝑀Jup.

The origin of the outburst is estimated to be around 1888, when the nebula was
first reported by (Pickering, 1890). Strom and Strom (1993) argue that given the
faint 𝐵 ∼ 24 mag arcsec−2 surface brightness of the nebula in 1975 and the fact
that plates in 1888 were preferentially sensitive to blue light and much less sensitive
generally, the nebula must have been much brighter. If the star is illuminating the
nebula sufficiently that the nebula would be brightened by the outburst, then its
accretion rate would have been even greater in the 1880’s. If we conservatively
assume that the accretion rate was at least the same at outburst as it is today, then the
star has accreted at least 18 𝑀Jup (0.017 𝑀⊙). This is comparable to lower estimates
for the total current disk mass (e.g., 0.02 𝑀⊙, Sheehan et al., 2022), although the
disk mass has also been estimated to be as high as 0.54 𝑀⊙ (in radiative transfer
modeling of dust continuum emission and adopting a dust-to-gas ratio of 0.01, Cieza,
Ruíz-Rodríguez, et al., 2018).

Even if the disk mass is underestimated, the total mass accreted by V883 Ori during
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Figure 6.7: A lightcurve of V883 Ori, spanning the past 20 years of observations.
The arrows to the left of the plot mark the brightness of the source at 0.8, 3.5,
and 4.8 𝜇m, taken in 1963, 1975, and 1975, respectively (Allen et al., 1975). The
source has remained at essentially the same brightness for at least the past 60 years.
The triangles mark points from Pan-STARRS, while ∗ symbols mark points from
ZTF. The tan and grey squares mark NEOWISE 𝑊1 and 𝑊2 points, respectively.
The symbols on the plot are larger than the photometric uncertainties for all points
except NEOWISE.

this outburst may be a large fraction of the mass in the disk. FU Ori is a similar
case. The system has been in outburst since 1937 (Wachmann, 1954) and has only
faded by ∼ 1 mag since the burst. Today, the accretion rate is reported to be 10−4.49

𝑀⊙ yr−1 (Carvalho, Hillenbrand, France, et al., 2024). Assuming that the accretion
rate has been constant in the interesting of obtaining a conservative estimate of mass
accreted, the total is 0.003 𝑀⊙, of almost half of the total current 𝑀disk = 0.007𝑀⊙

(using the dust disk mass from Pérez et al., 2020, and assuming a dust-to-gas ratio
of 0.01).

Irradiation Heating of the Outer Disk
As one of the closest FUOrs to the Sun, V883 Ori has been the target of several
millimeter-range observations to study the molecular emission from the spatially-
resolved outer disk. Interpreting the observed spectra, however, is challenging
because it requires careful accounting for all potential heating sources in the disk
and the disk environment.

One critical heating source in FUOr disks is the irradiation from the self-luminous
inner disk. The extremely high accretion luminosity in the inner disk dominates the
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UV to NIR flux. As we demonstrate below, this accretion luminosity also dominates
the irradiation of the outer disk, whereas the central star’s luminosity is irrelevant,
and its irradiative effects inconsequential in the outer disk.

To investigate the impact of omitting inner disk irradiation from a heating budget of
the outer disk, we construct an analytic heating model based on that of Fukue (2013).
This model is distinct from that which we used to fit the visible/NIR SED of the
source in Section 6.3 and is meant to illustrate the different contributions of accretion
and irradiation to regions of the disk probed by millimeter-range observations. We
compute the irradiation heating from both the star and inner disk as

𝑄irr,∗ = (1 − 𝐴)
[
𝑅∗𝐿∗
3𝜋2𝑟3 + 𝐿∗

4𝜋2𝑟2

(
𝑑𝐻

𝑑𝑟
− 𝐻

𝑟

)]
, (6.2)

and
𝑄irr,disk = (1 − 𝐴)

[
𝐿acc

4𝜋2𝑟2

(
𝑑𝐻

𝑑𝑟
− 𝐻

𝑟

)]
. (6.3)

In Equation 6.2, the first term 𝑅∗𝐿∗
3𝜋2𝑟3 accounts for the physical extent of the star, which

slightly impacts the heating at 𝑟 < 10 au. At larger radii, the star can be treated like
a point source and the radiation angle of incidence on the disk, accounted for by the
second term 𝐿∗

4𝜋2𝑟2

(
𝑑𝐻
𝑑𝑟

− 𝐻
𝑟

)
, dominates. For the irradiation from the inner disk in

Equation 6.3, we drop the first term since the disk is flat and the angle of incidence to
small radii becomes extremely small. We assume that the albedo of the outer disk,
𝐴, is 0 for simplicity3. We adopt a stellar radius of 𝑅∗ = 2.7 𝑅⊙ and 𝐿∗ = 2.95 𝐿⊙,
which correspond to a 𝑀∗ = 1.3 𝑀⊙ star at an age of 1 Myr (Baraffe et al., 2015).
We assume that the disk scale height, 𝐻 (𝑟) = 𝐻0 (𝑟/𝑟0)𝛾, where 𝐻0 = 0.05 au at
𝑟0 = 1 au and the flare index 𝛾 = 1.1. For the disk 𝐿acc we use our best-fit value of
458 𝐿⊙.

We also compare this to the viscous heating due to the high accretion rate in the
system, which we model following the Shakura and Sunyaev (1973) model,

𝑄visc =
3𝐺𝑀∗ ¤𝑀

8𝜋𝑟3 . (6.4)

The three heating models are shown in Figure 6.8. While the viscous heating is
dominant in the inner 2 au of the disk, by 𝑟 = 4 au the irradiation from the inner
disk is greater and by 𝑟 = 25 au, 𝑄irr,disk = 10 𝑄visc.

3Our scattering model indicates it is not 0, but given the very small scattering factors, it is close
enough to not meaningfully affect the calculation here.
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Figure 6.8: The sources of heating in the V883 Ori disk. The heating from the
central star is negligible since the disk dominates the luminosity of the system. The
midplane viscous heating, while dominant in the inner 3 au of the disk, falls below
the heating due to irradiation from the accretion luminosity of the disk.

We note that the calculations above treat the inner disk as a luminous point source.
A more detailed analysis that incorporates the radially extended nature of the inner
disk and the true angle of incidence of the accretion flux on the flared outer disk is
necessary to account for the correct outer disk dust temperature.

6.5 Conclusion
We use optical +NIR high and low resolution spectra to constrain a viscous accretion
disk model for one of the brightest and longest-lived FU Ori outbursts, V883 Ori.
We successfully model the spectrum from 0.4−4.2 𝜇m by assuming that the shorter
wavelength component is due to scattered light from the inner disk observed at a
lower line-of-sight extinction, 𝐴𝑉 (scatt) = 7.84 mag, relative to the 𝐴𝑉 = 20.78
mag along direct line-of-sight to the inner disk. The best-fit physical parameters of
the disk model are 𝑀∗ = 1.34 𝑀⊙, ¤𝑀 = 10−3.89 𝑀⊙ yr−1, 𝑅inner = 5.86 𝑅⊙, and
𝑖 = 38.15◦. The maximum temperature of the inner disk, given these parameters, is
7045 K and the accretion luminosity is 458 𝐿⊙.
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We also provide a decades-long light curve of the source, demonstrating its consistent
brightness in both the visible and NIR over the past 62 years of observations. The
flat lightcurve indicates a relatively constant accretion rate, which can be integrated
to show that the source has accreted at least 8 𝑀Jup since 1963 and has likely ejected
∼ 1 𝑀Jup of material as outflows.

The inner disk maximum temperature and luminosity of the source should be con-
sidered when modeling both dust continuum emission and molecular emission. The
tight constraints we provide for both will enable accurate modeling of the dust and
gas temperature, and therefore more reliable estimates of the disk mass of V883
Ori. Given the large mass already accreted by the source, and competing theories
for trigger mechanisms of FU Ori outbursts, an accurate measurement of the disk
mass is critical to understanding the past and predicting the future evolution of this
object.
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6.7 Appendix: Aperture Photometry on the Pan-STARRS Stacked Images
Due to the nebulosity in the vicinity of V883 Ori, the PSF photometry of the
source in the Pan-STARRS point source catalog is unreliable for bands 𝑖𝑧𝑦. In
order to complete the photometric visible/NIR SED of V883 Ori, we downloaded
𝑔𝑟𝑖𝑧𝑦 2′× 2′ cutouts from the image cutout service 4. We then used the photutils
package (Bradley et al., 2024) to extract the flux from the location of V883 Ori using
a circular aperture with a 3′′ diameter. We estimate the background as the median
pixel value in the image and subtract the total background counts within the aperture.
We convert the total data number (𝐷𝑁) in our aperture to a magnitude using the
formula in the Pan-STARRS stack images documentation5: 𝑚𝜆 = −2.5 log10(𝐷𝑁)+

4https://ps1images.stsci.edu/cgi-bin/ps1cutouts
5https://outerspace.stsci.edu/display/PANSTARRS/PS1+Stack+images

https://ps1images.stsci.edu/cgi-bin/ps1cutouts
https://outerspace.stsci.edu/display/PANSTARRS/PS1+Stack+images
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25 + 2.5 log10(𝑡exp). The new photometry we find for V883 Ori (in AB magnitudes)
is: 𝑚𝑔 = 21.27, 𝑚𝑟 = 18.64, 𝑚𝑖 = 16.27, 𝑚𝑧 = 14.84, 𝑚𝑦 = 13.62. The conversions
to Vega magnitudes, computed from the ratio of Vega zeropoints to AB zeropoints,
are −0.095, 0.146, 0.37, 0.51, and 0.55, respectively.

6.8 Appendix: 20 Years of Ground-based Photometry of V883 Ori
The visible/NIR flux level (and therefore mass accretion rate) of V883 Ori has been
remarkably constant over the past 60 years. In order to constrain the photometric
evolution of the source in the last 20 years, we assembled𝑉 , 𝑅, and 𝐼 band measure-
ments from several ground-based facilities. The calibration, aperture extraction, and
filter normalization of each data set is described in this Appendix. The aperture ex-
traction generally follows a similar procedure as that described for the Pan-STARRS
data, though our flux calibration step differs by observatory.

ZTF
The ZTF 𝑟 band individual frames were obtained from the IPAC/IRSA ZTF Image
Access tool6. We selected a 3 pixel aperture radius, which requires the smallest
correction between aperture and PSF fitting photometry, according to the ZTF
Explanatory Supplement. We again estimate the background as the median flux
level in the image. We then extract the flux at the location of V883 Ori, apply the
magnitude zero point of the image specified by the MAGZP header key, and add the
aperture to PSF correction specified by the APCOR3 header key.

To ensure the robustness of the extracted flux to aperture size choice, we also tested
4 and 5 pixel radii and found that the extracted fluxes are consistent with the 3 pixel
values.

Konkoly Observatory, Instituto de Astrofisica de Canarias (IAC), and La Silla
Observatory
Optical observations of V883 Ori were obtained at five different telescopes in Hun-
gary, Spain, and Chile. Three telescopes were at Konkoly Observatory (Hungary):
the 1 m RCC telescope equipped with a Princeton Instruments VersArray:1300b
camera, pixel scale: 0′′31/pixel, field of view: 6.9′×6.4′ (𝑉 , 𝑅𝐶 , 𝐼𝐶 filters, data
from 2005), the 90/60 cm Schmidt telescope equipped with an Apogee Alta U16
camera, pixel scale: 1′′03/pixel, field of view: 70′×70′ (𝑅𝐶 , 𝐼𝐶 filters, data from
2017–2019), and the Astrosysteme ASA800 80 cm RC telescope equipped with an

6https://irsa.ipac.caltech.edu/Missions/ztf.html

https://irsa.ipac.caltech.edu/Missions/ztf.html
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FLI Microline camera, pixel scale: 0′′55/pixel, field of view: 18′4×18′7 (𝑉 , 𝑟′, 𝑖′

filters, data from 2020–2022). The telescope we used at Teide Observatory (Canary
Islands, Spain) was the Instituto de Astrofísica de Canarias 82 cm IAC80 telescope
equipped with the CAMELOT E2V back illuminated chip, pixel scale: 0′′304pixel,
field of view: 10′4×10′4 (𝑅, 𝐼 filters, data from 2007). In Chile, we used the 60
cm Rapid Eye Mount (REM) telescope located at La Silla Observatory, equipped
with the ROS2 multi-channel imaging camera, 0′′58/pixel, field of view: 9′9×9′9
(𝑔′, 𝑟′, 𝑖′, 𝑧′ filters, data from 2014–2015). At each observing night, 3-4 images
were taken with each filter, with exposure times between 20–1080 s. The data was
reduced following the usual steps for bias, dark, and flatfield correction.

For each image, we use an aperture with a 6 pixel radius, corresponding to an angular
radius of 6′′ on PSCH and 1 − 1.5′′ on RCC, RC80, and IAC80. The aperture size
is chosen to minimize the chance of including emission from the nearby nebula
while maximizing robustness to the highly variable seeing. We extract the flux at
the location of V883 Ori and all Pan-STARRS catalog sources within 30’ of V883
Ori. For PSCH, this accounts for half of the sources in the field of view, while for
RCC, RC80, and IAC80, we use every Pan-STARRS source in the field. We take
the background to the median flux level in the image.

We computed the magnitude of V883 Ori in each image relative to the Pan-STARRS
catalogue objects in the field, using the 𝑔 band values as reference for𝑉 band, 𝑟 band
as reference for 𝑟′, 𝑅, and 𝑅𝐶 , and 𝑖 band as reference for 𝑖′, 𝐼, and 𝐼𝐶 . We took the
5-sigma-clipped median and standard deviations as our magnitude measurements
and uncertainties on the measurements, respectively. The typical uncertainty on a
measurement is 0.05 − 0.1 mag. Many of the REM 𝑔′ and 𝑟′ images are not deep
enough to detect V883 Ori, so they are omitted from the lightcurve.

To convert to a uniform set of 𝑉 , 𝑅, and 𝐼 band measurements in the Johnson filter
system, we used the relative zero points between each filter and the Pan-STARRS
filters, and then between the AB and Vega systems for each filter. The zero points
were all obtained from the Spanish Virtual Observatory website7.

6.9 Appendix: Posterior Distributions of the Disk + Scattered Light Model
Our MCMC dynesty models ran for 22,306 iterations. It reached a 𝑑log𝑧 of 0.01
and then stopping criterion of 1.0. The posterior distributions of each parameter are
shown as a corner (Foreman-Mackey, 2016) plot in Figure 6.9.

7https://svo2.cab.inta-csic.es/svo/theory/fps3/

https://svo2.cab.inta-csic.es/svo/theory/fps3/
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Table 6.2: The 𝑉 , 𝑅, 𝐼, 𝑊1, and 𝑊2 band photometry of V883 Ori show in Figure
6.7. The full table is available in the online journal.

MJD V R I z W1 W2 Facility
53671.0419 19.966 · · · · · · · · · · · · · · · RCC
53671.0456 · · · 17.826 · · · · · · · · · · · · RCC
53671.0492 · · · · · · 15.055 · · · · · · · · · RCC
54121.9191 · · · · · · 15.354 · · · · · · · · · IAC80
54121.9330 · · · · · · 15.364 · · · · · · · · · IAC80
57839.7761 · · · 18.066 · · · · · · · · · · · · PSCH
57839.7784 · · · · · · 15.651 · · · · · · · · · PSCH
58429.3919 · · · 17.770 · · · · · · · · · · · · ZTF
58432.3703 · · · 17.823 · · · · · · · · · · · · ZTF
59114.1002 20.797 · · · · · · · · · · · · · · · RC80
59114.1037 · · · 17.943 · · · · · · · · · · · · RC80
59114.1072 · · · · · · 15.400 · · · · · · · · · RC80
59265.0747 · · · · · · · · · · · · 2.838 0.862 WISE
59473.4018 · · · · · · · · · · · · 2.669 0.996 WISE
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Figure 6.9: The posterior distributions of all 8 parameters of the disk + scattering
models. They are all well-constrained and show minimal covariance.
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C h a p t e r 7

BOLOMETRIC CORRECTIONS FOR FU ORI OBJECT
ACCRETION DISK LUMINOSITIES

Carvalho, Adolfo S. and Lynne A. Hillenbrand (Nov. 2024). “Bolometric Corrections
for FU Ori Object Accretion Disk Luminosities.” In: ApJL 976.1, L5, p. L5. doi:
10.3847/2041-8213/ad8cdf. arXiv: 2410.22270 [astro-ph.SR].

Abstract: The accretion luminosity of an FU Ori disk is a fundamental system
parameter, but a challenging one to estimate for all but the most well-studied sys-
tems. FU Ori objects are dynamically evolving accretion disks, especially close
in time to the outburst epoch. They have a complex multi-temperature disk struc-
ture that results in distinctly shaped, broad SEDs. Detailed spectroscopic analysis
is required for simultaneous constraint on relevant physical parameters such as the
central stellar mass, inner disk radius, disk inclination, and disk accretion rate. How-
ever, outbursting systems that are deeply embedded and/or distant may be limited to
only photometric measurement, and over only a narrow range of wavelengths. The
bolometric corrections necessary to estimate accretion luminosities are not straight-
forward, and in particular can not be adopted from existing literature on isotropically
radiating stars. We present bolometric corrections specific to astrophysical accretion
disks for a variety of filters in ongoing and upcoming all-sky surveys.

Author Note: The bolometric corrections that were published as a part of this
work are produced following a fixed 𝑅inner value for the disk (as is discussed
below) and therefore the 𝑇max value varies as the 𝐿acc value varies. However,
the spectroscopic similarity of FUOrs in the visible range (see Chapter 12) indi-
cates they have 𝑇max values in the range of 5000 − 8000 K. For the lowest and
highest luminosity FUOrs, the temperature difference between the models used to
derive the bolometric corrections below and their 𝑇max is large and can skew the
bolometric correction. To account for this, I have computed a set of bolometric
corrections for fixed 𝑇max, by forcing 𝑅inner follows ¤𝑀−1/3. These perform better
especially for low-luminosity FUOrs and give good agreement across visible and
NIR wavelengths (see the lightcurve of Gaia 17bpi in Chapter 2). The new Table is
given in this Chapter in the Appendix and will be publicly available on github at
https://github.com/Adolfo1519/FUOrBolCorr.

https://doi.org/10.3847/2041-8213/ad8cdf
https://arxiv.org/abs/2410.22270
https://github.com/Adolfo1519/FUOrBolCorr
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7.1 Introduction
FU Ori outbursts occur when the accretion disks around young stellar objects (YSOs)
undergo instabilities that increase their accretion rates by factors of 102 − 104

(Hartmann and Kenyon, 1996). The outbursts have been observed to last for decades
and some objects, like V883 Ori, are estimated to have been in outburst for over
100 years (Strom and Strom, 1993). When YSOs are in this luminous, long-lived,
outbursting state they are labeled as FU Ori objects.

Extreme accretion outbursts like those of FU Ori objects are proposed as a solution
to the “luminosity problem", a timescale problem in stellar mass assembly (Kenyon,
Hartmann, Strom, et al., 1990; Kenyon and Hartmann, 1995; Myers, 2010; Fischer
et al., 2023a). The problem arises from the observation that measured mass accretion
rates of quiescent Class 0 to Class II YSOs are much too low for the forming stars to
acquire their eventual main sequence mass in the estimated lifetimes of the envelope
(0.5 Myr) and disk (<5-10 Myr); Evans, 2011.

One of the greatest limitations to better understanding the FU Ori phenomenon is
the small sample size, as fewer than 45 outbursts have been observed (Connelley
and Reipurth, 2018; Guo et al., 2024). Fortunately, the number of FU Ori objects
discovered each year has increased exponentially as more all sky surveys have turned
on at different wavelengths (Hillenbrand 2025, in prep). While many of the early
FU Ori outbursts (FU Ori, V1057 Cyg, V1515 Cyg) were discovered by astute
professional astronomers, a large number of them in the 1980s-2000’s were found
by dedicated citizen scientists. Most recently, the PTF/ZTF (Law et al., 2009;
Bellm et al., 2019), Gaia (Gaia Collaboration, Prusti, et al., 2016), Gattini (Moore,
Kasliwal, et al., 2016; De et al., 2020), VVV/VVVX (Minniti et al., 2010; Saito
et al., 2024), and NEOWISE (Mainzer et al., 2011) time series photometry surveys
have resulted in the detection of tens of FU Ori outbursts over the past 15 years,
more than doubling the sample of observed outbursts.

In the coming years, two major all sky surveys will begin: the Rubin Observatory
Legacy Survey of Space and Time (LSST), in the visible, and the Roman Observatory
High Latitude Wide Area Survey and Galactic Microlensing Survey, in the infrared.
The increased depth of these surveys relative to existing ones is expected to enable
the observation of new FU Ori eruptions.

However, many of these objects will be distant, and likely at least partially em-
bedded. They will be thus difficult to characterize in detail. In particular, it may
be impossible with current capabilities to assemble comprehensive SEDs or obtain
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even limited wavelength multi-epoch spectroscopy. For many, perhaps most, of the
photometrically detected outbursts, only distinguishing lightcurves will be available.

Here, we provide a series of bolometric corrections for FU Ori objects in common
photometric filters. We include those from both existing (ZTF, Gaia, 2MASS, NEO-
WISE) and upcoming (LSST, Roman) all sky time domain surveys. With the proper
corrections for accretion disks from observed to bolometric magnitudes, and with
further correction for distance and extinction to absolute bolometric magnitudes,
the accretion luminosities (and thence accretion rates) of FU Ori objects can be
constrained .

7.2 Applying A Full-Spectrum Disk Model to Photometric Observations
SED for a typical FU Ori object
We construct a model SED of an FU Ori object assuming that in the visible/near-
infrared the emission is dominated by a viscously heated accretion disk. Our model
follows the method put forth by Kenyon, Hartmann, and Hewett (1988) but includes
additional elements, as described in detail in Carvalho, Hillenbrand, Hambsch, et al.
(2023). We summarize the model here.

First, we assume the accretion disk is thin and viscously heated. We then adopt a
modified version of the Shakura and Sunyaev (1973) 𝛼-disk temperature profile,

𝑇4
eff (𝑟) =

3𝐺𝑀∗ ¤𝑀
8𝜋𝜎𝑟3

(
1 −

√︂
𝑅inner

𝑟

)
, (7.1)

where 𝑅inner is the inner radius of the accretion disk,𝑀∗ is the mass of the central star,
¤𝑀 is the stellar accretion rate, 𝐺 is the gravitational constant, and 𝜎 is the Stefan-

Boltzmann constant. We assume that 𝑇eff (𝑟 < 49
36𝑅inner) = 𝑇eff ( 49

36𝑅inner) = 𝑇max

(Kenyon, Hartmann, and Hewett, 1988). We then populate the annuli of the disk
with PHOENIX model spectra (Husser et al., 2013) with log𝑔 = 1.5 and the
appropriate 𝑇eff (𝑟).

For the physical parameters of the star and disk, we adopt those of FU Ori (Zhu,
Jiang, et al., 2020): 𝑀∗ = 0.6 𝑀⊙, 𝑅inner = 3.52 𝑅⊙, 𝑅outer = 0.7 AU. Since
we will be computing bolometric corrections for various system luminosities, we
vary ¤𝑀 in the range 10−5.5 − 10−3.5 𝑀⊙ yr−1 to cover 8 𝐿⊙ < 𝐿acc < 845 𝐿⊙ and
3, 300 K < 𝑇max < 10, 500 K. The grid of luminosities and effective temperatures
slightly exceeds the range of values found in detailed modelling of FU Ori objects
(Nayakshin and Elbakyan, 2024).
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The model grid is computed for systems at distance 𝑑 = 10 pc, with extinction 𝐴𝑉
= 0 mag. We also assume the disk is face on (inclination 𝑖 = 0◦). Below, when
applying the model grid to observations, the latter are corrected to these parameter
values.

The filter profiles
We obtained filter profiles and photometric zero points from the Spanish Virtual
Observatory (SVO) Filter Profile Service1. We selected several major large-area
time domain surveys to represent: the on-going ZTF and Gaia, and the upcoming
LSST optical surveys, the upcoming Roman near-infrared survey, and the recently
completed NEOWISE mid-infrared survey that probes the most embedded YSOs.
We additionally include the 2MASS 𝐽, 𝐻, and 𝐾𝑠 bands due to the broad use of
2MASS as a calibration for other 𝐽, 𝐻, and 𝐾 filter systems in various time domain
surveys (e.g., Gattini-IR and WINTER: Moore, Kasliwal, et al., 2016; Lourie et al.,
2020).

The filter profiles for LSST, Roman, and WISE are shown in Figure 7.1 for reference.
Notice that the bolometric corrections will be largest for the 𝑢, 𝑔,𝑊1, and𝑊2 filters,
while the SED of a typical FU Ori disk is relatively flat for 0.4 < 𝜆 < 1.3 𝜇m.

Bolometric Corrections
For each of the filters, we compute the observed photometric magnitude in our
model, which is by construction the absolute magnitude. We then compute the
bolometric correction, 𝐵𝐶𝜆,disk ≡ 𝑀bol,disk−𝑀𝜆,disk between the absolute magnitude
in the observed band and the bolometric magnitude, assuming a solar bolometric
magnitude of 𝑀bol,⊙ = 4.74 (Willmer, 2018). The bolometric corrections are shown
as a function of absolute magnitude, 𝑀𝜆,disk, in Figure 7.2.

We can fit the 𝐵𝐶𝜆,disk versus 𝑀𝜆,𝑑𝑖𝑠𝑘 relation with a 2nd order polynomial:

𝐵𝐶𝜆,disk = 𝑐0 + 𝑐1𝑀𝜆,disk + 𝑐2𝑀
2
𝜆,disk, (7.2)

where 𝐵𝐶𝜆,disk is the bolometric correction for a given filter, 𝜆, and 𝑐0, 𝑐1, 𝑐2 are the
fit coefficients. The best-fit polynomials are also plotted in Figure 7.2. We report
the coefficients and the reference wavelength of each filter in Table 7.1.

1http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse

http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse
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Figure 7.1: The normalized filter profiles for the LSST, Roman, and WISE filters
(colored lines), plotted against our fiducial ¤𝑀 = 10−4.5 𝑀⊙ yr−1 FU Ori object SED
model (black). The filled boxes at the top show the approximate total wavelength
coverage of each survey or mission. The optical ZTF and Gaia filters overlap the
LSST bands, and the 2MASS filters overlap the Roman bands.

7.3 Computing Accretion Luminosity
Arriving at a luminosity estimate (in our case the 𝐿acc) from photometric data
requires two major corrections prior to applying the bolometric corrections presented
in Section 7.2. The first is to determine the extinction to the source in the filters
being used. The second is to correct for distance to the source by computing the
distance modulus.

The unique SED and anisotropic emission from a viscous accretion disk requires
that these corrections be treated differently from their analogs in standard stellar
literature. We present the appropriate extinction corrections and distance modulus
for FU Ori objects in the following section. We then describe how to apply the
bolometric corrections to estimate 𝐿acc.
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Figure 7.2: The bolometric corrections (filled circles) and our polynomial fits (solid
lines). The visible range surveys in the top row are ZTF (left), Gaia (center), and
LSST (right). The infrared surveys along the bottom are Roman (left), 2MASS
(center), and WISE (right).

𝐴𝜆 versus 𝐴𝑉 for an accretion disk SED
An important step in the process of computing bolometric magnitudes – before
applying the bolometric corrections – is the extinction correction to observed mag-
nitudes, 𝑚𝜆. When a broadband spectrum of an outbursting FU Ori system of
obtainable, the 𝐴𝑉 is often estimated by scaling the spectrum to match that of
another modestly reddened, well-known FU Ori object (Connelley and Reipurth,
2018). Another technique is to use interstellar absorption of Diffuse Interstellar
Bands (DIBs), which are not otherwise present in the spectra of FU Ori objects
(Carvalho and Hillenbrand, 2022).

Whatever the means of estimating 𝐴𝑉 , applying the extinction correction to pho-
tometry in other bands requires knowing how the extincted flux in that band relates
to the extincted flux in the 𝑉 band. For broadband filters like those in Gaia, the
assumed SED of the source can affect the conversion between 𝐴𝑉 and the extinction
in the desired filter, 𝐴𝜆,disk (as is known to be the case for stars, e.g., Zhang and
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Table 7.1: Polynomial coefficients 𝑐0, 𝑐1, 𝑐2 in front of absolute magnitudes (see
Equation 7.2) for the bolometric corrections of FU Ori objects. Also provided are
𝐴𝜆,disk/𝐴𝑉 values specifically computed for the viscous disk model.

Filter 𝜆ref
[
Å
]

𝑐0 𝑐1 𝑐2 𝐴𝜆,𝑑𝑖𝑠𝑘/𝐴𝑉
Gaia BP 5041.61 -0.368 -0.326 -0.036 0.84
Gaia G 5850.88 -0.022 -0.260 -0.038 0.50
Gaia RP 7690.74 0.574 -0.205 -0.048 0.46
ZTF g 4746.48 -0.522 -0.357 -0.030 1.07
ZTF r 6366.38 0.097 -0.289 -0.051 0.72
ZTF i 7829.03 0.615 -0.208 -0.051 0.54

LSST u 3751.20 -0.907 -0.464 -0.018 1.47
LSST g 4740.66 -0.520 -0.358 -0.030 1.05
LSST r 6172.34 0.036 -0.295 -0.050 0.77
LSST i 7500.97 0.492 -0.229 -0.051 0.58
LSST z 8678.90 0.888 -0.164 -0.048 0.47
LSST y 9711.82 1.254 -0.098 -0.042 0.39

Roman F062 6141.54 0.038 -0.289 -0.046 0.68
Roman F087 8650.97 0.887 -0.162 -0.047 0.44
Roman F106 10465.04 1.594 -0.073 -0.043 0.32
Roman F129 12759.99 2.267 -0.081 -0.052 0.24
Roman F146 13049.63 2.409 -0.094 -0.053 0.18
Roman F158 15577.83 2.816 -0.146 -0.066 0.17
Roman F184 18290.96 3.156 -0.151 -0.066 0.14
Roman F213 21116.87 3.525 -0.118 -0.063 0.11

2MASS J 12350.00 2.200 -0.062 -0.049 0.26
2MASS H 16620.00 3.015 -0.153 -0.067 0.16
2MASS Ks 21590.00 3.589 -0.108 -0.062 0.11
WISE W1 33526.00 4.377 -0.237 -0.092 0.06
WISE W2 46028.00 4.586 -0.627 -0.153 0.04

Yuan, 2023).

To account for extinction effects, we thus also compute a suite of models with fixed
¤𝑀 = 10−4.5 𝑀⊙ yr−1 and apply a range of 𝐴𝑉 values from 0 mag to 20 mag using

the Cardelli et al. (1989) curve, to determine the conversion between 𝐴𝑉 and 𝐴𝜆,disk

for each filter. We then fit 𝐴𝜆,disk versus 𝐴𝑉 with a linear model, which is applicable
for 0.5 < 𝐴𝑉 < 20 in the bluest bands and 0.1 < 𝐴𝑉 < 20 for 𝜆 > 1.0 𝜇m. The
vertical offset in the linear fits is almost exactly 0 mag for all bands, so we simply
give the slope, or 𝐴𝜆,disk/𝐴𝑉 in Table 7.1. For targets with 𝐴𝑉 > 15, the bolometric
corrections in the bluer bands may not be reliable due to the radically steepened
SED.
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Distance Modulus for an Accretion Disk
Once the extinction to an FU Ori object is known, the distance to the target should be
accounted for using the distance modulus. One important detail is that the emission
is not isotropic but rather from a disk. Consequently, distance modulus should
be modified to account for the projected area of the inclined disk. Whereas for
a given flux 𝐹, the luminosity of an isotropically emitting target at a distance 𝑑
is calculated by 𝐿 = 4𝜋𝑑2𝐹, for a disk with inclination 𝑖 the expression becomes
𝐿 = 2𝜋𝑑2𝐹/cos 𝑖.

To compare observed disks to our model, the distance modulus, is given by

𝑚𝜆 − 𝑀𝜆,𝑑𝑖𝑠𝑘 = 5 log10(𝑑) − 5 + 𝐴𝜆,disk + 𝐶𝑖, (7.3)

where 𝐴𝜆,disk is the extinction in the observed band, 𝐶𝑖 = −2.5 log10(cos 𝑖), and 𝑖 is
the inclination of the observed disk. For a face-on system, 𝐶𝑖 = 0, while for 𝑖 = 80◦,
𝐶𝑖 = 1.901. Assuming an isotropic distribution of inclinations, a typical value for
cos 𝑖 = 1/2. Thus, in the absence of information about the inclination of an object,
a reasonable estimate is 𝐶𝑖 = 0.75.

Disk Accretion luminosity
With an observed brightness in a given band, 𝑚𝜆, and the proper distance modulus,
the absolute magnitude of the disk 𝑀𝜆,disk is computed by subtracting the distance
modulus from 𝑚𝜆, as in Equation 7.3. Then, using the coefficients in Table 7.1
and Equation 7.2, the bolometric correction 𝐵𝐶𝜆,disk can be computed. Next, the
accretion brightness in absolute magnitudes is simply given by 𝑀bol,disk = 𝐵𝐶𝜆,disk+
𝑀𝜆,disk.

Finally, converting this accretion brightness into the accretion luminosity 𝐿acc =

𝐿bol,disk in 𝐿⊙, can be done in the usual way:

𝐿acc = 10−0.4(𝑀bol,disk−𝑀bol,⊙)𝐿⊙, (7.4)

where as before, 𝑀bol,⊙ = 4.74. If the stellar parameters are known or can be
estimated, then the accretion rate can be subsequently inferred from 𝐿acc =

1
2
𝐺𝑀∗ ¤𝑀
𝑅inner

.

As noted above, the bolometric corrections for FU Ori disks are largest for the
bluest (u, g) and the reddest (W1, W2) filters that are discussed here, and smaller at
intermediate wavelengths. For any given outburst, the source may be detected from
quiescence to the outburst state in one or more of these bands. So which bands are
“best" for determining an accurate accretion luminosity? In addition to the issue
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of the size of the bolometric correction with wavelength, there is also the issue of
the size of the extinction correction with wavelength. A final consideration is the
sensitivity of different wavelength ranges to physical parameters of the accretion
disk, specifically the outer radius of the actively accreting disk, as discussed on the
next section.

On balance, it appears as though red optical through short near-infrared bands
(r,i,z,Y,J) optimally measure the accretion luminosity of the outburst. While they
are less sensitive to the ¤𝑀 of the system than bluer bands, they are not as significantly
affected by the 𝐴𝑉 . This makes them more robust to uncertainties in the adopted
𝐴𝑉 value. The reddest NIR bands are least impacted by 𝐴𝑉 but are contaminated
by emission from the passive disk in the system, which decreases their capacity to
directly trace the 𝐿acc. The rationale for these conclusions is provided below.

7.4 Application to Two Well-Studied FU Ori Systems
In this section, we consider several practical aspects of determining FU Ori accretion
disk luminosities using bolometric corrections to photometric observations.

Comparison with previous results on 𝐿𝑎𝑐𝑐
The reliability of the approach outlined above for estimating the accretion luminosity
of FU Ori objects can be demonstrated by comparing results from this procedure
with our previous detailed disk modeling for two objects: HBC 722 and V960 Mon.

Both systems have existing Gaia and WISE lightcurves. The accretion luminosity
values we adopt as the “true" values for the systems are 𝐿true = 100 𝐿⊙ for V960
Mon and 𝐿true = 90 𝐿⊙ for HBC 722 (Carvalho, Hillenbrand, Hambsch, et al.,
2023; Carvalho, Hillenbrand, Seebeck, and Covey, 2024). For V960 Mon, this is
the luminosity measured at the peak of its outburst, whereas for HBC 722 we use the
luminosity measured after 2015, when the source reached its bright plateau phase
following a short-lived dip immediately after the temporary peak in early 2011.

The comparison between the 𝐿true values derived from detailed multi-wavelength
modelling and 𝐿acc estimated here by applying BCs to single-band photometry,
is given in Table 7.4. In most of the bands, the estimated luminosity is within
20% of the measured luminosity with the notable exception of the WISE bands.
This can be interpreted as the approximate systematic uncertainty in the method,
which dominates over the typically < 1% photometric uncertainty for data used to
compute 𝐿acc. The BCs are calculated for and applicable to a broad range of source
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luminosities, from 8 𝐿⊙ to 700 𝐿⊙. So long as the target, regardless of luminosity,
has an FU Ori-like accretion disk, this method is applicable.

Cautions regarding WISE photometry use to compute Lbol

For FU Ori systems, photometry redward of 𝐾 band has been demonstrated to
increasingly (with wavelength) trace the passive disk component of the system (Liu
et al., 2022; Carvalho, Hillenbrand, Hambsch, et al., 2023). It can also be sensitive
to the outer boundary of the viscously heated region of the disk (Kóspál, Ábrahám,
Acosta-Pulido, et al., 2016; Carvalho, Hillenbrand, Seebeck, and Covey, 2024).
As a result, the WISE 𝑊1 and 𝑊2 photometry may overestimate the 𝐿acc in some
systems. This can be seen in the relatively large values of 𝐿acc derived from𝑊1 and
𝑊2 compared to those at other wavelengths.

For V960 Mon, Table 7.4 shows that 𝐿acc(𝑊1) ∼ 2𝐿true and 𝐿acc(𝑊2) ∼ 3𝐿true.
Consistent with these bolometric luminosity results, in the SED of V960 Mon, the
viscous-disk-only model of Carvalho, Hillenbrand, Hambsch, et al. (2023) under-
estimates the 𝑊1 and 𝑊2 fluxes by factors of ∼ 2 and ∼ 3, respectively. The
excess flux is accounted for in Carvalho, Hillenbrand, Hambsch, et al. (2023) by
including a dust disk component in the system, beyond the active disk region, that
is reprocessing the accretion luminosity.

We find that for reasonable assumptions of 𝑅outer in the viscous disk model (e.g.,
𝑅outer > 25 𝑅⊙), the case of V960 Mon represents an extreme instance of overes-
timating 𝐿acc from 𝑊1 or 𝑊2. For targets where the viscous disk extends farther
than 𝑅outer ∼ 100 𝑅⊙, the passive disk contribution at 3.5− 5 𝜇m is negligible. This
is exemplified in HBC 722, where the 𝐿acc using the 𝑊2 photometry is relatively
consistent with both 𝐿true and the near-infrared estimates, though larger than the
visible range estimates.

Estimating disk 𝑅outer from infrared colors
In Section 7.4, we discussed how estimates of 𝐿acc are susceptible to contamination
in the 𝑊1 and 𝑊2 photometry from the non-active region of the disk. Moving to
shorter wavelength photometry, such as JHK, we identify another consideration in
estimating accurate 𝐿acc values.

Carvalho, Hillenbrand, and Seebeck (2023) demonstrated that the 1.5 to 2.2 𝜇m
region of an FU Ori object SED is sensitive to the 𝑅outer value of the active disk
region. This is especially the case for 25 < 𝑅outer/𝑅⊙ < 100, with larger values of
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Table 7.2: Comparison between the measured
accretion luminosities (𝐿true) for HBC 722 and
V960 Mon, and those we estimate using our BCs
(𝐿bol,disk = 𝐿acc).

𝐿acc/𝐿⊙
Filter V960 Mon HBC 722

𝐿true = 100 ± 10 𝐿true = 90 ± 9
Gaia BP 123 77
Gaia G 101 73
Gaia RP 105 87
ZTF g · · · 85
ZTF r · · · 84

2MASS Ja 88 113
2MASS Ha 67 106
2MASS Ksa 56 116
WISE W1b 240 157
WISE W2b 295 111
a The flux in 𝐽, 𝐻, and 𝐾𝑠 is sensitive to the
𝑅outer value in the model and for 𝑅outer <

100 𝑅⊙, 𝐻 and 𝐾𝑠 underestimate the 𝐿acc.
b The flux from both WISE bands includes sig-

nificant contribution from the passive disk and
may overestimate 𝐿acc.

𝑅outer best discriminated in the 3 to 5 𝜇m range of the SED (Carvalho, Hillenbrand,
Seebeck, and Covey, 2024). This sensitivity to 𝑅outer may present a challenge for
interpreting 𝐿acc from 𝐾 or 𝐾𝑠 band photometry.

In Table 7.4, although the 𝐽-band-inferred 𝐿est is nearly 𝐿meas, the 𝐿est values for
V960 Mon steadily decrease toward the redder 2MASS bands. This is consistent
with the small 𝑅outer = 25 − 35 𝑅⊙ reported for the system. On the other hand, the
𝐿est values for HBC 722 do not show this steady decrease with increasing wavelength
and are in better agreement with the 𝐿est from the visible (if slightly over-estimated).
We expect this for HBC 722 because for the epoch we show here, 𝑅outer > 100 𝑅⊙

(Carvalho, Hillenbrand, Seebeck, and Covey, 2024).

Assuming that the 𝐽 band is a reasonable estimate of 𝐿acc for 𝑅outer > 25 𝑅⊙, we
can use the 𝑀𝐽 −𝑀𝐾𝑠 color of the system to estimate 𝑅outer. We demonstrate this in
Figure 7.3. Although the 𝑀𝑊1 −𝑀𝑊2 space would in principle be more sensitive to
the 𝑅outer in a system, the potentially significant contribution of the passive disk can
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Figure 7.3: The 𝑀𝐾𝑠 versus extinction-corrected 𝐽−𝐾𝑠 color magnitude space, with
the locations of V960 Mon (blue point) and HBC 722 (green “x") are marked. The
grid of accretion disk model values is plotted in grey, with constant 𝑅outer tracing
approximately vertical lines and constant 𝐿acc approximately horizontal. The values
at the top of the grid mark 𝑅outer in units of 𝑅⊙ for each set of models and values
along the lower boundary of the grid mark a few 𝐿acc values in units of 𝐿⊙ for
reference. Models with 𝑅outer > 200 𝑅⊙ converge in this color space. Notice that
both V960 Mon and HBC 722 lie along tracks that agree with their measured 𝑅outer
values (blue and red text, respectively) in this space.

confound the diagnostic. In the 𝑀𝐾𝑠 versus 𝑀𝐽 − 𝑀𝐾𝑠 color magnitude space, the
models computed for different 𝑅outer are well-separated while remaining minimally
affected by passive disk emission.

7.5 Conclusions
Using our semi-empirical viscous disk model, we have computed bolometric cor-
rections between observed and absolute magnitudes for YSOs that are dominated
by luminosity generated in accretion disks. We have also provided a guide for the
full set of considerations needed in order to convert a brightness measurement 𝑚𝜆
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for an FU Ori accretion disk into an 𝐿acc estimate, using bolometric corrections.

Our procedure accounts for the ways in which computing 𝐿acc for a disk differs from
the canonical methods developed to compute 𝐿bol for stars, particularly due to the
unique shape of the disk SED and the projection of flux in inclined disks. The shape
of the SED impacts both the bolometric correction and the conversion from 𝐴𝑉 to
𝐴𝜆,disk because the flux is distributed across a much broader wavelength range than
in stellar SEDs. Larger disk inclinations lead to a smaller fraction of 𝐿acc reaching
an observer, which can lead to systematic underestimation of 𝐿acc if the emission is
assumed to be isotropic. We also add a correction term to the traditional distance
modulus calculation to incorporate the inclination of the disk when computing the
absolute magnitude of accretion disks.

When applying the bolometric corrections we calculated to a typical FU Ori disk,
the bands that will give bolometric-correction-derived luminosities most consistent
with the true 𝐿acc are those between the red-optical and 𝐽 (or 𝐻) band. This
wavelength range is where the SED is flattest and least affected by the assumed 𝐴𝑉
or the presence of hot dust emission in the system.

Estimating 𝐿acc with the bolometric corrections presented here will enable a self-
consistent means of comparing accretion luminosities of FU Ori objects for several
ongoing and upcoming all-sky-surveys. This will facilitate building a sample of
objects that can be studied uniformly as more outbursts are detected, leading to
statistical robustness for population studies.

Although we have computed the quantities and relations in the paper with FU Ori
accretion disks in mind, there are elements of the work that can be applied to other
disk systems. One that is universal is the need to correct for flux projection when
estimating a disk luminosity from photometric data. The modified distance modulus
we present in Equation 7.3 is applicable to calculating the absolute magnitude of
emission from any astrophysical disk. The bolometric corrections are generally
applicable for viscous accretion disks with maximum temperatures ranging from
3,300 K to 10,500 K. However, due to the modification to the Shakura and Sunyaev
(1973) temperature profile, the results will be most reliable for redder bands, as
bluer bands are more sensitive to the details of 𝑇eff (𝑟 < 49

36𝑅inner).
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7.7 Appendix: New Constant-Temperature Bolometric Corrections
The bolometric corrections provided in the text above allow the 𝑇max of the disk to
vary in the range of 3, 500 − 10, 000 K in order to cover the large luminosity range.
However, recent discoveries of low-luminosity FUOrs still showing spectra consis-
tent with 𝑇max ∼ 5000 − 7000 K (e.g., Hillenbrand, Peña, et al., 2018; Hillenbrand,
Carvalho, Stern, et al., 2025a) indicate that the temperature range of the models
used to compute the bolometric corrections is too broad. While this is acceptable
for FUOrs with luminosities near the middle of the range 50 < 𝐿acc/𝐿⊙ < 400,
those near the ends of the range will have less accurate luminosity estimates. In
the case of sources with 𝐿acc < 10, the bolometric corrections will be based on
models that are too red and thus over-estimate the correction. Table 7.3 contains
bolometric corrections for models computed with a fixed 𝑇max = 6, 000 K by adopt-

ing 𝑀∗ = 0.6 𝑀⊙ and 𝑅inner = 3.52
(

¤𝑀
10−4.5 𝑀⊙ yr−1

)−1/3
𝑅⊙. The parameter ¤𝑀 is

then varied from 10−7 𝑀⊙ yr−1 to 10−3.5 𝑀⊙ yr−1.
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Table 7.3: Polynomial coefficients 𝑐0, 𝑐1, 𝑐2 in front of absolute magnitudes (see
Equation 7.2) for the bolometric corrections of FU Ori objects using models of a
constant 𝑇max = 6, 000 K. Additional information for each filter can be found in
Table 7.1.

Filter 𝑐0 𝑐1 𝑐2
Gaia BP -0.513 0.014 -0.000
Gaia G 0.012 0.019 -0.000
Gaia RP 0.741 0.026 -0.000
ZTF g -0.783 0.015 -0.001
ZTF r 0.185 0.014 0.001
ZTF i 0.794 0.029 -0.000

LSST u -1.592 0.047 -0.006
LSST g -0.781 0.015 -0.001
LSST r 0.102 0.012 0.001
LSST i 0.663 0.026 0.000
LSST z 1.056 0.031 -0.001
LSST y 1.351 0.027 -0.001

Roman F062 0.104 0.015 0.000
Roman F087 1.054 0.030 -0.001
Roman F106 1.624 0.017 -0.000
Roman F129 2.190 0.004 -0.000
Roman F146 2.335 0.002 -0.001
Roman F158 2.694 -0.010 -0.002
Roman F184 2.966 -0.014 -0.002
Roman F213 3.200 -0.011 -0.001

2MASS J 2.104 0.004 0.000
2MASS H 2.845 -0.015 -0.002
2MASS Ks 3.227 -0.011 -0.001
WISE W1 3.871 -0.003 -0.001
WISE W2 4.373 -0.002 -0.001
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C h a p t e r 8

CROSS CORRELATION ANALYSIS OF THE KECK/NIRSPEC
HIGH RESOLUTION SPECTROSCOPIC SURVEY OF FUORS

Cross-correlation functions (CCFs) provide an efficient means of determining the
average line profile among several in a spectrum. The CCF greatly improves the
signal-to-noise ratio of the line profile relative to isolating individual lines. In
regions of the spectrum with mixed or blended molecular and atomic absorption
features, it can sometimes be the only way to analyze the structure of the line profiles.

The Keck/NIRSPEC survey of FUOrs that we conducted from 2022 to 2023 was
designed to capture the most complete high resolution NIR spectra of FUOrs known
at the time, spanning 1.0 − 2.4 𝜇m. In Chapters 5 and 6, I show how the spectra
of HBC 722 and V883 Ori are very effectively reproduced by the disk model. In
this chapter, I use this fact to compute the 𝑣max in FUOrs based on their rotational
broadening at 𝐻 band, and to compare the observed line broadening from bluer to
redder wavelengths with that predicted from the disk model. The spectra used in
both analysis are shown in Chapter 13.

8.1 Using CCFs in H band to Measure 𝑣max

As discussed in Chapter 2, an effective means of using the high resolution spectrum
of a FUOr to constrain SED fits has been to measure the Keplerian rotational
broadening in the spectrum. Recall that if the material is in a Keplerian orbit around
the central star, then its velocity at a given radius is 𝑣Kep(𝑟) =

√︁
𝐺𝑀∗/𝑟. The

velocity we observe is projected along our line of sight according to the inclination,
𝑖, of the disk, so we observe 𝑣Kep(𝑟) sin 𝑖. The maximum velocity we observe is at
𝑟 = 𝑅inner, and is given by 𝑣max =

√︁
𝐺𝑀∗/𝑅inner sin 𝑖.

The fact that 𝑣max contains 𝑀∗, 𝑅inner and 𝑖 in its expression gives it the power to
constrain these parameters in the SED model. Notice also that it isolates 𝑀∗ from
the 𝑀∗ ¤𝑀 product that appears in the expressions of 𝑇max and 𝐿acc.

Measuring 𝑣max directly from the rotational broadening of spectra lines is chal-
lenging because the formation radius of a given feature is a complex function of
its excitation potential, the line oscillator strength, and the local disk properties
(Carvalho, Hillenbrand, and Seebeck, 2023). It is generally true that the contin-
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uum redder wavelengths probe cooler regions of the disk at larger 𝑟 (see Figure
D1 in Carvalho, Hillenbrand, Seebeck, and Covey, 2024), so one might imagine
that measuring the 𝑣 sin 𝑖 of lines in the blue-optical or NUV would give the best
estimate of 𝑣max. However, blueward of ∼ 5000 Å, the spectrum of FUOrs suffers
heavy contamination from the strong outflows of the object and the NUV/FUV spec-
trum is dominated by outflow emission (Kravtsova, Lamzin, et al., 2007; Carvalho,
Hillenbrand, France, et al., 2024).

In order to obtain estimates of 𝑣max that are minimally impacted by absorption/emission
from outflows and to account for the Keplerian velocity profile in the disk, we pro-
pose a new, cross-correlation-based technique using high resolution 𝐻 band spectra.
The 𝐻 band is ideal due to its mix of atomic and molecular spectral features with
a wide range of excitation potentials and in turn a wide range of formation radii in
the disk. The line absorption in the region is also relatively insensitive to the maxi-
mum temperature in the disk, so the line widths are primarily set by the Keplerian
rotational broadening.

To begin, we compute an accretion disk model based on the FU Ori system, using
the system parameters from our model in (Carvalho, Hillenbrand, France, et al.,
2024): 𝑀∗ = 0.6 𝑀⊙, 𝑅inner = 3.52 𝑅⊙, ¤𝑀 = 10−4.49 𝑀⊙ yr−1. Since we are
continuum-normalizing the spectra, 𝐴𝑉 and distance are irrelevant here. In order to
vary the rotational broadening of the model absorption lines, we compute a grid of
models with 𝑖 = 1◦ − 89◦. The resulting velocity range is 𝑣max = 1 − 175 km s−1.
We also compute a model with no rotational broadening.

To produce the reference grid of cross-correlation functions (CCFs), we first down-
sample the models to the wavelength sampling and resolution of the NIRSPEC
spectrum in each of the ten 𝐻 band orders. We then compute the CCF between the
non-broadened model and each of the broadened models and the NIRSPEC 𝐻 band
spectrum.

We combine the CCFs of each order to produce a mean CCF following the guidance
in Zucker (2003):

𝐶𝐶𝐹mean =

√√√√
1 −

(
10∏
1
𝐶𝐶𝐹2

𝑖

)1/10

, (8.1)

where 𝐶𝐶𝐹𝑖 is the CCF for a given H band spectral order. The resulting 𝐶𝐶𝐹mean is
a maximum-likelihood based combination of all 10 orders, minimizing the effects
of artifacts near the wings of the CCF. The 𝐶𝐶𝐹mean for the V883 Ori spectrum is
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Figure 8.1: The results of the 𝐻 band CCF best-fit used to measure the rotational
broadening in V883 Ori. Left: The mean CCF from 8 H band orders of the
NIRSPEC spectrum of V883 Ori (magenta) and the best-fitting mean CCF from
the model grid, corresponding to a 𝑣max = 135 km s−1. The stronger blue-shifted
absorption in V883 Ori is likely due to a rotating disk wind traced by molecular
bands like CO (3-0), as has been reported in HBC 722 (Calvet, Hartmann, et al.,
1993; Carvalho, Hillenbrand, Seebeck, and Covey, 2024). Right: The reduced 𝜒2

values for the grid of model CCFs and the V883 Ori CCF. The best-fit value is
marked with a × symbol.

shown in Figure 8.1. We compute the reduced 𝜒2 between each of our model CCFs
and the V883 Ori CCF to identify the correct best-fitting 𝑣max value for the system.
As shown in Figure 8.1, the best-fit value of 𝑣max = 135 km s−1.

Using this technique, we are able to measure the 𝑣max values for all of the objects in
our Keck/NIRSPEC survey for which we were able to obtain 𝐻 band spectra. The
𝑣max measurements are shown in Table 8.1 and and summarized in Figure 8.2. The
plots of the CCFs and 𝜒2 values as a function of 𝑣max are presented below. Note
that the resolution of the NIRSPEC spectra is ∼ 15, 000, so the instrumental line
broadening is 20 km s−1. This places an upper bound on the rotational broadening
in objects like V1515 Cyg, V2775 Ori, and PP 13S.

I have omitted the measurements for V1057 Cyg from Table 8.1 because they
do not appear to reflect the actual rotational broadening in the disk. Despite the
spectroscopic similarity of V1057 Cyg to FUOrs at medium/low resolution, the
high resolution NIR spectrum, like the visible range spectrum, is dominated by
wind absorption and emission features (see Chapter 13), even in 𝐻 band. Thus, the
spectral line profiles trace the kinematics of the outflow in the source, rather than
the disk itself.
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Figure 8.2: The measured 𝑣max values for each object in our NIRSPEC sample.
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Figure 8.3: The CCFs and reduced 𝜒2 values for the two epochs of FU Ori NIRSPEC
spectra.
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Table 8.1: The 𝑣max measurements for FUOr with a Keck/NIRSPEC 𝐻 band spec-
trum. While V1057 Cyg is included in this table for completeness, the CCFs are
likely tracing the extreme wind absorption in this source, rather than disk broaden-
ing.

𝑣max 𝜎𝑣
Object Date (km s−1) (km s−1)

Gaia17bpi 2022-07-31 206 60
2023-10-31 232 54

HBC 722 2022-07-31 102 7
2022-12-03 102 15
2023-10-30 98 19

Parsamian 21 2022-07-31 113 14
2023-11-01 113 24

V733 Cep 2022-07-31 80 8
V1057 Cyg 2022-07-31 4 40

2022-12-03 4 56
V1515 Cyg 2022-07-31 4 16
V1735 Cyg 2022-07-31 24 12
Gaia18dvy 2022-08-01 52 8
PGIR20dci 2022-08-01 32 24

2023-10-30 40 24
FU Ori 2022-12-03 116 14

2023-11-01 116 22
RNO 1B 2022-12-03 123 32
RNO 1C 2022-12-03 87 11
RNO 54 2022-12-03 95 15

V900 Mon 2022-12-04 109 18
V960 Mon 2022-12-04 64 8

L1551 IRS 5 2023-10-30 28 24
PP13S 2023-10-30 8 32

V2775 Ori 2023-10-30 4 32
BBW 76 2023-10-31 56 52
V883 Ori 2023-10-31 134 39
V582 Aur 2023-11-01 153 36

8.2 The Wavelength Dependence of Rotational Broadening in FUOrs Re-
vealed by CCF Analysis

The idea that FUOrs have a thin, viscous accretion disk in approximately Keplerian
rotation around the central star naturally implies that further away from the star,
material will be orbiting more slowly. The temperature profile for the disk,𝑇 ∝ 𝑟−3/4,
also shows that this slower rotating material should be cooler and therefore radiate at
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Figure 8.4: Same as Figure 8.3 for V1515 Cyg.

redder wavelengths. Therefore, when looking at high resolution spectra of FUOrs,
absorption lines at redder wavelengths should have narrower profiles than absorption
lines at bluer wavelengths. The effect should also be seen in the excitation potential
of the lines: features with greater excitation potential should probe hotter material
and have broader absorption lines than features with lower excitation potentials.

When modeling the high resolution visible range spectra of V1057 Cyg (pre-1994
fade event), Z CMa, and FU Ori, (Welty, Strom, Edwards, et al., 1992) found the
absorption lines in both observations and the disk models did not follow this trend.
Their models successfully reproduced a lack of correlation in rotational broadening
with both wavelength and excitation potential. In this case, the model does, in fact,
match the observed lack of correlation, despite the counter-intuitive nature of the
result.

The lack of correlation between observed line broadening and wavelength or ex-
citation potential is raised by Herbig et al. (2003) and Petrov and Herbig (2008)
as arguments against the disk model. In their disk model spectra, the predicted
correlations between observed line width and wavelength are strong, while remain-
ing absent in their observed spectra of FU Ori and V1057 Cyg. Zhu, Espaillat,
et al. (2009a) rebut these criticisms of the disk model by demonstrating that high
resolution spectrum of FU Ori at 5 𝜇m has much narrower absorption lines than
the visible range spectrum, as expected. They also explain that the visible range
spectra probe a region of the disk that is relatively radially isothermal, and that the
temperature gradient is insufficient to produce the rotational broadening effects.

In Chapter 4, I applied these rotational broadening tests to V960 Mon and found,
similarly to the above works, that the widths of lines in visible range spectra do
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Figure 8.5: Same as Figure 8.3 for HBC 722.
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Figure 8.6: Same as Figure 8.3 for Parsamian 21.
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Figure 8.7: Same as Figure 8.3 for V733 Cep.
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Figure 8.8: Same as Figure 8.3 for V1735 Cyg.
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Figure 8.9: Same as Figure 8.3 for Gaia 17bpi.
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Figure 8.10: Same as Figure 8.3 for Gaia 18dvy.
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Figure 8.11: Same as Figure 8.3 for PGIR 20dci.
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Figure 8.12: Same as Figure 8.3 for RNO 1B.
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Figure 8.13: Same as Figure 8.3 for RNO 1C.
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Figure 8.14: Same as Figure 8.3 for RNO 54.
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Figure 8.15: Same as Figure 8.3 for V900 Mon.
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Figure 8.16: Same as Figure 8.3 for V960 Mon.
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Figure 8.17: Same as Figure 8.3 for L1551 IRS 5.
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Figure 8.18: Same as Figure 8.3 for PP 13S.
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Figure 8.19: Same as Figure 8.3 for V2775 Ori.

−200 −100 0 100 200

Velocity [km s−1]

0.00

0.25

0.50

0.75

1.00

N
or

m
al

iz
ed

C
C

F

BBW76 (20231031) vs 56±52 km/s

0 100 200

Velocity [km s−1]

5

10

R
ed

u
ce

d
χ

2
BBW76: 20231031

Figure 8.20: Same as Figure 8.3 for BBW 76.
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Figure 8.21: Same as Figure 8.3 for V883 Ori.
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Figure 8.22: Same as Figure 8.3 for V582 Aur.

not correlate strongly with wavelength or excitation potential. I demonstrated then
that, as described in Zhu, Espaillat, et al. (2009a) for FU Ori, the 𝑇max of the
disk model impacts the dependence of visible range rotational broadening on the
observed line width. Higher𝑇max values in the disk will cause the region from which
the visible range spectrum emerges to have a greater radial 𝑇eff gradient. Thus, as
Zhu, Espaillat, et al. (2009a) conclude, searching for the predicted differential disk
rotation in visible range spectra will yield inconclusive results.

To rigorously test this effect in the large sample of FUOrs now known, we conducted
CCF analysis of the𝑌 , 𝐽, 𝐻, and 𝐾 band spectra shown in Chapter 13. In each band,
we compute a mean CCF following the technique described in Section 8.1. We then
compare the CCFs from each band, as shown in Figures 8.25 through 8.42.

In the majority of FUOrs, the 𝐾 band CCFs are clearly narrower than the 𝑌 or 𝐽
band CCFs. There are some objects, however, wherein the expected narrowing of
the CCF at longer wavelengths is not seen. In Figure 8.23, I show three sets of
model CCFs (from the grid computed in Section 8.1) for different 𝑣max values and
the four bands. In all three model sets, for the fiducial 𝑅outer = 150 𝑅⊙, the 𝐾 band
CCFs are indeed predicted to be narrower. In the models with 𝑅outer = 25 𝑅⊙, the
narrowing is not seen.

This can be explained by considering the flux-weighted mean radii probed by dif-
ferent spectral regions of the disk model as a function of 𝑅outer. A schematic of this
for the different models of HBC 722 (see Chapter 5), is shown in Figure 8.24. A
detailed discussion of the figure in the context of HBC 722 is given in Carvalho, Hil-
lenbrand, Seebeck, and Covey (2024). In the Figure, the model labeled “Outburst"
has 𝑅outer = 25 𝑅⊙, “Dip" has 𝑅outer = 35 𝑅⊙, and “Plateau" has 𝑅outer = 100 𝑅⊙.
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For models with larger 𝑅outer, the typical radius probed by the 2 𝜇m region of the
spectrum is much further out in the disk than for smaller 𝑅outer. Therefore, the
differential rotation between 1 𝜇m and 2 𝜇m is much more extreme. The 𝑣Kep sin 𝑖
values as a function of radius are shown in the right axis of the upper panel in Figure
8.24, for reference. The difference in 𝑣Kep sin 𝑖 between 1 − 2 𝜇m for the Outburst
and Dip models are negligible compared to that in the Plateau model. As I have
demonstrated in Chapters 3, 5, and 6, the 𝑅outer can vary from object to object, and
even a lack of differential rotation from 1−2 microns is predicted by the disk model
for potentially many FUOrs.
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Figure 8.23: The CCFs produced from disk models with 𝑅outer = 150 𝑅⊙ of the
Y (blue), J (green), H (red), and K (brown) band NIRSPEC spectra. The brown
dashed line shows the K band CCF produced from a disk model with 𝑅outer = 25 𝑅⊙.
Notice that the expected narrowing of line widths at longer wavelengths is stronger
for larger 𝑅outer and becomes negligible for small 𝑅outer values.
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Figure 8.25: The CCFs of each band in the two NIRSPEC epochs for FU Ori. The
blue line is𝑌 band, green is 𝐽 band, red is 𝐻 band, and brown is 𝐾 band. The profile
shapes are relatively consistent between the epochs and show that in both cases, 𝐾
band rotational broadening is less than at shorter wavelengths.
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Figure 8.26: The same as Figure 8.25 but for HBC 722.
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Figure 8.27: The same as Figure 8.25 but for Parsamian 21. Note that the spectra
for Parsamian 21 were taken on 20220731 (𝐽/𝐻), 20220801 (𝐾) and 20231101 (𝑌 ).
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Figure 8.28: The same as Figure 8.25 but for V733 Cep.
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Figure 8.29: The same as Figure 8.25 but for V1515 Cyg.
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Figure 8.30: The same as Figure 8.25 but for V1735 Cyg.
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Figure 8.31: The same as Figure 8.25 but for Gaia 18dvy.
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Figure 8.32: The same as Figure 8.25 but for PGIR 20dci.
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Figure 8.33: The same as Figure 8.25 but for RNO 1B.
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Figure 8.34: The same as Figure 8.25 but for RNO 1C.
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Figure 8.35: The same as Figure 8.25 but for RNO 54.
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Figure 8.36: The same as Figure 8.25 but for V900 Mon.
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Figure 8.37: The same as Figure 8.25 but for V960 Mon.
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Figure 8.38: The same as Figure 8.25 but for L1551 IRS 5.
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Figure 8.39: The same as Figure 8.25 but for PP 13S.
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Figure 8.40: The same as Figure 8.25 but for V2775 Ori.
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Figure 8.41: The same as Figure 8.25 but for V883 Ori.
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Figure 8.42: The same as Figure 8.25 but for V582 Aur.
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C h a p t e r 9

NEW PHYSICAL PARAMETERS FOR FOUR WELL-KNOWN
FUORS

There are three well-known FUOrs that lack published physical parameters: BBW
76, V1057 Cyg, and V1515 Cyg. These objects are difficult to model for a variety of
reasons. However, modeling them accurately became necessary to constrain the UV
excess in the sources. Furthermore, these famous objects are accessible to several
observatories, like ALMA and JWST, that enable investigation of the chemistry in
the disk. Interpreting these observations requires detailed models for the radiation
from the inner disk. It is also generally important to know as much as we can about
each member of this relatively small class.

All three objects have faded over the past two decades. V1057 Cyg is much fainter
than it was at the peak of its burst, while V1515 Cyg began a rapid decline in 2006
that has made it 1.5 mag fainter in 19 years. BBW 76 has been steadily fading in the
past 30 years and the NIR has recently evolved dramatically from the typical NIR
spectrum of a FUOr.

Modeling each of the objects required special consideration of evolution of the
SED between observations. For all three objects, I combined the 2015 IRTF/SpeX
spectrum from Connelley and Reipurth (2018) with the blue/visible HST/STIS
spectrum taken in 2023/2024. The fading of all three objects can be attributed
to their accretion rates decreasing, as photometric studies of all three have shown
that the color evolution of the sources over this time period is inconsistent with
increasing extinction (Siwak, Ogłoza, et al., 2020; Szabó, Kóspál, Ábrahám, Park,
Siwak, Green, Moór, et al., 2021; Szabó, Kóspál, Ábrahám, Park, Siwak, Green,
Pál, et al., 2022b). Thus, combining the 2015 NIR data with the 2023/2024 visible
range data requires careful consideration of the color evolution of each object.

The fourth object I will disccuss in this Chapter is Gaia 17bpi. The outburst of
the source is relatively unique for a FUOr, as it is low-luminosity and appears to
potentially be short-lived, given the source has already faded by 2 mag since it
attained its peak brightness in 2019/2020. The lightcurve of the source shows a
pre-outburst NIR brightening (Hillenbrand, Peña, et al., 2018), which has been
suggested to be evidence that the outburst began further out in the disk and moved
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inward, a sign that it could have been triggered by gravitational instability (Cleaver
et al., 2023).

In the following sections, I will detail the disk modeling for each object and the final
determination of best-fit parameters. The general modeling procedure I follow has
been described in detail in previous chapters, particularly Chapters 2, 3, and 5, so I
will not repeat the description in this Chapter. Instead, I will focus on the results of
the modeling. The distances I adopt for each source are reported in Table 2.1.

9.1 V1057 Cyg
The high resolution spectrum of V1057 Cyg was clearly that of a FUOr prior to 1996
(e.g., Welty, Strom, Edwards, et al., 1992). Since the fading event in 1994-1996, the
spectrum has become wind-dominated and variable. Strong Fe I and Fe II lines show
P Cygni profiles and, at times, even become purely emission features. The spectrum
also shows variable [O I] 6363 Å, [S II] 6730 Å, and [Fe II] 7155 Å emission that
is blue-shifted by 100 − 150 km s−1. There are almost no absorption features in the
spectra of V1057 Cyg taken in the past 28 years that resemble their counterparts
in other FUOrs. Nevertheless, the low resolution spectra of the source continue to
resemble those of FUOrs (Connelley and Reipurth, 2018; Szabó, Kóspál, Ábrahám,
Park, Siwak, Green, Moór, et al., 2021).

Given the inability to use NIR or visible range spectra taken since 1996 to constrain
the 𝑣max in V1057 Cyg, I adopted 𝑣max = 40 ± 10 km s−1. This is 10 km s−1

smaller than the value derived from high resolution disk model fitting by Welty,
Strom, Edwards, et al. (1992). Given the significant photometric and spectroscopic
evolution of V1057 Cyg in the 30 years since this measurement, it is likely that
𝑣max of the source has decreased slightly in that time. Consider that the only
parameter that could have changed in 30 years enough to impact 𝑣max is 𝑅inner.
Since 𝑣max ∝ 𝑅−1/2

inner , a 10% change1 in 𝑣max would require a 20% increase in 𝑅inner.
The resulting 20% decrease in 𝐿acc and 15% decrease in 𝑇eff is potentially consistent
with the fading event in 1994-1996, and is similar to the estimated increase in 𝑅inner

estimated for V960 Mon in the years following the peak of its outburst (see Chapter
3).

I further constrain the fits by requiring that the models considered by the sampler
have 4, 500 < 𝑇max/K < 6, 500. The lower temperature bound is set by the predicted
very strong molecular absorption for cooler models, which is clearly not seen in the

1This is the typical uncertainty of the 𝑣max measurements in Chapter 8.1.
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SpeX spectrum. The upper temperature bound is set by the lack of a Balmer break in
the HST/STIS spectrum. As can be seen in Figures 3.6 and 3.8, the models for V960
Mon near its outburst peak, when it had 𝑇max ∼ 8, 000 K, predict a strong Balmer
break. Models with 𝑇max > 6, 500 all show Balmer breaks much stronger than that
seen in the NUV spectrum of V1057 Cyg (see Chapter 11 for that spectrum).

The posterior distributions of the physical parameters varied in the models, ¤𝑀 ,
𝑀∗, 𝑅inner, cos 𝑖, and 𝐴𝑉 , are shown in Figure 9.1. As I did in Chapter 6, I also
compute the posterior distributions for 𝑇max and 𝐿acc from the values of the physical
parameters at each sample. The best-fit model, alongside the SpeX spectrum, is
shown in Figure 9.3. The best-constrained parameters are log ¤𝑀 = −5.170.15

−0.19 dex
𝑀⊙ yr−1, 𝑅inner = 2.67+0.56

−0.07 𝑅⊙, and 𝐴𝑉 = 2.72+0.13
−0.46 mag. This 𝐴𝑉 is smaller than

the 𝐴𝑉 = 3.9± 1.6 mag reported by Connelley and Reipurth (2018), but agrees with
their measurement within uncertainties.

The cos 𝑖 posterior distribution generally favors very face-on inclination values,
which yields a large uncertainty in the true 𝑣Kep(𝑅inner) of the source and therefore a
large uncertainty in𝑀∗. A face-on inclination is consistent with the challenges Eisner
and Hillenbrand (2011) found when trying to measure 𝑖 from NIR interferometry.
The best-fit median mass in the posterior distribution is 𝑀∗ = 1.61+0.77

−0.43 𝑀⊙, and
𝑀∗ > 2 𝑀⊙ is clearly disfavored by the fits.

The pre-outburst photometry of V1057 Cyg suggests that 𝑀∗ is unlikely to be
< 1 𝑀⊙. According to Szabó, Kóspál, Ábrahám, Park, Siwak, Green, Moór, et al.
(2021), the pre-outburst𝑉 band magnitude of V1057 Cyg was 14.5±0.5. Assuming
a source distance of 795 pc (Szabó, Kóspál, Ábrahám, Park, Siwak, Green, Moór,
et al., 2021), the pre-outburst absolute 𝑉 band magnitude was 𝑀𝑉 = 5 ± 0.5.
According to a PARSEC 2 Myr isochrone (Nguyen et al., 2022), and assuming
conservatively that the source pre-outburst had 𝐴𝑉 = 0 (which is unlikely), 𝑀𝑉 = 5
mag corresponds to 𝑀∗ = 1.5 𝑀⊙. If 𝐴𝑉 = 1 mag (2 mag), then 𝑀∗ ∼ 2.0 𝑀⊙

(2.5𝑀⊙). For 𝑀∗ < 1 𝑀⊙, 𝑀𝑉 > 6.2, which means that the pre-outburst accretion
luminosity would have to account for Δ𝑉 = 1.2 of the source flux. This would
require that 𝐿acc,preoutburst = 3 𝐿∗, which is only attained assuming ¤𝑀 > 10−6 𝑀⊙ yr
−12. Thus, the pre-outburst object would have to already be in an extreme accretion
state.

2This is computed assuming that 𝐿acc = (1 − 𝑅∗/𝑅inner)𝐺𝑀∗ ¤𝑀/𝑅∗ and that 𝑅inner ∼ 2 𝑅∗, as
reported in Pittman, Espaillat, Robinson, Thanathibodee, Lopez, et al. (2025).
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Figure 9.1: The posterior distribution for ¤𝑀 , 𝑀∗, 𝑅inner, cos 𝑖, and 𝐴𝑉 for the model
fit to V1057 Cyg. The red lines mark the median values, blue lines mark modal
values.

9.2 V1515 Cyg
I fit the SED of V1515 Cyg following a similar procedure as that described above for
V1057 Cyg. For V1515 Cyg, the two spectroscopic epochs are 2015 (IRTF/SpeX
from Connelley and Reipurth, 2018) and 2024 (HST/STIS from Carvalho et al.,
2025b, submitted). For this source, the 𝑣max value is more difficult to constrain,
since it is consistently below the typical spectral resolution of observations. Never-
theless, it is clear that the object is extremely face-on, which produces the narrow
absorption lines. This is also suggested by the difficulty in fitting an inclination to
the interferometric data of the source (Eisner and Hillenbrand, 2011).

The face-on inclination makes constraining the mass of the object with any 𝑣max

value nearly impossible. Without an extremely precise inclination measurement of
V1515 Cyg, small decreases in 𝑖 yield large possible increases in the 𝑀∗ parameter.
The difference between 1◦ and 2◦ inclination in this context is equivalent to a factor
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Figure 9.2: The posterior distribution for 𝑇max, 𝐿acc, and 𝐴𝑉 of V1057 Cyg.
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of 2 increase in (𝑣max/sin(𝑖))2 ∝ 𝑀∗/𝑅inner.

To fit the two epochs jointly, I allowed the model to vary two values of ¤𝑀 , while
requiring that the chosen 𝑀∗, 𝑅inner, 𝑖, and 𝐴𝑉 be used to model both datasets at
each sampler step. This, of course, assumes that a decreasing ¤𝑀 is driving all of
the visible range variation. As demonstrated in Chapter 3 for V960 Mon, this is
not strictly always the case and other parameters like 𝑅inner may evolve during the
outburst as well. It is also possible that 𝐴𝑉 might have increased during this time.
Nevertheless, both data epochs are well-fit by varying only ¤𝑀 , so I adopted this
simpler model. Following the same reasoning as in V1057 Cyg, I restricted the
allowed temperature range for both epochs to be 4, 500 < 𝑇max/K < 6, 500.

The posterior distributions from the nested sampling are shown in Figure 9.4. The
most tightly constrained parameters in the fit are 𝑅inner = 1.82+0.21

−0.03 𝑅⊙ and 𝐴𝑉 =

2.23+0.09
−0.17 mag. While both ¤𝑀 and 𝑀∗ have bimodial posterior distributions, the

parameter ¤𝑀𝑀∗ is well-constrained on both cases. In 2015, the best-fit ¤𝑀1𝑀∗ =

10−5.44±0.03 𝑀2
⊙ yr−1 and ¤𝑀2𝑀∗ = 10−5.62±0.05 𝑀2

⊙ yr−1.

Although 𝑀∗ is not very well-constrained in this source, the posterior distribution
still shows that it is likely in the range 0.2 − 1.1 𝑀⊙. The distribution favors two
potential solutions in that range: 𝑀∗ = 0.3 ± 0.1 𝑀⊙ and 𝑀∗ = 1.0 ± 0.1 𝑀⊙.
Following a similar exercise as above, it is possible to consider the pre-outburst
𝐵 = 17.5 ± 0.2 mag (Szabó, Kóspál, Ábrahám, Park, Siwak, Green, Pál, et al.,
2022a), which is 𝑀𝐵 = 7.6. if 𝐴𝑉 = 0 mag, the PARSEC 2 Myr isochrone again
indicates that 𝑀∗ > 0.9 𝑀⊙. While accounting accretion excess, which is greater
at 𝐵 band than at 𝑉 band, allows for smaller 𝑀∗ values, the 𝐴𝑉 is unlikely to be 0,
requiring a brighter 𝑀𝐵. Thus, the greater mass, 𝑀∗ = 1.0 𝑀⊙ is favored.

The decreased accretion rate between 2015 and 2024 matches the steady fading
of the source that began in 2005 (Szabó, Kóspál, Ábrahám, Park, Siwak, Green,
Pál, et al., 2022a). The best fit luminosities and temperatures for each epoch were:
𝐿acc,1 = 31.5+1

−2 𝐿⊙, 𝑇max,1 = 6526+28
−450 K, 𝐿acc,2 = 21.6+2

−2 𝐿⊙, and 𝑇max,2 = 5862+50
−280

K. The posterior distributions for these, constructed from the values of the physical
parameters in the samples are shown in Figure 9.5.

Applying the 𝐾 band bolometric correction to the peak 𝐾 ∼ 7 mag brightness
of V1515 Cyg, which it reached in 1974 (Szabó, Kóspál, Ábrahám, Park, Siwak,
Green, Pál, et al., 2022a), and 𝐴𝑉 = 2.23 mag, shows the source had a peak
𝐿acc = 70 𝐿⊙. Assuming the luminosity change is entirely driven by ¤𝑀 , the peak
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Figure 9.4: The posterior distribution for ¤𝑀1, ¤𝑀2, 𝑀∗, 𝑅inner, cos 𝑖, and 𝐴𝑉 for the
model fit to V1515 Cyg.

¤𝑀𝑀∗ of V1515 Cyg was 10−5.06 𝑀2
⊙ yr−1. For 𝑀∗ = 0.3 𝑀⊙, this corresponds to

¤𝑀 = 10−4.54 𝑀⊙ yr−1.

The best-fit models for the two spectroscopic epochs are shown in Figure 9.6. The
models follow the spectroscopic evolution of the source well, despite the lack of
visible range data to constrain the 2015 model.

9.3 BBW 76
As with V1515 Cyg, the two spectral epochs used to fit BBW 76 were the 2015
SpeX spectrum from (Connelley and Reipurth, 2018) and the 2023 HST/STIS
spectrum from Carvalho et al. (2025b, submitted). I imposed the same temperature
constraints on the models as for the two sources above, and followed the two-epoch
fitting procedure described for V1515 Cyg. The posterior distributions of the fit
are shown in Figure 9.7. The 𝐿acc and 𝑇max distributions for each epoch are given
in Figure 9.8. The best-fit models, along with the two spectra used in the fits, are
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presented in Figure 9.9.

For BBW 76, the source inclination is well-constrained to 𝑖 = 15+15
−5 degrees, which

agrees well with the 𝑖 = 20+48
−3 degrees found for the outer disk using ALMA (Kóspál,

Cruz-Sáenz de Miera, et al., 2021). The 𝐴𝑉 = 0.43+0.35
−0.14 mag is in mild disagreement

with the 𝐴𝑉 = 1.6 ± 0.2 mag reported by (Connelley and Reipurth, 2018), but this
may be due to some of the uncertainty in the method adopted by those authors when
measuring small 𝐴𝑉 , as discussed in Chapter 2.

The constraint on 𝑀∗ is not particularly tight, but the fit clearly prefers solutions
with 𝑀∗ < 0.5 𝑀⊙, with modal value of 𝑀∗ = 0.2 𝑀⊙ for the posterior distribution.
The best-fit 𝑅inner = 1.41+0.57

−0.05 𝑅⊙ is reasonable for the low mass of the source. As is
the case for V1515 Cyg, the ¤𝑀𝑀∗ values for both epochs are well-constrained, with
¤𝑀1𝑀∗ = 10−5.81±0.05 𝑀2

⊙ yr−1 and ¤𝑀2𝑀∗ = 10−6.0±0.1 𝑀2
⊙ yr−1. Adopting 𝑀∗ =

0.2 𝑀⊙, the values become ¤𝑀1 = 10−5.12±0.05 𝑀⊙ yr−1 and ¤𝑀2 = 10−5.3±0.1 𝑀⊙ yr−1.

The NEOWISE photometry of BBW 76 shows that it has been steadily fading over
the last 15 years. The decreasing 𝐿acc we find between 2015 and 2024 agree with
this, as the source 𝐿acc is now 6 𝐿⊙ fainter than in 2015. The constant-temperature
bolometric corrections in Chapter 7 can be used to compute the luminosity of the
source in 1983 using the 𝐾 = 7.4 mag reported in Reipurth, Hartmann, et al. (2002).
Assuming the source distance of 1040 pc and 𝐴𝑉 = 0.42 mag, the 𝐿acc = 50 𝐿⊙ in
1983. Reipurth, Hartmann, et al. (2002) argue that the source has been in outburst
since before 1900, and that it must have had approximately its same brightness
(i.e., 𝑉 ∼ 11 − 12). Thus, it is likely that the peak luminosity of BBW 76 was
𝐿acc,peak < 100 𝐿⊙ and probably 𝐿acc ∼ 50 𝐿⊙.

9.4 Gaia 17bpi
When Gaia 17bpi was first detected and reported as a FUOr, it was the lowest-
luminosity FUOr in the literature (Hillenbrand, Peña, et al., 2018). Attempts to
fit its SED by Rodriguez and Hillenbrand (2022) and Cleaver et al. (2023) have in
the past found a 𝑀∗ ∼ 0.6 𝑀⊙ and a 𝑅inner = 0.65 𝑅⊙ were necessary to match
the SED. This mass radius combination, however, requires a much denser star than
is expected for pre-main sequence protostars. For a system with an age of 2 Myr,
which is typical for regions mostly populated by Class I/II YSOs (Manara et al.,
2023), the stellar radius for 𝑀∗ = 0.6 𝑀⊙ is 𝑅∗ ∼ 1.5 𝑅⊙ (Baraffe et al., 2015).

As shown in Chapter 2, the 𝐿acc derived from bolometric corrections is ∼ 3 − 7 𝐿⊙,
consistent with notion that it is one of the lowest luminosity FUOrs known. The
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Figure 9.7: Same as Figure 9.7 for BBW 76.

medium resolution spectrum of the source lacks particularly deep molecular features
like TiO or VO that might be expected for a very low 𝑇max, suggesting 𝑇max > 5, 500
K. Considering the relations dictating 𝑇max and 𝐿acc (Equations 1.1 and 1.2), it is
possible to relate 𝑇max to 𝐿acc via 𝑅inner,

𝑇4
max =

3
4𝜋𝜎𝑆𝐵

(
66

77

)
𝐿acc

𝑅2
inner

. (9.1)

Thus, for the maximum 𝐿acc = 7 𝐿⊙ estimated for Gaia 17bpi and assuming the
coolest likely 𝑇max, the maximum 𝑅inner = 1.2 𝑅⊙. The question remains then if,
then, Gaia 17bpi might not simply be a low mass FUOr, like HBC 722, RNO 54, or
V890 Aur. Turning again to the 2 Myr Baraffe et al. (2015) isochrone, a star with
𝑅∗ = 1.2 𝑀⊙ should have 𝑀∗ ∼ 0.3 𝑀⊙. To observe the mean 𝑣max = 215 ± 30 km
s−1 measured in Chapter 8 for Gaia 17bpi is possible for 𝑖 > 80◦.

Constructing a single-epoch spectrum of Gaia 17bpi is challenging because of the
rapid photometric evolution of the source. The particular challenge is in matching
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Figure 9.8: Same as Figure 9.8 for BBW 76.
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Figure 9.10: The NIR evolution of Gaia 17bpi, from 2018 to 2023. Despite the
relatively large change in flux, there is little change in the slope, resulting in a
surprisingly colorless evolution. This is not unprecedented – HBC 722 showed sim-
ilarly little color evolution when it faded in 2012 (Carvalho, Hillenbrand, Seebeck,
and Covey, 2024).

a flux-calibrated visible range spectrum to an available NIR spectrum of the source.
The Palomar/TSPEC (NIR) and Palomar DBSP (visible) spectra published in Ro-
driguez and Hillenbrand (2022) were taken in June and July, 2019, respectively. In
that month, specifically, Gaia 17bpi underwent a rapid and deep photometric decline
(see Figure 2.9 in Chapter 2). Therefore, it is necessary to color-correct the DBSP
spectrum to match the flux level and spectral slope it would have had during the
TSPEC epoch. While Rodriguez and Hillenbrand (2022) apply a flat grey-body
correction to the flux, I apply a power-law correction to match the contemporaneous
ZTF photometry of the source.

To mitigate the potential bias that this necessary correction might impose on a single-
epoch fit to Gaia 17bpi, I include the TSPEC spectrum published in Hillenbrand,
Peña, et al. (2018). The 2018 epoch lacks a contemporaneous visible range spectrum,
so I apply a similar color correction to the 2019 DBSP spectrum using the ZTF
photometry for the dates of the TSPEC observation. I then perform a 2 epoch fit
similar to that for the objects in previous sections. Since the spectroscopic evolution
of Gaia 17bpi appears especially colorless (see Figure 9.10), I allow both 𝑅inner and
𝐴𝑉 to vary between epochs, in addition to ¤𝑀 .



225

The posterior distributions for the fit are shown in Figures 9.11 and 9.12. The
best-fit models for each epoch are shown in Figure 9.13. The mass of the source
is well-constrained at 𝑀∗ = 0.2 ± 0.03 𝑀⊙. The best-fit 𝑅inner for both epochs are
essentially equal: 𝑅inner,1 = 0.82±0.03 𝑅⊙ and 𝑅inner,2 = 0.80±0.01 𝑅⊙. Although
these radii are still a bit small, they are reasonable for a 0.2 𝑀∗ protostar at an age
of 4 Myr. The best-fit ¤𝑀1 = 10−5.84±0.03 𝑀⊙ yr−1 and ¤𝑀2 = 10−5.65±0.06 𝑀⊙ yr−1.
Although the accretion rate increases as the outburst peaks, this is slightly offset by
a 0.3 mag increase in 𝐴𝑉 , as 𝐴𝑉,1 = 2.12 ± 0.1 mag and 𝐴𝑉,2 = 2.45 ± 0.06 mag.
This may explain why the brightening and fading of the source near the peak of the
outburst appear relatively colorless.

The best-fit cos 𝑖 = 0.19 is equivalent to 𝑖 = 80◦, as discussed above. Although
this is only a 5◦ and 0.2 − 0.3 mag difference from the 𝑖 and 𝐴𝑉 values used
in the bolometric corrections to the lightcurve presented in Chapter 2, the 𝐿acc

values increase to 6 − 9 𝐿⊙, compared to the 3 − 7 𝐿⊙ estimated previously. Gaia
17bpi remains one of the lowest-luminosity FUOrs yet discovered, but this example
demonstrates the importance of precise constraints on the inclination to the source,
especially when the source is nearly edge-on.
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Figure 9.11: The posterior distributions for the 7 parameter 2 epoch SED fit for Gaia
17bpi.
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C h a p t e r 10

AN FUV-DETECTED ACCRETION SHOCK AT THE
STAR-DISK BOUNDARY OF FU ORI

Carvalho, Adolfo S., Lynne A. Hillenbrand, Kevin France, and Gregory J. Herczeg
(Oct. 2024). “A Far-ultraviolet-detected Accretion Shock at the Star–Disk Bound-
ary of FU Ori.” In: ApJL 973.2, L40, p. L40. doi: 10.3847/2041-8213/ad74eb.
arXiv: 2408.11033 [astro-ph.SR].

Abstract: FU Ori objects are the most extreme eruptive young stars known. Their
4 to 5 magnitude photometric outbursts last for decades and are attributed to a factor
of up to 10,000 increase in the stellar accretion rate. The nature of the accretion
disk-to-star interface in FU Ori objects has remained a mystery for decades. To
date, attempts to directly observe a shock or boundary layer have been thwarted by
the apparent lack of emission in excess of the accretion disk photosphere down to
𝜆 = 2300 Å. We present a new NUV and the first high-sensitivity FUV spectrum
of FU Ori. The FUV continuum is detected for the first time and, at 𝜆 = 1400
Å, is more than 104 times brighter than predicted by a viscous accretion disk. We
interpret the excess as arising from a shock at the boundary between the disk and
the stellar surface. We model the shock emission as a blackbody and find that
the temperature of the shocked material is 𝑇FUV ≈ 16, 000 ± 2000 K. The shock
temperature corresponds to an accretion flow along the surface of the disk that
reaches a velocity of 40 km s−1 at the boundary, consistent with predictions from
simulations.

10.1 Introduction
FU Ori is a young stellar object (YSO) that underwent an enormous photometric
outburst in 1937 (Wachmann, 1954; Herbig, 1966). As other outbursting YSOs were
discovered in the following decades (Herbig, 1977), the nature of the outbursts was
eventually understood as a sudden increase in stellar mass accretion rate (Hartmann
and Kenyon, 1996). FU Ori became the prototype for these outbursting YSOs, and
FU Ori objects came to represent the most rapidly accreting YSOs known.

In this interpretation, FU Ori objects are classical T Tauri stars (CTTSs) that have
undergone a disk instability and, as a result, their accretion rates increased from

https://doi.org/10.3847/2041-8213/ad74eb
https://arxiv.org/abs/2408.11033
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the typical CTTS rate of 10−8 𝑀⊙ yr−1 to 10−4 𝑀⊙ yr−1. Kenyon, Hartmann,
and Hewett (1988) demonstrated that the absorption line profiles and spectral en-
ergy distributions from FU Ori objects were consistent with those predicted by a
modified version of the Shakura and Sunyaev (1973) viscous accretion disk model.
However, unlike the situation for the Shakura and Sunyaev (1973) theory that had
been developed for black hole disk accretion, CTTS have finite radius. This neces-
sitates both a different form for the temperature profile at small radii in the disk,
and revised expectations regarding a “boundary layer" between the disk and the star
(Lynden-Bell and Pringle, 1974a; Pringle, 1981).

For CTTS, it is generally accepted that accreting material is transported along stellar
magnetic field lines and deposited near the poles of the star. Observed blue optical
and ultraviolet excess emission, relative to non-accreting young stars of the same
spectral type, is then understood as matter shocking onto the stellar photosphere at
free-fall velocities (Uchida and Shibata, 1984; Koenigl, 1991; Valenti, Basri, et al.,
1993; Calvet and Gullbring, 1998). For FU Ori objects the detailed structure of
the accretion boundary layer, which is expected to be equatorial, remains largely
unconstrained.

Popham, Narayan, et al. (1993) developed a boundary layer model in which the
angular momentum transport efficiency onto the star governed the excess heating at
the disk-star interface and led to different temperature profiles parameterized by that
efficiency. They then used their model to predict the resulting temperature profiles
and observed SEDs and line profiles of FU Ori objects (Popham, Kenyon, et al.,
1996). A comparison with visible range observations favored temperature profiles
resembling that constructed by Kenyon, Hartmann, and Hewett (1988), which had
𝑇max = 6800 K.

Between 1979 and 1987, near- and far-ultraviolet (NUV/FUV) spectra of FU Ori
were taken by the International Ultraviolet Explorer (IUE). The FUV spectrum1

revealed line emission from the Si IV, C IV, and He II features, which are typically
interpreted as emission from the accretion shock in CTTSs (Johns-Krull et al.,
2000; Ardila et al., 2013), although the observations of FU Ori were not sensitive
enough to analyze the line profiles or to detect the continuum. The NUV spectrum
(Kenyon, Hartmann, Imhoff, et al., 1989) indicated a relatively high maximum disk
temperature (9,000 K).

1We visually inspected the FUV spectrum in the IUE Newly Extracted Spectra (INES) archive
at http://ines.oat.ts.astro.it/ without further processing. The published spectrum can be
seen in Valenti, Johns-Krull, et al. (2000)

http://ines.oat.ts.astro.it/
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This high temperature complemented theories of a boundary layer region where
the heating is dominated by the enormous shear between the disk material, which
is orbiting at near-Keplerian speeds, 𝑣kep ∼ 200 km s−1, and the slower-rotating
central star, 𝑣rot < 50 km s−1 (Nofi et al., 2021). However, the temperature profiles
of Popham, Kenyon, et al. (1996) that give 𝑇max ∼ 9000 K predict absorption line
profiles that are inconsistent with both the optical and ultraviolet observations.

Subsequently, the IUE NUV-derived 𝑇max ∼ 9000 K was re-affirmed with a 2001
NUV spectrum of FU Ori taken with HST/STIS. This spectrum is almost identical
to the IUE spectrum and Kravtsova, Lamzin, et al. (2007) found that a 𝑇max = 9000
K model is required to match the absorption in the 2300− 3200 Å range. Yet, using
the radiative transfer model from Zhu, Hartmann, et al. (2007) and a lower 𝐴𝑉 = 1.5
mag (rather than 2.2 mag), Hartmann, Zhu, et al. (2011) demonstrate that the NUV
continuum can be produced with a much lower 𝑇max = 5840 K.

We present in this Letter the first high-sensitivity FUV spectrum of FU Ori, with
a clear continuum detection down to 𝜆 ≈ 1150 Å. The FUV continuum flux is in
excess of that predicted by a viscous disk model by a factor of > 104. We treat the
FUV excess as a blackbody and find a𝑇FUV ∼ 16, 000 K and a filling factor of 0.02%
on the surface of the 3.52 𝑅⊙ star. The small emission region and relatively high
temperature indicate that the FUV flux arises from shock-heated material where the
surface accretion in the disk meets the stellar photosphere.

In Section 10.2, we describe our HST observations and how we discriminate between
continuum and line emission. We show our FUV spectrum for both COS and STIS
in Section 10.3. We then introduce our disk model and describe how we fit the
observed FUV excess relative to the disk model in Section 10.4. In Section 10.5
we discuss our interpretation of the continuum spectrum in the context of previous
boundary layer models.

10.2 Data and Calibration
We obtained spectra of FU Ori using the HST Space Telescope Imaging Spectro-
graph (STIS) and Cosmic Origins Spectrograph (COS) as part of the Guest Observer
(GO) program 171762.

The STIS observations were taken using the 52′′ × 2′′ arcsec slit in the grating
settings: G140L (FUV-MAMA), G230L (NUV-MAMA), and G430L. The three

2The data can be accessed at the Mikulski Archive for Space Telescopes (MAST) via
https://doi.org/10.17909/3p42-jw31.
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settings cover 1150-5500 Å with a typical 𝑅 ≡ 𝜆/Δ𝜆 = 600.

The COS spectra were obtained using the G130M and G160M gratings and 4 central
wavelength (𝜆cen) settings: 1222, 1309, 1589, and 1623 Å to ensure maximal
coverage of the FUV at high resolution. The exposure times were 2350, 2348,
2118, and 1666 s, respectively. We used the Primary Science Aperture, which is
a spherical aperture with a 2.5′′ diameter. We combined the four exposures into
a single FUV spectrum spanning 1065-1800 Å with a typical 𝑅 ∼ 15, 000. To
increase the signal-to-noise of the COS spectrum, we bin by a factor of 5 using the
flux-conserving rebinning code spectres (Carnall, 2017).

The COS spectrum is shown in Figure 10.1. For the purposes of our FUV excess
fit, we carefully identified regions of continuum emission, free of emission line
contamination, following the method outlined in France, Schindhelm, et al. (2014).
In order to minimize contamination from line emission, we masked any points
within ±500 km s−1 of atomic lines and ±100 km s−1 of H2 lines. The line list
we used includes both features we clearly detect in the spectrum of FU Ori and, to
be thorough, known bright features in CTTS spectra (regardless of their strength in
FU Ori). There are several features with uncertain identification that we masked,
and we leave identifying these features to a future paper. The selected continuum
regions are shown in light blue in Figure 10.1.

We then bin those regions further down to 12 points spanning 1150 Å to 1780 Å
to represent the FUV continuum flux (as indicated in Figure 10.1). We assume the
uncertainties are normally distributed and propagate them accordingly, including
the 5% COS absolute flux uncertainty3. The effective wavelength of each bin is
the flux-weighted mean wavelength. As a result, some bins are assigned effective
wavelengths that coincide with bright emission lines (e.g., the bin at 1336 Å),
although the bin does not contain flux from that line. We also bin down the 1800 Å
to 2400 Å region of the STIS G230L spectrum to the same wavelength spacing to
construct a full spectrum of the FUV continuum. This 1150 − 2400 Å continuum
spectrum is what we use for the model fit described in Section 10.4.

The different apertures between the STIS (52′′ × 2′′) and COS (2.5′′) do not seem
to produce any significant differences between the spectra. Both apertures capture
the major features at < 1′′ scale in the FU Ori system (see Weber, Pérez, Guidi,
et al., 2023, for a scattered light image as a reference). The companion, FU Ori S, is

3https://hst-docs.stsci.edu/cosihb/chapter-5-spectroscopy-with-cos/5-1-
the-capabilities-of-cos

https://hst-docs.stsci.edu/cosihb/chapter-5-spectroscopy-with-cos/5-1-the-capabilities-of-cos
https://hst-docs.stsci.edu/cosihb/chapter-5-spectroscopy-with-cos/5-1-the-capabilities-of-cos
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detected in line emission in the STIS G140L spectrum. We report this in Carvalho
et al. (2024, in prep). The binary is clearly resolved in the spatial direction such that
extraction of the spectrum of FU Ori N does not include emission from FU Ori S.

10.3 The FUV Spectrum of FU Ori
The COS spectrum of FU Ori is the first FUV spectrum sensitive enough to detect
continuum emission from the source. The continuum is detected from 1170 Å < 𝜆 <

1780 Å at a signal-to-noise ratio (SNR) greater than 5. The emission blueward of
1170 Å is extremely low SNR and therefore undetected, and redward of 1800 Å is
near the detector edges where the spectrum data quality drops rapidly.

As can be seen in Figure 10.1 the spectrum is line rich, though there are several
emission lines that are often seen in CTTS systems but are very weak or only
marginally detected here (e.g., C III 1175 Å multiplet and the NV 1238.8/1242.8 Å
doublet). The detected emission lines typically targeted in FUV studies of CTTSs
are marked, as are bright H2 features.

A more detailed discussion of the line profiles and plots of the individual lines in
velocity space are given in Appendix 10.8. As this Letter is focused on the properties
of the FUV continuum, we reserve an analysis of the emission line profiles for a
future paper.

The full STIS UV spectrum of FU Ori is shown in Figure 10.2. We include the binned
continuum points derived from the COS spectrum, which are in good agreement
with the continuum level of the STIS G140L spectrum. The continuum points from
the 1800 Å to 2400 Å region of the STIS G230L spectrum used for our fit to the
FUV excess are also marked.

The three bright lines in the G230L spectrum are the C II] 2335 Å, Fe II 2507/2509 Å,
and Mg II 2795/2802 Å features, respectively. We further discuss their appearance
in Appendix 10.9.

10.4 Fitting the FUV Excess Emission
We identify the NUV/FUV excess emission by comparing the observed spectrum
to a viscous gas accretion disk model spectrum. Our model is described in detail in
Carvalho, Hillenbrand, Hambsch, et al. (2023) but we summarize it here.

We assume that for 𝑟 < 150 𝑅⊙ (43 𝑅∗), the FU Ori accretion disk is thin (𝐻/𝑅 <
0.01, Zhu, Jiang, et al., 2020) and viscously heated. We then adopt a modified
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spectrum.

version of the Shakura and Sunyaev (1973) 𝛼-disk temperature profile,

𝑇4
eff (𝑟) =

3𝐺𝑀∗ ¤𝑀
8𝜋𝜎𝑟3

(
1 −

√︂
𝑅inner

𝑟

)
, (10.1)

where 𝑅inner is the inner radius of the accretion disk, 𝑀∗ is the mass of the central
star, ¤𝑀 is the stellar accretion rate, 𝐺 is the gravitational constant, and 𝜎 is the
Stefan-Boltzmann constant. We assume that for 𝑟 < 49

36𝑅inner, 𝑇eff ( 49
36𝑅inner) = 𝑇max

(Kenyon, Hartmann, and Hewett, 1988).

We populate the annuli of the disk using PHOENIX model stellar spectra (Husser
et al., 2013) with log𝑔 = 1.5 and the appropriate 𝑇eff (𝑟). For the FU Ori system
parameters, we adopt most of those reported in Zhu, Jiang, et al. (2020): 𝑀∗ =

0.6 𝑀⊙, 𝑅inner = 3.52 𝑅⊙, 𝑅outer = 0.7 AU. For the distance to the system, we
use the Gaia-derived distance of 404 pc to the 𝜆 Ori cluster, of which FU Ori is a
member (Kounkel et al., 2018; Roychowdhury and Hillenbrand, 2024a). We assume
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an inclination of 35◦ (Pérez et al., 2020). We initially explored models across a
range of ¤𝑀 and 𝐴𝑉 (described in Appendix 10.10) and found that ¤𝑀 = 10−4.49 𝑀⊙

yr −1 is a better fit to the NUV spectrum than the ¤𝑀 = 10−4.42 𝑀⊙ yr−1 used by Zhu,
Jiang, et al. (2020). This analysis also showed that the 𝐴𝑉 is weakly constrained but
agrees with the Zhu, Jiang, et al. (2020) value of 𝐴𝑉 = 1.5 mag. Therefore, in our
fiducial disk model we use ¤𝑀 = 10−4.49 𝑀⊙ yr −1 and 𝐴𝑉 = 1.5 mag.

For our extinction correction, we adopt the Whittet et al. (2004) extinction curve,
which was based on stars located behind the Taurus Molecular Cloud. This curve
has a much weaker 2175 Å "bump" than the typically-used Cardelli et al. (1989) and
has been found to be a better fit to the ISM conditions in star forming regions. In our
STIS spectrum, the Cardelli et al. (1989) curve over-predicts the 2175 Å extinction.
For simplicity, we fix 𝑅𝑉 = 3.1.

The STIS spectrum is well matched by the viscous disk component of our model
until the sharp continuum break at ∼ 2060 Å. The break is due to the Al I continuum
opacity, which has a jump in that region that grows stronger with temperature for
𝑇eff > 5000 K (Travis and Matsushima, 1968). The Al I continuum opacity may
be overestimated in the model atmospheres, or it is possible that in this innermost
region of the disk our assumption of an LTE plane-parallel atmosphere no longer
holds. Regardless, the agreement between the continuum level of the disk model
and the continuum in the 2100 − 3100 Å range covered by the E230M spectrum
confirms that the disk model does not require 𝑇max ∼ 9000 K to match the observed
flux (Hartmann, Zhu, et al., 2011).

Blueward of 2100 Å, the observed FUV continuum exceeds the disk model spectrum
by several orders of magnitude, requiring the an additional component in the model
to match the data. We model the component as a simple Planck function of a
single temperature, 𝑇FUV having an effective radius 𝑅eff . The additional flux is

𝐹BL = 𝜋𝐵𝜆 (𝑇FUV)
(
𝑅eff
𝑑

)2
, where 𝑑 = 404 pc. To determine the best-fit 𝑅eff and𝑇FUV

of the emitting region, we use Markov-Chain Monte-Carlo ensemble sampling from
the emcee package (Foreman-Mackey et al., 2013). We summarize the posterior
distributions for the 𝑇FUV and 𝑅eff of the emission region in Figure 10.3, constructed
using the corner (Foreman-Mackey, 2016) package.

Although we considered multi-temperature models, we ultimately find that a single-
temperature component provides the best fit to the spectrum. Introducing even one
additional emission component with a different temperature results in a bimodal
posterior distribution with one peak at 𝑇1 ∼ 6000 K, essentially the 𝑇max in our
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disk model, and another at 𝑇2 ∼ 14000 − 16000 K, the same as the 𝑇FUV of the
one-temperature solution.

We also considered the commonly-used hydrogen slab model (Valenti, Basri, et al.,
1993). However, as mentioned above, 𝑇 > 12, 000 K is necessary to explain the
shape of the FUV continuum we detect. At these temperatures, hydrogen is almost
entirely ionized, and the continuous opacity is dominated by emission from metals,
particularly C, Si, Mg, and Al (Travis and Matsushima, 1968). Since we do not see
the distinct jumps at the wavelengths where each particular species opacity should
dominate (e.g., 2070 Å for Al), we can assume that the emission is largely blackbody.

The best-fit parameters for our single temperature model are 𝑇FUV = 16275+2005
−1548 K

and 𝑅eff = 0.05+0.02
−0.01 𝑅⊙. These values are robust to allowing 𝐴𝑉 and ¤𝑀 to vary

in the model, as we demonstrate in Appendix 10.10. Our best fit model4 is shown
along with the spectra in Figure 10.2.

If we assume that the geometry of the emission region is a disk or torus at the equator
the 𝑅eff corresponds to an annulus with 𝑅outer = 3.52 𝑅⊙ and a Δ𝑟 = 4 × 10−4 𝑅⊙.
We interpret this extremely narrow width as evidence of an accretion shock at
the disk-star boundary due to the disk surface accretion flow impacting the stellar
surface.

Continuing to assume a disk-like geometry for the emission region, the FUV excess
luminosity, 𝐿FUV, is given by 𝐿FUV = 2𝜋

cos 𝑖𝑅
2
eff𝜎𝑇

4
FUV = 0.11 𝐿⊙. Considering only

the projected area we observe, instead of a disk-like geometry, 𝐿FUV = 𝜋𝑅2
eff𝜎𝑇

4
FUV =

0.04 𝐿⊙. We compare those values with the CTTS population in Section 10.5.

The fiducial model that we adopt is distinct from previously proposed boundary layer
models that modify the temperature profile of the disk assuming sheer between the
disk and star contributes to excess heating (e.g., Regev, 1983; Popham, Narayan,
et al., 1993; Kley and Lin, 1996). We explored such modified temperature profiles
and found that they were insufficient to reproduce the full UV spectrum. Our results
of these tests are presented in Section 10.5.

4In the 1700-1800 Å region, the model appears to over-estimate the continuum. However, this is
near the detector cut-off at the reddest points of the COS spectrum and it is likely that the uncertainties
on those photometric points are underestimated. The detected continuum in that wavelength range
should thus be considered a lower bound.
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10.5 Discussion
The observed FUV emission for FU Ori exceeds the viscous disk model by a factor
of > 104 (see Figure 10.2), indicating the presence of a bright emission source
at the disk-star interface. In this Section, we compare our results with previous
theoretical predictions of a boundary layer in the FU Ori system. We then compare
our measured 𝑇FUV with estimates of boundary layer properties based on analyses
of the 2001 STIS E230M spectrum. We also discuss other potential mechanisms
for the FUV emission and why we disfavor them in our interpretation.

A shock at the star-disk interface
Our best-fit model for the FUV continuum excess is of an emission source with a
single temperature of 16,000 K and a filling factor of 0.02% on the surface of the
star. We also constrain the 𝛼-disk component of the system to have a 𝑇max = 5,800
K, a bit cooler than, but consistent with, the 𝑇max =6,050 K reported by Zhu, Jiang,
et al. (2020). Notably, we do not find evidence in the spectrum from components
with temperatures in between 5,800 K and 16,000 K as would be expected from
shear-heated boundary layer models.

Given the small filling factor of the 16,000 K component relative to the 𝑟 ∼ 𝑅inner

region of the disk or the stellar surface, which is presumably also at 𝑅∗ ∼ 𝑅inner, and
the sudden jump in temperature, we conclude that the emission arises from a shock
at the star-disk interface.

In previous magneto-hydro-dynamical simulations of accretion disks vertically
threaded by magnetic fields (like we expect to be the case in FU Ori, Donati et
al., 2005), the accretion flow does not occur along the midplane but the radially in-
ward mass flux is concentrated in a vertically thin region above the disk photosphere
(Gammie, 1996; Zhu and Stone, 2018). This accretion geometry is termed “surface
accretion" (Zhu, Jiang, et al., 2020) and the shock we observe is at the boundary
where the supersonic surface accretion flow, with velocity 𝑣inflow, collides with the
stellar photosphere.

Assuming the temperature of the material is near the 𝑇max of the system implies a
Mach number of 𝑣inflow/𝑐𝑠 ∼ 4. Therefore, when the supersonic flow reaches the
stellar surface, it should produce a strong shock. The temperature of the shocked
material can be then computed using the typical Hugoniot strong shock conditions,

𝑇shock =
3

16
𝜇𝑚𝐻

𝑘𝐵
𝑣2

inflow, (10.2)
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where 𝜇 = 0.5 is the mean molecular weight assuming the gas is dominated by
ionized hydrogen, and 𝑚𝐻 is the proton mass. If we use an inflow velocity of 38
km s−1, then 𝑇shock ≈ 16, 000 K. This is consistent with the 𝑣inflow = 20− 40 km s−1

of the surface accretion layer seen in simulations of the FU Ori accretion disk (Zhu,
Jiang, et al., 2020).

Is this emission consistent with the presence of a boundary layer?
While we interpret the FUV emission as arising from a shock, here we consider the
necessary properties of a boundary layer that might produce the FUV emission. We
will first discuss the nature of boundary layers in the context of YSO accretion disks
and compare predictions of such boundary layers with our observed spectra. In
the following sections, we turn toward specific boundary layer models and directly
contrast those with the data.

In the work by Lynden-Bell and Pringle (1974a), Pringle (1981), and Popham,
Narayan, et al. (1993), the boundary layer is a region where material that is moving
at Keplerian orbit velocities of 200 − 300 km s−1 at 𝑟 ≈ 𝑅inner slows to the stellar
rotational velocity of 10− 30 km s−1 (Nofi et al., 2021). The energy released by the
shear is expected to heat the gas nearest the star sufficiently that 𝐿BL ∼ 𝐿acc. The
region is also predicted to have a width comparable to the scale height of the disk at
𝑅inner, or 𝑑𝑅BL = 0.1 𝑅inner.

Compared with the observed FUV emission, which has a luminosity of 0.1 𝐿⊙,
the continuum is more than 700 times underluminous for a shear-heated boundary
layer. The expected total area of a boundary layer of thickness 0.1 𝑅inner is 880
times greater than that which we find for our best-fit model. Matching both the size
and luminosity of the boundary layer predicted for an FU Ori system would require
that the FUV emission source be obscured by an 𝐴𝑉 > 6 mag. This may be the
case if a majority of the boundary layer is buried by cooler upper layers of the disk
atmosphere that trap the hot photons in the innermost region of the disk.

It is possible to match only the size of a boundary layer by treating the source of
the FUV continuum as optically thin, rather than the optically thick model which
we estimate to have 𝑑𝑅 = 4 × 10−4 𝑅⊙. Then, the expected 𝑑𝑅BL of would imply
an optical depth of 𝜏 = − ln (1 − 0.0004/0.352) < 0.001. Given the high density
expected in this region (𝑛 > 1015 cm−3, Zhu, Jiang, et al., 2020), the emission is
unlikely to be optically thin.

Another prediction in the boundary layer model is that there should be a continuous
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temperature increase as 𝑟 → 𝑅inner, rather than the sharp jump we find with our
single temperature model. To investigate the potential for a continuous temperature
model to fit the FUV excess, we tested using a temperature profile with a power law
dependence on the area of the emission region. Then the flux of such a boundary
layer would be given by 𝐹FUV = 𝜋

∑𝑁𝑇

𝑖
𝐵𝜆 (𝑇𝑖) (𝐴𝑖/𝑑2), where 𝑁𝑇 = 10 is the total

number of temperature components we used and 𝐴𝑖 is the area of each component
of temperature 𝑇𝑖. The power law is given by 𝐴𝑖 = 𝐴0(𝑇0/𝑇𝑖)𝛾, where 𝐴0 is the
reference area for the lowest temperature component, 𝑇0.

We again performed an MCMC fit and found that 𝑇0 = 6400 ± 1000 K, 𝐴0 =

0.04±0.03, and 𝛾 = 5.03±0.8. The total area of the boundary layer integrated over
the 10 temperature components is 0.4 𝑅2

⊙, which would correspond to an annulus of
𝑑𝑅BL = 0.017 𝑅⊙ = 0.005 𝑅inner. Even allowing a continuous temperature increase,
the preferred model yields a thin boundary layer (or one that requires 𝜏 << 1) and
a steep dependence on the size of each emitting region. The boundary layer here is
not much thicker than is expected for our single-temperature model, implying it is
either much thinner than expected for FU Ori systems or that the FUV continuum is
not produced by such a boundary layer.

Comparison of the shock model with previous boundary layer models
We find good agreement between the thin viscous accretion disk + blackbody shock
model and the observed FUV spectrum. Moving towards the NUV, the component
of the spectrum that remains relatively dominated by the viscous accretion disk
continuum is consistent with the modified Shakura and Sunyaev (1973) model we
adopt, including the isothermal 𝑇 (𝑟 < 49

36𝑅inner) = 𝑇max assumption.

With our FUV spectrum, we can also test boundary layer models wherein the sheer
between the star and disk produce a boundary layer with a temperature dependent
on the efficiency of angular momentum accretion, 𝑗 , of the star (Popham, Narayan,
et al., 1993; Popham, Kenyon, et al., 1996). As a result of the increased heating
from less efficient angular momentum transport, the Shakura and Sunyaev (1973)
temperature profile in the thin disk case becomes,

𝑇4
eff (𝑟) =

3𝐺𝑀∗ ¤𝑀
8𝜋𝜎𝑟3

(
1 − 𝑗

√︂
𝑅inner

𝑟

)
, (10.3)

where 𝑗 ≡ ¤𝐽/ ¤𝑀Ω(𝑅∗)𝑅2
∗ , ¤𝐽 is the angular momentum transfer rate onto the star,

Ω(𝑅∗) is the Keplerian frequency at the stellar surface and the new location of 𝑇max

in the disk is at 𝑟 = 49
36 𝑗

2𝑅inner.
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We tested varying the 𝑗 parameter in our model and found that it was inadequate to
simultaneously reproduce the visible, NUV, and FUV spectra. If we allow 𝑗 to vary
and include a shock component with a variable 𝑇FUV and 𝑅eff , the fit converges to
𝑗 ∼ 0.95 and Teff and 𝑅eff values close to those in our fiducial model. The 𝑗 ∼ 0.95
temperature profile is almost isothermal for 𝑟 < 49

36 𝑗
2𝑅inner and produces an SED

that is indistinguishable from our fiducial model temperature profile.

We note that our model relies on the thin disk approximation, which may break
down in the shear-heated region closest to the central star. The models in Popham,
Narayan, et al. (1993) account for changes to the disk scale height due to the excess
heating, which can produce different temperature profiles at 𝑟 ∼ 𝑅inner than the
thin disk approximation. For instance, in all of their temperature profiles, the
𝑇 (𝑟 < 1.2 𝑅inner) < 𝑇max, regardless of choice of 𝑗 . In the thin disk case, this is only
true for 𝑗 > 0.9. Furthermore, the line profiles predicted for 𝑗 < 0.6 reproduce the
flat-bottomed square line profiles observed in the visible and NIR spectra of FU Ori
(Kenyon, Hartmann, and Hewett, 1988; Petrov and Herbig, 2008; Zhu, Espaillat,
et al., 2009b) best, though the thin disk models with 𝑗 values in this range are
inconsistent with the SED from the NUV to the NIR.

Another potential boundary layer model for FU Ori objects may be found in the
accreting compact object literature. Existing white dwarf accretion disk boundary
layer models could be good analogs for the very narrow, hot boundary layer that
we attribute to a shock (Hertfelder and Kley, 2017). In these models, in the final
𝑟 < 1.01 𝑅inner of the disk, the temperature of the boundary layer increases rapidly
to 5 − 10× the temperature at 𝑟 ∼ 1.1 𝑅inner. The boundary layer typically has a
thickness of Δ𝑟 < 0.006 𝑅inner and spread upward along the surface of the compact
object, reaching latitudes of 35◦. This is a factor of 10 greater than our limit on
the thickness of a toroidal boundary layer region around FU Ori, but if such a
boundary layer were present in this system, we can compare the measured 𝑇𝐵𝐿 with
a prediction based on the white dwarf case.

As a crude estimate of how the boundary layer temperature from Hertfelder and
Kley (2017) might scale going from a white dwarf system to an FU Ori system, we
can use the fact that 𝑇max ∝ (𝑀∗ ¤𝑀/𝑅3

inner)
1/4. Scaling then from the white dwarf
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parameters adopted by Hertfelder and Kley (2017), we get

𝑇BL,FU = 350 × 103 K
(
0.6 𝑀⊙
1.0 𝑀⊙

)0.25
×(

10−4.49 𝑀⊙yr−1

10−8 𝑀⊙yr−1

)0.25 (
3.52 𝑅⊙

5.6 × 108cm

)−0.75
= 24, 000 K,

which is 50% larger than the 𝑇FUV ≈ 16, 000 K we find. This is a simple scaling
exercise, but demonstrates that boundary layer models based on compact object
accretion disks may be applicable to the FU Ori disk and should be explored further.

If we consider a geometry similar to that of the white dwarf boundary layer described
above, where the emission region is a rectangular band on the surface of the star
with a latitudinal size of ℎ and wraps around the equator of the star, then its area
projected along our line of sight is given by 2𝜋𝑅∗ℎ sin 𝑖. Requiring that the observed
area be equal to 𝜋𝑅2

eff and solving for ℎ in this case yields a similar value to the
annular emission geometry: ℎ = 6 × 10−4 𝑅⊙. In this geometry, it is likely that we
are only seeing a very small part of the total emission surface, and that the rest is
obscured by the dense disk midplane.

Ultimately, we believe our proposed accretion shock interpretation to be the most
reasonable explanation for our observations. The interpretation is complementary
to what may be expected from the flows predicted by the radiation MHD models in
Zhu, Jiang, et al. (2020).

Excluding magnetic activity as a source of FUV continuum emission
A potential source of FUV continuum emission is magnetic activity, particularly in
events like stellar flares. In FU Ori objects, the X-ray emission has been established
as likely arising from heightened magnetic activity due to the extreme temperatures
of the X-rays (Kuhn and Hillenbrand, 2019). Here, we consider whether the FUV
emission might arise from a transition region between the star and the X-ray emitting
corona or from serendipitous flare-like activity during our observation.

Studies of superflares in magnetically active M dwarfs, known to have ∼ kG field
strengths like YSOs, describe the FUV continuum during flares as 15,000 - 30,000
K blackbodies, with significant enhancement in several high temperature emission
lines (Kowalski, 2024). While we find a continuum temperature at the lower end of
this range, and detect common features like the C IV and Si IV doublets and He II 1640
Å, there are other bright emission lines seen in flare spectra that we at best marginally
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detect (e.g., C III 1175, Si III 1206.51, the NV doublet, and the C I multiplet, Loyd
et al., 2018; MacGregor et al., 2021).

Although the continuum may be similar to that observed in flares, the brightness and
persistence of the emission would imply extraordinary flare activity. Integrating the
FUV luminosity of 0.1 𝐿⊙ over the 8482 s of exposure time gives a total emitted
energy of 3.5 × 1036 erg. This is comparable to the bolometric energy of the most
powerful superflares observed in flare stars (Simões et al., 2024). The FUV flux
level is also constant during the four COS exposures. For flares to have produced
the emission would require 4 almost identical, extremely powerful flares to have
occurred consecutively during the time of observation, each lasting no longer than
the time of an individual exposure.

It may be that the high temperature lines like the C IV and Si IV doublets and He II 1640
Å feature are emitted from a transition region between the star-disk interface and
the corona from which the X-rays are emitted. However, it is unlikely that the FUV
continuum is produced by magnetic activity. This is supported by the stability of the
FUV continuum emission and the fact that while coronal line emission is observed
in magnetically active stars, bright continuum emission is only seen during flares.

Excluding 2-photon emission as the source of FUV emission
In addition to multi-component models and variations on the viscous disk temper-
ature profile, we considered the hydrogen two-photon process as a source of the
FUV emission. We expect that the number densities associated with the process
(𝑛𝑒 < 103 cm−3) are much lower than those predicted for the region near the star in
the FU Ori system (Zhu, Jiang, et al., 2020). Therefore, if the FUV emission were
indeed two-photon, it would instead suggest a nebular origin, rather than a boundary
layer or shock.

To test the possibility that we are seeing two-photon emission, we substitute the
Planck function in the model with the two-photon model given in France, McCray,
et al. (2011). Following the procedure in Section 10.4, the best-fit 𝑅eff = 0.2 𝑅⊙

and the hydrogen column density is 3 × 1021 cm−2.

Although the model fits the FUV continuum well for 1220 Å < 𝜆 < 1600 Å, the flux
at 1800 Å < 𝜆 < 2200 Å is insufficient to match the observed spectrum. Analyzing
the count rate in the COS spectrum, we also detect the continuum blueward of
𝜆 = 1200 Å at a 10𝜎 level (see Appendix 10.11). The spectrum of the two-photon
process has a sharp cutoff at 𝜆 < 1215 Å and would therefore not be detected. This
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rules out the two-photon process as the source of the FUV continuum.

The UV luminosity of FU Ori in context
With our two assumptions about the geometry of the FUV emission source (isotropic
versus disk-like), we estimate the FUV luminosity of FU Ori to be 𝐿FUV = 0.04 −
0.11 𝐿⊙. The ratio of FUV luminosity to accretion luminosity is 𝐿FUV/𝐿disk =

0.5 − 1.2 × 10−3. Considering the 𝐿X = 1.6 × 10−3 𝐿⊙, the 𝐿X/𝐿disk = 2.5 × 10−5

(Kuhn and Hillenbrand, 2019).

To better contextualize these values relative to magnetospherically accreting young
stars, we compare the continuum (i.e., excluding Ly𝛼) 𝐿FUV and 𝐿X for FU Ori with
CTTSs in Taurus using data from (Yang et al., 2012). For the median CTTS in the
sample, 𝐿FUV = 10−2.7 𝐿⊙. FU Ori is more FUV-luminous than the median object
in the CTTS sample by almost a factor of 100. FU Ori is also much more X-ray
luminous than typical members of the CTTS sample. The objects in this parameter
space that have comparable FUV and X-ray luminosities to FU Ori are K0 or G type
stars and up to 2× more massive than FU Ori.

The increased disk luminosity during an FU Ori outburst is predicted to drive
disk chemistry by sublimating volatiles on icy dust grains, leading to enrich-
ment of complex organic molecules (Molyarova et al., 2018). The increased
hard radiation from FU Ori in outburst may also have significant implications
for disk chemistry during outbursts. If we calculate the FUV energy density,

𝑢𝐹𝑈𝑉 (10 au) = 1
4𝜋𝑐𝜎𝑆𝐵𝑇

4
eff

(
0.05 𝑅⊙
10 AU

)2
= 1.15×10−8 erg cm−3, or 105.3𝐺0. Closer-in,

𝑢FUV(1 AU) ∼ 107 𝐺0. As expected from the larger 𝐿FUV, this is a factor of 10-100
greater than the typical continuum 𝑢FUV near the central star in a CTTS system
(France, Schindhelm, et al., 2014). It is also greater than the FUV energy density
from the Orion Trapezium Cluster found to drive a photoevaporative disk outflow
in nearby YSO (Berné et al., 2024). The total 𝑢FUV can be even greater if Ly𝛼 is
accounted for in the system, which in CTTSs can contribute 10× the continuum
FUV flux (France, Schindhelm, et al., 2014). Studies considering the effects of FU
Ori outbursts on the chemical environment in protoplanetary disks should take into
account both the increased 𝐿bol and 𝐿FUV.

10.6 Conclusions
The HST COS/STIS spectra of FU Ori contain FUV emission exceeding by a factor
of > 104 at 1400 Åthe flux predicted by the viscous disk accretion model that
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Figure 10.4: The 𝐿FUV (this work) and 𝐿𝑋 (Kuhn and Hillenbrand, 2019) for FU
Ori, compared with YSOs in Taurus (Yang et al., 2012). FU Ori has among the
highest 𝐿𝑋 and has the highest 𝐿FUV of the sample. The range of 𝐿FUV for FU
Ori reflects the two values we calculate depending on the assumed geometry of the
emission region. The sources that have 𝐿FUV > 0.05 𝐿⊙ are T Tau, HD 143006,
and RY Tau, which are much earlier spectral types than the FU Ori central object
would be (K1, G3, and G0, respectively, Herczeg and Hillenbrand, 2014).

explains in full the 4000− 22, 000 Å wavelength range. To understand the nature of
the excess, we isolated the continuum emission in the COS spectrum. We carefully
masked out several regions that either showed clear line emission or are known
to show line emission in accreting YSOs. We then fit the FUV spectrum with a
viscous disk model combined with a blackbody spectrum, varying the 𝑇FUV of the
spectrum and the 𝑅eff of the emitting region. Our combined model shows that the
temperature and effective radius of the emitting region are𝑇FUV = 16, 000±2, 000 K
and 𝑅eff = 0.05 ± 0.02 𝑅⊙.

The measured temperature and the size of the FUV emission region are consistent
with expectations for a shock at the disk-star boundary. The shock arises from
the collision of the highly supersonic disk surface accretion flow with the stellar
photosphere. The FUV continuum luminosity is 𝐿FUV = 0.04 − 0.11 𝐿⊙, which is
∼ 100× greater than typical values for CTTSs. The resulting FUV energy density
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is 107 𝐺0 at 1 AU and 105.3 𝐺0 at 10 AU, comparable with the most extreme FUV
interstellar radiation fields. The large increase in FUV flux from the inner disk
could drive photochemistry in a larger portion of the outer disk relative to quiescent
systems.

We encourage detailed theoretical modeling of the innermost 𝑟 < 0.1 AU of the FU
Ori system at outburst, incorporating a disk-star boundary layer in order to better
understand the gas dynamics in the region. In future work, we will present an
analysis of the many emission lines in the COS spectrum to understand their origin
and the properties of the massive, high velocity outflows near the star.
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10.8 Appendix: Line Profiles of Common CTTS FUV Emission Features
The COS spectrum shown in Section 10.2 has several bright emission lines, many
of which have profiles similar to those seen in CTTS systems with accretion and
strong outflows, wherein the lines are highly self-absorbed. The brightest features in
the COS spectrum are Ly𝛼, the C II 1334.5/1335.7 doublet, the C IV 1548.2/1550.77
doublet, the Si IV 1393/1402 doublet, and He II 1640.4 (Figure 10.5, 10.6). In this
Appendix, we discuss the lines shown in Figures 10.5 and 10.6 and compare them
with their counterparts in quiescent young stars. A detailed analysis of the lines will
be presented in a future paper.

There is almost no C I detected in the spectrum. We marginally detect the features
at 1656/1657, which at 𝑇 ∼ 16, 000 K (according to the CHIANTI atomic line
database, assuming Local Thermodynamic Equilibrium; LTE) are predicted to be
the brightest C I features (Dere et al., 1997; Del Zanna et al., 2021a). It is possible
that the 𝑆𝑁𝑅 in this spectrum is not high enough to clearly establish the presence
or absence of C I.

In the case of the Ly𝛼 feature, we do not see the core due to the strong geocoronal
emission and significant resonant scattering in the circumstellar and interstellar
media. Emission from −800 < 𝑣 < 800 km s−1 is entirely absorbed by the wind,
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but the emission from 800 − 2000 km s−1 is strong. Emission at these velocities
indicates large amounts of scattering by the dense material (𝑛 ∼ 1015 cm−3 Zhu,
Jiang, et al., 2020) surrounding the accretion shock.

The C II doublet is highly wind-absorbed and only the red wings of the line profiles
are visible. The same wind absorption is seen in GM Aur or DE Tau (Xu et al.,
2021a). The absorption in the lines extends to > −200 km s−1, like the 𝑖 = 35◦

systems observed by Xu et al. (2021a).

The C IV doublet line profiles are less analogous to their CTTS counterparts (Ardila
et al., 2013). The C IV profiles in GM Aur and DE Tau are relatively symmetric,
whereas in FU Ori the blue component of the doublet cannot be clearly identified.
It is possible that there is some wind absorption of C IV, which would point to the
wind in FU Ori being hotter than in quiescent YSOs. This has been proposed to be
the case for FU Ori objects by Carvalho, Hillenbrand, Seebeck, and Covey (2024)
in their analysis of the visible range wind emission lines of HBC 722. Ardila et al.
(2013) also note that the only object in their sample for which the C IV lines have P
Cygni profile is DX Cha, a Herbig Ae star that may have a wind temperature greater
than 105 K.

The He II 1640.4 Å line is narrow and appears redshifted to 50 km s−1 with a
FWHM of ∼ 150 km s−1. The line may be wind-absorbed so that we are only seeing
red-shifted emission. Since the C IV lines tend to form at higher temperatures than
the He II line, this is expected if there is indeed wind absorption is seen in C IV.

The H2 emission in FU Ori is very weak. There are a few features that are almost
as bright as the C II and C IV emission, but many of the H2 emission lines seen in
CTTSs are not detected in the COS or STIS FUV spectra (see the line locations
marked in Figure 10.1). The lines are almost all blue-shifted to −30 km s−1. The
features are narrow, with typical FWHM values of 10 km s−1, although their profiles
vary from feature to feature. This variation may point to multiple origins for the
H2 emission in the system. It is possible that the emission is weaker than might be
expected for such a rapidly accreting system due to strong absorption of Ly𝛼 in the
wind, preventing photons from reaching the H2 to excite emission. Furthermore, the
wind temperature estimated for FU Ori objects by Carvalho, Hillenbrand, Seebeck,
and Covey (2024) is sufficiently high that combined with the fact that many of the
features are blue-shifted, a significant fraction of the H2 we observe may be from
the wind.
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Figure 10.5: Selected bright emission line doublets commonly studied in the FUV
spectra of YSOs. The data are plotted in black and the uncertainty on each point is
shown in light grey. The blue and red lines mark the blue and red components of
the doublets. The vertical cyan dashed lines mark the rest-wavelengths of H2 lines
and the vertical magenta dotted lines mark the rest frequencies of known features
that may be contaminating the doublet line profiles (Cl I 1351.657, Fe II 1352.487,
and O IV] 1401.17).

One feature that is present in many CTTSs and clearly absent in the FU Ori spectrum
is the "bump" at 1600 Å (France, Roueff, et al., 2017). It is suggested by France,
Roueff, et al. (2017) that the bump is due to H2O dissociation by Ly𝛼 in the inner 2
AU of the disk. If so, the lack of a bump here indicates that either the Ly𝛼 flux does
not reach the disk surface due to strong self-absorption in the outflow, as discussed
above, or that the bump emission is not bright enough to compare with the shock
continuum emission.

10.9 Appendix: Previous Analysis of the FU Ori NUV Spectrum
While we present the first detection of the FUV continuum in FU Ori, previous
studies have used the 2001 STIS/E230M spectrum to estimate the potential for
boundary layer emission in the system (Kravtsova, Lamzin, et al., 2007). Here, we
compare our findings with these results.



250

−1000 0 1000 2000

0.0

0.5

1.0

1.5

2.0

F
lu

x
[1

0−
1
5

er
g

s−
1

cm
−

2
Å
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Figure 10.6: Detected bright emission lines commonly seen in the FUV spectra of
YSOs. The data are plotted in black and the uncertainty on each point is shown in
red. The rest-frequency of each line marked by the vertical grey line. Notice that, if
present, the C I 1656 feature is only marginally detected.



251

Our 16,000 K best-fit shock temperature is close to that reported in López-Martínez
and Gómez de Castro (2014) based on modeling of the C II] 2325 Å emission line
and nearby Fe II] and Si II] emission line ratios. Their analysis finds that the lines
arise from a region with 𝑇𝑒 = 15, 135 K and 𝑛𝑒 = 1.78 × 1010 cm−3, assuming the
emission is optically thin. Such a low 𝑛𝑒 is typical of the densities expected in the
funnel flow of a CTTS with magnetospheric accretion (Calvet and Gullbring, 1998).

However, López-Martínez and Gómez de Castro (2014) also report that the lines
they analyzed in FU Ori are all blue-shifted to 𝑣 = −45 km s−1 and have full-width
at half-maximum (FWHM) values of 221 km s−1. The velocity offset matches the
blue-shifted wind absorption found in the Mg II 2796/2803 Å doublet (Kravtsova,
Lamzin, et al., 2007), while the FWHM is comparable with the broadening seen in
the red-shifted emission of the NUV Mg II doublet and the H𝛼 line in the visible
(Herbig et al., 2003).

These facts together indicate that both sets of emission lines may be formed in a
strong outflow near the star. The absorption in Mg II and emission in C II] may
trace the launch points of the outflow, whereas the broader (and red-shifted in
Mg II) emission traces scattering and turbulence in the wind at larger distances. The
outflow may include material heated by the shock, which would explain the similar
temperatures of the two components.

In the low resolution G230L spectrum we detect the C II] 2325 Å, Si II] 2350 Å, and
Mg II 2795/2802 Å lines, previously identified by Kravtsova, Lamzin, et al. (2007)
at high resolution. The doublet reported at 2506 Å is the second-brightest feature
in the G230L spectrum. We identify the feature as likely being the 2507/2509
Fe II doublet, which has been previously studied in the Weigelt blobs of 𝜂 Carinae
(Johansson and Hamann, 1993a; Johansson and Letokhov, 2004). The doublet is
blue-shifted at the same velocity as the Si II] and C II] features, so it likely traces
the same material. The appearance of this doublet in FU Ori is mysterious because
it is not seen in the spectra of any other YSOs. Nevertheless the temperature of
the outflowing material near the shock may be close to that of the Weigelt blobs
(Mehner et al., 2010) and we expect the density is higher here than in the blobs.

10.10 Appendix: Revisiting the ¤𝑀 and 𝐴𝑉 of FU Ori
In addition to modeling the excess FUV emission, we sought to also revisit the
literature ¤𝑀 and 𝐴𝑉 estimates for FU Ori. Using a recent SED model produced
from a radiation-magneto-hydro-dynamical simulation of the system and an updated
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system inclination (Pérez et al., 2020), Zhu, Jiang, et al. (2020) reported that the
system has a ¤𝑀 = 10−4.42 𝑀⊙ yr−1 and an 𝐴𝑉 = 1.5 mag. Using ¤𝑀 = 10−4.42 𝑀⊙

yr−1 in the disk + shock model causes it to greatly overestimate the continuum
redward of 2100 Å, even in the visible range, due to the Rayleigh-Jeans tail of the
shock emission.

Using the same SED fitting procedure we describe in Section 10.4, we allowed the
¤𝑀 and 𝐴𝑉 to vary along with the 𝑇FUV and 𝑅eff . We require that 𝑇FUV < 20, 000

K in this fit due to the slight degeneracy between 𝑇FUV, ¤𝑀 , and 𝐴𝑉 . When higher
temperatures are allowed, the peak of the shock emission shifts blueward, requiring
a higher 𝐴𝑉 to match the shape of the FUV continuum and a higher corresponding
¤𝑀 to match the NUV. This produces a poorer overall fit to the UV and visible

spectrum, especially in the 2100 to 2400 Å and 3000 to 3800 Å regions. The
posterior distributions of the ¤𝑀 , 𝑇FUV, and 𝑅eff , are well-constrained, as shown in
Figure 10.7. The 𝐴𝑉 posterior distribution is poorly constrained, although the fit
clearly favors 𝐴𝑉 < 2 mag. The 𝐴𝑉 = 1.5 from previous literature, derived from
fits to the visible range data (Zhu, Hartmann, et al., 2007), is well within the 1𝜎
uncertainty of the best-fit 𝐴𝑉 here. Given the good agreement between our best-fit
¤𝑀 and the existing literature value, we adopt ¤𝑀 = 10−4.49 𝑀⊙ yr−1 for our fiducial

model. Due to the poor constraint on 𝐴𝑉 , we simply adopt the historical value of
𝐴𝑉 = 1.5.

10.11 Appendix: Detecting the Continuum Blueward of 1200 Å
In Section 10.5, we stated that we observe emission blueward of Ly𝛼, which rules
out the two photon process as the dominant source of FUV emission. In order to
confirm the significance of the continuum detection in this range, we examined the
background-subtracted count rate of the two G130M spectra (𝜆cen = 1222 Å and
𝜆cen = 1309 Å).

We compute the total net counts during the integration by multiplying the count rate
by the 2348 s and 2350 s exposure times. We then mask the wavelengths that are
known to have emission lines, following the procedure given in Section 10.2. We
then resample the data onto a grid with bin widths of 100 pixels each. We assume
that the count rates are Poisson-distributed to estimate the uncertainties. We show
the resulting spectrum in Figure 10.8.

The continuum emission at 𝜆 < 1216 Å is detected in most of the bins with several
exceeding 9 counts, or 3𝜎 assuming Poisson-distributed noise. If we bin all counts
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Figure 10.7: The corner plot for the fit with a variable 𝑇FUV, 𝑅eff , ¤𝑀 and 𝐴𝑉 .
The dark blue vertical and horizontal solid lines mark the median values of the
histograms, while the light blue dotted lines mark the modal values. The agreement
between the two in all but the 𝑇FUV parameter show that the posterior distributions
are well-behaved. The contours in the 2-d histogram mark the 0.5, 1.0, 1.5, and 2.0
𝜎 levels, while the vertical dashed lines mark the 16th and 84th percentiles in the
1-d histograms.

blueward of 1200 Å into a one, the detection significance rises to 10𝜎. The two
photon process has a sharp emission cut-off at ∼ 1215 Å, so if it cannot be the
source of the continuum we see in this wavelength range. Therefore, we rule-out
the possibility that the two photon process produces the observed FUV excess in FU
Ori.
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in Section 10.2. We assume the uncertainties on each bin are Poisson-distributed.
Notice that there are several bins with ∼ 10 counts, indicating a > 3 𝜎 continuum
emission detection.
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C h a p t e r 11

THE NEAR-ULTRAVIOLET SPECTRA OF FU ORIONIS
ACCRETION DISKS

Abstract: We present the results of the first high-sensitivity NUV (1800 to 3200 Å)
survey of FU Ori objects, using the Hubble Space Telescope (HST) STIS spectro-
graph. We compare new low resolution spectra for 6 sources with predictions from
accretion disk models and find that all show emission in excess of the disk model
spectrum. The physical properties of the NUV emission excess are very consistent
among the sample, with a mean luminosity of 0.04 ± 0.02 𝐿⊙ and temperature of
16200±2400 K – despite spanning 0.9 dex in 𝑀∗, 1.3 dex in ¤𝑀 , and 0.7 dex in 𝐿acc.
We use the spectra to conclusively rule out the existence of a hot boundary layer in
FU Ori accretion disks. We then discuss the source of the excess emission in the
context of recent simulations of FU Ori outbursts and boundary layer accretion. The
UV spectra also show the often-seen C II] 2326 Å multiplet and Mg II 2796/2803 Å
doublet, as well as the unusual Fe II] 2507/2509 Å doublet, a feature that is not seen
in the existing UV spectra of other young stellar objects. We measure and compare
the luminosities of these lines in outbursting with those in non-outbursting objects.

11.1 Introduction
There is class of young stellar objects (YSOs) called FU Ori objects, or FUOrs
(Herbig, 1977), which are observed to undergo eruptive episodes during which they
accrete mass at rates up to 10,000 times greater than typical YSOs (Hartmann and
Kenyon, 1996). These accretion-driven outbursts can last for several decades, with
some appearing to have been in outburst for well over 100 years (e.g., V883 Ori and
RNO 54, Strom and Strom, 1993; Hillenbrand, Carvalho, van Roestel, et al., 2023).
The class is named for FU Ori, which underwent a Δ𝑉 = 4 magnitudes outburst in
1937 (Wachmann, 1954) and has remained at nearly its peak brightness for the past
87 years. Since the start of the FU Ori outburst, approximately 40 FUOrs have been
found (Connelley and Reipurth, 2018, Contreras-Pena et al. 2025, in prep). The
enormous mass accretion rates of FUOrs (10−5 − 10−4 𝑀⊙ yr−1) radically alter the
geometry of the accretion of material from the disk onto the star.

In non-outbursting YSOs, the classical T Tauri stars (CTTSs), the accretion geometry
is that of magnetospheric accretion (Uchida and Shibata, 1984). As material flows



256

toward the star in the inner disk, it eventually meets an opposing pressure from the
strong stellar magnetic field, which is stronger nearer the star. There the magnetic
field energy density becomes comparable with the ram pressure of the inflowing
material and the charged matter is lifted along the stellar magnetic field lines and
deposited on the surface of the star (e.g., Zhu, Stone, and Calvet, 2024). The mass
flow reaches the star at freefall velocities (300 − 400 km s−1) and creates a shock
buried in the stellar photosphere. The shock-heated photospheric material at the
location of the accretion column emits brightly at ultraviolet (UV) and blue visible
wavelengths (Calvet and Gullbring, 1998; Hartmann, Herczeg, et al., 2016; Pittman,
Espaillat, Robinson, Thanathibodee, Calvet, et al., 2022). The UV spectra of CTTSs
are thus typically dominated by accretion emission, rather than emission from the
photosphere of the star.

In FUOrs, by contrast, when the disk undergoes an instability that dramatically
increases the accretion rate, ¤𝑀 , the pressure balance is disrupted. For sufficiently
high ¤𝑀 , the magnetosphere is overwhelmed by the accretion flow and the disk
engulfs the star. The disk material accretes directly onto the stellar surface modulated
by a boundary layer. The boundary layer itself has been theorized to be a region
dominated by shear heating as the disk material in Keplerian rotation slows to the
rotation rate of the central star (Popham, Narayan, et al., 1993). Models of the shear
heated boundary layer predict a high maximum temperature, 𝑇max, of the disk at
radii approaching the stellar radius, 𝑅∗ (Popham, Kenyon, et al., 1996). This high
temperature shear-heated component should produce as a bright UV spectrum.

The accretion disk itself can reach temperatures of 7, 000− 8, 500 K (Welty, Strom,
Edwards, et al., 1992; Kenyon, Hartmann, Imhoff, et al., 1989; Hartmann and
Kenyon, 1996; Carvalho, Hillenbrand, Hambsch, et al., 2023) and is thus intrinsi-
cally UV-bright. The extreme luminosity of the accretion disk and its high maximum
temperature have thus far made detection of any UV excess relative to the disk chal-
lenging. Identifying a UV excess requires going bluer than 3500-4500 Å, which is
where the hottest components of the disk are brightest. Unfortunately, FUOrs are
typically highly extincted (Connelley and Reipurth, 2018) and appear quite faint
in the UV. Altogether, detecting the predicted boundary layer excess would require
high sensitivity FUV and NUV spectra.

We recently completed a Hubble Space Telescope (HST) survey aimed at detecting
this predicted UV excess. We targeted 6 FUOrs that had previous 𝑈 or 𝐵 band
measurements bright enough to ensure they would be detected in the NUV, and
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obtained low resolution spectra spanning 1800 − 5500 Å. We also sought a high
resolution, deep spectrum of FU Ori in the FUV, in order to fully characterize the
disk spectrum and any potential boundary layer excess emission at the disk-star
interface.

In Carvalho, Hillenbrand, France, et al. (2024, hereafter C24), we published the
finding that the FUV spectrum of FU Ori shows clear excess UV emission but its
continuum shape and effective temperature are inconsistent with previous shear-
heating models. We found that the continuum was instead more consistent with a
magnetic heating or surface accretion shock origin.

In this article we present the UV spectra of the six FUOrs in our survey, including a
re-discussion of FU Ori. All six objects have UV emission in excess of the viscous
accretion disk. The luminosity of the excess component is correlated with the system
luminosity, indicating the UV excess emission mechanism is related to accretion
outburst itself. We also discuss the emission lines in the NUV spectra.

11.2 Data
We obtained visible and NUV spectra of 6 FUOrs: FU Ori, V1057 Cyg, V1515 Cyg,
V960 Mon, HBC 722, and BBW 76 as part of the Guest Observer (GO) program
171761. The sample was selected as the most blue/UV bright FU Ori objects known
in 2022 (𝐵 < 16 mag). The spectra were taken with the Hubble Space Telescope
(HST) Space Telescope Imaging Spectrograph (STIS) using the 52′′ × 2′′ arcsec slit
in 2 grating settings: G230L (NUV-MAMA) and G430L. An observation log is
provided in Table 11.1.

The spectra cover the wavelength range 1800 Å to 5500 Å at a spectral resolution
of 𝑅 ≡ 𝜆/Δ𝜆 ∼ 600. The signal-to-noise (SNR) ratio per pixel varies depending
on the brightness of the source. In order to improve the SNR of the spectra at the
bluest wavelengths, we bin the G230L spectra in 30 Å increments, masking out the
bright emission features at 2326 Å, 2505 Å, and 2800 Å. The three faintest objects
in the sample, V1057 Cyg, BBW 76, and HBC 722, have very little flux to the blue
of 2300 Å, as can be seen in the 2D spectra presented in Appendix 11.7.

For our fainter objects, we consider the source detected if the peak of the spectral
trace is 3× the noise value in a given wavelength bin (see Appendix 11.7 for details).
V1057 Cyg, BBW 76, and HBC 722 are not detected blueward of 2300 Å, 2000 Å,

1The data can be accessed at the Mikulski Archive for Space Telescopes (MAST) via https:
//doi.org/10.17909/tpk0-8h65.

https://doi.org/10.17909/tpk0-8h65
https://doi.org/10.17909/tpk0-8h65


258

Table 11.1: HST/STIS Observations Log

Target Date Obs Time (s) Grating Wavelengths (Å)
FU Ori 2023-10-08 1381 G230L 1580 − 3160

2023-10-08 45 G430L 2900 − 5700
V1057 Cyg 2023-04-05 1886 G230L 1580 − 3160

2023-04-05 2818 G230L 1580 − 3160
2023-04-05 150 G430L 2900 − 5700

V1515 Cyg 2025-01-01 1812 G230L 1580 − 3160
2025-01-01 2796 G230L 1580 − 3160
2025-01-01 150 G430L 2900 − 5700

HBC 722 2023-08-27 1856 G230L 1580 − 3160
2023-08-27 180 G430L 2900 − 5700

BBW 76 2024-02-15 1848 G230L 1580 − 3160
2024-02-15 2760 G230L 1580 − 3160
2024-02-15 130 G430L 2900 − 5700

V960 Mon 2024-09-26 130 G230L 1580 − 3160
2024-09-26 1810 G230L 1580 − 3160
2024-09-26 2722 G430L 2900 − 5700

and 2300 Å, respectively, so for those objects we also computed 3𝜎 upper limits
on the flux in those wavelength bins. The upper limits are derived from the dark
count level, 𝑐𝑡𝑠𝑑 , in each observation2. We assume that the uncertainty is Poisson-
distributed and thus 𝜎𝑑 =

√
𝑐𝑡𝑠𝑑 . We then converted 𝜎𝑑 to an effective flux level

using the response function of the detector. The spectra and upper limits are all
shown in Figure 11.1.

11.3 Modeling the Spectra
We model the NUV spectra with a two component model comprising a thin, vis-
cously heated accretion disk and a single blackbody. We fit the two components
generally following the same procedure described in C24, which we will summarize
below.

The choice of extinction curve cannot be neglected in the analysis of UV data. The
assumed shape of the 2175 Å feature can significantly impact continuum shape of
dereddened spectra. As in C24, we adopt the extinction curve from Whittet et al.
(2004), which has been demonstrated to be more appropriate for the interstellar

2The average dark counts subtracted per pixel from the image during processing is given in
the x1d file header under the header key MEANDARK. We multiply this by the extraction region size,
which is saved under the header key EXTRSIZE. This yields the total dark counts contributing to the
uncertainty along the extraced object trace.
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Figure 11.1: The G230L and G430L spectra for each of our objects (dark blue),
along with the disk (green) and disk + UV excess (light blue) models for each of
the FUOrs in the survey. The shaded regions show the range of the 16th and 84th
percentile models from the MCMC samples. The UV excess in each panel (maroon)
matches the flux level of the binned continuum points (salmon) blueward of 2300 Å.
The flux upper limits for V1057 Cyg, HBC 722, and BBW 76 are shown as empty
triangles.

environment surrounding YSOs. The extinction curve contains two important fea-
tures: a weak 2175 Å "bump" and a total-to-selective reddening factor, or 𝑅𝑉 , of
3.63 (greater than the typically adopted galactic average from Cardelli et al., 1989).
Recent extensive work aimed at measuring 𝑅𝑉 along several Milky Way sightlines
indicates that 𝑅𝑉 values that are greater than the galactic average are found in dense
environments near star-forming regions, and that 𝑅𝑉 can reach 3.5 − 3.7 in the
densest regions probed by the study (Zhang and Green, 2025). For sources with
sufficient SNR at 2100 Å (FU Ori, V1515 Cyg, and V960 Mon, see Figure 11.1),
the spectrum does not show the strong 2170 Å absorption feature predicted by the
often-used Cardelli et al. (1989) or Fitzpatrick (1999) extinction laws.
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The Accretion Disk Component
The accretion disk model is the same that we successfully applied to model the spec-
tra of FUOrs and is described in detail in Carvalho, Hillenbrand, and Seebeck (2023)
and Carvalho, Hillenbrand, Seebeck, and Covey (2024). The primary assumption
of the model is that the radial temperature profile of inner disk, 𝑇eff (𝑟), near the star
can be described using the Shakura and Sunyaev (1973) 𝛼 disk prescription,

𝑇4
eff (𝑟) =

3𝐺𝑀∗ ¤𝑀
8𝜋𝜎SB𝑟3

(
1 −

√︂
𝑅inner

𝑟

)
, (11.1)

where 𝑀∗ is the stellar mass, ¤𝑀 is the disk-to-star mass accretion rate, 𝑅inner is
the innermost boundary of the disk, 𝐺 is the universal gravitational constant, and
𝜎SB is the Stefan-Boltzmann constant. We modify the temperature profile so that
𝑇eff (𝑟 < 49

36𝑅inner) = 𝑇eff ( 49
36𝑅inner) ≡ 𝑇max, following (Kenyon, Hartmann, and

Hewett, 1988). This modification has been rigorously tested and upheld as an
accurate description of the observed spectrum in both simulations (Zhu, Jiang, et
al., 2020) and observations in the visible range (Rodriguez and Hillenbrand, 2022;
Liu et al., 2022) and the UV (C24).

Table 11.2: The adopted disk model parameters for each object in the sample. Note
that parameters like ¤𝑀 , 𝑅inner and the emergent 𝑇max and 𝐿acc all vary over the
course of an outburst. The parameters reported in this Table reflect the state of
each system at the time of observation. The distance references are as follows:
FU Ori (Kounkel et al., 2018; Roychowdhury and Hillenbrand, 2024a); V1057
Cyg (Szabó, Kóspál, Ábrahám, Park, Siwak, Green, Moór, et al., 2021); V1515
Cyg (Szabó, Kóspál, Ábrahám, Park, Siwak, Green, Pál, et al., 2022a); V960 Mon
(Kuhn and Hillenbrand, 2019); HBC 722 (Kuhn and Hillenbrand, 2019); BBW 76
(Gaia Collaboration, Vallenari, et al., 2023).

𝑀 log ¤𝑀 𝑅inner inc 𝐴𝑉 d 𝑇max 𝐿acc
Object (𝑀⊙) (𝑀⊙ yr−1) (𝑅⊙) (deg) (mag) (pc) (K) (𝐿⊙)
FU Ori 0.60 −4.49 3.52 35 1.50 404 5970 86

V1057 Cyg 1.61 −5.32 2.67 8 2.72 795 5858 46
V1515 Cyg 1.0 −5.68 1.82 2 2.23 960 5609 89
V960 Mon 0.59 −4.96 2.69 15 1.60 1120.0 5550 38
HBC 722 0.20 −4.18 3.65 79 2.30 745.0 5840 85
BBW 76 0.20 −5.38 1.41 21 0.43 1040.0 5398 9

For each of the objects in the sample, the disk model parameters we use are presented
in Table 11.2. The disk model component for each object is shown in light blue in
Figure 11.1. In the case of FU Ori, we adopted the best-fit parameters we found
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in C24. For HBC 722, we adopted the 𝑀∗ and 𝑅inner from Carvalho, Hillenbrand,
Seebeck, and Covey (2024) and scaled the ¤𝑀 downward to account for slightly
fainter source brightness when the STIS spectrum was taken. For V960 Mon, we
followed the prescription from Carvalho, Hillenbrand, Hambsch, et al. (2023) in
order to scale the ¤𝑀 and 𝑅inner in the model spectrum from the 2017 epoch to the
2023 epoch of the STIS observation.

The remaining three objects, BBW 76, V1515 Cyg, and V1057 Cyg required new
model fits. The details of the fits are given in Chapter 9. We follow the general disk
fitting procedure we have applied successfully to the other FUOrs. The SEDs we fit
are combinations of the near-infrared (NIR) spectra from Connelley and Reipurth
(2018) and the STIS G430L spectra, scaled to the flux of each target in 2015, when
the NIR spectra were taken. We also use rotational broadening of lines in high
resolution spectra to constrain the maximum Keplerian velocity in the disk (see
Chapter 8.1).

The Excess Blackbody Component
As can be seen in Figure 11.1, the disk model alone is insufficient to match the NUV
continuum emission in all of the sources. The upper panel of Figure 11.2 shows
the excess is stronger toward bluer wavelengths, with the observed flux diverging
rapidly from the disk model flux for 𝜆 < 2200 Å.

In order to model the excess UV emission, we use a single-temperature blackbody,
which we showed in C24 accurately matches the FUV and NUV excess emission in
FU Ori. The blackbody component model has only two variable parameters: the
effective radius of the emission region, 𝑅BB, and the effective temperature of the
blackbody, 𝑇BB. We treat the emission as isotropic, since we do not know what the
geometry of the emission is.

In order to model the excess UV emission, we use a single-temperature blackbody,
which we showed in C24 accurately matches the FUV and NUV excess emission in
FU Ori. The blackbody component model is given by

𝐹𝜆 = 𝜋𝐵𝜆 (𝑇BB)
(
𝑅BB

𝑑

)2
, (11.2)

where 𝑑 is the distance to the source, 𝑅BB is the effective radius of the emission
region, and 𝑇BB is the effective temperature of the blackbody, 𝐵𝜆. We treat the
emission as a disk projected in the plane of the sky, since we do not know its true
geometry and to maintain consistency with the assumption in C24.
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For the sources with the highest signal-to-noise spectra (FU Ori, V1515 Cyg, and
V960 Mon), we apply the model to the binned continuum points with 𝜆 < 2300 Å,
as this is where the excess relative to the disk model is strongest and where there
are few bright emission lines contributing to the continuum bins. For the fainter
sources (V1057 Cyg, BBW 76, and HBC 722), we use the bluest wavelength bins
in which they are detected, according to the detection criteria in Section 11.2. The
wavelength ranges used for the fits are reported in Table 11.3. We then fit the two-
parameter model using the log-likelihood based Markov-Chain Monte Carlo nested
sampling code dynesty (Speagle, 2020). The median values from the posterior
distributions, which we adopt as our best-fits, are reported in Table 11.3. The
posterior distributions themselves are shown in Appendix 11.8.

Due to the lack of signal for 𝜆 < 1800 Å in our spectra, we are unable to adequately
constrain the maximum possible temperature of the blackbody. However, we con-
fidently rule out temperatures below 7,000 K for all of our objects. For FU Ori,
V960 Mon, and V1515 Cyg, 𝑇BB > 12000 K is strongly preferred. The posterior
distributions follow the expected 𝑅2

BB ∝ 𝑇4
eff for a fixed luminosity, enabling us to

compute the luminosity of the UV excess as 𝐿excess = 4𝜋𝑅2
BB𝜎SB𝑇

4
BB. We report the

luminosities in Table 11.3 and discuss them in Section 11.3.
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Figure 11.2: The excess emission observed in the STIS spectra and its luminosity
for each FUOr in the survey. Upper Panel: The ratio of the observed binned STIS
spectra used to fit the blackbody excess model and the disk models binned to the
same wavelength sampling. Notice that for all the FUOrs in the sample, the NUV
flux is at least 2× as bright as the disk model predicts at 2200 Å and for many the flux
ratio is > 10 (for HBC 722 and V1057 Cyg, this is true at 2400 Å, despite the lack
of data at 2200 Å). Lower Panel: The 𝐿excess measurements for each of the FUOrs
compared with their disk-model-derived 𝐿acc. The mean and standard deviation on
the UV excess luminosities (excluding BBW 76) are marked by the purple line and
shading, respectively.
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Results of the Blackbody Fits and UV Excess Component Properties
Our spectra of five additional FUOrs confirm the observed properties of the UV
excess in FU Ori itself. In particular, the excess components all have temperatures
in excess of 12,000 K and filling factors of < 10−3 of the stellar surface (Table 11.3).

In our sample of 6 objects, the mean 𝐿excess = 0.04 ± 0.02 𝐿⊙, excluding BBW 76,
which shows almost no excess. The mean temperature 𝑇BB = 16, 200±2, 400 K and
size 𝑅BB = 0.05 ± 0.01 𝑅⊙ are consistent with what we found for the UV excess of
FU Ori using continuum regions of a COS FUV spectrum (C24).

As can be seen in the lower panel of Figure 11.2, the 𝐿excess values show little
dependence on the 𝐿acc of the system. There is also no correlation between 𝐿excess

and ¤𝑀 , 𝑀∗, 𝑅inner, or 𝑖. The uniformity of the UV excess across the sample may
have provide hints as to its origin and its relation to boundary layer accretion in
general. We discuss this in detail in Section 11.5.

11.4 NUV Emission Lines
The NUV spectra of the FUOrs show 3 prominent emission features: the often-seen
C II] 2326 Å multiplet and Mg II 2796/2803 Å doublet, as well as the unusual Fe II]
2507/2509 Å doublet. We discuss each of these features in detail below.

In order to understand the differences between these emission lines in FUOrs and
their counterparts in CTTSs, we compute the line luminosities for each feature
and discuss the measurements in the following Section. The CTTS we select for
comparison is BP Tau. We justify the choice of BP Tau as a representative CTTS
in Appendix 11.9. We measure its line luminosities in the STIS G230L spectrum
obtained in 2002 in the HST GO program 9081 (PI: N. Calvet; Kravtsova and
Lamzin, 2003), which was accessed through MAST. We adopt a distance of 131 pc
(Gaia Collaboration, Vallenari, et al., 2023) and an 𝐴𝑉 = 0.41 mag to the source
(Herczeg and Hillenbrand, 2014).

The line fluxes were measured from the dereddened spectra, which were extinction-
corrected using the 𝐴𝑉 values reported in Table 11.2 and the Whittet et al. (2004)
extinction law. We then fit a pseudocontinuum near the line using the specutils
function fit_continuum and compute the line flux via direct integration. The
integration limits for each lines are: 2310 − 2340 Å (C II]), 2503 − 2515 Å (Fe II]),
and 2780 − 2820 Å (Mg II). The flux is then converted to a luminosity using the
source distances in Table 11.3. The luminosity measurements are shown in Figure
11.4.
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Figure 11.3: The STIS G230L spectra of the 6 FUOrs and the CTTS BP Tau for
reference. The spectra are sorted top-to-bottom in order of decreasing signal-to-
noise. The grey vertical lines mark the locations of the emission features discussed
in Section 11.4.

The Mg II Doublet
The brightest feature in the NUV spectra of all 6 objects is the Mg II 2796/2803
Å doublet. Although doublet luminosity has been shown to correlate with the
accretion luminosity of CTTSs, it can display P Cygni profiles typical of lines that
trace outflows and has been seen in non-accreting, but magnetically active, YSO
spectra (Ingleby et al., 2013; Xu et al., 2021b). The high resolution 2001 HST/STIS
E230M spectrum of FU Ori also reveals strong outflow absorption in the Mg II
doublet, as both features are in clear P Cygni profiles (Kravtsova, Lamzin, et al.,
2007).

Despite the unknown degree of outflow absorption in the profiles, we measure
and report the doublet luminosity for each object. The high resolution E230M
spectrum of the FU Ori (Kravtsova, Lamzin, et al., 2007) shows that the deep
blue-shifted absorption removes approximately half of the flux from the total line
emission. Therefore, our reported luminosities should be considered lower limits
on the intrinsic Mg II doublet luminosity of FUOrs.
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Visually, the Mg II line strengths look similar across the sample, with the exception
of BBW 76 and V1057 Cyg. In these two objects, the Mg II emission is much weaker
relative to the other two emission features, an effect that is quantified in the ratios
plotted in Figure 11.4. We discuss the potential implications of this in Section 11.5.

The C II] Complex at 2326 Å
The C II] emission feature at 2326 Å is in fact a blend of multiplets from three
species: C II], Si II], and Fe II]. The features in the wavelength range over which
we measure line flux that contribute most strongly to the line are: C II] 2324.21,
2325.4, 2326.11, 2327.64, and 2328.83, Si II] 2329.23, and 2335.12/2335.32, and
Fe II] 2328.11. In the STIS E230M spectrum of FU Ori, the Si II] 2335.12/2335.32
doublet has a blue-shifted absorption/red-shifted emission P Cygni profile. The
emission from the Fe II] features in the region is also mildly red-shifted, suggesting
they may be in P Cygni profiles as well. This indicates that at least the Fe II] and
Si II] features trace an outflow in the system.

Looking closely at the C II] multiplet in the STIS E230M spectrum of FU Ori
reveals that the lines are unlikely to arise from an optically thin plasma in collisional
equilibrium. In CTTSs, this assumption has enabled the estimation of temperature
and number density of the line-emitting material based on flux ratios of lines in this
complex (López-Martínez and Gómez de Castro, 2014). We test this assumption in
FU Ori using line emissivities from the CHIANTI database. Over a broad range of
electron densities (𝑛𝑒 = 102 − 1015 cm−3) and temperatures (𝑇𝑒 = 104 − 106 cm−3),
the ratio of C II] 2325.4/2326.11 intensities is at most 0.2 − 0.3. In the FU Ori
E230M spectrum, the ratio is 0.74, indicating the level population of the multiplet
is in disequilibrium.

Although in CTTSs the C II] 2326 Å luminosity is a reliable tracer and diagnostic
of accretion, its luminosity in FUOrs does not follow the same scaling. If we apply
the Ingleby et al. (2013) relation found for CTTSs, log 𝐿acc = 1.1 log(𝐿CII]) + 2.7,
the 𝐿acc values for the FUOrs are underpredicted by factors of 40 − 160. There is
some mild correlation between the 𝐿CII] and 𝐿acc values, however, which can be fit
by log(𝐿acc) = 1.3 log(𝐿CII]) − 4.75 (omitting the HBC 722 upper bound in the fit).
The best fit is shown in Figure 11.4.

The Fe II Doublet and Its Origin
There is a strong feature at 2508 that we identified as the Fe II] 2507/2509 doublet
in the spectrum of FU Ori (C24). The luminosity of the line closely matches the
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luminosity of the C II] feature in all of the sources, even matching the 𝐿CII] upper
limit in HBC 722. This indicates that the feature may also correlate with the 𝐿acc of
FUOrs (except HBC 722). However, as we discuss below, the origin of the feature
is not well-understood.

The presence of the Fe II] 2507/2509 doublet in the spectra of FUOrs is surpris-
ing. It is not seen at all in the spectra of other accreting YSOs, but has been
observed in spectra of evolved systems like symbiotic binaries, 𝜂 Carinae, and
chromospherically-active giants (Johansson and Hamann, 1993b; de la Reza, 2025),
indicating it may be diagnostic of boundary layer accretion. The feature is not
expected to appear as brightly as we see it in the FUOr spectra in isolation. For
an optically thin plasma in local thermodynamic equilibrium, there are several Fe II

emission lines around 2495 − 2520 Å that should be as bright as or brighter than
the 2507/2509 doublet (Dere et al., 1997; Del Zanna et al., 2021b). However, the
high resolution STIS E230M spectrum of FU Ori confirms that the doublet is much
brighter than any nearby Fe II features (Kravtsova, Lamzin, et al., 2007).

The strength of the doublet relative to other Fe II features in the same wavelength
range is attributed to fluorescence via one of two proposed mechanisms: photoexci-
tation by accidental resonance or photoexcitation by continuum resonance (termed
PAR or PCR, respectively, Johansson and Hamann, 1993b). Both mechanisms
rely on photons in the 1000-1300 Å wavelength range to pump Fe II transitions that
populate energy levels around 11-12 eV, which eventually cascade downward and
through the 2507/2509 lines (Johansson and Hamann, 1993b)3. While it is beyond
the scope of this paper to model the emission of this doublet in detail, we did inves-
tigate the PAR/PCR mechanisms discussed in Johansson and Hamann (1993b) and
their plausibility in FUOrs.

The PAR mechanism relies on the coincidence between the wavelength of an existing
emission line and that of a transition in another species. In the case of the 2507/2509
doublet, Johansson and Hamann (1993b) propose that very red-shifted Ly𝛼 might
excite electrons via transitions at 1217.85 Å and 1218.21 Å, which would require
Ly𝛼 emission reaching 500 − 600 km s−1. Alternatively, −70 km s−1 emission by
the OV 1218.5 Å line could also excite the same transition. In C24, we found high
velocity red-shifted Ly𝛼 in the high resolution FUV spectrum of FU Ori, as well as
blue-shifted emission from OV at 1371 Å with a velocity of−80 km s−1. Though this

3The specific transitions are identified by Johansson and Hamann (1993b) as 5p6F◦
9/2 → 4s

c4F7/2 and 4p4G◦
9/2 → 4s c4F7/2 for 2507 Å and 2509 Å, respectively.
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suggests Ly𝛼 emission as a promising PAR source, CTTSs have extremely bright
Ly𝛼 at velocities of 500 − 600 km s−1 (Arulanantham et al., 2023) but do not show
the Fe II doublet.

In the case of PCR, all that is necessary is bright continuum emission in the correct
wavelength range to excite the desired transition. Johansson and Hamann (1993b)
propose that Fe II ground transitions around 1100-1115 Å can be excited by contin-
uum emission. A clear signature of this excitation mechanism would be a series of
absorption features in 1100-1115 Å wavelength range, though that may depend on
the geometry of the absorbing material. There is also the case of the 1785 Å Fe II

feature, which can result from PCR of ground transitions around 1270 Å (Hempe
and Reimers, 1982). While the signal-to-noise ratio of the FUV spectrum of FU Ori
is insufficient to detect the predicted line absorption, PCR would explain the strength
of the bright feature at 1785 Å seen in the FUV spectrum of FU Ori C24. Given the
bright FUV continuum of FU Ori, which we showed extends beyond 1150 Å (C24),
it is possible that PCR in the 1100 Å range could pump the upper transitions of the
2507/2509 doublet.

Both PAR and PCR can also produce fluorescent line emission at wavelengths
around 9000 Å, but the lines would be significantly fainter than the accretion disk
and therefore not observable in the spectra of FUOrs. Clearly identifying or ruling
out PAR/PCR as the source of the transition pumping photons would require both
careful modeling of this mechanism in FUOrs and a much more sensitive FUV
spectrum of FU Ori.

11.5 Discussion
In Section 11.3, we demonstrated that all six FUOrs in the sample possess excess
UV continuum emission that reaches more than 10× the disk model flux, as shown
in Figure 11.2. We also found that the excess emission spans a narrow range of
luminosities (𝐿excess ∼ 0.04 𝐿⊙), temperatures (𝑇BB ∼ 12000 − 18000 K), and
physical size (𝑅BB ∼ 0.02 − 0.06 𝑅⊙). Despite the 0.9 dex range in stellar mass
and 1.2 dex range in mass accretion rate, the 𝐿excess excess varies little across the
sample. Here, we discuss the potential source of the emission in the context of the
classical boundary layer accretion model for FUOrs and the exceptional case of the
source BBW 76.
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The UV Excess Emission in FUOrs compared with CTTSs
To contextualize the luminosity of the UV excess in FU Ori objects relative to other
YSOs, we compare our measurements with the UV survey of CTTSs compiled
by Yang et al. (2012). We restrict our comparison to the lower mass and lower
luminosity subset of CTTSs (𝐿acc < 1 𝐿⊙), since they better reflect the pre-outburst
FUOrs in our survey.

Directly comparing the UV emission from both sets of objects is challenging due
to the different accretion geometries in each. In CTTSs, for instance, a large
fraction (10 − 50%) of the accretion luminosity is emitted at 2000 < 𝜆 < 3100 Å
(termed 𝐿space in Pittman, Espaillat, Robinson, Thanathibodee, Lopez, et al., 2025).
Integrating our disk + blackbody models in the range 2000 < 𝜆 < 3100 Å, we find
a median 𝐿space = 10−1.7±0.4 𝐿⊙, which is only a bit smaller than 𝐿UV. Dividing by
the 𝐿acc values in Table 11.2, we obtain 𝐿space/𝐿acc = 10−3.4±0.2. In other words,
only a very small fraction of the total 𝐿acc in FUOrs is emitted in the NUV, though
the actual NUV luminosities themselves are high.

Comparing the luminosities of the CTTSs and FUOrs in the FUV is further com-
plicated by the lack of FUV spectra in our survey (with the exception of FU Ori).
Although we do not have FUV spectra for the other 5 objects in the sample, we
can extrapolate the blackbodies into the FUV. The blackbodies have similar best-fit
𝑇BB and 𝑅BB to the FUV-derived best-fit values for FU Ori, indicating the FUV
continuum emission in our sample is likely well-represented by these blackbody
fits.

We then integrate the blackbodies in the range 1250 − 1700 Å, as was done to
measure the 𝐿FUV of CTTSs reported in Yang et al. (2012). The mean 𝐿FUV,FUOr =

0.012 ± 0.007 𝐿⊙ following this process. This is 7.5× greater than the mean
𝐿FUV,CTTS = 0.0016 ± 0.002𝐿⊙ for the CTTSs in the Yang et al. (2012) with
𝐿acc < 1 𝐿⊙. The true difference between the FUV continuum luminosities of the
two samples is likely greater, since the FUV spectra of CTTSs are emission-line-
dominated, with continuum emission matching the typical accretion shock models
for 𝑇eff = 104 K (France, Yang, et al., 2011).

The Missing Boundary Layer in FUOrs
In the viscous accretion disk model applied to FUOrs (Lynden-Bell and Pringle,
1974b; Kenyon, Hartmann, and Hewett, 1988), only half of the viscous dissipation
of gravitational energy (𝐺𝑀∗ ¤𝑀/𝑅inner) is expected to be radiated by the disk itself.



269

A key assumption is that as material approaches the star, it must decelerate from its
large Keplerian rotation rate to the much slower stellar rotation rate. This requires
dissipating the remaining half of the initial gravitational energy over a region known
as the dynamical boundary layer.

If the energy dissipation mechanism in the dynamical boundary layer is viscosity,
then the energy should be efficiently radiated away as the material is heated. The
dynamical boundary layer would then have a luminosity as great as the accretion
disk due to this extreme shear (𝐿BL = 𝐿acc). In our survey, the median value of
𝐿excess/𝐿acc measured for the 6 FUOrs is 0.002 ± 0.001, which is several orders of
magnitude below what would be expected of a shear-heated boundary layer.

A potential solution is to assume that the boundary layer may be confined to latitudes
near disk midplane and obscured from our view due to the surface accretion layer.
Could the UV spectrum be reproduced by adopting a higher temperature (𝑇BL ∼
30, 000 K, Hartmann and Kenyon, 1985b) and luminosity (𝐿BL = 85 𝐿⊙) for the
boundary layer but obscuring it under some larger 𝐴𝑉? We explored this using the
FUV spectrum of FU Ori and found that even for large 𝑇BL, adopting 𝐴𝑉 > 2 mag
results in model spectra that underpredict the flux for 𝜆 < 1600 Å.

We note that the obscuring material is probably not dust, and thus 𝐴𝑉 may not be an
appropriate proxy for its absorption. However, if we were to instead model the gas
absorption against the 30,000 K continuum, the absorption would be dominated by
the bound-free transitions in metallic species like C and Si, which have even greater
continuous opacities than dust at FUV wavelengths (Travis and Matsushima, 1968).
We do not see these features in the FUV spectrum of FU Ori, but it is possible
that the continuum sensitivity is insufficient to detect them. Perhaps future large
UV/optical telescopes with greater senstivity will reveal these continuum features in
the FUV spectra of FUOrs. In either case, for the large column densities necessary to
diminish the observed 𝐿BL/𝐿acc by several orders of magnitude, the FUV continuum
at 𝜆 < 1600 Å is severely underestimated.

The upper limit on extinction also places an upper limit of 0.6 𝐿⊙ on the luminosity
of an obscured boundary layer. It is therefore unlikely that the FUV continuum in
FU Ori is due to a classical boundary layer obscured by disk material along the
line of sight. Furthermore, (Popham, Narayan, et al., 1993) found that for the high
accretion rates in FUOrs, the boundary layer should extend over as much as 0.2 𝑅∗,
which is incompatible with the median 𝑅BB = 0.04 𝑅⊙.
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The uniformly low luminosity and small spatial scale of the UV excess in FUOrs
is inconsistent with the classical models for a hot boundary layer. In C24, we also
provide a more extensive discussion of other models for shear-heated boundary
layers, both in the literature of YSOs and compact objects, and why the UV excess
in FU Ori is inconsistent with those.

In short, the remaining gravitational energy of the gas near the stellar surface is not
dissipated by heating the boundary layer. It is instead likely that the pressure support
from the strong magnetic fields near the surface of the star slows the material as it
approaches. The interacting disk and stellar fields in the boundary layer are capable
of efficiently removing large amounts of angular momentum via Maxwell stresses
(Takasao et al., 2025). The magnetic field is thus capable of slowing material down
to the stellar rotation rate without strongly heating the gas.

The Source of the UV Continuum Excess in FUOrs
As we established in Section 11.5, the UV excess emission in FUOrs does not arise
from a classical hot boundary layer. What could the source of the excess be, then?

In CTTSs, the UV excess emission arises from the heated pre-shock and post-shock
material in the photosphere (Calvet and Gullbring, 1998; Hartmann, Herczeg, et
al., 2016). This material is expected to be 8, 000 − 10, 000 K, while the shock
temperature is expected to be ∼ 9 × 105 K due to the high free-fall velocities of
matter flowing along the accretion funnel.

The picture we presented in C24 was that the FUV continuum in FU Ori is from a
directly-observed accretion shock that is much cooler than that of CTTS systems.
The velocity of material producing this shock is the surface accretion flow velocity
at the disk-star interface, which is found to be ∼ 40% of the Keplerian velocity near
the star (Zhu, Jiang, et al., 2020). For most of our sources, the Keplerian velocity at
𝑟 = 𝑅∗ is 160 ± 20 km s−1, indicating a surface flow velocity of 𝑣surf = 64 ± 8 km
s−1. If we assume that the resulting shock is a strong shock, we estimate the shock
temperature: 𝑇𝑠 = 3

16
𝜇𝑚𝐻

𝑘
𝑣2

surf = 45, 500 K, where 𝑘 is the Boltzmann constant, 𝑚𝐻

the mass of the hydrogen atom, and 𝜇 the mean atomic weight, set to 0.5 here since
the material is likely fully ionized. 𝑇𝑠 = 45, 500 is much greater than the maximum
𝑇BB in the sample.

If we assume that the the magnetic pressure support from the star/disk field at the
boundary further slows the material (Takasao et al., 2025), we can adopt 40 km s−1 as
the inflow shock velocity and compute 𝑇𝑠 = 17, 300 K, which is in better agreement



271

with the 𝑇BB values. The range of temperatures observed in the sample can then be
reproduced by increasing or decreasing 𝑣surf by just 5 km s−1, while the range of
𝑣Kep(𝑅∗) in our sample is more than 100 km s−1. We observe a weak correlation
between 𝑇BB and 𝑣Kep(𝑅∗), supporting the idea that 𝑣𝑠 ∝ 𝑣Kep(𝑅∗) subject to some
braking effect.

It is also conceivable that the magnetic deceleration of the surface flow may be more
efficient in systems with greater 𝑣Kep(𝑅∗). The magnetic deceleration depends in
part on the strength of the bundled fields near the stellar surface, which depend
on the shear between the star and disk (Takasao et al., 2025). Systems with larger
𝑣Kep(𝑅∗) may thus have stronger fields at 𝑅∗ and more effectively brake the more
rapid flow. In this way the deceleration may regulate the accretion flow velocity to
produce the narrow range of observed temperatures.

An alternative hypothesis is that the UV emission arises from material above the
star that is heated by rapidly recurring magnetic reconnection events at the star-disk
interface. These events are seen in simulations of boundary layer accretion and are
proposed to be the energy source heating the material emitting soft X-rays in FUOrs
(Takasao et al., 2025). This would also explain the high temperatures of the X-rays
in FUOrs (Kuhn and Hillenbrand, 2019), as well as the hour-to-hour variability of
X-ray luminosity in FU Ori (Skinner et al., 2010).The UV emission may then be
from material between the stellar surface and the hot corona above.

The Strange Case of BBW 76
A potential hint to the UV excess emission source lies in the outlier of our sample:
BBW 76. We do detect the UV excess in the source, but it has an 𝐿excess that 13×
smaller than the median in the sample. Our upper limits on the flux blueward of
2000 Å also rule out the potential of a hotter or brighter component with 𝐿excess >

0.02 𝐿⊙ (5× fainter than the rest of the sample), despite an accretion luminosity of
𝐿acc = 13 𝐿⊙. Furthermore, BBW 76 has an NUV line emission spectrum that is
distinct from the other FUOrs. The Mg II 2800 Å doublet is much less luminous than
in the other objects, even the CTTS BP Tau, and there is a strong continuum break
or emission feature at 2650 Å, which appears only weakly in the other objects.

While its large (relative to CTTSs) accretion luminosity confirms it is still in outburst,
recent photometry from ASAS-SN and NEOWISE (Shappee et al., 2014a; Mainzer
et al., 2011; Hart et al., 2023) shows that BBW 76 has faded monotonically by more
than Δ𝑉 = 0.3 mag and Δ𝑊1 = 0.8 mag in 10 years, while a recent near-infrared



272

spectrum of the source shows significant spectroscopic evolution in the past 5 years
(Carvalho 2025, in prep). It is possible that the source has entered an intermediate
stage between boundary layer accretion and magnetospheric accretion, wherein the
proximity of the inner disk to the central star still produces a bright disk-dominated
visible range continuum.

A transition between boundary layer accretion and magnetospheric accretion could
result in a rapid decline in the UV excess luminosity. In the shock case, once the
magnetospheric funnel flows re-establish themselves, the disk and stellar fields will
separate spatially, lowering the magnetic flux (and therefore magnetic pressure) near
the location of the former boundary layer. The pressure support will no longer slow
the surface accretion flow, enabling it to impact the photosphere at velocities more
similar to the CTTS case, embedding the shock in the photosphere. The lower 𝑇BB

in BBW 76 implies we may be seeing the heated photosphere re-processing this
buried shock, rather than the shock itself.

The magnetic reconnection events that may produce the excess rely on the interaction
of the stellar and disk fields at the boundary layer (Takasao et al., 2025). Once again,
as the magnetospheric accretion funnels re-establish themselves, the disk and stellar
surface will be separated, lessening the frequency of reconnection events. The
heating would diminish and the temperature and luminosity of the emission would
decrease as the system evolves away from boundary layer accretion.

11.6 Conclusions
Our recent HST/STIS survey of FUOrs reveals that FUV continuum emission in
excess of the viscous accretion disk is common. The typical properties of the FUV
continuum in the sample are: 𝐿excess = 0.04 ± 0.02 𝐿⊙, 𝑇BB = 16, 200 ± 2, 400 K,
and 𝑅BB = 0.04± 0.01 𝑅⊙. The consistent luminosities, temperatures, and physical
sizes of the emitting material indicate a common source for the emission in all
FUOrs.

The NUV line emission from the sample is also bright, though not as bright as
predicted by correlations between line and accretion luminosity in CTTSs. The
presence of strong Fe II] 2507/2509 doublet emission relative to other Fe II features
also imply that the physical conditions of the plasma emitting the NUV lines differ
significantly from those in the NUV emitting accretion flows of CTTSs.

Recent magnetohydrodynamical simulations of both the FU Ori system and bound-
ary layer accretion in protostars support two potential origins for the UV continuum
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emission: a shock where the surface accretion flow impacts the stellar surface or
material above the star heated by magnetic reconnection events at the star/disk inter-
face. The comparison of the properties of the UV emission and physical properties
(𝑀∗, ¤𝑀 , 𝑅inner) of the sample do not highlight a preference for one mechanism over
another.

More detailed study and modeling of the emission lines in the NUV spectra will help
to establish whether they share a common origin with the UV continuum emission.
A UV-sensitive spectrograph on a future large space telescope will be critical for
expanding the number of FUOrs with NUV and FUV spectroscopy beyond the 6
covered in this study.

11.7 Appendix: STIS 2D Spectra and Detection Criteria For Fainter Sources
The 2 dimensional recitified x2d G230L spectra of each object in the sample. For
sources with 2 G230L exposures (see Table 11.1), the images have been coadded via
an uncertainty-weighted mean. The traces can clearly be identified, as well as the
3 bright emission lines discussed in Section 11.4. In FU Ori, the diffuse emission
from the bright scattered light nebula (Zurlo et al., 2024b) can be seen, as well as
the trace of FU Ori S (Carvalho, Herczeg, et al., 2024).

In order to check the wavelengths where the faintest 3 sources (V1057 Cyg, HBC
722, and BBW 76) were detected, we cut spatial profiles of the 2d spectra in ∼ 78
Å bins. The spectrally-binned mean spatial profiles are shown in Figure 11.6. We
then computed the maximum surface brightness (within 0.2′′ of the slit center) and
standard deviation (within 0.2′′ of the slit center) for each spatial profile. The source
was considered “detected" in a given spectral bin if the maximum surface density
was greater than 3× the standard deviation.

11.8 Appendix: Posterior Distributions for the UV Excess Blackbody Fits
The posterior distributions for the blackbody fits to the UV excess are shown in
Figure 11.7 as corner plots (Foreman-Mackey, 2016). Notice that for the sources
with the strongest detected excess, the maximum temperature is poorly constrained
by the NUV-only data. This is confirmed by the case of FU Ori, which has a
well-constrained 𝑇BB and 𝑅BB in C24 when the fit included the FUV continuum but
not in this paper when the fit is restricted to only the NUV. The luminosity of the
emission, however, is clearly well-constrained. This can be seen from the fact that
the posteriors of the two parameters lie along a locus well-described by 𝑅BB ∝ 𝑇−2

BB.
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11.9 Appendix: BP Tau as a Representative CTTS
We select BP Tau as our reference CTTS for the comparison between the NUV
spectra of FUOrs and those of non-outbursting YSOs. The 𝑀∗ ∼ 0.5 𝑀⊙ of BP Tau
is comparable to those of the central objects in our sample, while its accretion rate
( ¤𝑀 = 10−7.29 𝑀⊙ yr−1) is typical for a CTTS (Manara et al., 2023).

To determine how well the NUV spectrum of BP Tau represents typical NUV
spectra of CTTSs, we query all 87 of the STIS/G230L for sources classified as T
Tauri Stars in the ULLYSES archive on MAST (Roman-Duval et al., 2025). The
stellar properties of the sample span spectral types of M6 to A2 (though most are
M2-K1) and a broad range of accretion rates.

We then perform a signal-to-noise selection, keeping only the 50 spectra that have
a median signal-to-noise ratio of 5 for 𝜆 > 2100 Å. We divide each spectrum by an
approximate continuum, estimated using the asymmetric least-squares fitting code
described in (Carvalho, Hillenbrand, and Seebeck, 2023). We use an extremely
inflexible regularization parameter of 1012 and fit only the 10th percentile of flux,
to avoid emission features and divide out only the general slope of each spectrum.
We then interpolate each spectrum to a common wavelength grid and compute the
16th, 50th, and 84th percentile normalized flux over all spectra in each wavelength
bin. This enables us to estimate the median spectrum in the sample as well as the
typical object-to-object variation in features like strong emission lines.

Figure 11.8 shows the G230L spectrum of BP Tau compared with the median
ULLYSES spectrum. The upper and lower ranges of spectra are shown in the
shaded region. Notice that BP Tau almost perfectly matches the median spectrum.
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Figure 11.4: Comparisons of the line luminosities in the FUOr sample and a
representative CTTS (BP Tau). Top: The C II] (black circles), Fe II] (red triangles),
and Mg II (blue squares) line luminosities for the FUOr sample and the CTTS BP
Tau. Error bars are drawn but are smaller than the symbols for most measurements.
The empty circle (triangle) for HBC 722 (BP Tau) represents the 3𝜎 upper limit on
the C II] (Fe II]) luminosity. The FUOrs are sorted left-to-right in order of increasing
𝐿acc. Middle: The same line C II] and Fe II] luminosities divided by the Mg II
luminosities. Bottom: The 𝐿CII] measurements plotted against the 𝐿acc for the
FUOrs. The black line shows the best-fit relation described in Section 11.4.
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Figure 11.5: The two-dimensional rectified x2d HST/STIS images for each of our
sources. The white hashes mark the locations of the C II] 2326, Fe II] 2500, and Mg II
2800 features and the surface brightness units are 10−14 erg s−1 cm−2 Å−1 arcsec−2.
Notice that the traces of FU Ori, V1515 Cyg, and V960 Mon are all detected down
to at 1800 Å. BBW 76 is only marginally detected at 2100 Å. V1057 Cyg is only
detected redward of the C II feature, with barely any continuum until 2400 Å, and
HBC 722 is only detected redward of 2450 Å.
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Figure 11.7: The posterior distributions for the blackbody fit described in
Section 11.3. The red vertical and horizontal lines mark the median values
for histogram, while the blue lines mark the modal values. The magenta line
marks the 𝑅BB ∝ 𝑇−2

BB relation, anchored at the median 𝐿excess value for each
source.



279

2400 2600 2800 3000

Wavelength [Å]
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C h a p t e r 12

A KECK/HIRES SPECTRAL ATLAS OF FU ORI OBJECTS

The high resolution spectra of FU Ori objects are extremely information-rich. While
obtaining sensitive spectra of these often faint objects can be expensive, requiring
large apertures and long exposure times, the data provide an unparalleled ability to
study the dynamics of their inner disk regions.

I present here a compilation of visible range high signal-to-noise (SNR), high
resolution Keck/HIRES spectra for 14 FUOrs. The spectra span approximately
4800 − 9200 Å, though I omit the low signal-to-noise orders of the reddest objects
like V900 Mon, V733 Cep, and RNO 1b.

I also include the object PTF 15afq. It is not formally a FUOr, but it is one of
two objects known to undergo a short-lived EX Lup-type outburst while showing
a FUOr-like disk spectrum (Park, Kóspál, et al., 2022; Siwak, Hillenbrand, et al.,
2023). It is possible that objects undergoing outbursts of sufficiently high amplitudes
will produce disk-absorption-dominated spectra regardless of the longevity of the
outburst.

Several objects have multiple epochs of Keck/HIRES data available, but for the
illustrative plots shown in this Chapter I have selected the highest SNR data to plot.
For the objects V960 Mon and HBC 722, I show all of the spectra analyzed in
Carvalho, Hillenbrand, and Seebeck (2023) and Carvalho, Hillenbrand, Seebeck,
and Covey (2024), respectively. The spectra were taken during the first 5-10 years
following the peak of each object’s outburst and show significant evolution in lines
known to trace outflows and the disk. More details about these objects can be found
in Chapters 3, 4, and 5.

12.1 Outflow-tracing features
The lines that commonly trace outflows in YSOs, like H𝛼, H𝛽, the Na I D 5889/5895
Å doublet, and the Ca II Infrared Triplet (IRT), all have strong, high velocity blue-
shifted absorption in the spectra of FUOrs. The profiles of H𝛼 and the Ca II IRT
are also frequently accompanied by red-shifted emission, producing the classic P
Cygni profiles associated with stellar winds. These lines are highlighted in Figures
12.1, 12.2, 12.3, and 12.4.
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seen in the spectra of V960 Mon and HBC 722, the profiles can be highly variable.
The lines all show a wide range of absorption velocities, sometimes reaching −500
km s−1. The vertical grey line indicates the rest velocity of each line.
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The fact that the H𝛼, H𝛽, and Na I D line profiles are all highly saturated indicates
that the outflowing material obscures a large fraction of the continuum-emitting
region from 4800 − 6600 Å. Furthermore, the line profiles of Gaia 17bpi, BBW
76, V1057 Cyg, and V1515 Cyg are saturated at blue-shifted velocities > 200 km
s−1, indicating a large column of material even at high velocities. Furthermore, the
multi-component structure of the Na I D line profiles, called the "shell" features by
Herbig et al. (2003), reveal a complex vertical and kinematic structure in the outflow
near its launch point.

In simulations, an MRI-driven outburst has been shown to produce powerful outflows
(Zhu, Jiang, et al., 2020), with mass loss rates comparable to 0.1 ¤𝑀acc ∼ 10−6 𝑀⊙

yr−1. There are also observations of large scale outflows seen with millimeter CO
emission that may be the result of past outburst activity (Ruíz-Rodríguez et al.,
2017; Cruz-Sáenz de Miera et al., 2023; Hales et al., 2024). Comparison with
models of H𝛼 line profiles produced by stellar and disk winds also indicate high
mass outflow rates. The models of Muzerolle et al. (2001) and Lima et al. (2010)
in particular highlight the Stark broadening in the red-shifted emission component
of H𝛼, as is seen in FUOrs, is diagnostic of wind emission. When compared with
models computed for different wind temperatures, the line profiles of FUOrs seem
generally consistent with wind temperatures > 4000 K (Lima et al., 2010; Carvalho,
Hillenbrand, Seebeck, and Covey, 2024). This is discussed more specifically in the
context of HBC 722 in Chapter 5 but the discussion can be broadened to include all
FUOrs, given the similarity of their H𝛼 profiles.

One enduring mystery in the high resolution spectra of FUOrs is the surprisingly
dynamic Li I 6707 Å doublet. Among FGKM spectral types, the strength of the
doublet can be diagnostic of stellar age (Herbig, 1965; Xiong and Deng, 2009) and
its presence was one of the first indicators used to identify FUOrs as YSOs (Herbig,
1977). As a weak feature of a sparse species, the doublet is should only trace the
Keplerian motion of the disk atmosphere (Calvet, Hartmann, et al., 1993). However,
as can be seen in Figure 12.5, the absorption profiles do not, in fact, only show disk
broadening.

Many of the Li I profiles are asymmetric, often with blue-shifted absorption. This
is also seen in the profiles of HBC 722, where the blue-shifted absorption strength
increases in the years following its outburst peak (see Chapter 5). The bizarre profile
of the Li I feature in V1057 Cyg also highlights the fact that this line must trace
non-disk components in addition to the disk atmosphere in FUOrs.
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12.2 The HIRES Spectral Atlas
In the remaining Figures in this Chapter, I present all 34 spectral orders from the
Keck/HIRES spectra I have discussed so far. As was discussed in Chapter 2, the
spectra in this wavelength range are affected by both rotational broadening and the
maximum temperature of the disk. There are also several features like Fe II 5018
Å and Fe II 5316 Å that trace low velocity winds, likely near their launch points
(Calvet, Hartmann, et al., 1993; Hartmann and Calvet, 1995a).

The absorption profiles in visible range spectra have also been shown to be sensi-
tive to the oscillator strengths and excitation potentials of the lines (Welty, Strom,
Edwards, et al., 1992; Calvet, Hartmann, et al., 1993; Carvalho, Hillenbrand, and
Seebeck, 2023). Features at higher excitation potential trace warmer regions of the
disk, which are closer to the star. These features are thus expected to show broader
wings, as the absorbing material is in more rapid Keplerian rotation. However, these
features can also at times exhibit deeper cores than predicted by the disk model,
potentially indicating that they are tracing highly sub-Keplerian material near the
boundary layer (Popham, Kenyon, et al., 1996; Carvalho, Hillenbrand, and Seebeck,
2023).

Lines with high oscillator strengths, or generally high opacities, tend to trace out-
flows. Since the lines are sufficiently sensitive to probe low density material, they
absorb the disk continuum well above the disk surface, either in the wind launching
region or well into the jet/wind itself. A surprising discovery in the shortly post-peak
spectra of V960 Mon and HBC 722 has been the emergence of narrow, blue-shifted
absorption features in weak absorption lines (Carvalho, Hillenbrand, and Seebeck,
2023; Carvalho, Hillenbrand, Seebeck, and Covey, 2024). The features have deep-
ened over time, indicating that they are tracing an increasingly large column of
outflowing material. They also persist into the NIR, a sign that the material covers a
large fraction of the projected disk area. The properties of the lines and their origin
are discussed in Chapters 4 and 5.
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Figure 12.2: The H𝛽 line profiles of FUOrs captured with Keck/HIRES. As can be
seen in the spectra of V960 Mon and HBC 722, the profiles can be highly variable.
The lines all show a wide range of absorption velocities, sometimes reaching −500
km s−1. The vertical grey line indicates the rest velocity of each line.
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variable. The lines all have several absorption components, indicating a multi-
layered structure to the outflow. The vertical grey line indicates the rest velocity of
each line.
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Figure 12.4: The Ca II IRT line profiles for each component of the triplet. Each of
the three components is impacted on the red-shifted side by increasingly severe HP
absorption from the 8502 Å, 8545 Å, and 8665 Å lines. The blue-shifted absorption
profiles vary between the components due to the relative line strengths of the three.
The vertical grey line indicates the rest velocity of each line.
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Figure 12.5: The line profiles for the Fe II 5018 Å and Li I 6707 Å features. In
most FUOrs, the Fe II 5018 line shows both disk-broadened absorption in the wings
and a blue-shifted core indicative of low-velocity wind absorption. The Li I 6707
line, despite expectations that it should trace the disk atmosphere closely, shows
surprising diversity in its profiles.
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with 𝜎 = 5 pixels. The non-smoothed spectra for the sources are also shown in light
green.
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0

2

4

6

8

10

12

N
or

m
al

iz
ed

F
lu

x
+

O
ff

se
t

BBW 76

FU Ori

Gaia 17bpi

PTF 15afq

RNO 1b

V582 Aur

V733 Cep

V900 Mon

V1057 Cyg

V1515 Cyg

Gaia 18dvy

Par 21

V890 Aur

V960 Mon

HBC 722

Figure 12.13: Figure 12.6 continued.



296

5360 5380 5400 5420 5440

Wavelength [Å]
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C h a p t e r 13

A KECK/NIRSPEC ATLAS OF FUORS

Complementing the Keck/HIRES atlas of FUOrs is a Keck/NIRSPEC atlas, spanning
𝑌 to 𝐾 band, though 𝑌 band is not available for the most embedded (𝐴𝑉 > 40 mag)
objects. An observation log for each band is provided in Tables 13.1, 13.2, and 13.3.
The spectra were all taken via standard ABBA nod sequences in generally good
weather1. The spectra were extracted, deblazed, coadded, and telluric corrected
using the PypeIt (Prochaska et al., 2020) module written for Keck/NIRSPEC and
the telluric correction procedure described in Carvalho, Doppmann, et al. (2024).
The telluric standards used were A0V stars that were easily accessible throughout
the nights of the observing run.

This survey was conducted in part to provide a maximally complete set of high
resolution spectra for known FUOrs. Since the survey began in 2022, 3 − 4 new
FUOrs have been discovered that are bright enough for NIRSPEC spectra. Follow-
up observations of these objects will be conducted to maintain an up-to-date data
set. The need for high resolution spectra of FUOrs is discussed in detail in Section
4.3 and all of the spectra shown below are used somewhere in this Thesis.

13.1 Plots of the Keck/NIRSPEC Spectra
Figure 13.1 shows the He I 10830 Å and Paschen 𝛽 features in all of the Y band
spectra collected as a part of this survey. There are additional Y band spectra in
the Keck Observatory Archive, though at lower SNR. In Class I/II YSOs, Pa𝛽 is
typically an emission line and serves as an accretion tracer, as its luminosity can be
used to estimate the accretion luminosity of a source. In FUOrs, the feature is only
ever seen in absorption or in a P Cygni profile, indicating it instead traces the strong
outflows near the star.

The He 10830 Å triplet frequently traces outflows in FUOr spectra, as can be seen
by the very high blue-shifted velocities in Figure 13.1. The diversity of line profiles

1A fun bit of trivia: the spectra taken in Dec 2022 were taken during the peak of the eruption
of Mauna Loa during that year. Lynne Hillenbrand and I were baffled by the highly variable sky
background to the South until we realized we were seeing lava glow reflecting off the clouds. The
temperature of the lava was exactly right to increase 𝐾 band sky backgrounds so much that even the
reddest objects were difficult to see in 𝐾 using the slit camera and we had to resort to finding the
objects in 𝐽 band, first.
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from object to object is comparable to that of H𝛼, shown in Chapter 12. Identifying
the true highest velocities in the He I 10830 triplet is confounded by contamination
from Mg I and Si I features blueward of the triplet. The feature is also known to
the variable on month-to-year timescales, as Connelley and Reipurth (2018) show
for V1735 Cyg. This further supports the idea that it traces outflowing material
relatively close to the star.

Following the outflow lines, the atlas spans Figures 13.2 to 13.32. There are some
objects which have multiple epochs of spectra, enabling comparison between visits
to search for variability. With the exception of features that have been shown to
trace outflows (see Chapters 5 and 6), the line profiles in the NIR spectra show little
variability. This is consistent with the disk model demonstration in Chapter 2 that
showed the NIR is relatively insensitive to 𝑇max in the disk, which is the parameter
most likely to vary on short timescales.

13.2 Recommendations for Future Keck/NIRSPEC Observers
Any future Keck/NIRSPEC observers, particularly those seeking to maximize the
wavelength coverage of single-observations in 𝐾 band, should heed the final set of
plots in this Chapter as a warning about the predictive power of the Echelle Format
Simulator (EFS). While the location of the echellogram on the detector is reasonably
well-represented in the simulator, the detector cutoff location can be uncertain by
as many as 100 pixels. If there are important spectral features that are predicted to
appear near the edge of the detector in the EFS, observers should confirm the desired
wavelengths are covered when performing calibrations. It is sufficient to select one
or two bright arc lamp lines to estimate a linear wavelength solution and ensure the
attained wavelength coverage is as expected.

The location of the echellogram on detector can drift over the course of a night if
alternating between different filter settings or grating/cross-disperser angles. When
conducting this survey, the observations usually were taken in cycles of𝑌 , 𝐽,𝐻,𝐾 ,𝐾 ,
𝐻, 𝐽, 𝑌 to minimize the number of motor steps in any single filter change operation.
Despite this, the echellogram drifts by several pixels so that the absolute wavelength
solution for any given spectrum may be offset from the start of night solution by
10 − 20 km s−1. If the absolute wavelength calibration is critical to the science and
this shift cannot be corrected for by, e.g., using photospheric lines as references, it is
best to remain in one filter/setting throughout the night. Alternatively, OH emission
lines can provide contemporaneous wavelength solutions for exposures exceeding
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∼ 300s.

Finally, it is important to take good telluric standards throughout the night. If
possible, mapping the airmass throughout the night is the minimal requirement
to ensure reliable telluric correction. For high airmass targets, it is best to take a
standard close in time to the observation as well, in the event that weather conditions
change during the night. The larger atmospheric column for these targets rapidly
compounds the otherwise small time dependence of telluric features. At high
resolution, this can make correction especially challenging due to the increased
sensitivity to the precise line shape in addition to its depth.
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Figure 13.1: The line profiles of He I 10830 and Pa𝛽 in FUOrs. Left: The He I
10830 Å triplet for the FUOrs in our NIRSPEC survey. Notice the diversity of line
profiles and maximum outflow absorption velocities. The vertical solid grey lines
mark the components of the triplet, while the dashed line marks the nearby Si I
10827 Å line and the dotted line marks an Mg I 10811 Å line. Right: The Pa𝛽 line
for the FUOrs in the survey. It is much weaker than the visible range H𝛼 or H𝛽 (see
Chapter 12), but does show variability between epochs. The spectra of FU Ori and
V1057 Cyg show this most dramatically, but it can also be seen in HBC 722.
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Figure 13.2: All of the FUOr spectra taken for the Keck/NIRSPEC survey with
sufficient signal at 1 𝜇m for high resolution spectroscopy. Shown here is Y Band
order 76.
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Figure 13.3: Same as Figure 13.2 for Y Band order 75.



328

10225 10250 10275 10300 10325 10350 10375 10400

Wavelength [Å]
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Figure 13.4: Same as Figure 13.2 for Y Band order 74.
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Figure 13.5: Same as Figure 13.2 for Y Band order 73.
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1

2

3

4

5

6

7

8

N
or

m
al

iz
ed

F
lu

x
+

O
ff

se
t

HBC722 20231030

V2775Ori 20231030

BBW76 20231031

RNO1B 20231031

RNO1C 20231031

RNO54 20231031

V883Ori 20231031

V900Mon 20231031

V960Mon 20231031

V1057Cyg 20231031

FUOri 20231101

Gaia18dvy 20231101

Par21 20231101

V582Aur 20231101

Figure 13.6: Same as Figure 13.2 for Y Band order 72.
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Figure 13.7: Same as Figure 13.2 for Y Band order 71.
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Figure 13.8: Same as Figure 13.2 for Y Band order 70.
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Figure 13.9: Same as Figure 13.2 for Y Band order 69.
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Figure 13.10: All of the FUOr spectra taken for the Keck/NIRSPEC survey with
sufficient signal at 1.2 𝜇m for high resolution spectroscopy. Shown here is 𝐽 Band
order 66.
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Figure 13.11: Same as Figure 13.10 for 𝐽 Band order 65.
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Figure 13.12: Same as Figure 13.10 for 𝐽 Band order 64.
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Figure 13.13: Same as Figure 13.10 for 𝐽 Band order 63.
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Figure 13.14: Same as Figure 13.10 for 𝐽 Band order 62.
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Figure 13.15: Same as Figure 13.10 for 𝐽 Band order 61.
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Figure 13.16: Same as Figure 13.10 for 𝐽 Band order 60.
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Figure 13.17: Same as Figure 13.10 for 𝐽 Band order 59.
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Figure 13.18: Same as Figure 13.10 for 𝐽 Band order 58.
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Figure 13.19: Same as Figure 13.10 for 𝐽 Band order 57.
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Figure 13.20: All of the FUOr spectra taken for the Keck/NIRSPEC survey with
sufficient signal at 1.6 𝜇m for high resolution spectroscopy. Shown here is 𝐻 Band
order 51.
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1

2

3

4

5

6

7

8

9
N

or
m

al
iz

ed
F

lu
x

+
O

ff
se

t

Gaia17bpi 20220731

Gaia17bpi 20231031

HBC722 20220731

HBC722 20221203

HBC722 20231030

Par21 20220731

Par21 20231101

V733Cep 20220731

V1057Cyg 20220731

V1057Cyg 20221203

V1515Cyg 20220731

V1735Cyg 20220731

Gaia18dvy 20220801

FUOri 20221203

FUOri 20231101

RNO1B 20221203

RNO1C 20221203

RNO54 20221203

V900Mon 20221204

V960Mon 20221204

L1551 20231030

PGIRN20dci 20220801

PGIR20dci 20231030

PP13S 20231030

V2775Ori 20231030

BBW76 20231031

V883Ori 20231031

V582Aur 20231101

Figure 13.21: Same as Figure 13.20 for 𝐻 Band order 50.
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Figure 13.22: Same as Figure 13.20 for 𝐻 Band order 49.
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Figure 13.23: Same as Figure 13.20 for 𝐻 Band order 48.
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Figure 13.24: Same as Figure 13.20 for 𝐻 Band order 47.
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Figure 13.25: Same as Figure 13.20 for 𝐻 Band order 46.
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Figure 13.26: Same as Figure 13.20 for 𝐻 Band order 45.
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Figure 13.27: Same as Figure 13.20 for 𝐻 Band order 44.
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Figure 13.28: All of the FUOr spectra taken for the Keck/NIRSPEC survey. Shown
here is 𝐾 Band order 36.
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Figure 13.29: Same as Figure 13.28 for 𝐾 Band order 35.
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Figure 13.30: Same as Figure 13.28 for 𝐾 Band order 34.
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Figure 13.31: Same as Figure 13.28 for 𝐾 Band order 33.
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Figure 13.32: Same as Figure 13.28 for 𝐾 Band order 32.
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Table 13.1: The observing log for the Keck/NIRSPEC Survey we conducted from
2022-2023. The exposure times are the total on-source integration time and are
reported in seconds.

Target Date Band Exposure Time
FU Ori 2023-11-01 𝐾 120

2023-11-01 𝐻 240
2022-12-03 80
2023-11-01 𝐽 240
2022-12-03 80
2023-11-01 𝑌 240

V1057 Cyg 2022-12-03 𝐾 120
2022-07-31 80
2022-12-03 𝐻 160
2022-07-31 160
2022-12-03 𝐽 120
2022-07-31 120
2023-10-31 𝑌 480

V1515 Cyg 2022-07-31 𝐾 112
2022-07-31 𝐻 240
2022-07-31 𝐽 160

HBC 722 2022-12-03 𝐾 80
2022-07-31 40
2022-10-30 𝐻 240
2022-12-03 400
2022-07-31 400
2022-10-30 𝐽 240
2022-12-03 80
2022-07-31 200
2022-10-30 𝑌 240

V733 Cep 2022-07-31 𝐾 480
2022-07-31 𝐻 1200
2022-07-31 𝐽 1200

V1735 Cyg 2022-07-31 𝐾 240
2022-07-31 𝐻 720
2022-07-31 𝐽 720

Gaia 18dvy 2023-11-01 𝐾 600
2022-08-01 1200
2022-08-01 𝐻 1800
2022-08-01 𝐽 1800
2023-11-01 𝑌 1200

HH 354 IRS 2022-08-01 𝐾 1200
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Table 13.2: Table 13.1 continued.

Target Date Band Exposure Time
Parsamian 21 2022-08-01 𝐾 720

2023-11-01 𝐻

2022-07-31 1000
2022-07-31 𝐽 960
2023-11-01 𝑌 2400

PGIR 20dci 2022-12-03 𝐾 2400
2022-08-01 1200
2023-10-30 𝐻 4800
2022-08-01 1200

RNO 1B 2022-12-03 𝐾 120
2022-12-03 𝐻 400
2022-12-03 𝐽 960
2023-10-31 𝑌 2400

RNO 1C 2022-12-03 𝐾 240
2022-12-03 𝐻 480
2022-12-03 𝐽 960
2023-10-31 𝑌 3600

RNO 54 2022-12-03 𝐾 240
2022-12-03 𝐻 480
2022-12-03 𝐽 480
2023-10-31 𝑌 480

WTP10abnswe 2023-10-31 𝐾 1200
2022-12-03 960

V900 Mon 2022-12-04 𝐾 240
2022-12-04 𝐻 800
2022-12-04 𝐽 800
2023-10-31 𝑌 720

V960 Mon 2022-12-04 𝐾 720
2022-12-04 𝐻 960
2022-12-04 𝐽 480
2023-10-31 𝑌 480

Gaia 17bpi 2023-10-30 𝐾 2400
2023-10-31 𝐻 4320
2022-07-31 2400
2023-10-30 𝐽 2880
2022-07-31 2400

L1551 IRS 5 2023-10-30 𝐾 480
2023-10-30 𝐻 1800
2023-10-30 𝐽 2400
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Table 13.3: Table 13.1 continued.

Target Date Band Exposure Time
V2775 Ori 2023-10-30 𝐾 240

2023-10-30 𝐻 1200
2023-10-30 𝐽 1200
2023-10-30 𝑌 2400

V883 Ori 2023-10-31 𝐾 80
2023-10-31 𝐻 360
2023-10-31 𝐽 720
2023-10-31 𝑌 1200

V582 Aur 2023-11-01 𝐾 960
2023-11-01 𝐻 1200
2023-11-01 𝐽 1200
2023-11-01 𝑌 1200

PP 13S 2023-10-30 𝐻 1800
BBW 76 2023-10-31 𝐻 720

2023-10-31 𝐽 1200
2023-10-31 𝑌 1200
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C h a p t e r 14

SUMMARY AND FUTURE DIRECTIONS

The goal of this thesis has been to establish a framework for constraining the physical
parameters of FUOrs to enable comparative analysis of the objects across the class.
Given the relatively small number of objects available for study, and their highly
variable natures, comparing FUOrs across the class requires accurate measurements
of their physical parameters. In the final 2 years of my thesis, I have used this
framework to constrain the 𝑀∗, ¤𝑀 , and 𝑅inner of 9 FUOrs. Using the high resolution
spectra presented in this thesis, it is possible to expand that number to between
15 and 21 total objects over the next 1-2 years. This will be crucial to answering
some of the questions raised in the Introduction, in particular concerning the mass
distribution and mass accretion rate distributions of FUOrs.

I would like to conclude this thesis by discussing how this framework will be used
in the near future in conjunction with new and exciting observing capabilities to
expand our understanding of FUOrs and what triggers their outbursts. I will also
explore how recent developments in interferometry at both millimeter and visible
and NIR wavelengths establish a course for better understanding FUOrs relative to
other YSOs, both eruptive and non.

14.1 New Visible and NIR Surveying Capabilities
The many all-sky time-domain survey experiments that have operated in the past
15 years have almost doubled the number of FUOrs discovered (Contreras-Pena et al.
2025, submitted). Many of the space-based surveys, like Gaia and WISE/NEOWISE,
have concluded in the past year. Ground-based surveys like VVV/VVVX (South-
ern Hemisphere, Minniti et al., 2010; Saito et al., 2024), ZTF (Bellm et al., 2019,
Northern Hemisphere, ), and ASAS-SN (all sky, Shappee et al., 2014b; Kochanek
et al., 2017) continue to be renewed and are still operational today, although their
coverage of the sky is limited by time of day, seasons, and weather1.

Just this year, the first images and data products have been released by three exciting
1Other impactful time-domain experiments that have contributed to the known population of

FUOrs are the Palomar Transient Factory (PTF, Law et al., 2009; Rau et al., 2009), which contributed
to the early detection of HBC 722 (Miller, Hillenbrand, et al., 2011) and the Catalina Real-Time
Transient Survey (CRTS), which detected the outburst of V899 Mon (Wils et al., 2009).
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new missions/surveys: the Rubin Observatory’s Legacy Survey of Space and Time
(LSST, Ivezić et al., 2019), the Roman Space Telescope’s Core Community Surveys
(Akeson et al., 2019), and the SPHEREx Mission’s all sky survey (Doré et al.,
2014). Over the next 5-10 years, each of these surveys will provide different means
of searching for new outbursting YSOs in the Galaxy.

A Broadband Spectroscopic Survey in SPHEREx
The WISE/NEOWISE and VVV/VVVX surveys showed that there are several erup-
tive YSOs that show high amplitude NIR outbursts that were overlooked in, or
altogether undetected by, optical surveys (e.g., Tran et al., 2024; Guo et al., 2024).
This is in part due to the limited coverage of ground-based surveys, but also it is
a consequence of the fact that many of these youngest YSOs are deeply embedded
and thus faint in the optical. Many of the known FUOrs surveyed in Connelley and
Reipurth (2018) are not detected in ZTF even in their outbursting states.

Another unexpected revelation in the NEOWISE survey was that the 6-month ca-
dence was sufficient to resolve the outbursts of many FUOrs (see the lightcurves in
Contreras-Pena et al. 2025, submitted) and that some objects, like Gaia 17bpi, have
a NIR precursor to the visible range eruption (Hillenbrand, Peña, et al., 2018). How-
ever, assembling SEDs for objects during the rising part of the outburst as proven
challenging, as it requires coincident observation by multiple (mostly ground-based)
photometric surveys. Furthermore, prior to the Palomar/Gattini experiment (in 𝐽
band, Moore, Kasliwal, et al., 2016), there was no dedicated Northern Hemisphere
NIR time-domain survey.

With the SPHEREx mission, there will now be an unprecedented 0.7−5 𝜇m spectrum
of objects as faint as ∼ 19 mag every 6 months. This will enable monitoring of
existing FUOrs and reveal the broadband evolution of newly outbursting FUOrs as
they transition from magnetospheric accretion to boundary layer accretion. The
sensitivity to hot dust emission (which for FUOrs becomes relevant at around 3 𝜇m,
Carvalho, Hillenbrand, Hambsch, et al., 2023; Carvalho, Hillenbrand, Seebeck, and
Covey, 2024) from the inner disk will also reveal how the passive component of
the disk responds to the changing heating source, from primarily stellar-dominated
to primarily active accretion-dominated. There is also the potential to observe how
ices in the circumstellar envelope respond to the excess heat from the outburst by
studying the evolution of the 3𝜇m H2O ice feature.

The broadband high-sensitivity monitoring will also help to constrain how common
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Figure 14.1: The distance horizon to FUOrs for LSST and SPHEREx, calculated
from the bolometric corrections for a range of 𝐴𝑉 to the source. The shaded regions
represent a range of assumed FUOr luminosities from 10 𝐿⊙ to 300 𝐿⊙. The square
marks the furthest known FUOr, L222_1 and the circle marks the most embedded
known FUOr. The dashed line marks the horizon for VLT/GRAVITY to resolve the
< 2 AU inner region FUOrs to measure the disk inclination.

NIR precursors to FUOr outbursts are with precise contemporaneous NIR and
visible-range data. Trigger mechanisms that rely on instabilities occurring around
1-10 au in the disk (see the Introduction) often predict a NIR precursor to the
outburst, but the precise NIR to optical colors are difficult to constrain without
contemporaneous reliable visible range photometry to compare with the NEOWISE
lightcurves.

Deeper Visible Range Surveying
The LSST being conducted by the Rubin Observatory will greatly extend the horizon
of detectability of FUOrs to 10s of kpc, depending on the band and 𝐴𝑉 . The
distance horizons to LSST and SPHEREx, calculated using bolometric corrections
and assuming a FUOr luminosity range of 10 − 300 𝐿⊙, are shown in Figure 14.1.
The assumed sensitivities for each observatory are based on the single-epoch 5𝜎
detection thresholds for LSST (Bianco et al., 2022) and the Maximum Expected
Value 5𝜎 detection thresholds for SPHEREx 2.

Compared with ZTF, LSST will have a distance horizon that is 10× further for
2https://spherex.caltech.edu/page/survey

https://spherex.caltech.edu/page/survey
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4 < 𝐴𝑉 < 20. For detecting FUOrs in the Southern Hemisphere, LSST will be a
formidable complement to SPHEREx. The main challenge for future detailed study
of FUOrs detected with the high sensitivity surveys is follow-up. For objects near
the distance horizons of these surveys (i.e., 𝐾 ∼ 19), there are few spectrographs
sensitive enough to perform even low resolution follow-up. Obtaining a spectrum
of a source capable of constraining the rotational broadening in the disk requires a
resolution of 𝑅 > 10, 000 and 𝑆𝑁𝑅 > 20. The only spectrograph with the current
combination of sensitivity and resolution to attain this, VLT/X-shooter, would still
require almost 4 hours on source3.

However, with the deeper coverage of both LSST and SPHEREx, many of the
detected FUOrs will be accessible to X-shooter and some to Keck/NIRSPEC.
Rapid confirmation of these outbursts as bonafide FUOrs can be achieved by
JWST/NIRSPEC, Keck/NIRES, Keck/MOSFIRE, and lower resolution modes of
VLT/X-shooter. Coordinating study of the FUOrs in the early days of their outbursts
will enrich our understanding of the outburst onset and how it propagates through
the disk. It will be crucial to understanding if the outwardly expanding instability
seen in HBC 722 (see Chapter 5) or the widening 𝑅inner in V960 Mon (see Chapter
3) are unique to those sources or characteristic of objects with their lightcurves.

14.2 Millimeter Observations of FUOrs Can Probe Disk Chemistry
There is a growing sample of FUOrs with high sensitivity millimeter wavelength
spectra showing bright molecular emission from FUOrs (e.g., Lee, Lee, et al., 2019;
Szabó, Gong, et al., 2023; Calahan et al., 2024; Szabó, Belloche, et al., 2025). The
bright emission is suggested to be due to the rapid sublimation of ices, in the disk
midplane due to the intense heat of the outburst. The newly sublimated molecules
are free to mix into the disk atmosphere and can thus be detected.

Connecting the emission of particular molecules to the outburst has proven chal-
lenging. The molecular inventory reported so far for FUOrs varies greatly across
the sample. The source V1057 Cyg, which has been noted as an exception among
FUOrs in previous Chapters (see Chapters 11 and 12), has the brightest and most
molecule-rich millimeter spectrum of the class (Calahan et al., 2024; Szabó, Bel-
loche, et al., 2025). Meanwhile, sources that are much brighter, like V883 Ori, have
much fainter molecular emission.

3see the ESO P116 X-shooter user manual at https://www.eso.org/sci/facilities/
paranal/instruments/xshooter/doc.html

https://www.eso.org/sci/facilities/paranal/instruments/xshooter/doc.html
https://www.eso.org/sci/facilities/paranal/instruments/xshooter/doc.html
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To clarify the connection between the properties of a FUOr and the observed molec-
ular line emission requires detailed chemical network modeling of the response of
a disk to an outburst. In principle, when the outburst heats the disk and liberates
molecules from ices to interact in the atmosphere, thermochemical processing may
alter abundance ratios between species or between isotopologues of those species.
Recent modeling of outbursts in disks shows that the ratios of C18O and 13CO to
12CO can be diagnostic of past outburst activity (Zwicky et al., 2024). However,
the existing models do not incorporate the effect of both the intense viscous heating
from the midplane in addition to a fully detailed prescription for the spectrum of the
inner disk.

As is demonstrated in Chapter 6, the irradiation heating from the inner disk dom-
inates the heating budget exterior to ∼ 5 AU, while heating in the inner disk is
dominated by accretion in the midplane. At the same time, the work presented in
Chapters 10 and 11 shows that during outbursts, the NUV and FUV irradiation of
the disk are greatly elevated. This, along with the increased X-ray luminosity of
FUOrs relative to quiescent YSOs (Kuhn and Hillenbrand, 2019), may ionize large
molecules liberated from ices and drive new photochemistry in the disk atmosphere.

New modeling efforts that incorporate the full high energy spectrum of a FUOr in
outburst, as well as the multiple enhanced sources of heating in the disk, can be
combined with the detailed modeling in this thesis to predict the molecular emission
line spectra of FUOrs. This modeling can expand upon the efforts of Zwicky et al.
(2024) to predict other molecular tracers of outbursts. Existing observations of
FUOrs can begin testing the predictions of such a chemical network model.

Unfortunately, many of the objects in this thesis, for which we best know the 𝑀∗,
𝐿acc, 𝑇max, 𝐿UV, and the evolution of 𝐿acc, lack deep millimeter observations like
those performed by Calahan et al. (2024). The relatively large distances (> 400 pc) to
these FUOrs requires both high sensitivity and high angular resolution observations
to detect the molecular emission (or tightly constrain it, if absent) and disentangle
disk from envelope emission. In the case of V1057 Cyg, the emission cannot be
uniquely attributed to the disk, since the > 2′′ angular resolution of the observations
in Calahan et al. (2024) and Szabó, Belloche, et al. (2025) span almost 1000 AU.

Today, only ALMA is capable of providing the combined angular resolution and
sensitivity to perform the survey for molecular emission from FUOrs. The data in this
thesis are both necessary and sufficient to contextualize the irradiation from the inner
disk and source properties for several FUOrs accessible to ALMA. The necessary
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exposure times to ensure tight constraints on the gaseous molecular inventory of
these objects will require an ambitious Large Program. Nevertheless, the endeavor
is worthwhile to illuminate the ways in which outbursts may alter or reset the
chemical inventories of disks. The process of cloud to disk to planet chemical
inheritance cannot be understood without this.

14.3 JWST as a Rapid Follow-Up Instrument of Newly Discovered Outbursts
The wideband, high sensitivity of JWST, as well as its ability to probe ice emis-
sion/absorption in YSOs may prove crucial to illuminating the ability of FUOr
outbursts to sublimate ices rapidly. The cases of V960 Mon and HBC 722 both
show that FUOrs undergo significant spectroscopic evolution in the years immedi-
ately following their outbursts. There is also evidence, as summarized in (Herbig,
1977), that V1057 Cyg similarly underwent dramatic evolution in the first 10 years
after the peak of its outburst.

As is discussed above, there is the expectation that in the early stages of the outburst,
the intense heating of the disk drives sublimation lines in the disk significantly
outward. There is some evidence of this in the millimeter HDO emission from
V883 Ori, as well (Tobin et al., 2023), that the water sublimation line in that source
is at ∼ 40 − 80 AU.

JWST is uniquely capable of identifying, immediately following the onset of an
outburst, the sublimation of ices. The results of the JDISCS survey (Pontoppidan
et al., 2024) show that spectra from the MIRI instrument can reveal both cold, warm,
and hot molecular emission from H2O and several hydrocarbon species. With the
sensitivity of its instruments, medium resolution spectroscopy from 0.7 − 28 𝜇m
can be easily obtained for any FUOr detected by SPHEREx or LSST.

14.4 Upgraded Interferometry for FUOr Multiplicity and Disk Inclinations
Over the coming decade, two major interferometric capabilities will expand our
ability to search for multiplicity in FUOrs and to better constrain the disk inclinations.
The first is interferometry in the near-infrared with VLT. The second is the Next
Generation VLA (ngVLA, Carilli et al., 2015). I discuss the exciting opportunities
for studying FUOrs with these capabilities below.

VLTI and GRAVITY+
In the next year, the GRAVITY+ upgrade to the GRAVITY instrument on the VLT
will enable infrared interferometric observations of sources as faint as 𝐾 ∼ 19.
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This will make almost any FUOr detected with SPHEREx or LSST accessible to
the instrument, potentially enabling direct radial temperature profile and inclination
measurements of the inner disks of these sources.

The primary limitation to studying FUOrs with GRAVITY+ is the small size of the
𝐾 band continuum emitting region of the sources. The largest 𝑅outer values we find
in our spectroscopic fits to FUOrs have been typically < 1 au. A similar size for the
region is reported in existing infrared interferometry of FUOrs (Lykou, Ábrahám,
Chen, et al., 2022; Lykou, Ábrahám, Cruz-Sáenz de Miera, et al., 2024).

In the search for close-in binary companions to FUOrs, the distance horizon for
GRAVITY+ can be much greater. As is discussed in the Introduction, an interaction
with a companion that could trigger a recently discovered outburst would require a
binary separation < 50 AU. This is easily resolvable for GRAVITY+ out to 20 kpc.
As long as the companion was of comparable brightness to the primary pre-outburst
(𝐿companion ∼ 𝐿preouburst), and assuming 𝐿acc ∼ 100 𝐿preoutburst, the contrast between
companion and FUOr is Δ𝐾 < 5. This contrast level is easily attainable even by
GRAVITY (Pourré et al., 2024).

ngVLA
The current performance estimates for the ngVLA4 indicates that the post-upgrade
array will attain an angular resolution at its maximum baseline of 0.08 mas at 93
GHz frequencies, while reaching a continuum sensitivity of 0.4 𝜇Jy in 1 hour. At
the same frequency, and in the same on-source time, ALMA attains a sensitivity of
10 𝜇Jy and an angular resolution of 40 mas.

This enormous improvement in angular resolution will enable us to resolve the outer
disks of all known FUOrs with Declination > −40◦. The improvement in sensitivity
will make disks with dust masses of 𝑀𝑑 = 20 𝑀⊕5 detectable at a 3𝜎 level out to
10 kpc. This expands several avenues of investigation that have been difficult for
FUOrs even with ALMA.

The ability to resolve the outer disks of FUOrs with sufficient sensitivity to search
for substructure will place strong constraints on the plausibility of certain outburst
trigger mechanisms in a given source. There is existing theoretical guidance on
what substructure is to be expected from different triggers (Vorobyov et al., 2021).

4https://ngvla.nrao.edu/page/performance
5The mass of the FU Ori disk, which is less massive than typical FUOr disks (Pérez et al., 2020;

Kóspál, Cruz-Sáenz de Miera, et al., 2021)

https://ngvla.nrao.edu/page/performance


367

To date, we lack the sensitivity to detect most of those that have been predicted.
Even in the case of gravitational instability, the relevant spiral substructures should
be within radii of 10s of AU, not, e.g., the 1000 AU spirals detected in V960 Mon
(Weber, Pérez, Zurlo, et al., 2023a).

The sharper angular resolution will enable improved measurements of outer disk
inclinations, which often prove necessary or extremely helpful to modeling the
SEDs and high resolution spectra of the disks (see Chapter 3). For nearby FUOrs,
GRAVITY+ inner disk inclination measurements can be compared with outer disk
inclination measurements from ngVLA to calibrate the likelihood of inner disk
misalignment relative to the outer disk. In FU Ori, there is a persistent discrepancy
between the VLTI-based inner disk inclination measurements of 𝑖 ∼ 50◦ and the
ALMA-based outer disk inclination measurements of 𝑖 ∼ 35◦ (Lykou, Ábrahám,
Chen, et al., 2022). However, the optical interferometric data are not sufficiently
sensitive to rule out an inner disk aligned with the 35◦ value. If alignment between
inner and outer disks in outbursting sources can be expected, then the ngVLA will
prove a powerful instrument for constraining visible/NIR SED models.
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A p p e n d i x A

ROBUST SUPPORT FOR SEMI-AUTOMATED REDUCTIONS
OF KECK/NIRSPEC DATA USING PYPEIT

Carvalho, Adolfo S., Greg Doppmann, Kyle B. Westfall, Debora Pelliccia, J. Xavier
Prochaska, Joseph Hennawi, Frederick B. Davies, Max Brodheim, Feige Wang,
and Ryan Cooke (Oct. 2024). “Robust Support for Semi-automated Reductions
of Keck/NIRSPEC Data Using PypeIt.” In: RNAAS 8.10, 271, p. 271. doi: 10.
3847/2515-5172/ad8bb5. arXiv: 2410.19991 [astro-ph.IM].

Abstract: We present a data reduction pipeline (DRP) for Keck/NIRSPEC built as
an addition to the PypeIt Python package. The DRP is capable of reducing multi-
order echelle data taken both before and after the detector upgrade in 2018. As part
of developing the pipeline, we implemented major improvements to the capabilities
of the PypeIt package, including manual wavelength calibration for multi-order data
and new output product that returns a coadded spectrum order-by-order. We also
provide a procedure for correcting telluric absorption in NIRSPEC data by using
the spectra of telluric standard stars taken near the time of the science spectra. At
high resolutions, this is often more accurate than modeling-based approaches.

A.1 Introduction
The high resolution Near InfraRed SPECtrograph (NIRSPEC, McLean et al., 1998)
on the W. M. Keck Observatory delivers a resolving power 𝑅 ≡ 𝜆/Δ𝜆 = 15, 000 −
35, 000 from 0.95 to 5.5 𝜇m. Prior to 2018, there were three recommended software
options for reducing NIRSPEC data: the IDL package REDSPEC1, the IRAF pack-
age WMKONSPEC2, and the semi-automated Python pipeline NSDRP3. In 2018,
the instrument underwent a major detector upgrade, in which the 1024x1024 detector
was replaced by a 2048x2048 detector. Post-upgrade, only REDSPEC was updated
to reduce the data from the new detector, rendering NSDRP and WMKONSPEC
usable only for pre-upgrade data.

In order to enable NIRSPEC users to rapidly reduce new and archival data, we used
the existing data reduction pipeline package PypeIt (Prochaska et al., 2020). PypeIt

1https://www2.keck.hawaii.edu/inst/nirspec/redspec.html
2https://www2.keck.hawaii.edu/inst/nirspec/wmkonspec.html
3https://www2.keck.hawaii.edu/koa/nsdrp/nsdrp.html

https://doi.org/10.3847/2515-5172/ad8bb5
https://doi.org/10.3847/2515-5172/ad8bb5
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is a python-based data-reduction package that enables automated processing of raw
on-sky observations and calibration data from slit-based spectrographs. Separate
workflows are implemented for long-slit, multi-slit, slicer-based integral-field units,
and cross-dispersed echelle observations; however, all workflows leverage the same
core code to perform common tasks. Instrument-specific code is isolated from the
core code in a way that limits the development needed to introduce new spectro-
graphs into the PypeIt architecture. Although enabling PypeIt to read and apply
its routines to data from additional spectrographs is streamlined, ensuring that the
PypeIt reductions are reliable and robust requires dedicated development effort.

In this Note, we detail this effort for PypeIt reductions of Keck/NIRSPEC data,
applicable to data obtained both before and after the detector upgrade in 2018.
The pipeline includes improvements to the main PypeIt code and a procedure
for the removal of telluric absorption in NIRSPEC spectra using telluric stan-
dard star spectra. The pipeline is available at the PypeIt Github page (https:
//github.com/pypeit/PypeIt) and an example script outlining the telluric re-
moval procedure is provided in the Keck/NIRSPEC instrument webpage and linked
in Section A.3.

A.2 Updates to PypeIt
Developing the PypeIt-NIRSPEC module required two major upgrades to the PypeIt
main data reduction code. The first, and most impactful, was the expansion of the
PypeIt manual wavelength calibration program to operate on echelle data. The
second was the construction of a new data structure as a default output for PypeIt
reductions of echelle data. Here, we will briefly describe the two upgrades.

The original user-interface-based manual wavelength calibration in PypeIt was writ-
ten for calibrating only a single trace, which is appropriate in the case of long-slit
spectroscopy or for multi-object spectroscopy where each trace is expected to have
approximately the same wavelength solution. To wavelength calibrate the multi-
trace echelle spectra, the script now iterates through each extracted order, prompts
the user to compute a solution for the order through a user-interface, then saves
the solution and proceeds to the next order. Upon completing all of the orders,
the multi-trace solution is saved so that it may be used for any data set taken with
the same grating settings. The script was tested with data and calibrations taken at
different times with independent instrument configurations. It can handle spectral
shifts and spatial shifts (8 and 25 pix, respectively) typical of the variation in the

https://github.com/pypeit/PypeIt
https://github.com/pypeit/PypeIt
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positioning accuracy of NIRSPEC’s gratings.

The second major update to PypeIt was in the output products. Previously, the
final co-added output spectrum, even for high resolution echelle spectrographs,
was presented in a single masked vector spanning the entire wavelength range of
the spectrum. While this is ideal for low and medium resolution spectroscopy,
particularly when the spectra are properly flux-calibrated, this can make working
with high resolution spectra challenging. Now, for high resolution echelle spectra,
a second output product is offered: the co-added spectrum given as an 𝑁 ×𝑀 array
for the 𝑁 orders of the spectrum and 𝑀 columns on the detector. This is an output
format that is standard in other data reduction pipelines for high resolution spectra,
including NSDRP.

A.3 Telluric Contamination Correction
The recommended telluric correction technique for NIRSPEC data is to use standard
A0V star spectra taken throughout the night at varying airmasses to ensure accurate
removal of atmospheric absorption features. To then remove the telluric features
from the observed spectrum requires the following steps:

1. Continuum normalizing the standard star and science target spectra.

2. Fitting and dividing out the stellar photospheric features of the (ideally A0V)
standard.

3. Shifting the newly-obtained telluric absorption spectrum to match the science
target in case of instrumental wavelength shifts between observations.

4. Uniform scaling the line depths of the telluric absorption spectrum to account
for differences in airmass between observations.

5. Dividing the shifted and scaled telluric absorption spectrum from the science
target spectrum.

We make use of several tools in the PypeIt package for this procedure, particularly
the cross-correlation-based approach used to compute the relative shifts between
spectra. A well-documented notebook showing how to extract the output PypeIt
data and implement the steps above is provided at https://www2.keck.hawaii.
edu/inst/nirspec/pypeit_nirspec.html to guide the user. We recommend
this as a means of telluric correction, which is based on the popularly-used telluric

https://www2.keck.hawaii.edu/inst/nirspec/pypeit_nirspec.html
https://www2.keck.hawaii.edu/inst/nirspec/pypeit_nirspec.html
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correction program in IRAF. An example showcasing the efficacy of our telluric
correction is shown in Figure A.1.

In the Y and J bands, observations taken using the thin blocker filter are also subject
to severe fringing that is worse in bluer orders. The fringing is stable as a function of
wavelength over the course of the night and appears in both the standard and science
spectra at the same amplitude relative to continuum. As such, using a standard star
for telluric correction in the same night as the observed science target enables easy
removal of the fringing as well. This is demonstrated in the case of the J band
spectrum presented in Figure A.1.

If standard star observations are not available for a particular night or a desired
spectrograph setup, PypeIt offers a modeling-based means of telluric line removal.
However, the model-based removal is less reliable at the highest resolutions and
performs poorly in Y and J band spectra that have significant fringing.
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Figure A.1: An example of plots from PypeIt showing major steps in the data re-
duction process. Upper Left: A sample quality assurance plot from the wavelength
calibration of Order 60 in the J band. Upper Right: Order 60 of the A0V telluric
standard spectrum (black) and the PHOENIX model (red) used to remove the Pa𝛽
line to produce a telluric absorption spectrum. Bottom Panel: A plot of Order
65 of the science spectrum (black), the telluric spectrum (green) and the telluric-
corrected spectrum (red). Notice that the fringing is also removed by the division
by the telluric absorption spectrum.
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A p p e n d i x B

A SIMPLE CODE FOR ROTATIONAL BROADENING OF
BROAD WAVELENGTH RANGE HIGH-DISPERSION SPECTRA

Carvalho, Adolfo S. and Christopher M. Johns-Krull (May 2023). “A Simple Code
for Rotational Broadening of Broad Wavelength Range High-Dispersion Spectra.”
In: RNAAS 7.5, 91, p. 91. doi: 10.3847/2515-5172/acd37e. arXiv: 2305.
09693 [astro-ph.IM].

Abstract: In high dispersion spectra of rotating bodies such as stars and planets, the
rotation contributes significantly to, and sometimes dominates, the line broadening.
We present a simple method for rotationally broadening large wavelength ranges of
high-dispersion spectra. The broadening is rapid and scales linearly with the length
of the spectrum array. For large wavelength ranges, the method is much faster than
the popular convolution-based broadening. We provide the code implementation of
this method in a publicly accessible repository.

B.1 Introduction
As faster and more intricate techniques for fitting and modeling high-dispersion
spectra of stars and planets develop, one step in the calculation that is often over-
looked is the rotational broadening of templates or models. The rotation of these
bodies contributes significantly to the overall line broadening, sometimes dominat-
ing over all other broadening mechanisms, so accurately implementing this is crucial
to properly modeling spectra. A popular technique to rapidly broaden a small region
of a spectrum is to convolve the spectrum by the kernel prescribed in Gray (2005).

Unfortunately this method typically relies on a wavelength grid that is sampled at
constant 𝑑𝜆 and computes the Doppler shifts in wavelength space. This is only
valid for a small region of the spectrum, Δ𝑣 ∼ 3000 km s−1, where the wavelength
dependence of the Doppler shift is small and can be ignored.

In order to apply the method to larger wavelength ranges accurately, the spectrum
must be separated into many smaller Δ𝑣 ∼ 3000 km s−1 arrays which are each
broadened then reassembled into a single broadened spectrum. Even a single
echelle order on Keck/HIRES or other similar high-dispersion spectrographs must
be separated into at least two segments for accurate convolutional broadening.

https://doi.org/10.3847/2515-5172/acd37e
https://arxiv.org/abs/2305.09693
https://arxiv.org/abs/2305.09693
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In this note we present a simple code which directly integrates the stellar (or plan-
etary) disk, allowing for accurate rotational broadening across a broad wavelength
range.

B.2 Broadening by Direct Integration
Rotational broadening by direct integration is relatively simple and the time taken for
the broadening depends mainly linearly on the length of the vector being broadened.

We compute the broadening by projecting the spherical stellar surface onto the two-
dimensional sky. We first segment the disk into polar coordinates, 𝑟 and 𝜃, with
𝑟 ∈ [0, 1]. The radial grid size is given by 𝑁𝑟 , with the corresponding spacing
𝑑𝑟 = 1/𝑁𝑟 , and the maximum number of 𝜃 steps in the outermost ring is given by
𝑁𝜃 . At each radial point, the number of 𝜃 steps 𝑛𝜃 (𝑟) = 𝑟𝑁𝜃 , rounded to the nearest
integer, and 𝑑𝜃 = (2𝜋)/𝑛𝜃 . At each 𝑟, 𝜃 point, we then define the projected area by

𝑑𝐴(𝑟, 𝜃) = 𝜋(𝑟 + 𝑑𝑟/2)2 − 𝜋(𝑟 − 𝑑𝑟/2)2

𝑛𝜃
. (B.1)

We also incorporate the a linear limb-darkening law, defined by the parameter 𝜖 ,
which ranges from 0 to 1, by rescaling the areas such that

𝑑𝐴 = 𝑑𝐴(𝑟, 𝜃) × (1 − 𝜖 + 𝜖 cos(arcsin(𝑟))). (B.2)

We then compute the projected velocity by 𝑣(𝑟, 𝜃) = 𝑣 𝑟 𝑠𝑖𝑛(𝜃). To incorporate
differential rotation, we adopt a solar-like differential rotation law by scaling the
projected velocity according to:

𝑣̂ = 𝑣(𝑟, 𝜃) ×
[
1 − 𝛿

2
− 𝛿

2
cos(2 arccos(𝑟 cos(𝜃)))

]
(B.3)

We can then integrate the disk by:

𝑠(𝜆) =
∫ 1

0

∫ 2𝜋

0
𝑠(𝜆(𝑣̂(𝑟, 𝜃)))𝑑𝐴(𝑟, 𝜃), (B.4)

where 𝑠(𝜆(𝑣̂(𝑟, 𝜃))) is the spectrum interpolated onto the wavelength scale that has
been Doppler shifted to the new velocity 𝑣̂. We then normalize by

𝐴̂ =

∫ 1

0

∫ 2𝜋

0
𝑑𝐴(𝑟, 𝜃), (B.5)

to account for any under or over estimation of the disk area. We provide the
code implementation of this method in a static Zenodo repository (Carvalho and
Johns-Krull, 2023b). A live version of the code can be found on Github1.

1https://github.com/Adolfo1519/RotBroadInt

https://github.com/Adolfo1519/RotBroadInt
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The accuracy of the method is a function of the resolution used in the disk integration
(𝑁𝑟 and 𝑁𝜃) and the length of the spectrum being broadened. We provide in the
code the default 𝑁𝑟 , 𝑁𝜃 values for which the broadening is computed accurately but
still rapidly in most cases.

We show the result of broadening a 𝑇eff = 5500 K PHOENIX (Husser et al., 2013)
atmosphere model spectrum using direct integration versus convolution in Figure
B.1. We use the convolutional broadening code in the package PyAstronomy
(Czesla et al., 2019) for this example. For the sake of comparing the accuracy of the
methods across broad wavelength ranges, we use the "fast" version of convolution,
wherein the spectrum is not subdivided. We do this to demonstrate the inaccurate
results it produces for regions of the spectrum far from the central wavelength
adopted in the convolution.

For the smaller Δ𝜆 shown in Figure B.1, the convolutional broadening produces an
identical result to direct integration. In this case, the Δ𝜆 is small enough to be valid
for the kernel approximation and the "fast" convolution is essentially the same as
the "slow" convolution. For the larger Δ𝜆, the "fast" convolution is insufficient to
accurately reproduce the rotational broadening.

We also compare the computation times for direct integration compared with the
more properly done "slow" convolution (subdividing the spectrum into smaller
wavelength bins). For a fixed resolution, the computation time of integration scales
approximately linearly with the length of the spectrum. This compares quite favor-
ably with the exponential increase in computation time for convolution.

For a high-dispersion spectrum sampled at 𝑑𝜆 < 0.1, a wavelength range of Δ𝜆 ∼
2000 Å has ∼ 20000 points. The computation time of the convolutional broadening
for an input this long is several minutes. While this may be acceptable for a single
demonstration, it makes broadband fitting impossible.

An additional benefit of our implementation of the direct integration is that it does
not reply on having an evenly sampled wavelength grid. The convolution method
requires that the spectrum being convolved has a constant Δ𝜆 throughout. However,
this is not possible if the spectra are sampled at constant Δ𝑣. If representing the data
at a consistent resolution (𝑅 = 𝜆/Δ𝜆) across a broadband spectrum is important, the
convolution method should not be used.
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Figure B.1: Results from rotationally broadening spectra using the two methods,
direct integration and convolution. Left: A 5500 K PHOENIX (Husser et al.,
2013) atmosphere model, broadened to 30 km s−1 using the two methods and
assuming a limb darkening coefficient of 0.6. We show a small piece of spectrum
to better distinguish the individual line profiles. The wavelength ranges (Δ𝜆) and
mean wavelengths (𝜆̄) of each spectrum are given in the legend. Notice the "fast"
convolution matches the direct integration almost perfectly when the wavelength
range is small and the region of interest is near the center of that range. In that
case, the result is the same as using the "slow" method. However, for the larger
wavelength range, where we are now far from the mean central wavelength, the
broadening accuracy is much worse. The direct integration case is computed on the
Δ𝜆 = 2800 Å case. Right: The times for the two broadening method as a function
of the length of the array being broadened. Notice the rapid increase in time for
the convolution method compared to integration. The spectra shown are sampled at
𝑑𝜆 ∼ 0.01, so Δ𝜆 = 1000 is a 105 element array. The grid used for the integration
has 𝑁𝑟 = 10 and 𝑁𝜃 = 100, the default values for our function.

B.3 Conclusion
We encourage the use of our public, open-source rotational broadening code for
anyone doing broadband high-dispersion spectroscopy. The method is simple but
powerful and effective.
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