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ABSTRACT

This thesis addresses the connection between the physics of galactic-scale
baryonic feedback, the morphology and kinematics of gas in the multiphase
circumgalactic medium (CGM), and host galaxy properties. Broadly speak-
ing, each of the projects in this thesis attempts (through different datasets
and techniques) to quantify how star formation is regulated in galaxies; the
relevant observable being the gas and metal distributions in and around
galaxies. The geometry and kinematics of interstellar, circumgalactic, and
intergalactic gas provide insight into the efficacy and timescales over which

galaxy-driven baryonic feedback processes operate.

Chapter 22| features the highest fidelity maps of the average z ~ 2 CGM to
date using foreground/background galaxy pairs with angular separations
< 30” in the Keck Baryonic Structure Survey (KBSS). The maps of covering
fraction vs. transverse distance and line-of-sight velocity chart the changing
gravitational influence the galaxy has over its CGM. Lya absorption shows a
distinct transition near the virial radius of the average foreground galaxy and
overall, dark matter halo mass appears to strongly modulate the kinematics,
covering fraction, and spatial extent of CGM gas, a significant fraction of
which may be unbound.

Chapter 8| presents new results on the spatial distribution and kinematics of
nonresonant emission in and around z ~ 2 KBSS galaxies observed with the
Keck Cosmic Web Imager (KCWI). Nonresonant Si II* emission lines have
velocity spreads most consistent with a zero-velocity offset “ISM” compo-
nent fit to their corresponding resonant Si II absorption lines. Extended
Si IT* halos are observed for the first time at z ~ 2 with a decreasing velocity
spread with increasing transverse distance. At large radii, photon conser-
vation appears to hold in that the flux “removed” by resonant absorption
approximately equals the flux contributed by nonresonant emission.

Chapter [ outlines the data reduction procedures needed to produce the
integral field spectra used in this thesis. The KCWI data reduction pipeline
stages I have improved or still need improvement are discussed. Iintroduce
KCWIKit, a toolkit for mosaicking and correcting common systematics in
integral field unit datacubes.
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Finally, Chapter 5|introduces two ongoing projects considering how super-
massive black holes couple to their host galaxies, their CGM, and intergalac-
tic media (IGM) via Mpc-scale jets. Using KCWI, I am investigating the
driving mechanisms behind Mpc-scale jets and searching for collisionally-
excited emission from the giantjet bow shock. Such a detection would be the
first detection of the warm-hot IGM (WHIM) in rest-frame UV emission and
would open up a new means of mapping the distribution of metals in the
IGM. The latter remains a critical frontier in accounting for the baryons in

the universe and understanding the large-scale effects of galactic feedback.
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3.2 Physical and inferred properties about this sample (red and

blue histograms; number counts on left ordinate) and the par-

ent KBSS sample (gray histograms; right ordinate, where ap-
plicable). Top Left: The galaxy redshitt distribution; 37/50
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lent width distribution for Si IA1526 (blue) and Si IT* 11533

(red). Bottom Left: Stellar (blue) and dynamical (red) masses

respectively. Bottom Right: Star formation rate estimates from

SED fitting (blue) and Ha (red). The gray KBSS histograms are

derived from SED fitting.| . . . . ... ... ... .. ... L. 88
3.3 DIB extraction from stack of all 50 KBSS-KCWI spectra in the
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Top Left: Rest-frame UV nonresonant emission line width vs.

width of ISM component derived from the resonant absorp-

tion feature associated with each respective fluorescent line.

Top Right: Rest-frame UV nonresonant emission line width,

computed from Gaussian fits vs. rest-frame optical nebular

emission line widths for the same set of galaxies. Bottom Cen-

ter: Derived rest-frame UV absorption line ISM component
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Av(1265) vs. Av(1260) in blue and Av(1533) vs. Av(1526) in red.

A dashed one-to-one line is overplotted in black,. . . . . . . ..

99

3.9

Si II* 41265 (blue) and Si II* A1533 (red) velocity centroids

against two measures of E(B — V) for the sample: E(B — V)sgp

(circles) and E(B — V)pp (triangles) which are computed from

galaxy SED fits and Balmer decrements, respectively,| . . . . . . 101

3.10
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Left: Surface brightness profiles for Si II* (whose central SB

sets the normalization), the rest-UV continuum (1410 — 1510

A), and Lya. Si II* is slightly more extended than the galaxy

[ continuum.|
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Top: Radial surface brightness profiles for Si II* on average

(red solid line), Si II* along the major (blue) and minor (or-
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Left: Spectral extraction from two different apertures: DIB

(0.8" = 7 kpc) and the peak of the W, distribution. Right: Si IT*

A1533 emission equivalent width measured in progressively

larger apertures compared with DTB Si 1IA1526 absorption

equivalent width. In the absence of dust, W, in the absorption
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Top: The KCWI dichroic cutoff mapped as a function of wave-

length tfor the the two edge slices: slice 1 (left) and slice 24

(right). The blue (orange) curve shows the blue (red) channel

wavelength-dependent throughput. Bottom: The dichroic halt

power point as a function of slice. The transition band is from
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KCWI results tor 3C236, with a sky-projected length [, =
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shocks into the Cosmic Web. These shock fronts cause strong
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5.5 Meter-wavelength radio interferometers, such as the Interna-

tional LOFAR Telescope, can reveal Mpc-scale jet systems at

cosmological distances, which drive supersonic shocks into

the warm-hot intergalactic medium (WHIM). These shocks

may allow a intriguing new pathway to observe the WHIM

in the optical with KCWI. For the jet system generated by
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redshift zgpec = 1.6628+0.0008, we show a radio image (left), an
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| ulated analogon from Whitehead and Matthews (2023). We
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5.6 cHiaNTI emission spectra for shocked WHIM temperatures T ~
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compression factor f3, ettective LoS distance ¢, and metallicity

Z given in the title. The estimated flux densities assume in-
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the FoV, depending on the choice of KCWI slicer). The solid
(dotted) green line shows the five-hour empirically derived

limiting flux density (S/N =~ 1) for the large (medium) slicer

and low-resolution grating set. The color-coded vertical dotted
(dashed) line denotes the blue (red) end of the KCWI bandpass
tor redshifts z = 1.5 and z = 2. The strongest lines are tabu-
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Top: The CGM of a foreground galaxy (red) imparts absorp-

tion on the spectra of background sightlines (color set by back-

ground object type) at several projected distances. Left: The

background galaxy sightline distribution on the sky relative to

the foreground galaxy (red plus sign in the center). This grid

can probe CGM gas distribution asymmetries. | . . . ... ..

The Lya forest in the vicinity of the brightest QSO in the

universe: H51549+1919, measured by stacking 25 background

KBSS galaxy sightlines within Diy,n =~ 2 Mpc of the QSO. The
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Chapter 1

THE CIRCUMGALACTIC MEDIUM AS THE KEY TO
UNDERSTANDING BARYONIC FEEDBACK

1.1 Introduction

According to the most recent cosmological estimates, the universe today
contains =~ 70% dark energy, =~ 25% dark matter, and =~ 5% baryonic mat-
ter (e.g. Planck Collaboration et al., [2020). Dark energy (described by the
cosmological constant, A) results in expansion on the largest scales (2 100
Mpc), counteracted by gravity which works to coalesce cold dark matter
(CDM) and baryons. In the current concordance cosmology, A-CDM, pri-
mordial fluctuations in the (largely uniform) dark matter density field are
the “seeds” of large-scale structure in the universe. Overdensities collapse
leading to the earliest dark matter halos, which continue to grow via merg-
ers, eventually resulting in the “cosmic web” we observe today. Since most
of the mass in the universe is in dark matter, it drives structure formation;
the baryons “come along for the ride,” generally tracing the dark matter
distribution on the largest scales, and eventually fall into the centers of the
dark matter halos. The baryons cool, condense, and collapse to form the
tirst stars and galaxies.

While gravity has long been recognized as the primary driver of struc-
ture formation in the universe, small-scale baryonic processes, collectively
referred to as “feedback”, have been shown to dramatically impact the for-
mation and evolution of galaxies and, in turn, the large-scale environment
in which they reside (H.-W. Chen & Zahedy, 2024; Tumlinson et al., 2017).
Acquiring a detailed understanding of these feedback processes is challeng-
ing because they operate on a wide range of length and time scales, often
simultaneously, and are expected to interact in a complex, nonlinear fashion
(e.g. Hopkins et al., 2012). The principal goal in the field of galaxy evolution
is to develop a predictive framework connecting the assembly history of
galaxies and their dark matter halos with their stellar populations, gaseous
structures, metal content, and black holes at interstellar, circumgalactic, and

intergalactic scales over cosmic time.
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The balance between feedback and gravitationally-driven processes has di-
rect impacts on star formation, chemical enrichment, and the diffuse gasin a
galaxy’s circumgalactic medium (CGM). This intrinsically connects studies
of feedback to numerous areas in astrophysics. On interstellar scales, feed-
back affects the efficiency of star and planet formation by regulating how gas
cools, loses its angular momentum, and mixes with other gas. By extension,
dust formation, supernova diversity, and high-energy transients (e.g. fast ra-
dio bursts) are all fundamentally linked to galactic feedback. In cosmology,
stellar feedback is invoked to describe the effects of reionization in the early
universe and the global matter power spectrum (e.g. Bigwood et al., 2024;
Siegel et al., 2025). Given its effect on many subfields, it is no surprise that
the Astro2020 Decadal Survey listed “unveiling the drivers of galaxy growth
and cosmic ecosystems” as a priority area in the current decade.

In the past two decades, considerable progress has been made connecting
the cycling of baryons in and out of galaxies with their underlying dark
matter halos. The current picture places galaxies at the center of a “cosmic
ecosystem” where pristine gas flows in from the cosmic web, sustaining
star formation. Various forms of galactic feedback such as supernovae (e.g.
Leitherer et al., 1999; Veilleux et al., 2005), radiation pressure from stars on
acting on gas (Murray et al., 2011), cosmic ray pressure (e.g. Hopkins, 2025),
and active galactic nuclei (AGN; Faucher-Giguére and Quataert 2012; Silk
and Rees|1998) in the most massive galaxies can expel metal-enriched gas to
circumgalactic and potentially intergalactic scales. The CGM contains the
majority of gas associated with galaxies (Peeples et al., 2014; Shull et al.,
2012) and, like the galactic winds that inject mass, energy, and momentum
into it, has been shown to be metal-rich (R. Dutta et al., 2020, 2021; Péroux &
Howk, 2020) and multiphase (e.g. Byrohl & Nelson, 2023; Faucher-Giguere
& Oh, 2023). The CGM acts as a nexus between the interstellar medium
(ISM) of a galaxy and the diffuse intergalactic medium (IGM), making it an
excellent laboratory for studying the effects of baryonic feedback.

Constraints on baryonic feedback in the CGM come from several cosmic
epochs: many in the low-redshift universe (e.g. H.-W. Chen et al. 2020a;
Werk et al. 2012), and some, with the advent of JWST, out to z ~ 6 (e.g.
Bordoloi, Simcoe, Matthee, Kashino, Mackenzie, Lilly, Eilers, Liu, DePalma,
Yue, and P. Naidu 2024a). The so-called “cosmic noon” (i.e. z ~ 2) is both
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scientifically and observationally compelling. Perhaps most significant is the
fact that at z ~ 2 — 3, the global star formation rate surface density, baryonic
accretion rate, and supermassive black hole (SMBH) growth all reached
their peak (e.g. Behroozi et al. 2013; Faucher-Gigueére et al. 2011; Madau and
Dickinson 2014; Richards et al.[2006) meaning baryonic feedback is likely to
have its most significant impact on galaxies and their environment during
this epoch. Indeed, extended H I and metallic halos (in absorption and
emission) and large-scale galactic outflows are ubiquitous in z ~ 2 star-
forming galaxies (Y. Chen et al., 2020, 2021; Prusinski et al., 2025; Rudie
et al., 2019; Steidel et al., 2010). At the same time, this redshift range is
observationally conducive since many of the rest-frame far-UV and optical
diagnostics fall into wavelength ranges with high atmospheric throughput
and can therefore be observed with ground-based telescopes (see e.g. Steidel
et al. 2014).

1.2 CGM Observations

The concept of a CGM was first proposed by Lyman Spitzer (Bahcall &
Spitzer, 1969; Spitzer, 1956) who hypothesized that the Milky Way had a
“galactic corona” with temperature T ~ 10° K and density 17, ~ 107 cm™
that would explain the extended Na I'in the Milky Way halo (Miinch & Zirin,
1961). Ensuing observations in the coming years would confirm the general
validity of these values. Today, the CGM can be thought of as an extended
gaseous structure that is effectively the galaxy’s “sphere of influence.” Gas
has been shown to exist at densities 1, ~ 107> — 107! cm™ and temperatures
T ~ 10* — 107 K. The diffuse nature of the CGM makes it difficult to observe
and the wide range of scales involved makes it hard to simulate (e.g. Hopkins

et al.,2014).

CGM observations span the wavelength range including the radio (Connor
& Ravi, 2021} Faber et al., 2024; Ravi, 2019), far-IR (Le Fevre et al., 2020), IR
(Freeman et al., [2019), and X-ray (Anderson et al., 2015; J.-T. Li et al., 2017)
but the bulk are in the UV and optical where there are numerous transitions
from astrophysically abundant ions that are sensitive to the appropriate
ranges of temperature and density (e.g. Lya, C IV, O VI). The canonical way
of observing the CGM is to use a relatively bright background source (e.g. a
QSO) whose sightline passes through the CGM of a foreground galaxy that

imparts absorption on the background spectrum at z¢;. Since the QSO is
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bright (V ~ 16 — 17 for KBSS QSOs), high S/N and high resolution spectra

are attainable.

Thanks to many dedicated observational campaigns with multi-object spec-
trometers (MOS) and integral field units (IFUs), our knowledge of the CGM
has increased significantly in recent years. One approach is to identify
absorption systems in background sightlines and search for foreground
galaxies at that redshift that may be the cause of such absorption (Bergeron
& Boissé, 1991). While it is fairly straightforward to identify absorption
systems, the connection between that absorption and a particular galaxy is
always uncertain. A less biased (galaxy-centered) approach is to reverse the
process i.e. to start with a sample of well-characterized galaxies near a QSO
sightline and search for the corresponding absorption system in the QSO
spectrum (e.g. Adelberger et al., 2003; H.-W. Chen et al., 2020b; Crighton
et al., 2011b; Lofthouse et al., 2020; Rudie et al., 2012; Turner et al., 2014;
Werk et al., 2012).

1.3 This Thesis

While there exists a general understanding of how baryonic feedback shapes
galaxies, the details remain largely unconstrained. Fundamentally, how is
star formation regulated in galaxies? Galactic-scale outflows and AGN are
the primary agents modulating the efficiency of star formation in low- and
high-mass galaxies, respectively. However, a detailed understanding of both
feedback mechanisms and their efficacy requires knowing the geometry of the
gas and metal distributions in and around galaxies and the timescales over which
such processes operate. The projects in this thesis make significant headway

in these areas using several novel techniques.

Chapter 2] takes a relatively unexplored tack in CGM absorption line studies
using background galaxies instead of background QSOs. The limit of using
background QSOs is that the line of sight through the foreground galaxy’s
CGM s only as wide as the QSO accretion disk (diameter ~ 1 pc). Individual
QSOs therefore sample the CGM on ~pc scales making their measurements
highly stochastic. An alternative to using background QSOs is to use back-
ground galaxies as the sightlines through the CGM of a foreground galaxy.
Galaxies are considerably more numerous than QSOs (50—100x in the KBSS)

which allows for finer spatial sampling at the cost of lower spectral resolu-
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tion and lower S/N spectra since they are intrinsically fainter. Spectra of
galaxies also average over several kpc (the half-light radius of the average
z ~ 2 galaxy) and thus converge to the true CGM gas distribution faster than
QSO sightlines (Rubin, Diamond-Stanic, Coil, Crighton, & Moustakas, 2018;
Rubin, Diamond-Stanic, Coil, Crighton, & Stewart, 2018; Steidel et al., 2010).

With the advent of IFUs like Keck/KCWI and VLT /MUSE, the current ob-
servational frontier is to study the CGM in emission. Observations to date
have primarily focused on Lya halos around high-z star-forming galaxies,
since itis by far the brightest spectral line (Y. Chen et al.,[2021; Wisotzkietal.,
2016, 2018). Nonresonant transitions (e.g. Si II*, C II*) offer a new means
of understanding optically thick regions of the CGM, but studies of these
transitions have been more rare owing to the lower S/N (in general) of these
transitions. In Chapter 3,  make concrete advancements in our understand-
ing of Si II* halos using the largest sample to date of z ~ 2 nonresonantly

emitting star-forming galaxies.

Chapters [2|and |3| of this thesis make heavy use of galaxies in the Keck Bary-
onic Structure Survey (KBSS; e.g. Y. Chen et al. 2020; Rudie et al. 2012} Steidel
et al. 2014; Strom et al. 2017; R. F. Trainor et al. |2015), in particular those
observed with the Keck Cosmic Web Imager (KCWI; Y. Chen et al. 2021).
KBSS comprises 15 survey fields with extensive multiwavelength coverage
(rest-UV to radio wavelengths), each subtending ~ 5’ X 5" on the sky. Every
survey field contains at least one hyperluminous quasar (HLQSO); HIRES
spectra of those HLQSOs have been used to chart foreground circumgalactic
gas at z ~ 2 (Rudie et al., 2012, 2019). Galaxies in KBSS were largely selected
photometrically using the Lyman break technique (i.e. Lyman break galax-
ies [LBGs]; Adelberger et al. 2004; Steidel et al. 2003, 2004; Strom et al.
2017)), with a smaller subset discovered through narrow-band photometry
(R. Trainor & Steidel, 2013; R. F. Trainor & Steidel, 2012; R. F. Trainor et al.,
2015). Over 3500 galaxies have been spectroscopically identified to date.

The remaining chapters in this thesis address the data reduction that makes
these results possible (Chapter ), two ongoing projects investigating the
origin, effects, and usefulness of Mpc-scale jets in probing AGN feedback
(Chapter[5)), and I conclude in Chapter [ with the broader context in which
these results sit.

Where appropriate, I adopt a flat A-CDM cosmology with Hy = 70 km s™*
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Mpc‘l, Q,;, =0.3,Q4 = 0.7. Unless otherwise stated, distances are measured
in physical units. For Chapters [2|and [3| of this thesis relying on KBSS data
(KBSS average redshift (z) = 2.3), 1” corresponds to 8.2 (physical) kpc. I
use Dian to represent the projected distance along the LOS to a galaxy or
sightline.
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ABSTRACT

We present new results on the spatial structure and kinematics of the cir-
cumgalactic medium (CGM) of z ~ 2 star-forming galaxies drawn from
the Keck Baryonic Structure Survey, using Lya and metallic ion absorp-
tion recorded in spectra of background galaxies whose sightlines are pro-
jected within 6 ~ 30" (physical distances Dian S 250 kpc) of the fore-
ground galaxy. The sample of 1033 foreground galaxies ({z¢5) = 2.03 + 0.36;
8 < log(M./Mp) < 11) is probed by the spectra of 736 background galaxies
obtained using Keck/KCWI (R ~ 1800) and Keck/LRIS (R ~ 1200). Using
the galaxy pair ensemble, we present measurements of absorption strength
(Wh) and line-of-sight velocity dispersion (o) as a function of Dyan, which
together with “down-the-barrel” spectra of the foreground galaxies provide
unprecedented maps of neutral hydrogen and ionized metals throughout
the CGM of star-forming galaxies at “cosmic noon”. A 2D map of Lya
absorption depth (vs. line-of-sight velocity and Dian) for the full ensemble
shows a distinct transition near Dian ~ 80 kpc (close to the virial radius of
the average foreground galaxy) where the line-of-sight velocity dispersion
reaches a minimum and beyond which the Lya absorption depth flattens.
Splitting the sample into subsets based on properties of the foreground
galaxies, we find a strong and monotonic correlation of both W, (C IV) and
0(C 1V) with stellar mass (M.) at all Dyap including DTB (i.e., Diran ~ 0 =250
kpc). Taken together, our results suggest that the kinematics, covering frac-
tion, and spatial extent of CGM gas traced by Lya and (especially) C IV
are modulated primarily by halo mass, and that a significant fraction of the
CGM gas may be unbound.



2.1 Introduction

Galaxies evolve via the cycling of baryons between gas reservoirs in the
intergalactic medium (IGM) and their own interstellar media (ISM). The cir-
cumgalactic medium (CGM) represents the sphere of influence for a galaxy
and acts as a boundary layer where one can directly observe the exchange
of baryons to and from the IGM. Despite its importance in galaxy forma-
tion, the CGM and the underlying processes driving its evolution with time
remain largely unconstrained (Tumlinson et al., 2017).

Observational and theoretical work has established that the CGM of star-
forming galaxies comprises metal-enriched gas (e.g., R. Dutta et al., 2020,
2021} Peeples et al., 2014; Péroux & Howk, 2020) in a clumpy morphology
(e.g., Erbetal.,2023; Z. Liet al.,2024; Rubin, Diamond-Stanic, Coil, Crighton,
& Stewart, [2018; Rudie et al., 2019) across a range of temperatures, densities,
and ionization states (e.g., Byrohl & Nelson, 2023; Faucher-Giguére & Oh,
2023). The multiphase nature of the CGM is the result of a combination
of baryonic feedback processes i.a., supernova ejecta (Leitherer et al., [1999;
Veilleux et al., 2005), active galactic nuclei (Faucher-Giguere & Quataert,
2012), and radiation pressure (Murray et al., |2011) from massive stars all
acting in concert to shape the gas distribution and physical conditions. Nu-
merous studies across a range of redshifts have observed outflows which
inject energy and momentum into the ISM and CGM of their host galaxy
(e.g., Erb et al., 2012; Martin et al., 2012} Prusinski et al., 2021; Shapley et al.,
2003; Steidel et al., 2010; Weiner et al., 2009); signatures of inflowing material
are much less common (e.g., Bouché et al., 2013; Keres et al., 2005; Rubin et
al.,2012), but the connections between such baryonic flows, the underlying
CGM gas distribution, and the host galaxy properties remain uncertain.

A natural epoch in which to study the CGM around galaxiesisatz ~2 -3
where the global star formation rate, baryonic accretion rate, and supermas-
sive black hole growth all reached their peak (e.g., Behroozi et al., 2013;
Faucher-Gigueére et al., 2011; Madau & Dickinson, 2014; Richards et al.,
2006). At these redshifts, many of the rest-frame far-UV and optical diag-
nostics fall into wavelength windows with high atmospheric transmission
and can therefore be observed using ground-based telescopes (see e.g., Stei-
del et al., 2014). Indeed, galaxies in this redshift range show prominent
outflows, extended H I halos in both emission and absorption, and substan-
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tial metal absorption in their CGM (Bouche et al., 2007; Y. Chen et al., 2021}
Leclercq et al.,2020; Rudie et al.,[2012; Steidel et al., 2010, 2011; Weldon et al.,
2022).

Prior to the early 1990s, the connection between diffuse, metal-enriched
gas and galaxies was based largely on the statistical incidence of various
classes of intervening absorption systems in spectroscopic surveys of QSOs
— the characteristic “size” of extended gas in galaxy halos was derived from
a combination of the observed incidence per unit redshift path length of
absorption systems (e.g. Mg II, C IV, damped Lya) and the space density of
galaxies with which the gas was assumed to be bound, yielding “predicted”
halo sizes of Rga ~ 20 — 100 pkpc, depending on the sensitivity of the QSO
absorption system samples, the tracer ion, and the assumed scaling relation
between galaxy luminosity and galaxy gaseous cross-section. More direct
association of QSO absorption systems and intervening galaxies began at
low redshift: deep CCD images of QSO sightlines with known z ~ 0.2 - 0.5
Mg II absorption systems were used to identify candidate absorbing galaxies
within several arcsec of the QSO, followed by spectroscopic observations of
the relatively faint (R 2 20) galaxies to confirm their redshifts (Bergeron &
Boissé, [1991). The initial success in identifying ~ L* galaxies within < 50
kpc of the QSO sightline appeared to support the general expectations that
had been based on simple statistical arguments.

However, the small samples of identified absorbing galaxies, in addition
to being observationally expensive, were subject to potential observational
selection biases — e.g., one cannot be certain that the galaxy identified is
the one responsible for the absorption system, or simply the most easily-
observed galaxy at the same redshift near the QSO sightline. A less biased
means of establishing the connection between galaxies and absorbers would
be to first observe galaxies near QSO sightlines, where each would have
known luminosity, stellar mass, SFR, etc., as well as separation from the
QSO sightline Dyan, and subsequently look for absorption signatures (or
sensitive limits) in the QSO spectrum for each (e.g. Adelberger et al., 2003;
H.-W. Chen et al., 2020bj Crighton et al., 2011a; Lofthouse et al., 2020; Rudie
et al., 2012; Turner et al., 2014; Werk et al., 2012). Such a “galaxy-centered”
approach — where galaxy samples are observed in fields deliberately chosen
to have one or more bright background sources (usually QSOs) that can
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provide high-quality measurements of diffuse gas over the relevant range
of redshift — has become more practical on large telescopes equipped with
efficient multi-object spectrographs (MOS) or integral field units (IFUs).

BG: q1700-MD104, GAL, zpg = 2.748 | FG: q1700-MD103, GAL, z;y = 2.3153

BG Wavelength (A) Diran = 34 kpc (4.08")
1100 1200 1300 1400 1500 Az=0.4327
2577 T T T T T T 10*
silll} iLya sill omsit i Silv} iSilv sill} CIviicIv iFell Alll r
. i : . : : : -
; ; y Q1700 05"
| | cs3 z=27513
i : z=1.2874
i | O e 12'00" o
I : I3
' )y i vp104 @ 2=1.9790 o
bl AT LT (LT L 2=2748
Y e®® s
: - MD103
: 2z=2.3153
NI VNP VRS, 64°11'50"
0.0 i : i : :
1200 1300 1400 1500 1600 1700 17"01M02° 01° 00° $
FG Wavelength (A) RA
BG: q2343-BX513, GAL, zpg =2.1082 | FG: q2343-MD80, GAL, z¢q =2.0127
BG Wavelength (A) Drran = 41 kpc (4.98")
1200 1300 1400 1500 1600 Az=0.0955
2.5 - - -
silll} iLya il olsit - icn Silv) isilv sill} CIviicIv Fell Al
201 1} : : : MD80
. : : : 2=2.0127 35
| | | N T | v @
ol . : [ B T Lo 2=2.1082 cs7 @ g
RN i (18 AN J I 2=2.0144 30
L E b L3 ! : ! | ; =N
A E ' ' i 2z=0.3729
5 RS W 12°48'25"
i 3 | Y DIV USPNORS P
" 1200 1300 1400 1500 1600 1700 23"46™11.4°  11.0° 10.8° 10.6°
FG Wavelength (A) RA
BG: q0142-BX195, AGN, z,3 =2.3807 | FG: q0142-BX188, GAL, zfg = 2.0602
BG Wavelength (A) Dyran = 95 kpc (11.49")
1100 1200 1300 1400 1500 Az=0.3205
25— - -
silll} Ly isill onsiticn SV} isilv sl civiiciv Fell Alll ] .
20l | : y i [ BX195 50
. z=12.3807 ,-
@ 44'55"
1.5
o
13
00"
1.0
BX188
2=2.0602
BX186 05"
05 ® Lo sm
0oLl i L | -9°45'10"
" 1200 1300 1400 1500 1600 1700 1"45m18.0°  17.5° 17.0°
FG Wavelength (A) RA

Figure 2.1: Example KCWI background galaxy spectra, normalized and
shifted to the rest frame of the foreground galaxy of the pair, from the KBSS-
KCWI sample. The righthand images show the white light (3530 — 5530 A)
image from the relevant KCWI pointing, where the background galaxy is
labeled in red and the foreground galaxy in blue; green labels indicate other
galaxies with spectroscopic identifications within the field of view. Spectral
features at the redshift of the FG in each pair are indicated with vertical
dashed lines and labels. The location of the same set of features at the BG
redshift have been highlighted with a dotted line style. The three cases have
Diran =~ 34, 41, and 95 kpc, respectively.

An alternative to using background QSOs is to use unrelated foreground-
background galaxy pairs, which are 50-100 times more numerous within
the Keck Baryonic Structure Survey (KBSS) than QSO-galaxy sightlines (e.g.
Adelberger et al. Y. Chen etal. Steidel et al. see also Bordoloi
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et al. 2011; Méndez-Herndndez et al. 2022, Rubin, Diamond-Stanic, Coil,
Crighton, and Moustakas|2018; Rubin, Diamond-Stanic, Coil, Crighton, and
Stewart 2018). The CGM of a particular foreground galaxy (at z¢g) can be
probed using spectroscopy of background galaxies (zpg > ztg), each of which
forms a sightline through the foreground CGM. The use of faint galaxies as
background sources, while individually of much lower S/N and typically of
significantly lower spectral resolution compared to a QSO spectrum, has ad-
ditional advantages other than the larger number of foregound-background
pairs that complement QSO-based measurements. As emphasized by Stei-
del et al. (2010), using background galaxies is equivalent to averaging over
a beam with a diameter of several kpc passing through the CGM of the
foreground galaxy (e.g. Afruni et al., [2023; Rubin, Diamond-Stanic, Coil,
Crighton, & Stewart, 2018), whereas the projected beam of a background
QSO sightline is ~ 1 pc; this means that, in principle, spectra of an ensemble
of resolved background sources converge more quickly to a spatially aver-
aged absorption strength and representative kinematics of gas associated
with a foreground galaxy, in a statistical sense — albeit without resolving
the individual velocity components necessary for measuring accurate col-
umn densities within a foreground galaxy’s CGM. An ensemble of fore-
ground/background galaxy pairs is thus highly complementary to surveys
of galaxies near the lines of sight to bright QSOs. Three representative ex-
amples of foreground /background galaxy pairs are shown in Figure in
order to illustrate the technique. Note that the projected distance (Diran)
for the Q0142-BX195-BX188 pair is ~ 2 — 3 times larger that of the pairs in
the top two panels and has comparatively weaker absorption features at the
redshift of the foreground galaxy. An ensemble of such pairs can be used
to characterize the CGM absorption as a function of both Dian and with
respect to the properties of the foreground galaxies.

Galaxy foreground-background close angular pairs drawn from what would
become the KBSS survey were used by both Adelberger et al. (2005) and Stei-
del et al. (2010); the latter study constructed a sample of 512 galaxy pairs
with angular separations 0 < 15” from a sample of z ~ 2 — 3 star forming
galaxies. The galaxy pairs were subdivided into three composite spectra
({Dyran) € [31,63,103] kpc) to make a low resolution map of absorption as a
function of Dyan (their Figure 21). They used the measurements of absorp-
tion line equivalent widths (W) versus Dian, combined with the stack of
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“down the barrel” (DTB; Dyan = 0 kpc) spectra of the foreground galaxies
in each angular pair, to model the velocity field and galactocentric radial
distribution of absorbing gas in the “mean” CGM surrounding galaxies at
(z) = 2.2. They found that all of the observed metallic species were ob-
servable to Dyan = 70 — 100 kpc, at which point the equivalent widths fell
below the detection limit of W) ~ 0.1 A. Excess Lya absorption remained de-
tectable to at least Dian ~ 250 kpc, as expected given the earlier results using
background QSOs to probe similar galaxies in the same fields (Adelberger
et al., 2003, 2005).

Y. Chen et al. (2020) extended the galaxy pair technique by incorporating
a larger sample of galaxy spectra (N =~ 3000 with 1.7 < z < 3.4), with an
increased range of pair separations, drawn from the KBSS survey regions.
The authors assembled more than 200,000 foreground /background galaxy
pairs with angular separations A9 =~ 3 — 500" (20 < Dyan/kpc < 4000) and
produced maps of Lya absorption strength as a function of line of sight
velocity (with respect to the foreground galaxy systemic redshifts) v1os and
Dyan. They found that, if expressed as a single power law, W) (Lya) o Dt_rgf
over the full range of impact parameters, in agreement with Steidel et al.
(2010). The number of galaxy pairs sampling separations Diran < 100 kpc
— i.e., the range over which metal lines had been detected by Steidel et al.
(2010) — was not significantly larger, so only the distribution and kinematics

of Lya were analyzed.

In the present work, our goal has been to construct an ensemble of fore-
ground/background galaxy pairs that provides improved sampling of gas
within Dian < 250 kpc, the approximate scale of the CGM surrounding in-
dividual L}, galaxies at z ~ 2 — 3 established by previous work using KBSS
QSO sightlines. We are also interested in improving the constraints on CGM
gas-phase kinematics (both H I and metals) and its relation to the properties
of the foreground galaxies; to this end, from Y. Chen et al. (2020) we in-
clude only the subset (~ 30%) of background galaxy spectra observed with
the higher spectral resolving power configuration of LRIS-B ((R) ~ 1300;
see Appendix B of Y. Chen et al. 2020). The most significant improvement
— the one that has motivated our revisiting the use of close angular pairs
of galaxies — comes from incorporating deep IFU pointings using the Keck
Cosmic Web Imager (KCWI; Morrissey et al. 2018). The KCWI data set



14

(KBSS-KCWI; see Y. Chen et al. 2021)) consists of IFU observations of many
contiguous ~ 20" diameter (~ 170 kpc at z ~ 2) regions within the KBSS
survey fields. The KBSS-KCWI subsample provides deep (2 5 hour total
integrations per pointing) spectra with resolving power (R) =~ 1800 of a large
number of galaxy angular pairs with projected separations < 20", including
previously-known KBSS galaxies as well as fainter galaxies newly-identified
from their extracted KCWI spectra. The KCWI pointings are embedded
within larger KBSS survey fields, each of which has extensive photometric
and spectroscopic ancillary data. All of the galaxy spectra included in the
combined LRIS+KCWI sample have resolving power R =~ 1500 + 300, such
that the C IV AA11548, 1550 doublet is resolved, as are O I A1302 and Si II
A1304.

This paper is organized as follows: in Section 3.2}, we discuss the observations
and data reduction associated with each instrument subsample; Sections
and cover the construction of the galaxy pair sample and stacking of
galaxies in bins of Diran; Section features results from Lya and metal ab-
sorption features in 1-D and 2-D; Section 2.6/ presents a semianalytic model
that can be used to fit the 1-D composite spectra and the 2-D map of Lya
absorption; Section has results from composite spectra binned by in-
ferred foreground galaxy properties; these results are placed in a broader
context in Section and finally, we summarize our conclusions in Sec-
tion Appendix [2.10]justifies why an explicit redshift cut is not required
for our sample; Appendix uses pairs generated from HIRES spectra of
background QSOs to elucidate the profiles we observe at low resolution;
Appendix shows how different stacking methods affect the composite
spectra; and Appendix details how, for galaxy pairs with close angular
separations, Lya emission from the foreground galaxy can modulate the
observed background Lya absorption signal.

Throughout this paper, we adopt the Planck 2018 cosmology (Planck Col-
laboration et al., 2020): a flat ACDM model with Hy = 67.7 km s~} Mpc_l,
Q0 = 0.31, and Qp 9 = 0.69. In this cosmology, at the median redshift of
the sample (zmeq = 2.3), 1" corresponds to 8.4 (physical) kpc. We use Diran
to represent the projected physical separation between a foreground galaxy
and the line of sight to a background object, evaluated at the redshift of the
foreground galaxy (zt,); we direct the reader to to Figure 23 of Steidel et al.
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(2010) for a schematic.

2.2 Observations

KBSS-KCWI

The KBSS-KCWI spectra (Y. Chen et al., 2021}, p. 2025) used in this paper
comprise 193 galaxies observed in 46 different KCWI pointings, selected to
include objects from KBSS. KBSS-KCWI pointings maximize the number of
previously identified galaxies in each field, in particular those with data
from LRIS-B (Steidel et al., 2004), MOSFIRE (McLean et al., 2012), and HST
WEFC3-IR imaging. Of the 193 targets (excluding QSOs), 7 are optically faint
AGN, while the remainder are star-forming galaxies.

KCWTI observations were conducted between 2017 September and 2022 June,
after which KCWI went offline for red-channel integration. The integral
field spectra used in this study were obtained using KCWTI’s low resolution
grating (BL; central wavelength = 4500 A) and Medium slice resulting in
data cubes providing a contiguous 2074 x 16!5 FoV and spectral resolving
power (R) =~ 1800 over the 3530 — 5530 A bandpass. Each KBSS-KCWI field
was observed for a typical total integration time of five hours, with dithers
and/or position angle (PA) rotations between each 20-minute exposure.
The final mosaicked data cube for each pointing maps a region with a 20”
diameter (170 kpc at (z) = 2.3) with approximately uniform exposure and
uniform spatial sampling.

Individual exposures were reduced using a customized version of the IDL
KCWI Data Reduction Pipeline (DRP; Neill, Matuszewski, and Martin 2023E|
described in detailin Y. Chenetal. (2021). Briefly, each twenty minute science
frame was converted into a 3D flux and wavelength calibrated, rectified data
cube, with the original spatial sampling (073 X0768 and spectral sampling
of 1.0 A/pixel. All exposures for a given pointing were then combined
into a stacked, mosaicked data cube using the KCWIKit package (Y. Chen
et al., 2021; Prusinski & Chen, 2024). KCWIKit reads in a list of cubes to
be stacked; a parameter file enumerating e.g. the final stack pixel scale,
dimensions, and orientation; and if necessary, a list of pre-alignment cube
world coordinate system (WCS) shifts if the header WCS is incorrect or
significantly offset from the rest of the stack. The code runs natively in

lht’fps: / / github.com/Keck-DataReductionPipelines /KcwiDRP


https://github.com/Keck-DataReductionPipelines/KcwiDRP

16

a jupyter (Kluyver et al., 2016) environment and begins by aligning each
cube with respect to a fiducial frame (the first in the list of cubes by default).
The code de-rotates and cross-correlates each frame to determine sub-pixel
relative offsets, then drizzles them onto a common grid with rectilinear
(073 x 073) spatial sampling, weighted by exposure time using the Montageﬂ
(Jacob et al., 2010) package. Since all data were taken in the KCWI “Medium
BL” configuration, each cube has the same common wavelength range (3530-
5530 A) and sampling (1 A pix~'). The WCS of the stacked cube is then
corrected using an external observation (typically HST F160W images) to
match the astrometry of existing KBSS ancillary data products. The final
output is a WCS-registered ~ 20" (170 kpc) diameter pointing.

For each stacked cube, we also constructed a “white light” (3530 — 5530
A) image and used Source Extractor (Bertin & Arnouts, 1996) to detect
all significant continuum sources; all detected continuum sources were ex-
tracted to 1D from the data cubes by weighting each spatial element within
the detected segmentation region by the (S/N)? of the white light signal.
Some of the continuum sources detected in each KCWI pointing were not
KBSS catalog objects (normally limited to R < 25.5), but yielded spectro-
scopic redshifts placing them in the targeted range for the present purposes,
1.4 < z <3.5. Very deep photometric catalogs exist in all of the KBSS survey
fields (in addition to the KCWI white light images), generally for at least
UGRJHK;s bands as well as one or more deep pointings of HST-WFC3-IR
F140W and/or F160W, so that photometry sufficient for constraining the
stellar masses of the newly identified galaxies was available. These sources
(of which there are 51 in all) have been labeled “CS” (continuum serendipi-
tous) along with their segmentation IDs (e.g., CS3 — see Figure 2.1). Of the
51 galaxies, 22 are fainter than the nominal KBSS catalog continuum limit
(R > 25.5), with a limiting R-band magnitude of 27.33ﬂ

LRIS-B
LRIS-B spectra comprise the bulk of the KBSS rest-frame far-UV spectro-

scopic sample, having been accumulated over ~two decades, and as such
we direct the reader to Steidel et al. (2003} 2004) and Adelberger et al. (2004)

Zhttp:/ /montage.ipac.caltech.edu/

3 A small number of additional serendipitous objects were spectroscopically identified
but lacked detections in any of the available near-IR photometric bands necessary to con-
strain their stellar masses; they have not been included in the analyses below.
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for color selection criteria and data reduction strategies of the QSO field
observations used in this study. LRIS observations are used to supplement
KCWI observations and include a portion of the KBSS galaxy pair sample
(KGPS) compiled by Y. Chen et al. (2020), which at the time comprised a
broad superset of the galaxies used previously in numerous projects (e.g.
Adelberger et al. 2005; Reddy et al. 2006; Steidel et al. 2003, 2004, 2010).
Notably, in the current work we include only galaxy pairs with angular
separations A0 < 30" (~ 250 kpc) and background galaxy spectra obtained
with the higher resolution 600 lines mm ™! LRIS-B grism. The latter condition
translates to LRIS-B spectra with R ~ 1300 (Y. Chen et al., 2020), somewhat
lower resolution than KCWI at the same wavelengths.

All of the LRIS-B data used in this sample were obtained between 2002 and
2016. Of the 2862 spectra used in the KGPS sample, 872 were observed
with the 600 lines mm™1 grism blazed at 4000 A, and of those, 400/872 were
observed on more than one slitmask. Each slitmask was observed for a
minimum of 1.5 hours and 30% of the 600 lines mm™! grism slitmasks have
exposure times of > 3 hours. Only the blue channel LRIS data have been
used in the present work; the spectral range covered is similar to that of the
KCWI data described above, with a red cutoff near 5600 A extending down
to 3400-3500 A in the UV.

Of the 872 galaxies that make up the LRIS sample (1.4 < z < 3.6), 135
were observed with particularly long total integrations (~ 10 — 12 hours).
This “KBSS-LM1” sample was compiled between 2014 and 2016 to be a deep
collection of LRIS rest-UV spectra focused on the redshift range 2.10 < zgy <
2.58, corresponding to the highest quality existing KBSS-MOSFIRE spectra.
Sample selection criteria are described by Steidel et al. (2016) and Theios
et al. (2019), but in short, the galaxies were chosen to maximize the overlap
with the existing KBSS-MOSFIRE sample, and especially pertinent for this
work, the KBSS fields were prioritized so that the largest number of galaxies

could be observed on a single slitmask.

2.3 Galaxy Pair Sample

To understand the bulk properties of gas in galaxies’ circumgalactic media,
we assembled a sample of galaxy pairs from the KCWIand LRIS subsamples.
A galaxy pair consists of a foreground and background galaxy (at redshifts
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Figure 2.2: Top: Histogram of Dyan for the galaxy pair sample. The full dis-
tribution of projected distances is shown in gray and KCWI pairs are shown
in the dashed blue histogram. KCWI background spectra are supplemented
by LRIS-B (cyan histogram) and LM1 (red outline) observations, the former
of which begins to dominate at Dyran 2 100 kpc. There are 2738 pairs in total
and respective totals are enumerated in the plot legend. The HIRES pair
distribution constructed from background QSOs is shown for comparison
in green. Bottom: The redshift distribution of foreground (blue) and back-
ground (red) galaxies in the galaxy pair sample along with vertical dotted
and dashed lines denoting the median and mean redshifts respectively.
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Figure 2.3: Foreground galaxy property distributions for M, (top left), SFR
(top right), sSFR (bottom left), and E(B — V) (bottom right). The yellow
histogram shows the properties over the full range of Diran probed in this
sample, while the red outline, blue outline, and solid gray histogram corre-
spond to samples drawn from Diran = 8 =70 kpc, 70 — 100 kpc, and 100 — 250
kpc, respectively. The number of pairs in the solid histograms is shown
on the left vertical axis, while the numbers in the dashed histograms (with
considerably fewer pairs but a similar overall distribution) are shown on the
right vertical axis.
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zgg and zpg respectively) with a projected separation on the sky satisfying

the following requirements:

AO < 30" so that the background galaxy probes the foreground
galaxy’s CGM within 250 kpc.

Av = % > 3,000 km s~!, where Az = Zpg — Zfg to ensure the fore-
ground and background galaxies are not part of the same large-scale
structure (i.e., they are causally disconnected from each other). For the
average foreground redshift (z¢) = 2.3, Az 2 0.033 or 12.9 physical
Mpc along the line of sight assuming pure Hubble flow. We do not

impose an upper bound on Av (see Appendix[2.10).

zfg > 1.4, such that at least C IV falls at A > 3700 A, where both LRIS-B

and KCWTI spectra have relatively low noise.

The background galaxy has been observed with KCWI or LRIS-B with

the 600 line mm™ grism.

The background object in a pair is not a QSO. The rationale behind this
decision is discussed in Section [3.1| and Appendix in short, we
are using only spatially-resolved background sources because they av-
erage over (foreground galaxy) CGM sub-structure on projected scales
of 2 — 4 kpc, and so are physically distinct from QSO measurements,
which sample a region several thousand times smaller (see Steidel et
al. 2010 and Rubin, Diamond-Stanic, Coil, Crighton, and Moustakas
2018} Rubin, Diamond-Stanic, Coil, Crighton, and Stewart 2018 for
discussions of this point).

The foreground object in a foreground-background pair is not classi-
fied as an AGN (type 1 or type 2). Although such measurements would
be interesting, here we focus solely on star-forming galaxies without
evidence for current AGN activity.

For the purpose of binning the sample by galaxy properties (Section
2.7), we require the foreground galaxy to have an SED fit that allows

for a constraint on its stellar mass.
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Since we are interested in using background galaxy spectra to measure
foreground absorption, a well-determined foreground galaxy redshift is es-
sential to ensure accurate velocity measurements in the shifted spectra. To
that end, where possible, nebular redshifts from KBSS-MOSFIRE (Steidel
et al.,2014; Strom et al.,|2017, 2018)) were used to determine galaxy systemic
velocities. The KBSS-MOSFIRE nebular redshifts have systemic redshift un-
certainties Avpmosrre = 18 km s™! (Steidel et al., [2014), considerably higher
velocity accuracy than either LRIS (o1 ris = 107 km s‘l) or KCWI (oxcwr = 71
kms™!). When nebular emission line measurements were not available, rest-
frame UV emission (i.e. Lya) and low ionization interstellar (LIS) absorption
teatures (e.g. Si II, C II) were used to calculate the systemic redshift, using
the redshift calibration rules outlined by Y. Chen et al. (2020); in such cases
the typical redshift accuracy is oyy = 100 km s™! (Steidel et al., 2018).

To assemble the sample, we started by constructing galaxy pairs for all
known foreground galaxies in KBSS where the corresponding background
galaxy had been observed with KCWI; 681 pairs with a KCWI-observed
background galaxy satisfied the criteria above, 341 (51%) of which had a
foreground galaxy with a nebular redshift. The number of KCWI pairs
reaches a peak count at Dian =~ 50 kpc and plateaus for Dyan > 100 kpc
(see the blue dashed histogram outline in the left panel of Figure[2.2). The
lack of pairs with Dyan > 50 kpc is an artifact of the KCWI observing
strategy: 252/681 (37%) of the KCWI galaxy pairs have their foreground
and background galaxies on the same KCWI pointing (which are ~ 170 kpc
in diameter). The remaining 429 (63%) pairs involve a KCWI background
galaxy and a foreground galaxy that falls off the KCWI footprint but still
probes gas (at z¢s) in the KCWI background galaxy spectrum.

To supplement the number of pairs sampling larger Diran, we then formed
pairs where the background galaxy was one observed with LRIS-B (the blue
channel of LRIS). This added 1748 galaxy foreground/background pairs
from the general LRIS sample (tint = 1.5 — 4.5 hours; cyan solid histogram
in the left panel of Figure and 309 pairs from LM1 masks (tint = 10 — 12
hours; red histogram outline in Figure to the initial KCWI sample,
mostly sampling 100 < Dyan/kpe < 250; 879 of the 1748 (50%) LRIS pairs
and 186/309 (60%) of the LM1 pairs had foreground galaxies with nebular
redshifts. In the end, 2738 pairs (1406 [51%] with foreground nebular red-
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shifts) sampling 8 < Dyan/kpc < 250 (AO ~ 1”7 —30"") met all of our selection
criteria. The final sample of galaxy pairs is summarized in Figure The
foreground galaxy stellar mass (M.), star formation rate (SFR), specific star
formation rate (sSSFR = SFR/M.), and the inferred reddening E(B — V) distri-
butions are shown in Figure A thorough description of the SED fitting
underlying these measurements can be found in Steidel et al. (2016, |2018)
and Theios et al. (2019). We will return to the stellar population parameters
of the foreground galaxies in Section

2.4 Stacking

Although some background galaxy spectra show clear evidence of inter-
vening absorption at the redshift of the foreground galaxy (see Figure
for some examples), most of the background spectra do not have sufficient
S/N to detect weak absorption ines against the faint continuum. Stacking
(in bins of Dyan) increases the effective S/N and facilitates the detection of
weaker (metallic) absorption features. In doing so, however, each constituent
background spectrum contributes absorption at zpg, z¢g, and possibly addi-
tional “contaminating” redshifts (especially in the Lya forest) to the stack.
Averaging over a sufficiently large number of different (z¢g, zpg) pairs (see
Appendix can mitigate the effects of contamination because the lo-
cations of the discrete contaminating absorption lines from redshifts other
than z¢, will be “randomized” with respect to the features of interest at z¢,.
It is useful to keep in mind that what one is trying to measure from the
stacked background spectrum (redshifted to z¢;) is the excess absorption
signal from a particular transition at a particular redshift (z¢;) compared to
the mean absorption from all lines at other redshifts that happen by chance
to coincide in wavelength with the feature of interest. In the limit of a very
large number of (z¢g, zpg) pairs, the contamination will eventually manifest
as a local continuum that is lowered relative to the original by an amount
that depends on both rest wavelength and the particular ensemble of (zg,,
Zpg) pairs being combined (see, e.g., Appendix[2.10). For stacks based on the
combination of a finite number of (z¢g, zbg) pairs, a significant source of noise
in the measurements of interest arises from fluctuations in the local (mean)
continuum when the absorption line “background” has not converged to a
smooth distribution. These effects are exacerbated by the fact that there is
a wide range of S/N among the spectra contributing to a given wavelength
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pixel in the stacked spectrum, and the number of individual spectra con-
tributing to each wavelength pixel varies according to the distribution of zg,,
Zbg, and Az (the difference between them).

Before stacking, each background galaxy spectrum was trimmed in wave-
length. For KCWI pairs, background spectra were restricted to observed
wavelengths where all 24 slices were sensitive i.e., 3530 — 5530 A for the
KCWI configuration we used. For the LRIS spectra, similar wavelength
cuts were imposed both in the short and long wavelength ends of the blue
channel data. The Lya forest is primarily responsible for noise at the short
wavelength end, while the LRIS dichroic cutoff at ~ 5600 A and the sky sub-
traction residuals around [O I] A5577 occasionally introduce undulations
in the red end of the blue channel. As for the KCWI spectra, 3500 — 5555
A turned out to be a good fiducial wavelength to mitigate both effects. In
addition to the wavelength endpoints, spectral regions near Ly« in the back-

ground galaxy spectrum were masked to avoid contamination in the final

stack ]

In order to give each background spectrum an approximately equal weight
in the composite, each spectrum was normalized with a cubic spline. The
spline knots used to fit the background spectrum were chosen via a sparsely
sampled median, ignoring wavelength regions near resonance lines. In the
Lya forest, we found points 1o above the local (AA ~ 50 A) median reliably
traced the suppressed continuum. The KCWI and LM1 observations have
associated error spectra; for the LRIS galaxies where error spectra do not
always exist, we use the local standard deviation of the spectrum to construct
a coarse error spectrum. We impose a S/N 2 1 cut on all constituent
background spectra, i.e. only spectral regions where the cubic spline fit is
greater than the error spectrum contribute to the stack. Background spectra
where less than 15% of the bandpass had continuum S/N 2 1 were excluded

entirely to avoid adding patches of sporadic noise to the stack.

In stacking, each normalized background galaxy spectrum was shifted to
the rest frame of its corresponding foreground galaxy and resampled onto
a common wavelength grid with 0.2 A sampling using linear interpolation.

For a given range of Dyran, the associated background spectra were combined

“We experimented with masking other far-UV absorption features (e.g. C IV, Si II)
but found that additional wavelength masks added more discontinuities to the constituent
spectra and resulted in overall noisier stacks.
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to make a final stack using a trimmed mean where spectral pixels above (be-
low) the 95th (5th) percentile were rejected. For the stacks presented below,
this resulted in 4 — 6 objects being excluded, comparable to a ~ 20 clipped
average, where o is defined based on the variance of the input spectra at a
given wavelength. We experimented with various methods for combining
the spectra and several measures of central tendency before deciding on the
trimmed mean; further details on the stacking method and the results of
these tests are described in Appendix[2.10} Even with stacks of coarsely nor-
malized spectra, the fact that each background spectrum has been shifted
to an unrelated foreground redshift necessitates a manual adjustment to
the continuum fit of the composite in order to measure accurate absorption
profiles (discussed further in Appendix[2.10).

As highlighted above, error spectra for KCWI and LM1 masks exist and
can be propagated through to the stacks; however, we adopt a bootstrap
approach since it includes sample variance and reveals how much individual
spectra contribute to the absorption observed in the combined spectrum. For
each background stack, we ran 100 bootstrap realizations with randomly
selected galaxy pairs (with replacement) from that bin’s range of Diran. The
error spectrum is then the standard deviation of the 100 bootstrap stacks.
As expected, the error spectra qualitatively resemble those propagated from
each spectrum’s respective noise estimated by the DRP, but there tends to be
a spike in variability around strong absorption features due to the variance

in foreground absorption between galaxies.

Foreground galaxy spectra within each sub-sample (Diran bin) were used to
create a composite “down the barrel” average foreground galaxy spectrum
for each. The individual spectra were combined in a similar fashion to their
background galaxy counterparts, with a few notable exceptions. To ensure
every foreground galaxy had a roughly equal contribution to the stack, each
spectrum was approximately normalized based on its median continuum
(1410 — 1510 A) flux density before being combined. Each spectrum with a
continuum S/N 2 1 was then shifted to its rest frame and galaxies within
the 5th — 95th percentiles (as a function of wavelength) were averaged. The
final stack was continuum-normalized by fitting a BPASSv2.2 (Stanway &
Eldridge, 2018) constant star formation rate stellar population synthesis
model with age 108 years, metallicity Z = 0.14 Zo, and including the effect
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of binary evolution of massive stars; an SMC extinction curveﬁ was assumed.
More details on the choice of model and the fitting procedure can be found
in Steidel et al. (2016, 2018) and Theios et al. (2019).
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Figure 2.4: Normalized composite spectra of the foreground galaxies in this
sample when viewed down the barrel (top, purple) plus four Dy, bins rang-
ing from 8 — 250 kpc utilizing background galaxies as a continuum source.
The spectra are offset by 0.5 from one another for ease of visualization. Each
spectrum’s minimum, maximum, and median (shown in parentheses) sam-
pled Dyan is labeled in the plot along with the number of pairs contributing
to each stack. Note that the number of pairs varies as a function of wave-
length with fewer pairs contributing at shorter wavelengths. The two counts
specify the number of pairs contributing at Ly and C IV respectively. Typ-
ical far-UV resonant transitions are marked with vertical dotted lines and
labeled at the bottom of the plot.

Stacks from several Dy;an bins are shown in Figure offset from one another
for clarity. We observe prominent Lya and C IV over the widest range of
impact parameters, plus Si III, Si 1V, Si I A1260, and Si II A1526 primarily
in the small impact parameter bin ((Dyan) = 50 kpc; green spectrum). The

5Ay =2.74E(B - V) for the SMC extinction curve.
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number of objects contributing to the final stack varies by a factor of ~ 2,
largely due to the underlying redshift distribution (1.4 < zf < 3.2; see
the right panel of Figure and the short wavelength UV cutoff of the
spectra (~ 3500 A). As one moves to higher zgg, correspondingly higher zy,g
objects are required to measure shorter rest-wavelength transitions (e.g. Si III
A1206) which invariably fall in the Ly« forest of the background spectrum.
The noise level is also somewhat higher at the short wavelength end of the
spectrum as compared with a region around e.g. 1500 A because many of
the spectra cut off at shorter wavelengths and fewer pairs end up being
averaged. There is also some small scale variability in the number of spectra
contributing at a particular wavelength that arises from trimming and/or
masking of particular spectral features at the redshift of the background
galaxies.

2.5 Absorption Trends from Composite Spectra

With a method for stacking galaxy pairs in hand, we proceeded to construct
a suite of composite spectra for Dyan between 8 kpc (the minimum pair
separation) and 250 kpc, with the goal of sampling the changing absorption
profiles over increasing galactocentric radius. Bins sampling projected dis-
tances Diran S 100 kpc are typically 30 kpc wide and are spaced in 10 kpc
intervals (i.e. 840 kpcﬂ 20-50kpc, ...,100-130 kpc). The number of pairs
contributing to a particular stack ranges from ~ 50 at Diran = 30 kpc to ~ 200
at Diran = 100 kpc which ensures any supposed absorption is real and easily
discernible (Appendix 2.10). As an illustration, Lya and C IV absorption
in several such stacks is shown in Figure we will revisit these spectra
in Section These bins are not unique however; choosing different bin
endpoints and/or spacing does not significantly alter the results presented
below because the underlying distribution being sampled is the same.

Since the number of pairs increases with Dyan (Figure , it becomes pos-
sible to sample smaller impact parameter intervals while maintaining a
comparable continuum S/N. On the other hand, the absorption features be-
come weaker and less variable outside of the virial radius (Ryir = 90 kpc for
a typical halo in our sample). As a compromise, for 100 S Diran/kpc < 250
we maintain 30 kpc bins but increase the spacing to 15 kpc (i.e. 115 — 145
kpc, 130 — 160 kpc, ..., 220 — 250 kpc). The 10-15 kpc spacing between

6 All but one of the (zfg,Zbg) pairs have Dian > 10 kpe.
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the bins means that every other or every third bin contains a unique set of
background /foreground pairs or, depending on Diran, at least ~ 30 — 50% of
the pairs differ between adjacent bins. The benefit to this “moving average"
type sampling is a reduced susceptibility to outlier spectra and an increased
resolution at small Diran. We use these bins for the majority of the analysis

with the full pair sample and specify cases for which the binning differs.

Quantitative measurements of absorption features

Absorption features in the stacked composite spectra represent averages over
many lines of sight through the CGM of foreground galaxies, each of which
is already a spatial average over several kpc as discussed above, so that we
do not attempt to measure column densities or Doppler parameters as one
might using high resolution QSO spectra. The kinematics of the absorption
line profiles convey information about the average velocity distribution (rel-
ative to zgg) of gas giving rise to a given transition, while the relative depth
of the absorption as a function of velocity is proportional to the fraction of
the area of the beam footprint with significant optical depth at a particular
LOS velocity in the transition; both are affected by the effective resolving

power of the composite spectra.

To quantify the absorption features in a model-independent way, for each
transition in the composite spectra we measured the rest-frame equivalent
width W), the velocity centroid (first moment) of the absorption feature rel-
ative to the systemic velocity of the foreground galaxy (Av), and the second
moment (o) as a proxy for the velocity dispersion. For the DTB composite,
each quantity was computed via direct integration over the region where
the flux was below the continuumﬂ The Diran > 8 kpc composites have
comparatively lower continuum S/N so each metric was instead computed
over the velocity range [v| < 700 km s‘1 Since the background galaxy spec-
tra (Diran > 8 kpc) measure absorption throughout the foreground galaxy
halo and DTB spectra probe only gas “in front" of the galaxy along our line

7 At this spectral resolution, the DTB ¢(C II) measurement is contaminated by the pres-
ence of the associated nonresonant C II* A1335.62 emission line which “fills in” the red side
of the absorption feature. To compensate, we fit a double Gaussian to both features and
define ¢(C II) as the standard deviation of the Gaussian absorption component.

8Given their close proximity, the integration region for O I 11302 and Si I A1304 was
truncated at A = 1303.3 A, the midpoint between the two features. Note that measuring the
Dyan > 0 kpc composites in the same manner as the DTB spectra increases the overall noise
but does not significantly alter the results presented below.
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of sight, we corrected the DTB W, and ¢ by multiplying the observed DTB
quantities by a factor of two (Table to approximate the total absorption
and velocity spread that would be observed along a line of sight at Dian = 0
kpc. Similar to the background error spectrum calculation, we ran 2000
Monte Carlo resamples of the stacked spectrum perturbed by a Gaussian
whose width was equal to the pixel noise level at each wavelength. Uncer-
tainties on W), Av, and ¢ were determined from the standard deviation of
the resulting parameter distributions. Absorptionline W,, o, all as functions
Of Diran, are shown in Figures and , respectively. These figures com-
prise the principal results of this study, and we will discuss them further in

Sections[2.5and 2.5

We note that a few of the low ionization lines are detected in only a subset
of the Diran bins, leading to some non-uniform sampling. In general, if low
ions or Lya are detected in a stack, then C IV tends to be as well simply
because there is a factor of ~ 2 increase in the number of pairs contributing
to a stack between Lya and C IV (recall the S/N is roughly proportional to
the number of pairs being averaged). The net result is that Lya and C IV
have the densest sampling in Diran, especially at Diran S 100 kpce since bins

where the low ionization features are detected can almost always be reused

to measure Lya or C IV.

Instrumental contributions to observed kinematics

In order to evaluate the significance of the observed kinematics of absorp-
tion features in the stacked spectra, we first evaluate the contributions of
the instrumental resolving power and redshift uncertainties to observed
kinematic profiles. As discussed in Section 1406/2738 (fneb = 51%)
of the foreground galaxies among the foreground /background galaxy pairs
have nebular redshift measurements from KBSS-MOSFIRE, which have very
small redshift uncertainties opep =~ 18 km s71, or Az < 0.0002 at z ~ 2 (see
Steidel et al., 2014); the remaining ( fuy = 49%) have uncertainties oyy =~ 100
km s7! (see Y. Chen et al., 2020; Steidel et al., [2018). Combining the two

velocity errors in quadrature weighted by their fractional contribution i.e.

6vsys = \/fneb(jlzleb + fUVG%IV (2.1)

implies the full galaxy pair sample has a systemic velocity uncertainty of
8Vsys & 71 km s71.
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The spectral resolving power for individual background galaxy spectra de-
pends on the instrument used to obtain them: for spectra obtained with
LRIS-B using the 600 line mm™! grism, we adopt orris = 107 km s71
((R) = 1200; Y. Chen et al. 2020), and for KCWI we use oxcwr = 71 km s71,
consistent with a spectral resolution (R) =~ 1800.

In a similar fashion to Equation

Ocomb = \/fLMSG%RIS + fKCWIO‘%(CWI (22)

where firis and fxcwi are the fractional contributions of background spectra
from each instrument to the total stack and oins are the respective spectral
resolving power. For the full Dyan < 250 kpc sample, 0comp = 99 km s
and for Diran < 100 kpc, 0comb = 90 km s7L.

Combining in quadrature the two sources of line broadening affecting the
composite (stacked) spectra — i.e, foreground galaxy systemic redshift un-

certainties and spectral resolution of the background galaxy spectra — we

find oot = 4/ (SUSYS + afomb ~ 122 km s™! for the full sample and oyt ~ 121

km s at Dyan < 100 kpc.

We adopt oiot = 122 km s as the effective instrumental resolution for
all composite spectra, meaning that the velocity width of any measured
(single line) spectral feature must be corrected by subtracting this value in
quadrature, and that real spectral features should have second moments
larger than o. In the case of the C IV doublet, which is usually blended
in composite spectra, the effective instrumental contribution to a measured
second moment for the full absorption feature (assuming each component
is broadened by oot = 122 km s‘l) is Otot,crv ~ 260 km s L.

We have subtracted (in quadrature) the appropriate instrumental contri-
bution oot (Or Otot,crv) from all second moment measurements presented
(Figure[2.6) to facilitate comparisons between velocity dispersions from dif-

ferent transitions.

Lya and C IV
Lya and C IV (in that order) are by far the strongest absorption features
detected in the composite spectra of background galaxies. We therefore

present these results before moving onto the low ions. Starting in one
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Figure 2.5: Absorption line W) vs. Dyran for several transitions (labeled in
the plot legends). The green C IV A 1549 points show the total equivalent
width integrating over the entire feature. Color coded bands show Wj
uncertainties and dashed lines are predicted W, from the model described
in Section 2.6 (best fit parameters are listed in Table

. In the top left plot, the horizontal error bar shows typical bin sizes for
all the transitions shown. The Y. Chen et al. (2020) W, (Lya) measurements
(with uncertainties) are shown in brown.

dimension, some representative stacks are presented in Figure[2.7]that show
how Lya (left) and C IV (right) change with Diyan. The same Dyran bins are
shown for ease of comparison, although as can be seen in, e.g., Figure
excess Lya absorption extends well beyond Dian = 100 kpe. For Lya and
C 1V, absorption starts out both stronger and more extended in velocity close
to the center of the galaxy and the profiles become shallower and narrower
with increasing Diran. Between Diran =~ 30 kpc and Diran = 100 kpc, Wi (Lya)
dropsby a factorof ~ 2 from2 Ato1 A (Figure and o(Lya) decreases from
340 km s7! to 270 km s71; a 21% reduction (Figure . In the same range
of projected distances, W, (C IV) drops by a factor of ~ 2 from 1.0 A to 0.5 A
and ¢(C IV) broadly follows o(Lya) with a velocity spread =~ 300 km s™1. In
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Figure 2.6: Second moment of the normalized absorption profiles (o) vs.
projected distance (Dyan) for transitions color coded in the legends of each
panel. As for Figure the C IV A 1549 (thin purple diamonds) measure-
ments are obtained by integrating over the entire doublet. The values of ¢
have been corrected for the instrumental contribution as discussed in Sec-
tion The black error bar in the lower lefthand corner of each panel
shows typical bin sizes (horizontal) and average bootstrap uncertainties on
the second moment (vertical) for each transition.

this case, W, (C IV) and ¢(C IV) were measured via direct integration over
the full doublet, without distinguishing between the individual transitions,
and o(C IV) were corrected as described in Section [2.5]

For Lya in the left panel of Figure 2.7 (see also Figure 2.8), we observe
a shifting velocity centroid with Dian: at Dyan S 50 kpe, Av(Lya) < 0
km s71; between Diyan ~ 50 — 125 kpc, Av(Lyar) =~ 100 km s™1, after which
point Av(Lya) is consistent with zero. We note that the relative scarcity
of galaxy pairs within =~ 100 kpc results in noisier stacks compared with
those at (Duan) 2 100 kpc where more lines of sight are probed. This
can be seen by comparing the dotted red and dotted purple error spectra;
the former has fewer (37) pairs contributing than the latter (116) and the
corresponding bootstrap uncertainty is increased by a factor of =~ 2. Despite
the larger uncertainty in absorption strength, the shifted trough persists
across multiple independent bins. We discuss the net blueshifted velocity

centroid at Dian S 50 kpc further in Appendix

~Y

While both Lya and C IV present a similar trend in decreasing W) and ¢
with increasing Dyran, the shape of the C IV absorption troughs changes
more significantly. In the Dy = 8 — 40 kpc bin (right panel of Figure 2.7),
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Figure 2.7: Left: Normalized and scaled Lya emission (thick line style;
Dgan = 0 kpc) and absorption (thin histogram line style; Dian > 0 kpc)
profiles plotted for several impact parameter bins. For a given impact pa-
rameter range, DTB foreground galaxy spectra were averaged to produce
an emission spectrum while background spectra were similarly averaged
to measure the absorption induced by the foreground galaxy’s CGM. The
range of Dian and the median are shown for each bin. Note that the Lya
emission is scaled down by a factor of 15 and translated vertically by +1
for display purposes. Right: C IV absorption profiles for the same bins in
Diran (with the same color scheme) as the left panel. The DTB (thick gray)
spectrum includes all foreground galaxies in pairs with Dian < 100 kpc.
In both panels, the number of pairs contributing to each stack at the wave-
length of interest is shown in the plot legends; “fg" subscripts correspond
to DTB spectra, while “bg" are measurements utilizing background spectra.
The vertical dashed lines show vsys = 0 km s~! for each transition and the
black error bar shows the effective resolution element of the stack. Note that
C IV 11550 is shown at v = 497 km s™! on the right hand panel. Normalized
background (DTB) error spectra from bootstrap resampling are plotted in a
dotted (dashed) line style and are color coded to match the stacked spectra.
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Figure 2.8: Lya (red) and C IV (blue) velocity centroids (Av) as a function
of Dyan. The C IV centroid was computed by integrating over the entire
doublet and Av(C IV) = 0 km s™! corresponds to the midpoint between the
two C IV transitions (A ~ 1549.480 A). The dotted blue horizontal lines at
Av = =250, +250 km s~} correspond to C IV 11548 and C IV A1550 relative
the fiducial velocity. The black error bar shows the average bin width and
bootstrap error on the velocity centroid.

both C IV 11548 and C IV A1550 present strong absorption near the systemic
velocity with an extended trough in velocity space out to vios =~ —300
km s7!in C IV 11548, and v10s =~ +300 km s7! in C IV A1550. We note
that W, (1550) is at least a factor of two larger than W, (1548) which would of
course be unphysical if one were measuring a single absorbing complex. In
Appendix we use stacked HIRES spectra of background QSOs to show
how such foreground absorption profiles can arise. At lower S/N, small
numbers of galaxy-galaxy pairs with a variety of absorption line strengths
and kinematic profiles (e.g. those with ¢(C IV) 2 500 km s71) can result in
net W, (1548)/W,(1550) < 1. At the same time, averages over small numbers
of pairs are also more sensitive to contamination by unrelated absorption
teatures from other redshifts. Moving to larger Diran, the subsequent bins in
Figure[2.7show a contracting velocity spread centered near zero velocity and
an increasing W, (1548)/W,(1550) ratio, approaching the DTB presentation.
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As an example, between Dy =~ 28 kpc and Diyan = 48 kpc, W;(1550)
diminishes by ~ 25% and the velocity dispersion reduces slightly from 300
km s7! to 230 km s~

We used the W,(1548)/W,(1550) ratio and Av(C IV) to estimate the change
in 7(C IV) with Dyan. Between Dyran = 30 kpc and Diran = 90 kpc, the average
W) (1548)/ W, (1550) ratio transitions from approximately one to two (Figure
2.7). When o(C 1V) is large, a more robust approach to measuring the gas
opacity involves the overall velocity centroid (Av(C IV)) integrating over the
full doublet. Measuring the velocity offset from Acent = 1549.480 A (the
average of the two C IV rest wavelengths), we would theoretically expect a
velocity centroid of Av ~ =90 km s~ for optically thin C IV absorption with
W, (1548)/W,(1550) = 2. Naturally, the velocity centroid would be centered
at Av = 0 km s7! for the optically thick doublet (W,(1548)/W,(1550) = 1).

Between Diyan =~ 30 kpc and Dyan = 100 kpc, Av(C IV) blueshifts by =~ 300
km s7! from Av(C IV) ~ +200 km s7! to Av(C IV) ~ —100 km s~! (Figure
. The majority of the C IV bins show Av < =90 km g1 beyond Diran = 60
kpc and the average W, (1548)/W,(1550) changes from a 1:1 to a 2:1 ratio,
consistent with a transition from optically thick to optically thin gas with
increasing Diran. The gradient in line strength is largest at Dian = 50 kpc,
but the noise in both the Av(C IV) and W,(1548)/W,(1550) measurements
suggests that some optically thick C IV may persist to Dian = 90 kpc.

Beyond Diran = 100 kpc, the C IV absorption signal becomes weaker and
the marginal S/N prevents an accurate determination of W, (C IV) ratios.
Physically, the equivalent width ratio likely remains at or around two but
the number of pairs in our sample is insufficient to distinguish C IV 11550
from the continuum. Indeed, the consistently negative Av(C IV) values at
Dgan 2 80 kpc indicate that optically thin C IV is still present out to at least
Dyan = 125 kpc; beyond this projected distance, the S/N is not sufficient to

make a reliable velocity centroid measurement.

Low Ions

In addition to Lya and C IV, we attempted to measure additional far-UV
low ionization interstellar absorption transitions in the stacked spectra. Fig-
ure [2.9/shows several far-UV transitions where the absorption profiles vary

significantly with Diran and provides a visualization of the changing W, and
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Figure 2.9: Normalized intensity profiles for several strong far-UV transi-
tions, measured DTB (thick black) and at Dian between 8 and 75 kpc (median
Diran shown in parentheses). The legend specifies the map between line color
and range of Dyyan. The plotted colors move from blue to red across the rain-
bow with increasing Dian €.8., Dian = 25 kpc is blue and Dyan = 63 kpc
is red. Black vertical dotted lines show vsys and dashed lines show nearby
transitions where appropriate (Si II A1304 and C II* A1335). Regions of the
spectrum contaminated by such nearby transitions are shown with a dotted
line style. The black error bar shows the effective velocity resolution. This
figure is in contrast to Figure which shows different transitions within
the same bin.

o measured in Figures and respectively. As expected, DTB (Dyran =0
kpc) absorption is considerably stronger for all transitions when compared
with background galaxy sightlines (Dian > 10 kpc). Among the Diran > 10
kpc spectra, the trend continues: absorption strength for all transitions de-
creases With Diran. In particular, O I and Si IV show the largest change in
both absorption strength and velocity extent over the other transitions.
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Figure 2.10: Normalized far-UV absorption features on a unified velocity
scale for several different transitions DTB (Dyan = 0 kpc) and at three nonzero
projected distances (separated by column). The range of Diran and number of
galaxy pairs in that range are listed in the title in a similar format to previous
tigures. The ions being compared are shown in the legend. The vertical
dashed line shows the systemic velocity of the foreground galaxy stack
and the black error bar at the bottom shows the effective spectral resolution.
Spectral regions contaminated by neighboring features are shown in a dotted
line style. This plot differs from Figure[2.9)in that several transitions are being
compared at a fixed Diran, as opposed to comparing the effect of Dyran for a
fixed transition.



Table 2.1: DTB Equivalent Width Measurements and Model Fits”

Line A Wf ;’ corr Yout Reft 01 f ¢, max, out
(A) (A) (A) (kpo)  (kms™)

Silr 120651 1.09 +0.06 219+0.12 0.19 £0.01 > 250 711 £102 0.43+0.06
Lya 1215.67 0.33 £ 0.02 > 250 734 £ 150 0.67¢
Silmt 126042 1.38+0.03 2.75+£0.06 0.25+0.03 >250 709+ 32 0.52+0.02
OI1 1302.2 1.00 + 0.024 201+£0.05 027+£0.03 92+22 616+ 25 0.43+£0.02
Sim 13044 1.16 +0.02¢ 2.31+0.05 041+0.06 123+37 704+ 28 0.44+0.02
CII 133453 1.16 +0.02 231+0.05 0.20+0.01 191+78 632+ 23 0.46+0.02
SiIlv 1393.76 1.23+0.02 247 +0.04 0.33+0.03 > 250 685+ 21 0.44+0.01
Silv  1402.77 0.78 £0.02 1.55+0.04 0.24 +0.04 > 250 664+ 20 0.28 +£0.01
Silt  1526.72 1.39 +£0.02 2.77+0.04 031+0.02 114+62 655+ 19 0.48+0.01
CIvV 1549.0 1.50=+0.02 3.00+0.056 0.27+0.01 >250 822+ 26 0.40+0.01
Fell 1608.45 0.70+0.02 1.40+0.04 0.32+0.07 102+34 59+ 17 0.25+0.01
Alll 1670.81 1.02+0.03 204+0.05 044+0.09 10052 616+ 20 0.35+0.01

“ The full set of foreground galaxies in this sample have median stellar mass log(M./Ms) = 9.6 + 0.8 (Figure[2.3).

b W) are measured equivalent widths from DTB spectra (Diran = 0 kpc). W) (C IV) is computed by integrating over the full doublet.

¢ Wi, corr are corrected equivalent widths assuming one is looking through a full halo endowed with a symmetric velocity distribution
(i.e. Wi, corr = 2W)). The DTB W), corr are used in Figure[2.5]

4 At the spectral resolution of the sample, the DTB O I 11302 and Si Il 11304 lines are blended. We measure W, (1304.4) by scaling the
Si I A1260 profile to the red wing of the Si IT 11304 absorption feature; W, (1302.2) is computed by subtracting off the scaled Si II 11260
profile from the blended (O I + Si II) profile and measuring the residual absorption.

¢ fe,max(Lya) is the sum of the two best fit f. max components in the 2D model. See Section [2.6]and Table 2.2|for details.

LE
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As a group, the high ions (Si III, C IV, and Si IV) have shallower declines in
Wi with Diran compared to the low ions. Whereas the low ions (excluding
Si I A1260) become undetectable within Dian < 250 kpc, the high ions
are present over the full range of Diran sampled. C II, Si II, O 1, and Lya
are all consistent with one another in their W, dependence (especially at
Dgan < 100 kpc) while weaker transitions like Al II and Si IT 11526 tend to
tall off the fastest with projected distance. The exception to this trend is Si II
A1260 which tracks Si II 11526 steadily until Dyran = 50 kpc but maintains a
larger W) beyond that impact parameter.

We compare the Si II 11260 and Si I A1526 W) ratios to see how Si II optical
depth varies with Dyan. Down the barrel, W, (1260)/W;(1526) = 1 (Table
implying both Si I 11260 and Si I A1526 are strongly saturated. However,
the DTB spectra in the top left panel of Figure show a divergence of
velocities between Si I A1260 (green) and Si II 11526 (orange) on the blue
side of the line suggesting that high velocity outflowing gas may be less
strongly saturated than gas at Av > —200 km s™!. Comparing W, (1260)
and W) (1526) with Dyan (see Figures and 2.10), we find Si II remains
saturated through Dyan =~ 50 kpc, at which point W, (1526) begins to fall
off more rapidly than W, (1260). At Dian = 75 kpc, Wx(1260)/Wx(1526) ~ 2
(t(1526) ~ 1.7, assuming the flat part of the curve of growth). We note that
W1 (1260)/ W, (1526) = 6.25 in the optically thin limit so beyond Dian =~ 100
kpc, Si I 1526 is unsaturated and we measure an optically thin Si II column
density of log(N(Si II)/cm™2) ~ 12.9. We lack sufficient S/N to measure
both transitions beyond Dian =~ 125 kpc.

Figures and provide two complementary views on how each ion
evolves with Dian and how the profiles between transitions compare. While
all lines show a decrease in absorption strength and velocity dispersion
with increasing Dian, the higher ionization lines like C IV and Si IV have a
slightly broader velocity range at all Dian than observed for O I and C IL
Unlike the other transitions, Si IV has an extended red wing that extends to
v1r0s = 700 km s™! for Diran < 50 kpc and similar to C IV, W, (1393) /W, (1402)
increases with Dian as N(SiIV) decreases. The dichotomy between lower
and higher ionization species is in agreement with previous QSO studies
(see e.g. Rauch et al., 2001} Rudie et al., 2019) which have shown that higher
ionization species probe a wider range of both Nyy and velocity.
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Figure 2.11: Left: Maps of Lya covering fraction (f; Equation as a func-
tion of v10s and Dyran. The darker regions correspond to deeper absorption
troughs and thus higher covering fractions. Center: f.(Lya) folded about
vros = 0kms™!. Right: The Lya S/N map, associated with the unfolded Lya
map (computed over the full range of vpos). The escape velocity, circular
velocity, and virial radius for a Mpa1o = 10'2 My NFW halo are denoted in
red, green, and black, respectively. Contours are plotted where applicable
on each respective colorbar. Lya contours are separated by Af. = 0.1 and
S/N contours proceed in increments of three i.e., A(S/N) = 3. The black
error bar in the top right of the left-hand panel shows the average bin size
and effective LOS velocity resolution.

Like the DTB spectra, Figure shows that all of the low ions and all of
the high ions share similar respective profiles. The velocity extent of the
metal lines agree to within ~ 100 km s71 in the Dyan =~ 32 kpc bin and
the amplitudes are consistent to within the bootstrap uncertainties. The
decreasing absorption strength with Dy., makes this type of comparison
more difficult at larger projected distances due to the reduced S/N in each
line, so we restrict these plots to Dian S 50 kpc. Of the low ionization lines,
O TIand C II show the best agreement with one another for Diran S 50 kpc.

2-D Absorption Maps

In addition to one-dimensional spectra, we constructed a two-dimensional

map of covering fraction

fo1 FO
cont(v)

as a function of v1pos and Dyran; this is shown in Figure In Equation

F(v) is the flux density measured for a stacked spectrum and Feont(v)

is the level of the continuum. When working with normalized spectra,

(2.3)
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Feont(v) would naturally be one. Recall that the covering fraction f, is best
interpreted as an excess optical depth (at a particular velocity and Diran)
since we do not measure the total optical depth along the line of sight. For
ease of visualization, we “fold” the Lya map about v10s = 0 km s71 by taking
the average of the red and blue halves of the velocity range. In other words,
fc(Diran, vL0s) = {fc(Diran, £vL0s)); the folded map is shown in the middle

panel of Figure

We know from QSO sightlines through the CGM for a fraction of the galaxies
in this sample that H Iand metals at these projected distances are clumpy and
comprise several discrete velocity components (Rudie et al.,2012). Although
absorption is seen at velocities |[Av| < 700 km s7?, the individual velocity
components do not span the full range of velocities meaning large swaths
of velocity space may show little to no absorption. Where present however,
most complexes have Ny 2 105 em™2 such that Lya is saturated. At low
resolution, as in Figure the Lya absorption profile shows the variation
in velocity and f. of the clumps along the line of sight.

On that point, the two-dimensional maps in Figure illustrate the spatial
and velocity extent of Lya with the corresponding S/N shown in the right-
hand panel. Given that these are compilations of one-dimensional stacks
(selected examples of which are shown in Figure 2.7), they support the as-
sertions made in Section 2.5} i.e. Lya starts out with extended absorption at
small Dyran which becomes shallower (both in f. and v10s) as galactocentric
radius increases. The two-dimensional representation highlights the loca-
tion of the velocity centroid and how that evolves with Dy, Interestingly,
Lya absorption is the strongest within Diran S 50 kpe at 05 = =250 km s
indicative of a blue-dominated velocity asymmetry. Moving to larger Diran,
the velocity centroid shifts to v os =~ 100 km g1 by Diran = 80 kpc and Lya
absorption appears skewed by Av ~ +100 km s~! for Dyn < 200 kpc. Both
of these asymmetries are discussed in Appendix

2.6 A semianalytic model

In the vein of Steidel et al. (2010) and Y. Chen et al. (2020), we constructed
a simple analytic model to reconcile DTB observations and absorption from
composite spectra with Dyan > 0 kpc. This model is empirically motivated

and attempts to broadly capture the trends we measure in the foreground
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and background spectra: a general decrease in LOS velocity spread and
covering fraction with Dian. We begin by introducing the model parameters,
then establish models for the metal ions that reproduce the measured W,
VS. Dyran distribution observed in Figure (Section . In Section we
configure the model to output 2-D maps of covering fraction and use it to
better understand the main features in measured the 2-D Ly« f. distribution

(Figure [2.11).

Modeling 1-D Composites

Given its simplicity and its prior success in matching the observed change
in W) with Dyan, we apply the Steidel et al. (2010) outflow model to the
current dataset. We provide an overview of the model in this work and
direct the reader to that study for a complete description and motivation
for each parameter. As discussed in Section for a saturated transition
observed at low resolution (i.e. R ~ 1000 for our sample), the absorption
line profile depends on f. and the velocity (v) of gas along the line of sight.
The Steidel et al. (2010) model uses a simple parameterization of these two
components ( fc, v) to generate line profiles whose W, are consistent with the

W) vS. Diran distribution. We tailor this model to fit our W, measurements
(Figure 2.5) below.
The model velocity profile assumes an NFW halo (Navarro et al., 1996,

1997) where outflowing gas is initially accelerated to a maximum velocity v;
within a galactocentric radius r ~ 1 kpc and subsequently decelerates with
increasing Diran solely under the influence of gravity. The outflowing radial

velocity field is defined such that

R, r R,
where the NFW scale radius Rs = 27 kpc (Ryir = 90 kpc, given a concentra-

vout(r) = Jv% + A (_ In Rs +1 " lh’l Rs +r , (24)

tion parameter ¢ = 3.3) and

8nGpoR3
T kpc
for a NFW halo at z ~ 2.3 with mass Mpao = 102 My. The NEW halo
parameters are from Y. Chen et al. (2020) and were chosen to match the
mean KBSS halo.

~ 1.2 x 107 km?s72 (2.5)
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Analogous to Steidel et al. (2010), the gas opacity depends on a radially
varying covering fraction f.(r) such that fc out(*) = fc max,out? /" where
fe, max, out 1S the maximum covering fraction used to normalize the distri-
bution, Yoyt is the power law index, and r is once again the galactocentric
radius. The radial power-law form is a natural choice and, based on our
experiments, resulted in reasonable W, predictions over the range of Diran
sampled. Following Steidel et al. (2010), we define f; max,out as the deep-
est part of the absorption trough, relative to the continuum, and measure

fe, max, out for each ion using the composite DTB spectrum (see e.g. Figure

2.4).

Since the velocities we measure relative to the foreground galaxy systemic
redshift are projected along our LOS, we set up two grids: one in terms of
projected distance (Dian) and the other over a range of line of sight distances
(¢) such that each combination of of Dy.n and ¢ form a right triangle satisfying
2 = %> + D?

an- Lhe line of sight velocity for a given component is therefore

Z)LOS(Dtran; ) = év(r) = # U(T). (2.6)

D2, + 02
For each (Dyan, ) grid point, we measured velocities and covering fractions
and projected each into the v10s — Dyan plane using Equation For the
low ions whose W), fall off precipitously within Dyan < 250 kpc, we fit a
maximum outflow radius (Refr) beyond which there is no absorption. In
the case of the high ions (which extend beyond Dian = 250 kpc), we set
Regs = 500 kpc (twice the maximum Dyr,n of the pair sample) or to the radius
where f. was below the noise level of the observed composite spectra to

ensure f, represented absorption associated with the galaxy and not the
IGM.

The predicted W) (Dyan) are shown in Figure and their associated pa-
rameters are in Table The uncertainties on the model parameters are
derived from bootstrap resampling of the composite spectra (discussed in
Sections[2.4]and [2.5). The model captures the shallow dependence of W) on
Dyran reasonably well and the initial gas velocities (v1) are consistent with
the maximum outflow velocities measured in the DTB spectra. We concede
that Ref is clearly an unphysical simplification as real outflows are unlikely

to have such well-defined “edges”, but including this parameter allows for
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an accurate reproduction of the rapid decline in low ion W, with decreasing

column densities.

Modeling the 2-D Map

Given the successful fits to W, in Figure 2.5, we attempted to fit the 2-D Lya
absorption maps in a manner similar to Y. Chen et al. (2020). Despite having
slightly different parameterizations for each component and different output
formats, we note that the Steidel et al. (2010) and Y. Chen et al. (2020) models
fundamentally operate in the same way: both construct grids of f, and v 0s
to make absorption line profiles as functions of Diran; the Steidel et al. (2010)
model focuses on fitting W) while the Y. Chen et al. (2020) model fits the Lya
kinematics. The similarities between the current and previous two models
allowed us to extend the current model to output Lya absorption maps.
Importantly, our sample is restricted to Dyan < 250 kpc, while the Y. Chen
et al. (2020) sample extends to Dian =~ 4 Mpc.

We fit the Lya absorption map using the outflow component defined in
Section and to add additional opacity near v os = 0 km s! we added
a random velocity component that takes on a Gaussian velocity distribution
with constant velocity width (o,) with radiusﬂ In contrast to Y. Chen et
al. (2020), we neglect the Hubble expansion due to the close-in range of
Diran sampled. This represents the simplest parameterization of the non-
outflowing gas motions we observe. Again, we let the covering fraction
vary radially such that f. () = f;, max, ¥/~ where each symbol takes on a
similar meaning to those defined above. For simplicity, the random velocity
component operates independently of the outflowing component. Since
Lya extends beyond Dian = 250 kpc, we again set Rege = 500 kpc to ensure
only absorption associated with the galaxy is considered.

2-D Model Results

The observed Lya map has Av;os = 50 km st and ADyyan = 5 kpc sampling
Given the simplicity of the model and its inability to capture small variations
in covering fraction, we smoothed the observed Lya maps with a 2 pix X 2

pix Gaussian kernel (op,,, = 10 kpc and 04, = 100 km s71) so the broad

9As discussed in Y. Chen et al. (2020) and based on experimentation with the current
sample, a one-component “outflow only” model is insufficient to reproduce the observed
trends in the 2-D Lya absorption map.
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Figure 2.12: Left: Measured Lya covering fraction folded about vios = 0
km s7; Middle: Lya best-fit (outflow and random velocity gas) model;
Right: Lya absorption residuals (data — model). The observed and model
heatmaps have the same colorbar. The escape and circular velocities for a
Mhalo = 102 Mg NFW halo are shown in orange and magenta respectively
in conjunction with the approximate virial radius (lime green). The best-fit
model parameters are listed in Table

trends were captured and the fitting procedure was facilitated. Since the
model is symmetric around v;os = 0 km s™1, we use the folded map to
compensate for the asymmetry in the measured Lya absorption (especially
at Dyan S 50 kpc). We argue in Appendix that this asymmetry results
from foreground Lya emission contributing to the background absorption
teature, so the folded map bears a closer resemblance to the unaffected
signalF_le We employ the emcee (Foreman-Mackey et al., Markov chain
Monte Carlo (MCMC) sampler to find the best fit to the six (v1, v, fc, max, out,
fe, max,t, Vout, and ) model parameters given the smoothed Lya covering
fraction and uncertainty mapsEl We require the fit 0, to have a velocity
consistent with the random velocity dispersion of a 10'2 Mg, halo. The best
tit model is shown in the middle panel of Figure and the parameters
used to generate it are enumerated in Table[2.2]

19The “hole” in the folded Lya map at (Dgan, vL0s) = (0,0) most likely results from
foreground Lya emission.

1Since the observed Lya map is constructed using overlapping bins, in fitting we boost
the measured bootstrap uncertainties by =~ 7% (the largest difference in uncertainty be-
tween the adopted binning scheme and a set of independent bins) to account for bin-to-bin
covariance.
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Table 2.2: Best Fit Model Parameters

Component Parameter  Value

Outflow v1 (kms™) 781 f;;
fc, max, out 0.26 tg%g
Vout 040257

Random Velocity oy (kms™) 2193

+0.32
fc,max,r 041 —-0.38

0.36
Vr 0.32 J—ro.zz

In comparing the best fit models between Y. Chen et al. (2020) and our study
we first recall that the range of Dian sampled in Y. Chen et al. (2020) span
galactocentric radii larger by an order of magnitude than our current sample.
With this in mind, we note a few distinctions. The initial outflow velocity (v1)
is larger by 30% in the current sample (781 J_r;g km s~! vs. 603 f‘i’l kms™!) and
the velocity of gas near the systemic velocity (o,) is a factor of ~ 2.6 greater in
magnitude (219 J_“gi kms~!vs. -84 J_rg km s71). The finer sampling and higher
velocity resolution of the current sample means low- f., high-v1 os gas is more
readily detectable than in the Y. Chen et al. (2020) sample. Intuitively, the
outflowing component in the model establishes a high velocity (relatively
low optical depth) envelope while the non-outflowing velocity component
adds additional opacity at lower velocities centered around v = 0 km s™1.
Since the gas with the highest galactocentric velocity in both Y. Chen et al.
(2020) and this sample is found at Dian S 60 kpc, those are the impact
parameters that fix the model parameters of the outflowing component. In
contrast, an H I overdensity with [v| < 200 km s~! was observed throughout
the full 4 Mpc range in Y. Chen et al. (2020), gradually decreasing in optical
depth with Dian. When restricted to Dyan < 250 kpc, the velocity field
appears considerably more active than at larger galactocentric radii so the
constant velocity component (centered at v os = 0 km s7!) will naturally
take on a correspondingly higher value to match that velocity spread. It is
for this reason that although functionally similar to the “inflow” component
of the Y. Chen et al. (2020) model, we associate this component with gas with
random velocities or high optical depth non-radial flows since it is unlikely
that the excess optical depth at these galactocentric distances and velocities
results strictly from “inflowing” material.
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The random velocity gas has a covering fraction similar to that of the out-
flowing component, that is, fc, max,r ~ fc,max,out cOntrary to what was pre-
viously seen in Y. Chen et al. (2020). One can consider this element of the
model as absorption due to gas with velocities v10s < 300 km s7!, similar
to but not the same as an ISM component to a down-the-barrel absorption
line profile in a galaxy with outflowing material. For our sample, the ratio
fe, max,t/ fe, max,out = 1 suggests (perhaps unsurprisingly) most of the gas in
the CGM (Dyan < 250 kpc) is relatively slow moving (vros < 300 km s71)
but there exists an appreciable component of outflowing material.

More quantitatively, Figure shows the circular and escape velocities
for a Mpa1o = 102 Mg NFW halo. These curves treat ¥ = Dian and do not
account for velocity projection effects so the real radii may be larger and LOS
velocities may be smaller. As expected, the circular velocity approximately
matches the random velocity component since both are constrained by the
gravitational potential well of the average host galaxy. We observe the
escape velocity at the virial radius vesc(Rvir) = 400 km s7! is close to the
maximum velocity associated with the outflowing component. While most
of the absorbing gas has velocities less than the escape velocity (since those
are the velocities where this type of map is most sensitive), a nontrivial
fraction has the possibility of escaping the halo. As discussed in Section
Lya absorption is not the best probe of high velocity gas since higher
ionization lines sample a larger cross-section of the CGM, but the fact that a
nominal amount of H I exceeds vesc supports this hypothesis.

As discussed in Y. Chen et al. (2020) and above, the strictly radial depen-
dence of velocity and covering fraction is clearly an oversimplification of a
complex environment. With the improved resolution in both v10s and Dyran,
this simplification becomes even more suspect. We measure a clumpy dis-
tribution of Lya absorption due to variance in the constituent galaxy stacks;
two examples of regions with higher than average opacity can be seen in the
left panel of Figure at Dyan = 125 kpc and Dyan = 175 kpc. To model
these semianalytically, either non-radial covering fraction and velocity pro-
files would need to be implemented or a third component would need to be
added for this express purpose, but since these features are most likely sys-
tematic noise, further complications to the model may be unjustified. That
being said, the qualitative picture of outflowing material superposed with
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ambient CGM gas bound to the galaxy is supported by both the Lya map
and model.

Interestingly, the observed Lya map (Figure has a step in the velocity
tield at approximately the virial radius for the average foreground galaxy
halo (Ryir = 80 kpc) where the velocity spread decreases from ~ 750 km g1
to ~ 500 km s~!; we denote the approximate virial radius as a green dotted
line in the left panel of Figure Despite its simplicity, the random
velocity component of the model shows a marked downturn in absorption
strength at approximately the same projected distance. We conjecture that
this could be a site where outflowing and inflowing gas are both present
and would therefore result in a smaller average velocity when measured
spectroscopically. The data are unable to show the degree (or lack thereof)
to which the two components interact or mix but considering that the model
treats the outflowing and random velocity components as separate sources
of excess absorption, even noninteracting gas streams may produce this
“pinch” in the velocity field. In a situation where the two components

interact, the effect on the line of sight velocities could be more pronounced.



Table 2.3: Absorption Strength (W, ) vs. Foreground Galaxy Properties

Composite” Wi(Lya) Wi (C IV A 1549)°
[8,70] (51)¢ [70,100] (86) [100,250] (188) DTB [8,70] (51) [70,100] (86) [100,250] (188)
(A) (A) (A) (A) (&) (A) (A)

log(M./Mp) =9.0+0.5 0.85+0.20 1.03+0.14 0.63 +£0.07 1.77+0.03 0.47 +£0.10 0.71 +£0.09 0.23 £0.05
log(M./Mp) =9.6 +0.3 2.33+0.25 1.70 £ 0.21 1.01 £ 0.07 3.35+0.02 1.04+0.12 0.99+0.13 0.25+0.04
log(M./Mp) =102 +0.4 1.74 +£0.22 2.21+0.16 0.80 = 0.08 3.69+0.02 1.65+0.11 0.99 +0.11 0.44 +0.04
10g[SFR/(Moyr )] =0.6+03 1.82+0.19 1.31+0.14 074+0.06  235+0.02 0.75+0.09 0.86 = 0.08 0.43 +0.03
log[SFR/(Mo yr‘l)] =12+03 1.36=+0.15 1.15+0.14 0.77 £ 0.05 3.75+0.01 1.13+£0.09 0.98+0.10 0.31 +0.03
log(sSFR/Gyrfl) =-02+04 1.62 +£0.19 1.27 £0.15 0.76 = 0.06 3.24+0.02 090+0.08 0.59+0.08 0.33 +£0.03
log(sSFR/Gyr_l) =0.6+05 1.38 +0.17 1.00 +0.15 0.79 + 0.05 3.05+0.01 0.67=+0.10 1.03 +0.09 0.18 + 0.03
E(B-V)=0.07 £ 0.04 2.03+0.15 1.23+£0.14 0.74 £ 0.05 295+0.01 0.84+0.07 0.89+0.09 0.19 £ 0.03
E(B-V)=0.12+0.05 1.18 +0.18 1.44+0.14 0.89 £ 0.06 3.63+0.02 1.44+0.09 1.08 £0.08 0.28 £ 0.03
Full Sample 1.42 +£0.09 0.90 +£0.09 0.76 £ 0.04 3.00+£0.05 0.79+£0.06 0.67+0.06 0.26 £ 0.02

# The pair sample is split into tertiles in M.; the remaining subsamples are formed by splitting the pair sample in half at the median value of the
stellar population parameter. Each subsample’s median value and interquartile range are shown; see Figure [2.3]for the precise ranges of each
subsample. The corresponding spectra from which these values are derived are shown in Figures[2.13]Jand 2.14| Values from the full pair sample are
shown in the last row for comparison.

b W, (C 1v) is computed by integrating over the full doublet.
¢ In order: the minimum, maximum, and median Dirp (in kpc) for each bin.

4 The DTB W, (C IV) are corrected as discussed in Section (Cf. WA, corr in Table .

8¥



Table 2.4: Absorption Second Moments (o) vs. Foreground Galaxy Properties

Composite o(Lya) o(C1IV A1549)
[8,70] (51) [70,100] (86) [100,250] (188) DTB  [8,70] (51) [70,100](86) [100,250] (188)

(kms™1) (kms™1) (km s71) (kms)  (kms) (kms™1) (kms™1)
log(M./Mp) =9.0+0.5 209 £ 73 232 + 64 210 £ 49 473 + 35 89 + 89 343 + 51 457 £ 72
log(M./Mg) =9.6 0.3 299 + 28 281 + 36 215 + 28 544 + 8 282 + 54 352 +48 475 + 40
log(M./Mp) =102+ 0.4 284 + 32 359 + 14 231+ 35 592 +5 360 + 22 274 + 52 246 + 47
log[SFR/(Mo yr‘l)] =0.6+0.3 274 + 32 266 + 48 234 + 29 454 + 16 142 + 71 370 + 28 492 + 18
10g[SFR/(Moyr)] =12+03 259+40  282+42 166 + 36 558+5 353426 30136 214+ 52
log(sSFR/Gyr_l) =-02+04 300 = 29 304 + 34 240 + 27 516 £ 8 250 + 44 263 + 83 420 = 27
log(sSER/Gyr™!) = +0.6 £0.5 233448  252+54 172 +34 551+8 165479 298+ 34 255 + 83
E(B-V)=0.07+0.04 319+17 229 + 51 190 + 33 5017 136 + 54 428 + 27 338 +71
E(B-V)=0.12+0.05 192 + 53 325+24 234 + 20 563 + 6 401 £ 18 248 +75 365 + 35
Full Sample 261 +47 224 + 21 211 +18 514 + 17 232 + 46 288 + 87 378 + 26

Similar to Table[2.3] now with second moment measurements. The DTB ¢(C IV) are measured over the full doublet and corrected as discussed in
Section

6¥
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2.7 Dependence of CGM Absorption on Galaxy Properties

The current sample of (zg, zbg) galaxy pairs is larger in number, spans a
larger range of foreground galaxy properties, and has significantly higher
effective spectral resolving power than previous galaxy (zgg, zpg) pair sam-
ples at similar redshifts. In this section, we investigate whether sub-samples
(in bins of Diran) can reveal significant differences in the absorption W) and
kinematics (o) when divided according to inferred properties of the fore-
ground galaxies.

Using SED measurements of the foreground galaxies introduced in Sec-
tion we constructed subsamples based on M., SFR, sSFR, and E(B — V).
As discussed in Appendix[2.10} the stacked spectra we construct are always
“pair limited,” i.e., the S/N of the spectra and the corresponding ease of
detecting absorption features are both proportional to the number of sight-
lines being averaged. For this reason, the Dyan sampling achievable with
the SED-based sub-samples is considerably coarser that what was possible

using the full sample.

After some experimentation with various Dian bins, we settled on three
independent intervals of Dian: Diran = 8 —70 kpc, 70—100 kpc, and 100 —-250
kpc, which have median Dyan of 51, 86, and 188 kpc, respectively; the two
inner bins contain a total of 208 and 202 galaxy pairs, respectively. We focus
on Lya and C IV absorption, the only lines that are strong enough to allow
for splitting the samples into two or three sub-samples according to galaxy
properties while maintaining statistical power.

The distributions of galaxy properties inferred from SED fits for this sample
are shown in Figure While the Dyan = 100 — 250 kpc bin has =~ 80% of
the total foreground galaxies and is thus representative of the full sample,
the number of galaxies in the Dian = 8 — 70 kpc and Dyan = 70 — 100
kpc bins is smaller by almost an order of magnitude with respect to the
Dgan = 100- 250 kpc bin. That being said, the overall distributions of galaxy
properties sampled within each Diran bin remain similar to one another, and

representative of the full sample of foreground galaxies.

Initially, we split the four SED-derived distributions in half at their median
value, and constructed “low” and “high” sub-samples; see the leftmost col-
umn of Table Each subsample based on foreground galaxy properties
spans approximately 1.5 dex in M., 1 dex in SFR and sSFR, and 0.1 mag-
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Figure 2.13: Composite spectra in the vicinity of Lya (left column of each
panel) and C IV (right column of each panel) for sub-samples divided less
than (blue) and greater than (red) the median value of each of four SED-
derived galaxy properties: (a) M., (b) SFR, (c) sSFR, and (d) E(B— V). Within
each panel, the top spectra compare the results for Dian = 8 — 70 kpc, the
middle spectra for Diyan = 70 — 100 kpc, and the bottom spectra for Diran
= 100 — 250 kpc. The median value of the stellar population parameter
is printed in each, color-coded in the same way as the plotted spectra, for
the “low” and “high” sub-samples. Error spectra are shown as color-coded
dotted lines; the continuum level and systemic velocity of the foreground
galaxy are indicated with black dashed lines. Figure shows the full
distributions of the parameters.

nitudes in E(B — V). For each subsample, we followed the same procedure
(see Section as the full sample to construct stacked background galaxy
spectra that contain foreground objects satisfying a particular galaxy prop-
erty constraint (e.g. log[SFR/(Mg yr™')] < 0.6). These stacks were combined
using a trimmed mean, renormalized, and line profile measurements were
computed for Lya and C IV. W) and ¢ for each bin and absorption line
are given in Tables and respectively. Spectral cutouts of Lya and
C 1V for each galaxy property are shown in Figure The top row of
plots corresponds to spectra from the Diran = 8 — 70 kpc bin, the middle has
Dgan = 70—100 kpc, and the bottom shows Dyran, = 100—-250 kpc composites.
The results for C IV are shown in Figure discussed below.
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Figure 2.14: C IV absorption profiles for three independent sub-samples of
M., in four bins of Diran: from left to right, DTB (Diran = 0 kpc) spectra, the
Diran = 8 = 70 kpc bin, Dyan = 70 — 100 kpc bin, and Dyran = 100 — 250 kpc
bin are shown. Blue, green, and red spectra correspond to the first, second,
and third tertiles of M.. The legend shows the median log(M./My) for each
sub-sample.

Clv

The most significant correlation between a galaxy property and the corre-
sponding CGM absorption is found for M, versus C IV absorption, where
the higher-M, sub-sample has W, (CIV) = 2x greater than the low-M. bin at
all Diran shown in Figure Given the difference in C IV strength for the
two M. subsamples, we split the sample into three bins of ME the results
for C IV in tertiles of M. are shown in Figure where we have included
the DTB spectra for each M. sub-sample. The first three rows of Tables

and 2.4 summarize the numerical results.

The upper left panel of Figure summarizes the W, (CIV) measured (as
a function of Dyran) from each mass-binned spectrum. Figure shows
the C IV absorption profiles for three M. bins, with median M. values
log(M./Mgp) = 9.0, 9.6, and 10.2 in four different bins of Diran: (Diran) = 0,
(Dtran) = 51, (Diran) = 86, and (Diran) = 188 kpc. As the figure shows
(see also Table[2.3), the trend of monotonically increasing C IV absorption
strength with M. exists in all four Dian bins, illustrated graphically in the
upper lefthand panel of Figure The highest mass M. bin has W, (CIV)
exceeding that of the lowest-mass bin by factors ranging from 1.9 — 3.5, with
the largest difference found for the (Dian) = 51 kpc bin, where the spectra
for all three M. bins are detected with very high significance.

125plitting the sample into a larger number of M., bins results in stacks with an insufficient
number of pairs to successfully detect C IV.
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Figure 2.15: Top: W)(C IV) vs. Diran (left; see Table and projected dis-
tance normalized by Ry;, (right) for the three M. tertiles (blue, green, and
red curves show increasing M., as indicated in the legend). Bottom: The
line-of-sight velocity second moment o(C IV) vs. Dyan (left; see Table
and vs. Diran/ Ryir (right). The plotted values of ¢ have been corrected for the
instrumental contribution as described in Section The vertical dashed
lines in the two lefthand panels indicate the estimated Ryi, for the corre-
sponding M. bin, as discussed in the text. The “Full Sample” data, which
provide finer sampling of Dian, are the same as those plotted in Figures

and

It has become common practice to assume that the galactocentric distance
to which one expects to observe CGM metals associated with a given galaxy
may be related to the virial radius Ryir of the corresponding dark matter
halos. Figure includes vertical dashed, color-coded lines indicating
the approximate Ryir corresponding each of the three M. bins. The values
adopted are Ryir = 53, 86, and 137 kpc for the three M. bins, based on
dark matter halos with (log(Mhnao/Mo)) = 11.9 at the median stellar mass
log(M./Mg) = 9.6 for the KBSS sample (R. F. Trainor & Steidel, 2012). We
estimated Ry, for the other two M. bins by assuming that the ratio M./ My, is
the same as that of the full KBSS sampl, so that (Ryir) « M*1 /3. The upper

13The median halo masses for the low-M, and high M, bins under this assumption would
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right panel of Figure shows the same data as the upper left panel, but
with Dyran scaled by the estimated Ry, for each M, sub-sample. The similar
appearance of W, (CIV) vs. Dyan/Ryir for the three M., sub-samples certainly
suggests that Ryi may play a significant role in determining the extent of
absorbing gas — with the largest changes in the total C IV absorption strength
occurring within Ry, while all three M. bins reach a similar “plateau” in
Wi (CIV) between Dian ~ 1 — 3 Ryir.

The average W, (CIV) among the M., bins is affected by both the depth of the
absorption features — which depends on the covering fraction and/or the
mean N(C IV) as a function of LOS velocity — and on the extent in velocity
space of the absorption feature. The latter can be characterized by the second
moment ¢(C IV), which is shown in the bottom panels of Figure The
lower left panel shows that the dispersion in velocity of the mean C IV
absorption has a similar monotonic behavior of increasing ¢(C IV) with M.,
particularly in the inner two bins of Dian, and is largely responsible for the
most significant difference in absorption strength vs. M., in the (Dyan) = 51
kpc bin. The lowest M.bin reaches a clear minimum o¢(C IV) at (Dyan) = 51
kpc, where it is consistent with being unresolved (o = 89 + 89 km s™1)—and
corresponds closely to the estimated Ry, for (log(M./Mg)) = 9.0 galaxies.

The values of o(C IV) for the M. sub-samples become statistically indistin-
guishable in the (Diran) = 86 kpc bin; by (Diran) = 188 kpc the two lower
mass bins have nominal ¢(C IV) = 500 km s™!, which suggests that, though
net C IV absorption is detected, it is not concentrated at the systemic redshift
of the foreground galaxy, but is instead nearly uniformly distributed within
the velocity window used for the measurement. In contrast, the highest
M. bin has a significantly lower o(C IV) at large Dy.n, suggesting that the
C IV absorbing gas remains gravitationally influenced by the presence of the
foreground galaxy, with a line-of-sight velocity dispersion consistent with
the circular velocity of the host halos log(My/Mog) =~ 12.5.

Aside from the M. dependence of C IV absorption, there is some evidence
that the high SFR sub-sample has significantly higher W3 (C IV) and ¢(C IV)
than that of the lower-SFR sub-sample, at least for the DTB and (Dran) = 50

kpc bins (Tables2.3land 2.4). A similar trend may be present for the E(B—V)
sub-samples, in the sense that more reddened galaxies exhibit stronger C IV

be log(Mhpalo/Mo) = 11.3 and 12.5, respectively.
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absorption with higher ¢(C IV); however, both of these trends might be
explained by the correlation of higher SFR and E(B — V') with M. within the
foreground galaxy ensemble.

Lya
log(M./My)
— 9.0%05
31 31 —— 9.6+0.3
o = —+ 10204
g g -4~ Full Sample (9.6 = 0.8)
82 32
> >
- -
S S
14 11
0 y - " 0 - | }
0 50 100 150 200 0 1 2 3
Dran (kpc) Dtran/Rvir
600 : : : 600 1
1 [ 1
500 i | 5001
—_ ] 1 1 —_
— 1 —
» 4001 : ! : \n 400
§ ' g
= 300 = 300
] o]
> >
= 200 = 200
B 1 \ 1 B
100 | | | 100 |
| ! I
0 i L L 0 r - T
0 50 100 150 200 0 1 2 3
Dtran (kpc) Dtran/Rvir

Figure 2.16: As for Figure but for Lya absorption (see Tables [2.3[and
. The “Full Sample” data, which provide finer sampling of Diran, are the
same as those plotted in Figures[2.5and

While Lya absorption strength W) (Lya) and velocity dispersion o(Lya)
generally increase with M the trend is not monotonic at all Dy;an, and the
differences between M. sub-samples are significant at > 20 level only within
the (Dgan) = 86 kpc bin, where both W, (Lya) and o(Lya) are positively
correlated with M, (Figure Tables[2.3|and [2.4). Unlike what was found
for C 1V (Figure , there is no significant difference in o(Lya) in the
(Dtran) = 188 kpc bin of impact parameter, with values of o(Lya) comparable
to that of the highest M. sub-sample for ¢(C IV) at the same Dyan — likely
due to the fact that Lya remains well-detected (2 100) for all 3 M. sub-
samples out to 2 200 kpc. The large number of galaxy pairs available at

14The DTB Lya absorption is confused by strong Lya emission in the centers of the
foreground galaxies, so we do not attempt a Diran = 0 measurement; see Figure[2.7]
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large Diran, together with a “smoother” local continuum level against which
to observe the excess Lya absorption, helps to suppress the systematic noise
in the composite spectra. We discuss the behavior of Lya kinematics and
absorption strength vs. Dyran for the full sample in Section

The Lya profiles in the two independent sub-samples of SFR, sSFR, and
E(B — V) are largely consistent with one another (Figure 2.13). The profiles
become smoother at larger Dyran because larger number sightlines are being
averaged, but there is no discernible trend across all three bins. Although
the sub-samples divided by galaxy properties do not show large variations
in Lya absorption, we again note that the apparent Lya absorption profiles
(both in velocity and apparent optical depth) in the composite spectra of
background galaxies for Dyan S 100 kpe can be significantly affected by
extended Lya emission from the foreground galaxies. This effect, which
depends on the intensity and kinematics of the Lya emission halos of the
foreground galaxies relative to the apparent magnitude of the background
galaxies against which the absorption is being measured, may be responsible

for some of the stochastic behavior of Lya absorption profiles. We discuss
this issue further in Appendix and also in Section

2.8 Discussion

The current study further constrains the distribution of baryons in the z ~ 2
CGM. Fundamentally, we notice a decrease in W) and ¢ with increasing Diran
for all transitions studied. The CGM ionization state changes with Din:
WA(C 1) /Wi (C 1V), W (Si IT) /W, (Si TIT), and W, (Si IT)/ W, (Si IV) all decrease
with Dyan consistent with a reduction of cool, dense gas along the line of
sight. The decreasing W, with approximately constant ¢ in the low ions
can be explained by a decreasing gas column density, either in the metals
themselves or in the H I that self-shields them.

Kinematically, o(Lya) and o(C IV) decrease with Dyan and both reach a
minimum at approximately the virial radius of the average galaxy in our
sample. Taken together with the blueshifted absorption features in the DTB
spectra, it follows that the gas motions at Dyan S Ryir result from optically

30 kpc
of the average foreground galaxy. Lya and C IV within Dyan S 50 kpc

thick outflows, the fastest of which are localized to within Dipan <

~

have absorption at velocities in excess of the escape velocity suggesting that
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some gas is unbound from the galaxy. This technique is only sensitive to
excess absorption associated with foreground galaxies so it is not possible
to quantify precisely how much gas escapes the system; gas with vios >
Vesc Would typically appear as contamination at nearby wavelengths in the
composite spectra. We interpret the minimum in the o vs. Diyan distribution
as a caustic between outflows that dominated the absorption within Diran S
100 kpc and gas with velocities less than vr.. This represents the extent of
the galaxy’s influence on its CGM. The absorption at Diran = Ryir may result
from inflowing gas, which tends to have o < v (e.g. Rubin et al.,2012), or
the bound ambient CGM. We attribute the increase in ¢(C IV) at Dyan = 100
kpc to an increasing number of nearby (but unrelated) C IV systems that
serve to broaden the composite C IV absorption profile. These systems
are increasingly unlikely to be causally connected with the CGM of the
foreground galaxy as Dyan increases, but with the current stacking strategy,
it is not possible to directly isolate those associated with the foreground
system.

In addition to the full sample, the mass-separated Lya and C IV measure-
ments provide additional clarity into the dynamical signatures of the z ~ 2
CGM. The strong dependence of C IV absorption strength on stellar mass
suggests that sightlines through higher mass halos are sampling larger CGM
volumes. The general agreement between mass subsamples when Dyyap, is
normalized by the virial radius further supports this assertion and suggests
that Ryir — and by extension dark matter halo mass —is a fundamental quan-
tity underpinning the gas distribution of the CGM. Moreover, Ry sets a
relative scale over which a galaxy can have a significant effect on its CGM.
The overall agreement of ¢ vs. Diran/Rvir may suggest that C IV is similarly
distributed throughout halos of varying sizes. Despite the coarse sampling,
the slight dependence of o on M. (especially at Dyan S Ryir) supports a
picture of feedback where more massive galaxies drive faster outflows, and
the outflowing gas associated with more massive galaxies in turn appears
to permeate further into the CGM.

Comparison to Prior Observations

The enhanced excess Lya absorption extending out to the maximum Dirap, of
the sample (Dian = 250 kpc) is consistent with Rudie et al. (2012) and Turner
etal. (2014) using KBSS QSO lines of sight and Steidel et al. (2010) and Y. Chen
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et al. (2020) with KBSS galaxy pairs. The measured Lya equivalent widths
and the inferred radial dependence of the covering fraction (f.(r) oc r70-3%)
in particular closely match the dependencies seen in Y. Chen et al. (2020)
and Steidel et al. (2010), respectively. The Y. Chen et al. (2020) W) (Lya)
measurements are shown in Figure (brown curve) for comparison and
both W) (Lya) agree well with one another. Note that in Steidel et al. (2010),
Wi(Lya) at 100 < (Diran)/kpc < 250 were computed from HIRES spectra of
QSO-galaxy pairs while Y. Chen et al. (2020) used galaxy-galaxy pairs for
all Diran < 4 Mpc. In addition, we find a reduced in W)(Lya) and o(Lya)
between 75 < Diran/kpc < 125 in accordance with the Y. Chen et al. (2020)
results. Given the large overlap in galaxy pairs between Steidel et al. (2010),
Y. Chen et al. (2020), and this sample, it is not surprising that the equivalent

widths show large agreement.

Outside of the KBSS sample, the anticorrelation between W) and Dyran for
Lya and metals in the CGM has been well established for galaxies across a
range of masses and redshifts. Kacprzak et al. (2020) recently compiled W,
vS. Diran measurements for Lya and several far-UV transitions from studies
(Bordoloi et al., 2014; Borthakur et al., 2015; Burchett et al., 2016; Johnson
et al., 2017; Liang & Chen, 2014 Pointon et al., 2019; Prochaska, Weiner,
et al., 2011; Werk et al., 2013) of 9 < log(M./Mp) < 11 galaxies at z < 0.3.
Each transition shows a decrease in absorption strength with Dyan with the
metals showing the most rapid falloff. Analogous to Si II in our sample, at
z < 1.4, there is a similar trend between W) (Mg II) and 0(Mg II) with Dyran
(e.g. H-W. Chen & Zahedy, 2024; Hamanowicz et al., 2020; Martin et al.,
2019) in line with the previously listed studies at z < 0.3. While the general
trends are similar between low and high redshift star forming galaxies, Lya
and the metal ions have steeper falloffs with Dy at low-z compared to the
current z ~ 2 sample. The galaxies studied above also tend to have smaller
W, and overall quieter velocity fields than seen at z ~ 2. Indeed, the low-
z COS-Burst “starburst” galaxies (Heckman17) may offer the most direct
comparison in terms of W) magnitudes and slope (with Dyran) to the current
sample. It is worth noting that the previously listed studies all use QSOs
as their background source which lead to more stochastic gas distributions
in comparison to foreground /background galaxy pairs which probe gas on
~ 4 kpc scales (Steidel et al. 2010; the typical half-light diameter of a galaxy

in our sample).



59

At z ~ 2, Steidel et al. (2010) modeled gas covering fraction f. from both H I
and metals as power laws of the form f, o« ¥™” and found 0.2 < y < 0.6 at
Dgan S 250 kpc; applying a similar model to our dataset, we find similarly
shallow power law indices: 0.2 < y < 0.5 suggesting a comparable covering
fraction evolution with Dyan. When projected along our line of sight, we
observe a faster W, falloff in the low ions when compared to the high ions.
At face value, this suggests that the column density of the low ions decreases
faster than the high ions over the range of projected distances or that the low
ions sample a narrower range of CGM velocities and absorbing columns; a
result also put forth by Rudie et al. (2019).

While there is good agreement in v os between Y. Chen et al. (2020) and
this study (see Section especially in the high velocity gas at Dyan < 100
kpc, o(Lya) and o(C 1V) are larger by a factor of =~ 2 than the Liang and
Chen (2014) velocity measurements of gas surrounding z < 0.176 galaxies
within Dyran < 250 kpc. Moreover, Liang and Chen (2014) find gas moving
with v10s > 200 km s~ almost exclusively arises from Dyan > 250 kpc
sightlines, contrary to our results. The authors speculated that the broad
velocity wings may be associated with large-scale filaments; in our case,
most of the vy os > 250 km s™! excess Lya absorption likely arises from star

formation induced outflows.

Our W, (C1V) vs. Dyan dependence is consistent with the results of Adel-
berger et al. (2005), Steidel et al. (2010), and Turner et al. (2014) where the
samples have overlap in Diran. Adelberger et al. (2005) reported C IV with a
velocity spread = 260 km s7! for Dyan < 80 kpc using galaxy-galaxy pairs
and Steidel et al. (2010) extended these measurements to Diran =~ 100 kpc.
The W, (C IV) measurements from both studies are in agreement with our
sample (which recall is a broad superset of theirs); the additional galaxy-
galaxy pairs at Diran > 100 kpc in our sample enable an analysis that was not
possible previously. At (zg;) ~ 2.6, Méndez-Hernandez et al. (2022) mea-
sured W) (C IV) vs. Dyan around 238 star-forming galaxies at Dyan < 173 kpc.
Both this sample and the Méndez-Hernandez et al. (2022) measurements
are consistent in their slopes and approximate W, (C IV) values although
the Méndez-Herndndez et al. (2022) Dyan sampling and spectral resolution
are considerably coarser. Surprisingly, the z =~ 3.3 Lya emitters studied
in Muzahid et al. (2021) do not show a W) (C IV) vs. Dyan dependence. A
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Figure 2.17: W) (C IV) vs. Dyan for the high mass tertile (log(M./M.) = 10.2)
of galaxy pairs split by M, in red (similar color coding to Figure and in
orange, the average W) (1548) computed from individual sightlines binned
by Diran from the Quasars Probing Quasars (QPQ) survey (Prochaska et
al., 2014). The bounds on the orange band represent the dispersion of the
individual measurements (see Table 3 in Prochaska et al. 2014). To ensure a
fair comparison between samples, we boost the W,(1548) values by 50% to
match the W, (C IV) one would measure integrating over a full (optically thin)
doublet, as is done in this study. The virial radius for a log(Mpaio/M.) = 12.5
halo (which both sets of galaxies are expected to inhabit) is plotted as a
dashed vertical line.

possible explanation for this discrepancy is that Dian, mea = 165 kpc for the
Muzahid et al. (2021) sample and the largest variability in W, (C IV) tends to
be at Dyan < 100 kpc. Indeed our sample shows only a factor of ~ 2 change

in W) (C 1V) between Dyran = 100 kpc and Diran = 250 kpc.

We estimated that the galaxies in the high mass C IV tertile reside in dark
matter halos with masses My, = 1012° Mg, (see Sectionand R. F. Trainor
and Steidel 2012) and as such, offer an interesting comparison to the sam-
ple of z =~ 2.3 QSO-QSO pairs in Prochaska et al. (2014) which probe the
CGM around QSOs with comparable halo masses. We find the two sets of
Wi (C IV) measurements agree well and the dependence of W) (C IV) on Dyan
is consistent (Figure 2.17). Evidently, the average C IV halos in the CGM
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of star-forming galaxies and QSOs with halo masses Mpa1, ~ 10125 Mg, are
quite similar. In other words, the agreement of W, (C IV) between samples
suggests the CGM metal distribution at Dian 2 70 kpc (~ 0.5Ryir) for halos

at these masses appears largely unaffected by the presence of a central QSO.

We observe that W,(1548)/W,(1550) transitions from =~ 1 to ~ 2 around
Diran = 60 kpc (Figure and the velocity centroid over the full C IV
doublet becomes consistently blueshifted at a similar projected distance
(Figure suggesting C IV becomes optically thin around that point. At
z < 0.1, Bordoloi et al. (2014) found W, (C IV) falls off as a power law with
Dian and remained detectable out to Digan = 100 kpc. At Diran = 100
kpc, W) (1548) < 0.1 A and log [N(C1V)] < 13.5; within a factor of ~ 2
of our observed W, (C IV) and consistent with optically thin C IV. Using
QSO-galaxy pairs at z ~ 2, Turner et al. (2014) also computed W, (C IV) and
N(C V). In their first and second Dyran bins (40 — 130 kpc and 130 — 180
kpc), like Bordoloi et al. (2014), they measured log [N(C IV)] =~ 13.0 — 13.5
and W) (C IV) ~ 0.01 - 0.1 A again suggesting optically thin C IV at a similar
Dyran to this study:.

The most significant trend when splitting the pair sample up by SED-derived
galaxy properties is between C IV absorption strength and M., followed
tentatively by SFR. The trend of increased W, (C IV) in higher mass galaxies
is observed at z ~ 0 (Burchett et al., 2016), z ~ 1 (Kumar et al., 2024)
and at z ~ 2 (Méndez-Hernandez et al., 2022). Bordoloi et al. (2014) also
detected a mild correlation between C IV absorption strength and sSFR in
z < 0.1, log(M./Mg) < 10 galaxies but we do not observe this at higher
redshift. Bordoloi et al. (2018) and Wilde et al. (2021) report a correlation
between M. and Lya absorption strength at z < 1 but evidence for this
is not seen in the Méndez-Herndndez et al. (2022) z ~ 2 sample. These
findings can be reconciled since our sample extends to lower stellar masses
(by approximately an order of magnitude) and the most significant change
we observe in Lya absorption occurs between the two lowest mass bins in
our sample (log(M./Mp) = 9 and log(M./Mp) = 9.6). Itis interesting to note
that W) (Mg II) depends most strongly on M. and SER for galaxies at z ~ 0.5
(Bordoloi et al., 2011; H.-W. Chen & Zahedy, 2024; Rubin, Diamond-Stanic,
Coil, Crighton, & Moustakas, 2018), the same stellar population parameters
that correlate with C IV, but we lack sufficient S/N in the split pair samples
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to make a more thorough comparison.

With the advent of JWST, observations of the CGM surrounding higher
redshift galaxies have been facilitated. Using a sample of 29 star-forming
galaxies at 2.3 < z < 6.3 (all but four have z > 4) discovered within 300
kpc of a z ~ 6.33 QSO, Bordoloi, Simcoe, Matthee, Kashino, Mackenzie,
Lilly, Eilers, Liu, DePalma, Yue, and P. Naidu (2024b) find W)(Mg II) de-
creases rapidly with Dyan and, like our sample, absorption is detected well
beyond the virial radii of their host galaxies. In contrast, the majority of
their rest-frame W, (Mg II) are below our detection threshold in the z ~ 2
composites. The strongest absorption systems are preferentially detected
in massive galaxies and those with high SFR. A small fraction of the Mg II
complexes have velocity spreads in excess of the galactic escape velocity,
and interestingly, the median Av is redshifted by 135 km s~!. Unlike the net
redshifted Lya we observe at Diran ~ 100 kpc, this measurement may sim-
ply result from combining a relatively small number of inherently stochastic
QSO sightlines. In aggregate however, the trends observed in the Bordoloi,
Simcoe, Matthee, Kashino, Mackenzie, Lilly, Eilers, Liu, DePalma, Yue, and
P. Naidu (2024b) sample are emblematic of our results seen at z ~ 2 and
the preponderance of absorption beyond Ryi: may suggest metals in these

systems are not bound to the galaxies in which they were produced.

2.9 Summary

We have measured the mean spatial and kinematic distribution of absorbing
gas around (zgz) = 2.03 + 0.36 star forming galaxies at projected distances
8 < Dyran/kpc < 250 using 2738 KBSS foreground /background galaxy pairs
(see Figure 2.1/ for some examples and Figure 2.2| for sample statistics). The
foreground galaxies studied have a median stellar mass log(M./Mgy) = 9.6
and span the range 8 < log(M./Ms) < 11 (Figure[2.3). For each galaxy fore-
ground/background pair, we shifted background KCWI and LRIS galaxy
spectra to the redshift of their associated foreground galaxies and con-
structed stacks in the rest-frame of the foreground galaxy, binned by pro-
jected distance Diran (Figure . We measured the properties of the fore-
ground absorbing gas using rest-UV interstellar absorption features in the

composite spectra. Our principal conclusions are:

1. We detected significant Lya absorption throughout the full range of
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Diran sampled (Figures and ), consistent with previous results
using background QSOs (Adelberger et al., 2003, |2005; Rudie et al.,
2012; Turner et al., 2014) and background galaxy pairs (Y. Chen et
al., 2020; Steidel et al., 2010). The Lya covering fraction falls off as
fe o 77033, in agreement with the previously listed z ~ 2 studies, but
noticeably shallower than most results at lower redshift (Table 2.T).

. After Lya, C IV is the strongest absorption feature detected in stacks.
C IV closely tracks Lya (f.(C IV) o r~9-27) for all measured Diran (Figure
, and both have similar line-of-sight kinematics at Dyan S 100 kpe.
In addition to the shallower W, vs. Dan dependence, the z ~ 2 velocity
fields are considerably more active than those observed at low-z. The
C IV line-of-sight velocity second moment ¢(C IV) reaches a minimum
at Dyan = 60 kpc (= 0.7 Ryir) signaling the approximate region over

which the galaxy has the largest influence on the properties of its

CGM (Figures 2.6|and [2.15).

. Intermediate ionization species (Si III and Si IV) are detected out to
Diran = 200 kpc, while the absorption strength of low ionization species
(e.g., SiII, C II, and O I) decline more steeply with increasing Diyan (Ta-
ble[2.1), with weaker species falling below our detection limit between
Diran = 60 kpc (e.g., Si I A1526) and Dyan = 100 kpc (e.g., O I, Figure
2.5). In general, higher ionization metallic species trace gas with a
wider range of LOS velocity dispersions when compared to the low
ions (Figures 2.6] and 2.9). Using W, (1260)/W,(1526), we estimated
the saturation of the Si II transitions with Dy.n and found that Si 1T is
strongly saturated for Dyan S 50 kpe, and becomes optically thin at
Dyan 2 70 kpc. We showed how absorption strength varies on a per-
transition basis (Figure and demonstrated that the low and high
ions with similar absorption profiles in DTB spectra of the foreground
galaxies DTB (e.g., Si Il and C II) tend also to exhibit similar velocity
profiles at Diran =~ 30—50 kpc when significantly detected (Figure[2.10).

. We constructed 2-D maps of Lya absorption strength parametrized as
the covering fraction (absorption depth) as functions of Diran and v10s
(Figure[2.11). Lya absorption spans the full velocity range [v10s| < Vesc
of the average foreground galaxy, with some absorption detected in

excess of Uege at all Dyan, suggesting that a significant fraction of the
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CGM may be unbound. As in Y. Chen et al. (2020), we observed a
distinct “edge” in the f.(Lya) map at Dian = 80 kpc (= Ryir for the
average galaxy in the sample) that corresponds to a local minimum
in the line of sight velocity dispersion o(Lya), beyond which there
is a general flattening of o(Lya). We argued that Dyan ~ 80 kpc
represents a transition from primarily outflowing gas at Dian S 80

kpc to inflowing and /or ambient CGM gas beyond Diran 2, 80 kpc.

~

5. We split the pair sample into sub-samples based on foreground galaxy
M., SFR, sSFR, and reddening parametrized by E(B—V). The strongest
observed trend is between C IV absorption strength and M. (Figures
2.13} 2.14}, and [2.15): W (C 1V) increases by a factor of ~ 3.5 at a fixed
Diran between galaxies in the lowest (log(M./Mg) = 9.0) and highest
(log(M./Mp) = 10.2) M. bins. Over the same range in M., W)(Lya)
differs by a factor of ~ 2 at Dyan = 70 kpc, but the difference becomes
insignificant beyond Dyan ~ 150 kpc (Figure 2.16). While a weaker
trend of W, (C IV) with SFR is also observed, it may be a by-product
of the well-known M,-SFER correlation. The self-similarity of W, (C IV)
and o(C IV) across the M. sub-samples when Diapn is normalized by

Ryir suggests that dark matter halo mass sets the scale for both the
spatial extent and kinematics of the CGM gas distribution at z ~ 2.
We show that the foreground galaxy sub-sample with estimated halo
mass similar to that of QSOs at z ~ 2 — 3 (log(Mhaio/Mo) = 12.5)
exhibits comparable CGM C IV absorption at Diran 2 70 kpc where the
comparison is possible. Evidently, the presence of an active QSO does
not appear to significantly alter the CGM absorption (at least for Dian 2
70 kpc) of the host galaxy compared to those without active QSOs
(Figure 2.17), which may have implications for our understanding of
AGN feedback for relatively massive galaxies during the peak of the
QSO era.

KCWThas significantly improved the effective spectral resolution and spatial
coverage of the CGM for Diran < 250 kpc of typical star-forming galaxies at
z ~ 2. This sample, which augments the earlier KBSS studies using galaxy-
galaxy pairs (Adelberger et al., 2005; Y. Chen et al., 2020; Steidel et al., 2010),
represents a data set that is complementary to those using QSO sightlines at

z ~ 2 — 3. With the current sample, we have consistently detected Lya and
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C IV over Dyan = 8 — 250 kpc and improved the Dy sampling of several
100 kpc. For the first time for
galaxies at z 2 2 we have shown that significant correlations exist between

weaker far-UV resonance transitions for Diyan <
the CGM properties (absorption strength and LOS velocity dispersion) and
their host galaxies extending from Dian ~ 0 (DTB) to projected distances
well beyond the virial radii of the host halos.

Galaxy-galaxy foreground/background pairs have the advantage of sam-
pling larger swaths of the CGM and converging more efficiently to the mean
gas distribution compared to surveys using background QSOs, at the ex-
pense of S/N and spectral resolving power for individual sightlines. At
small projected distances (Dgan S 50 kpc), we have shown that Lya pho-
tons produced in the foreground galaxy and scattered into our line of sight
toward a background galaxy affects both the equivalent width and the ap-
parent line-of-sight velocity distribution of Ly« absorption measured in the
spectrum of the background galaxy, confirming speculation along similar
linesin Y. Chen et al. (2020). IFUs offer a means of “correcting” this contami-
nation given their ability to chart both emission and absorption halos around
galaxies contiguously over fields the size of the average z ~ 2 CGM. In the
future, deep integrations targeting the emission halos around individual
galaxies together with background galaxies (or QSOs) sampling absorption
in the same galaxy CGM at similar Dy, will allow interesting constraints on
the structure and kinematics of the clumpy CGM that must be responsible
for both.
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210 Appendix

Wavelength Trimming

In deciding which galaxies contribute to the galaxy-galaxy pair sample, both
Steidel et al. (2010) and Y. Chen et al. (2020) imposed an upper bound on
the redshift difference between the foreground and background pairs. The
former uses Az < 1 while the latter imposes f—zzfg < 0.3; for the median
foreground and background galaxy redshifts in our sample, these criteria

are very similar. We observe that

/\bg(l + Zbg) = /\fg(l + ng), (2.7)
or equivalently,
A A
E o _ 8y (2.8)
T+zg  Apg

I5NOIRLab IRAF is distributed by the Community Science and Data Center at NSF
NOIRLab, which is managed by the Association of Universities for Research in Astronomy
(AURA) under a cooperative agreement with the U.S. National Science Foundation.
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Figure 2.18: Continuum noise (o) for a given number of pairs (Npairs) de-
pending on wavelength trimming method. The two options include manual
wavelength cuts or a redshift dependent rejection that excludes objects with
foreground absorption that falls within the Lya forest of the background
spectrum.

where Az = zps — zgy and Ag; and Apg are the rest wavelengths of a par-
ticular transition in the foreground and background frames, respectively.
To prevent foreground C IV absorption from being contaminated by unre-

lated Lya forest absorption, we chose Atz = 1549 and Apg = 1216 so only

Az
1+ng

noise from the background Lya forest contributing to foreground absorp-

pairs with < 0.27 are included. Naturally, if one observed significant

tion, this requirement could be strengthened at the cost of many potential

foreground /background galaxy pairs; for example, requiring 1f§fg < 0.15
would prevent Lya forest absorption from contributing to the foreground

Si IV profiles.

In our sample, we experimented with several such redshift cuts and found
that the continuum noise level is indeed reduced, especially when the num-
ber of pairs in a bin is small (see the red dashed curve in Figure[2.18). In
addition to a blanket cut, we also tried wavelength trimming for each in-
dividual spectrum, choosing the highest S/N regions in the bandpass to
contribute to the final stacks. This typically involved masking the short
wavelength end of the spectrum in the Lya forest and (in the case of LRIS)
the wavelengths near the dichroic cutoff near 5600 A. The fact that the noise
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levels in the stacks remain similar with or without a manual wavelength
mask suggests that such trimming is not necessary (see the solid vs. dashed
curves in Figure [2.18).

While both noise mitigation techniques converge once the number of pairs in
a bin exceeds 30, the range of Dyan differs. Figure shows the maximum
Diran inabin of 30 pairs drawn from a pair list sorted by Diran. In other words,
when applying a redshift cut, the 30 pairs with the smallest separations probe
Dtran

Y

43 kpc; however, if such a cut is not imposed and each spectrum
is manually trimmed of noisy regions, the first 30 pairs sorted by impact
parameter probe gas within 28 kpc of an average galaxy halo. Since the
noise levels in stacks with N 2 30 pairs are comparable and all of the stacks
in our sample contain at least thirty pairs, we chose to avoid using the blanket
redshift cut (dashed green curve in Figure 2.18), effectively maximizing the

number of galaxy pairs contributing to a stack.

HIRES

In order to provide some insight into the cause of asymmetries observed for
some of the galaxy-galaxy pair samples, we assembled a sample of QSO-
galaxy pairs using existing HIRES spectra of the central QSOs in the KBSS
tields (see Rudie et al. 2012; Turner et al. 2014). Briefly, the KBSS QSOs have
(z) ~ 2.7, and their HIRES spectra have R ~ 45,000 with S/N ~ 50—100 pix~!
over the observed wavelength range 3100 — 6000 A. Figure shows stacks
constructed using the same method as for the galaxy-galaxy pair samples,
for 53 foreground galaxies with Dy < 250 kpe.  The results are shown
in two broad bins of Diran, for the Lya and C IV transitions. The bins
were chosen to be similar to those used for the galaxy-galaxy pair samples
discussed in Section [2.7}) We note that the QSO-galaxy pair measurements
pertain to foreground galaxies in the same KBSS survey regions and at
similar redshifts, but are completely independent of the galaxy-galaxy pair
measurements since the QSO sightlines sample different Dian even when

probing the same foreground galaxy.

Figure shows that, even when the background spectra have very high
S/N and spectral resolution, the mean profiles from combining QSO-galaxy
pairs can be strongly affected by sample variance — stochastic variation of

peculiar velocities and component line strength contributed by different
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Figure 2.19: Stacked HIRES absorption spectra shifted into the rest frame of
the foreground systems centered around the Lya and C IV transitions. The
range of Dian and the number of pairs contributing are enumerated in the
plot legend. For each bin, W), Av, and o are also shown. The horizontal
dotted purple line denotes the suppressed continuum used for the W) (Lya)
measurement.
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QSO-galaxy pairs — as well as by unrelated absorption lines from other
redshifts that fall happen to fall within the same wavelength intervals. Ap-
plying outlier rejection in forming the stacks reduces the effects of unrelated
absorption features and/or unusual absorption profiles in one or a few in-
dividual QSO-galaxy pairs; however, with small pair numbers the average
profiles can appear quite asymmetric in velocity (e.g., the blue curves in

both panels of Figure 2.19).

For absorption systems with a high incidence rate such as Lya (lefthand
panel of Figure[2.19), an additional effect of combining many systems shifted
to the redshift of a foreground galaxy is that the net absorption is superposed
on a suppressed local continuum, reflecting the average line blanketing in
the Ly« forest at the mean redshift of the foreground galaxy sample —in this
case, (z) ~ 2.3. For stacks with a relatively small number of contributing
QSO-galaxy pairs, sample variance in the local Ly« forest can cause “noise”
in the net absorption profile due to fluctuations in the local continuum. The
apparent continuum fluctuations become smaller for samples with larger
numbers of QSO-galaxy pairs, as do the net velocity asymmetries (i.e., cen-
troid shift relative to v = 0; compare the blue and red composites in the
lefthand panel of Figure[2.19])

For metal line transitions such as the C IV doublet, when limited to red-
shifts that place C IV at wavelengths longward of Ly« in the spectrum of the
background QSO (as in the righthand panel of Figure 2.19), the continuum
remains well-defined. However, small samples may still produce asymmet-
ric C IV profiles that do not resemble a simple velocity-broadened C IV
doublet with equivalent width ratio 1 < W,(1548)/W,(1550) < 2, and the
velocity centroid of the absorption may also appear shifted with respect to
the foreground galaxy systemic redshift for a similar reason. When a larger
number of QSO/galaxy pairs is averaged (red spectrum in the righthand
panel of Fig. the net profile is much smoother, and has an apparent
doublet ratio close to that expected for unsaturated absorption. We observe
similar behavior, albeit using galaxy spectra with ~ 20 — 30 times lower re-
solving power and S/N, in the galaxy-galaxy pair samples covering similar

ranges of Diran.

For Lya and C 1V, the values of W), Av, and o for each Diapn bin are shown in
the legend of Figure We find general agreement in Wy (Lya), Av(Lya),
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Figure 2.20: Similar to Figure the continuum noise level over the 1410-
1510 A wavelength interval as a function of the number of pairs in a bin is
plotted for several methods of combining spectra within that bin.

and absorption profile morphology between the HIRES Dyy,n = 100—250 kpc
stack of Lya and the galaxy pair stacks over the same range of Dian plotted
in Figure[2.13] The computed o(Ly) for the HIRES stacks are 50—100 km s~
lower than their full sample or SED-binned counterparts, but we note that
o depends sensitively on continuum normalization. Similar to the lower
resolution stacks, we measure a redshifted velocity centroid at small Diran
(Av = 238 km s7! at Dyan = 62 kpc) that approaches the systemic velocity
with increasing Diran (Av = 49 km sl at Dyan = 177 kpc). The C IV profiles
all show broad (o ~ 400 km s™1!), nearly symmetric absorption in velocity
space with a ~ 100 km s™! shift towards a blueshifted centroid between
the inner (blue) and outer (red) bins. This global trend is consistent with a
decreasing optical depth where the individual C IV systems transition from
an equivalent width ratio W, (1548)/W,(1550) of one to two.

Stacking Method

Before deciding on a trimmed mean (averaging the 5th — 95th percentile
spectral pixels) for constructing stacks, we experimented with several other
stacking options for the final composite spectra. In theory, with high res-
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olution normalized spectra, any absorption manifests as a narrow feature
centered at the rest wavelength in the frame of the foreground galaxy. Fore-
ground galaxies without significant absorption will have normalized inten-
sities close to unity. The distribution of intensities at a given rest wavelength
is expected to have a mode near unity and a skew towards smaller normal-
ized intensity caused by real absorption. For any distribution, the mean
absorption profile will converge faster than the median for a fixed number
of galaxy pairs; on the other hand, combining shifted spectra using the pixel-
by-pixel mean can result in noise caused by unrelated absorption at other
redshifts. This source is clearly exacerbated by averaging over only a few
galaxy pairs where background Lya forest absorption systems can produce

large noise spikes at random foreground wavelengths.

In dealing with relatively low resolution (R =~ 670) LRIS spectra, Y. Chen
et al. (2020) found that the median of all foreground galaxies in a stack
agrees well with a clipped mean using the same spectra, but opted for the
median. Now incorporating moderate resolution ((R) =~ 1500 at Lya and
(R) = 1900 at C IV) KCWI spectra, we revisit this issue. Figure shows
the foreground continuum noise level for a stack as a function of the number
of pairs included in the bin. The list of pairs begins at the minimum Dyzan
and is sorted by Diran s0 more pairs probe larger Dyran. The stack is either the
mean (green), sigma-clipped mean (blue), trimmed mean (orange), median
(red), or the trimean (purple; Equation of the pixels at each wavelength
pointin thatbin. The trimmed mean clips pixels that are either below the 5th
percentile or above the 95th percentile at a given wavelength. In the small
sample size limit, this algorithm rejects the minimum and maximum values;
for larger samples, more pixels may be rejected (effectively 4 — 6 objects for

most of our D,y bins). The trimean is defined as

+M)

: (2.9)

TME%(Qz

where Q; are the ith quartiles of the underlying distribution. Although aless
efficient estimator than the mean, the trimean emphasizes both the central
values and the extrema of a distribution. For our spectra, this measure
of central tendency helps mitigate continuum noise while preserving the
strength of absorption features.

We note that the straight mean has ~ 10% higher noise levels overall com-
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Figure 2.21: Background spectra shifted to the foreground rest frame and
stacked using a trimmed mean (blue) and median (red) for two ranges of
Dyran (top: 10 — 50 kpc, bottom: 50 — 100 kpc). The vertical dotted lines
show Si IT A1526, C 1V, and Fe II 11608 and each input spectrum has been
normalized as described in Section

pared to the other statistics, which are consistent with one another (to within
~ 5%). The sigma-clipped mean has a minor advantage for N < 50 pairs,
while the trimean has the lowest noise for N > 60 pairs. With N > 30 pairs,
each measure of central tendency (straight mean excluded) is consistent with
the others, suggesting they are at that point all reflective of the underlying
distribution. The straight mean begins to converge to the rest of the metrics
with N > 60 pairs.

While the continuum noise level is consistent to within ~ 10% regardless
of method used, the same is not true for the absorption features. Figure
shows two Diran bins where the foreground absorption spectra were
combined using a trimmed mean (blue) and a median (red). For each ab-
sorption line, we observe higher variability near the systemic velocity when
using the median over the trimmed mean. As a result, the continuum
level in the vicinity of the absorption features is less stable and the equiva-
lent widths one would measure are systematically smaller (see the solid vs.
dashed lines in Figure 2.22). Indeed, Figure shows spectra combined
with a trimmed mean have W, ~ 50% larger than those measured in median
combined spectra, regardless of the line being measured. The approximate
W, were measured by integrating over [v| < 700 (500) km s~! around the
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Figure 2.22: Lya (blue) and C IV (red) approximate equivalent width is
measured from stacks with varying numbers of constituent galaxy pairs as
a test of line profile convergence. The curves start at Diran =~ 10 kpc and add
pairs with progressively larger separations reaching up to Diran = 52 kpc.
Each stack is combined using either a trimmed mean (solid lines) or median

(dashed lines).

systemic velocity for Lya (C IV). When considering small Dyy,n, the con-
tribution of foreground Lya emission to the background galaxy spectrum
(Appendix will bias both the median and average toward smaller W},
but if the velocity spread between absorption and emission is not the same,
the median may show more variability around the systemic velocity than
the mean. We therefore choose to use the trimmed mean as it provides the

most distinguishable absorption signal when present.

In using the trimmed mean, we experimented with several different bounds
(e.g., asymmetric, Q1 & Q3) but found that clipping the top and bottom
2 — 6 (depending on the number of pairs in a bin) background spectra
was sufficient for achieving noise levels comparable to that of the median
while still detecting strong absorption. Put differently, < 5% of the spectra
in a particular bin were noisy enough by themselves to result in severe
contamination when stacked with N 2 30 others. It is worth remembering
that when normalizing each background spectrum, we only allow regions
where the spline fit is consistently above the local (DRP-computed) noise
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Figure 2.23: A spectral representation of Figures and showing how
Lya absorption converges to a well-defined profile as more galaxy pairs are
averaged. Two bin “starting points” are shown: Dan = 10 kpc in blue and
Diran = 100 kpc in red; as more pairs are added, the median Dy, increases
but Lya becomes easier to distinguish from the continuum. Note that the
continuum is suppressed by the Ly« forest when a sufficient number of pairs
are averaged.

level (evaluated in AA =~ 50 A intervals) to enter into the stack (see Section
. Such a requirement ensures that there is a continuum with at least
S/N Z 1 from which to measure absorption. It therefore follows that few of

the spectra entering into the stack would need additional trimming.

In addition to noise properties, we investigated the convergence of the Ly«
absorption profile for a given number of pairs. Figure shows how the
number of pairs averaged (using a trimmed mean) influences the net Ly«
profile. For transitions measured within the Lya forest of the background
galaxy spectrum, a coherent absorption feature does not materialize until at

least 10 pairs are averaged. Once 20 pairs are combined, Lya is discernible
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from the continuum and additional pairs help mitigate Lya forest noise
spikes. Lya absorption strength is reduced with increasing Diran (see Figure
so a larger number of pairs is required to produce absorption profiles
with a comparable S/N. Although there is some sample variance, this effect
can be seen by comparing the blue and red spectra in Figure for a given
number of pairs, the larger Dian bins (red) are marginally noisier around
Lya than their small Dyan counterparts.

More quantitatively, Figure shows that the W, varies considerably for
stacks with fewer than 20 pairs due to stochastic background Ly« forest ab-
sorption. However, once the number of pairs reaches N =~ 30, W, converges
and remains roughly constant with increasing numbers of pairs. If one
keeps adding pairs to the bin, the average Diran sampled will increase and
since pairs at larger Diran tend to have weaker absorption (recall absorption
W) drops with Diran; Figure , the measured W) in the stacks will begin to
fall off when 2 100 pairs are included, as seen in Figure[2.22] A similar trend
is observed in C 1V, albeit with slightly less variability when the number of

pairs is small.

Putting all this together, for the trimmed mean stacks, we seek to optimize
the number of pairs in each bin such that the continuum noise is minimized
and the absorption feature is unambiguous, while still providing as finely
sampled of a grid in galactocentric radius as possible. From this analysis
and some experimentation with various bins, we find optimum stacks at
Dgan S 50 kpc contain N =~ 30 — 80 pairs and design the bins used in this
study accordingly.

The effects of Lya emission halos of foreground galaxies

Y. Chen et al. (2020) noted a significant asymmetry in the average excess Ly«
profile, both at Diran S 40 kpc and at 50 S Dyran/kpe < 150 and suggested
that the asymmetry results from foreground Lya emission contaminating
the background Lya absorption feature. In this work, we confirm the pres-
ence of net blueshifted Lya absorption at Dian S 40 and net redshifted

absorption at 50 < Dyan/kpe < 150 (see e.g. Figure [2.11).

For the net redshifted absorption at Dian =~ 100 kpc, we rule out noise
arising from a particular set of background spectra (i.e. sample variance)

since this feature is larger than the effective resolution element and with
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Figure 2.24: The contribution of Lya emission from the foreground galaxy
(blue) to the Lya absorption profile measured in the background galaxy
spectrum (orange) for two Dyan bins. The green spectrum is an estimate
of the unaffected absorption profile, computed by subtracting the average
emission feature from the absorption. W)(Lya) and Av(Lya) from the ob-
served and “corrected” spectra are shown in the top right of each plot as a
color-coded list. The number of galaxies contributing to each stack is shown
in each plot title.
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Figure 2.25: Left: The spectra of Q1422-d68 (red) and Q1422-d68-CS9 at
Diran = 16 kpc (blue) centered around Ly« in the rest frame of CS9. Right:
White light image of the Q1422-d68 cube with d68 and CS9 circled (same
color scheme). We observe emission from CS9 (foreground) contributing to
the d68 (background) spectrum effectively masking any absorption within
vLos = 1000 km s7! of the systemic velocity.

(N) ~ 400 galaxies being averaged together, S/N is not a major concern.
We also see this effect in the HIRES stacked spectra (Figure which have
background sources considerably brighter than the foreground galaxies they
probe. Since both means of measuring foreground galaxy absorption show
redshifted Lya absorption, the underlying cause may be related to a hitherto
unknown bias in the set of background galaxies or another effect that remains
to be explained. One possibility put forth by Y. Chen et al. (2020) involves
accretion-dominated inflows at large Diran that could result in blueshifted
Lya photons being preferentially scattered in the direction of the observer.
Inflowing Lya would tend to have a blue-dominated profile when scattered
into our line of sight and when superposed with symmetric Lya absorption,
the observed net Lya profile would appear redshifted. While the existing
KBSS-KCWI spectra lack the sensitivity to characterize the Lya emission
contribution to the measured Lya absorption signature at Dyan > Ryir, this
possibility cannot yet be ruled out.

We instead focus on understanding the (net blueshifted) Ly« profile at small
Dtran, where in addition to the inherent variability associated with combin-
ing Lya forest absorption systems, Lya photons in emission from the fore-
ground galaxy modulate absorption measured from the background galaxy

spectrum. We build upon the order-of-magnitude calculation presented in
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Y. Chen et al. (2020) using a stack of KCWI Lya halos from Y. Chen et al.
(2021, p. 2025) to measure the flux in emission from the foreground galaxy
that gets “added” to the background absorption signal. We start by con-
structing the radial surface brightness (SB) distribution of Ly« for the mean
galaxy halo in the sample. The surface brightness integrated over the full

2 arcsec 2 within 1”” —2” from the center

Lya profileis ~ 2x 10717 erg slem™
of the average halo. The halo falls off exponentially: at Dyan = 20 kpc, the
SB is down by a factor of ~ 10, and by Dyran = 50 kpc, a factor of ~ 100 (see

also Steidel et al.[2011 and Y. Chen et al.|[2021).

The emission spectra in Figure (shown in blue) were derived by inte-
grating the foreground galaxy surface brightness profile over the Dy of
interest weighted by the underlying galaxy pair distribution in that bin. The
stack of the foreground galaxies at Diran =~ 27 kpc has an average continuum
flux density fi cont ~ 5%107'% erg s~ cm™2 A~! and an average Ly« emission
flux density close to 2 x 10718 erg s™' cm~2 A=, The resultant flux density is
normalized with respect to the continuum level and translated up by +1 for
ease of visualization.

Figure shows absorption and emission profiles for Diran = 27 kpc (left)
and Dyan =~ 52 kpc (right). These Dyan represent edge cases but a similar
comparison can be made at other Dy.n. Whereas the Y. Chen et al. (2020)
order-of-magnitude calculation compared fluxes, the spectra in Figure
are flux densities normalized by the stacked background galaxy continuum
level (f1 abs = 5 X 10719 erg st em™2 A‘l). The orange curves in both panels

show normalized background composite spectra similar to those in the left
panel of Figure

In Figure the noise properties of the emission and absorption spectra
depend oppositely on Diran. As the range of Diap increases, the S/N of the
background absorption spectra increases, while at the same time, the Lya
surface brightness is decreasing and the emission spectra become noisier.
The two bins illustrated in Figure do not meet the fiducial cutoff for
the minimum number of pairs in a impact parameter bin (Npairs 2 30;
Appendix 2.10), but represent a compromise where the changing emission
and absorption profiles can be seen despite the low S/N. Both spectra are
therefore smoothed with a one pixel (0 = 50 km s~1) Gaussian kernel.

At small Dyran, the Lya absorption and emission profiles resemble inverted
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and reflected images of one another (about the intensity and velocity axes
respectively). This can be explained simply by considering a symmetric
Lya absorption trough where red-dominated emission contributes to the
profile resulting in a blue-dominated absorption trough (Avmeas = —223
km s at Dian = 27 kpc). We note that subtracting off the expected fore-
ground emission from the background (modulated) absorption profile (the
green curve in Figure results in a quasi-symmetric Lya absorption line
(AVcorr = =19 km s™! at Digan = 27 kpc). The ratio of measured to “corrected”
equivalent widths suggests that Lya emission contributed along the line of
sight by foreground galaxies reduces the observed absorption strength by
~ 47%. Since Lya emission falls off exponentially with Dian, we would
expect this effect to be reduced significantly by Diran = 50 kpc. Indeed, the
observed absorption profile in the right panel of Figure at Dian = 50
kpc is considerably more symmetric since the foreground galaxies modu-
late the background signal by is modulated by ~ 14%. While red-dominated
foreground Lya emission can help explain the net blueshifted absorption
spectra at Dyan S 50 kpg, it is therefore unlikely to contribute significantly at
Diran = 100 kpc, and thus cannot be the sole contributor to the net redshifted
Lya profiles observed at 50 < Diran/kpc < 150.

As a specific example that illustrates an extreme, we plot the Q1422-d68-CS9
galaxy pair in Figurewhich has a separation of Diran = 16 kpc. Going off
of the full sample W) vs. Dyran evolution (Figure , at Diran = 16 kpc, the
average Lya absorption system has W, (Lya) ~ 2 A. Instead, the background
(d68, red) spectrum at the wavelength of Ly« in the foreground shows emis-
sion with a red-dominated profile similar to that of foreground galaxy (CS9,
blue). Only once the Lya emission from foreground galaxy has diminished
and no longer contributes (at [v| ~ 1000 km s™') do we observe absorption.
For this particular system, it is likely that the unaffected absorption signal
would cover [vros| < 1000 km s71, but a brighter background source (e.g.
a QSO) would be needed to confirm this. This effect represents one of the
pitfalls in using comparably luminous sources as pairs especially at small

Diran where Lya emission contributes to the background galaxy signal.



81
Chapter 3

NONRESONANT EMISSION IN KBSS-KCWI GALAXIES AT
z~2

Prusinski, N. Z., Steidel, C. C., & Chen, Y. (2026). Nonresonant emission in
KBSS-KCWI galaxies at z ~ 2. in prep.

Nikolaus Z. Prusinski: Cahill Center for Astronomy and Astrophysics, Cal-
ifornia Institute of Technology, MC 249-17, Pasadena, CA 91125, USA;
nik@astro.caltech.edu

Charles C. Steidel: Cahill Center for Astronomy and Astrophysics, California
Institute of Technology, MC 249-17, Pasadena, CA 91125, USA; ccs@astro.

caltech.edu

Yuguang Chen: Department of Physics, The Chinese University of Hong
Kong, Shatin, N.T., Hong Kong SAR, China; yuguangchen@cuhk.edu.hk


nik@astro.caltech.edu
ccs@astro.caltech.edu
ccs@astro.caltech.edu
yuguangchen@cuhk.edu.hk

82
ABSTRACT

We investigate the spatial structure and kinematics of nonresonant Si II*
emission in 50 (z) = 2.25 star-forming galaxies. KBSS-KCWI spectra were
used to spatially resolve the Si II* gas distribution. Si II* kinematics are
most characteristic of an absorption line ISM component and on average
nonresonant emission is shifted by Av(SiIl*) =~ 40 km s~! with respect to
the systemic velocity from nebular spectra. Nonresonant emission (and by
extension, optically thick gas) extends beyond the galaxy continuum. The
radial surface brightness falloff of Si II* is steeper than that of Lya. The
Si IT* velocity spread similarly decreases with Dyan and when aligned along
the major axis of the galaxy, stacks of nonresonant Si II* show marginal
(S 20) evidence for excess emission along the galaxy minor axis. Growing
the effective spectroscopic aperture, we find a significant fraction of Si II*

emission associated with a galaxy resides well beyond its continuum.



83

3.1 Introduction

The current picture of galaxy evolution places star forming galaxies at the
center of a “cosmic ecosystem” where pristine gas flows in from the cosmic
web, sustaining star formation. Star formation in turn gives rise to numerous
baryonic feedback processes which drive the evolution of galaxies through
the expulsion of metal-enriched gas potentially to circumgalactic and inter-
galactic scales. The circumgalactic medium (CGM) contains the majority
of gas associated with galaxies (Peeples et al., 2014), making it an excellent
laboratory for studying the effects of baryonic feedback.

Large-scale galactic winds have been observed in star-forming galaxies
across all redshifts (M82, Steidel et al. 2010; Weiner et al. 2009, z > 6 JWST)
and appear to be ubiquitous in starburst galaxies with star formation rate
0.1 Mg yr~! kpc? (Heckman, 2002). While the

precise energy and momentum budget is uncertain, it is clear that super-

surface densities Xgpr =
novae (e.g., Leitherer et al., [1999; Veilleux et al., 2005), radiation pressure
from stars acting on gas (Murray et al., 2011), and cosmic ray pressure (e.g.,
Hopkins, 2025) all play a role in driving galactic winds. For galaxies with
stellar masses M. < 10195 M, star formation-induced baryonic feedback
processes are likely to have their largest effect during the so-called “cos-
mic noon” (i.e. z ~ 2) when global star formation rate (SFR) and baryonic
accretion rate were at their peak (Behroozi et al., 2013} Faucher-Giguere et
al., 2011} Madau & Dickinson, 2014). This redshift is also observationally
conducive using ground-based facilities in that many of the rest-frame far-
UV and optical diagnostics fall in spectral windows with high atmospheric
throughput.

Historically, outflows have been observed using resonant interstellar absorp-
tion lines through “down-the-barrel” (DTB) spectroscopy (see Veilleux et al.
2020 for a review). While the most accessible lines change with redshift —
in general, Na-D at z ~ 0; Fe Il and Mg Il at z ~ 1 (Erb et al., 2012; Martin
et al., 2012; Prusinski et al., 2021; Rubin et al.,[2011); and O I, Si II, C II, C IV
at z ~ 2 (Steidel et al., 2010) — the overall technique remains similar (e.g.,
Savage & Sembach, 1991). Blueshifted resonant absorption lines against the
(background) galaxy continuum describe the velocity and covering fraction
of outflowing material.

DTB absorption line spectroscopy provides the line-of-sight (LOS) kinemat-
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Figure 3.1: Left: C II Grotrian diagram. Right: Si II Grotrian diagram.
Resonant transitions (and their rest wavelengths) are depicted by upward
blue arrows; nonresonant “fluorescent” transitions are in red. Excited levels
and their energies with respect to the ground state are shown on the left
of each subplot. Black dashed lines show nearby transitions. Transition
probabilities for each of the transitions shown here are listed in Table

ics but it is generally not possible to determine the distribution of absorbing
gas. However, with the advent of integral field units (IFUs), it has recently
become possible to spatially map outflows via nebular emission lines (e.g.,
Ha and [O 111I]). With IFU observations of emission lines, it is (in principle)
possible to determine the effective area of the emitting region and compute
(e.g.) mass outflow rates (M o myNvoweg). Measures of outflow prop-
erties in emission are subject to two primary limitations: nebular emission
lines like Ha preferentially trace high density gas (¢ « n2; cf. absorption
lines whose strength 7 o / n, df) and the precision to which high velocity
gas can be detected is highly dependent on the spectral S/N.

Resolved rest-UV integral field spectroscopy offers a promising avenue for
understanding the physics of outflows at z ~ 2. The strongest rest-UV tran-
sition (by far) is Ly«, followed by resonant metallic features. In recent years,
considerable effort has been dedicated to the study of Lya in absorption
(e.g., Y. Chen et al., 2021} Prusinski et al., 2025; Rudie et al., 2012; Steidel
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et al., 2010) and in emission (e.g., Bacon et al., 2021; Y. Chen et al., 2021}
Steidel et al., 2011} Wisotzki et al., 2016, 2018) around z ~ 2 star-forming
galaxies, but the resonant nature of the line requires sophisticated modeling
to extract physically meaningful results (e.g., Erb et al., 2023; Z. Li & Gronke,
2022; Z. Li et al.,2026). Fundamentally, the resonant nature of Lya prevents
a unique radiative transfer solution to a 1-D emission profile. Some rest-
UV resonant transitions (e.g., Si II, C 1II, O I, Fe II) on the other hand have
fine structure levels just above their ground state sharing the same excited
state (Figure[3.1). The presence of such levels allows resonantly excited ions
to emit through either the resonant (blue upward arrows in Figure or
nonresonant (red downward arrows in Figure channel. At high optical
depths in the resonance line, excited ions will preferentially decay through
the nonresonant (sometimes referred to as “fluorescent”) channel (Figure 5
in Scarlata and Panagia [2015).

Nonresonant emission originating from reprocessed absorbed UV contin-
uum photons has been observed in star-forming galaxies across a range of
redshifts. Atz ~ 0, space-based UV observations (typically with HST /COS)
target the far-UV Si II* transitions (e.g. Scarlata & Panagia, 2015; B. Wang
et al., 2020), intermediate redshift (1 S z < 2) ground-based studies focus
on the near-UV Fe II* features (e.g. Erb et al.,2012; Finley et al., 2017; Kornei
et al., 2013} Rubin et al., 2011} Tang et al., 2014; Yuma et al.,2013; Zhu et al.,
2015), and at z 2 2, O I*, C II*, and Si II* are observable from the ground
leading to additional study (Jones et al., 2012; Kusakabe et al., 2024; Shapley
et al.,2003).

Low and intermediate redshift studies of nonresonant emission have typi-
cally focused on star-forming galaxies and studied Fe II* in the context of
large-scale galactic outflows traced by blueshifted Fe II and Mg II. In gen-
eral, they find that Fe II* is produced via the reprocessing of continuum
photons absorbed in the Fe II resonant channel and that Fe II* is spatially
more extended than the galaxy continuum (Erb et al., 2012). Importantly,
emission filling appears to have the largest effect in purely resonant transi-
tions (e.g. Mg II, Fe II 2382) because the resonant channel is the only means
of re-emitting the absorbed photon. Transitions like Si II with excited fine
structure levels are less susceptible to emission filling because the nonreso-

nant Si II* offers an alternate emission pathway in addition to the resonant
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channel (Finley et al.,[2017).

Nonresonant emission was observed in the z ~ 3 Lyman Break Galaxy
(LBG) survey using stacks of several hundred LBG spectra (Shapley et al.,
2003} Steidel et al., 2003). Shapley et al. (2003) found relatively narrow and
redshifted Si II* (Av(Si IT*) = 100 km s~1); the latter of which was attributed
to either low S/N or contamination by the resonant feature (e.g. Si II A11260).
More recently, Steidel et al. (2018) measured nonresonant Si II* in a stack
of ~ 100 z ~ 3 Keck Lyman Continuum Spectroscopic Survey (KLCS) star-
forming galaxies, all with existing KBSS-MOSFIRE data (and therefore more
accurate systemic redshifts). Si II* emission was shown to be consistent with
the systemic velocity and Si II* had a velocity width that closely matched
the red wing of the resonant Si II absorption. Si II* emission strength was
also correlated with Lya emission equivalent width suggesting that galaxies
with more compact optically thick gas distributions were more likely to leak
Lya (and by extension LyC) photons.

Nonresonant transitions were explored in detail at z ~ 1 by Prochaska,
Kasen, and Rubin (2011) and Erb et al. (2012) but the first IFU-based mea-
surements at z 2> 2 were made by Kusakabe et al. (2024) who mapped Si II*
in the MUSE eXtremely Deep Field with a sample of 14 galaxies. They find
extended Si II* A1533 halos in their UV-bright galaxies and show that pho-
ton conservation holds in one object through a comparison of the absorption

and emission equivalent widths.

In this paper, we explore the structure and kinematics of Si II* emission in
a sample of 50 KBSS-KCWI galaxies. This paper is organized as follows:
Section describes the KCWI observations and data reduction; Section
provides an overview of the data products and spectral formats used in
this work; Section |3.4] focuses on the kinematics of Si II* emission measured
DTB; Section |3.5 investigates the variation of Si II* emission with projected
distance (Diran), azimuthal angle, and introduces a test of photon conserva-
tion; the results are discussed in Section [3.6} and outline our conclusions in
Section 3.7, Where required throughout the paper, we assume a flat ACDM
cosmology with Hy = 70 km s™! Mpc™!, Q,, = 0.3, Q5 = 0.7. At the average
redshift of the sample ((z) ~ 2.3; Figure , 1” therefore corresponds to 8.2
(physical) kpc.
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3.2 Observations & Sample Selection

The rest-UV spectra used in this paper come from KBSS-KCWI (Y. Chen
et al. 2021} 2026 in preparation; Prusinski et al. [2025), which comprises 186
star-forming galaxies observed with KCWTIin 46 unique IFU pointings. Each
KBSS-KCWI field has a ~ 20" diameter (170 kpc at (z) = 2.3) and a typical
total integration time of 5 hr. The KCWI spectra were obtained between
2017 September and 2022 June using the medium slicer and low-resolution
blue grating (BL; central wavelength = 4500 A) to achieve spectral resolving
power (R) ~ 1800 over the 3530 — 5530 A bandpass.

Detailed KCWI data reduction procedures are described in Y. Chen et al.
(2021) and Prusinski et al. (2025); in short, individual exposures were re-
duced using a customized version of the KCWI Data Reduction Pipeline
(DRP; Neill, Matuszewski, and Martin 2023; Neill, Matuszewski, Martin,
et al. 2023) and stacked using the KCWIKit package (Prusinski & Chen,
2024). RCWIKit also contains scripts to mitigate instrument systematics not
corrected by the standard KCWI DRP making it especially useful in KCWI

post-processing.

KBSS-KCWI galaxies have extensive multiwavelength ancillary data that
provide stellar population parameter measurements and inferences. The
stellar mass (M.), star formation rate (SFR), specific star formation rate
(sSFR = M.,/SFR) and reddening (E(B — V)sgp) can be inferred for each
galaxy from broadband spectral energy distribution (SED) fitting (see Stei-
del et al. 2016} 2018/ and Theios et al. 2019 for thorough descriptions of the
methodology). KBSS space- and ground-based near-IR imaging is also im-
portant for quantifying galaxy morphology (discussed further in Section

3.5).

Rest-frame optical spectra from KBSS-MOSFIRE (Steidel et al., 2014; Strom
et al., 2017, 2018) are especially helpful in the kinematic analysis below.
KBSS-MOSFIRE galaxies have systemic redshift precision dvmosrire = 18
km s~! (Steidel et al.,2014), a factor of ~ 4 more precise than is possible with
KCWI in the rest-UV (oxcwr = 71 km s71). Rest-frame optical nebular lines
also permit estimates of several stellar population parameters. Dynamical
masses (Mgyn) were measured following Erb et al. (2006) and Theios et
al. (in prep) using the Ha velocity dispersion, o(Ha), such that Mgy, =
C [a(Hoz)]2 r/G. As discussed in detail by Erb et al. (2006), the value of C
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Figure 3.2: Physical and inferred properties about this sample (red and blue
histograms; number counts on left ordinate) and the parent KBSS sample
(gray histograms; right ordinate, where applicable). Top Left: The galaxy
redshift distribution; 37/50 galaxies have systemic redshifts measured from
nebular emission lines observed with MOSFIRE. Top Right: DTB equivalent
width distribution for Si I 11526 (blue) and Si II* A1533 (red). Bottom Left:
Stellar (blue) and dynamical (red) masses estimated from SED fitting and
the Ha emission line width, respectively. Bottom Right: Star formation rate
estimates from SED fitting (blue) and Ha (red). The gray KBSS histograms
are derived from SED fitting.

depends on the mass distribution of the galaxy and its velocity field (both of
which are somewhat uncertain in the current sample). In line with Erb et al.
(2006), we assumed a disk geometry which results in C ~ 3.4, and let r be the
half-light radius of the Ha emission line along the MOSFIRE slit. Reddening
was inferred from the Balmer decrement (E(B — V)gp) as discussed in Theios
et al. (2019), and star formation rate surface densities were estimated from
the Ha luminosity as Ygpr = ff—}}, where r has the same definition as above
(see again Theios et al. 2019). We explore the relationship between galaxy

properties and nonresonant emission in Section
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Shapley et al. (2003) hypothesized that nonresonant emission is generated
from continuum pumping of the resonance transition which subsequently
decays via either the resonant or nonresonant channel. We therefore selected
KBSS-KCWI galaxies where at least one of Si II 11260, Si II A1304, or Si II
A1526 was detected. In order for such lines to be detected in the KBSS-
KCWTI cubes, galaxies must have 1.3 < z < 3.3 and we further required
W)(SilI) > 0.2 A. From the sample of 186 star-forming galaxies in KBSS-
KCWI, 50 objects satisfy both criteria. Most of the galaxies with resonant
absorption also have corresponding nonresonant Si II* emission, which will
be the primary focus of this paper. 37/50 (74%) of the galaxies have nebular
redshifts from KBSS-MOSFIRE and all 50 galaxies have spatially extended
morphologies that permit a robust position angle measurement (Section
. The redshift, Wy, M., M4yn, and SFR distributions for the sample are
shown in Figure

3.3 Data Formats & Measurements

Beyond the native KCWI “cube” format that provides surface brightness
as a function of spatial position and wavelength, i.e. SB(«, 0, A), this study
also makes use of cylindrically projected two dimensional (CP2D) spectra.
CP2D spectra were introduced and visualized in Y. Chen et al. (2021); at a
high level, CP2D spectra are 2-D projections of the 3-D mosaicked KCWI
IFU cubes that show surface brightness in concentric, azimuthally averaged
bins moving outward from the center of a particular object i.e., SB(A, Diran).
Equivalently, one can think of a CP2D spectrum as a projection that provides
a radial surface brightness profile vs. wavelength. Additional details for the
interested reader are provided in Y. Chen et al. (2021); this data format will
be put to use in Section 3.5

This work also makes use of 1-D DTB spectra, extracted from the ~ 5 hr
stacked KCWI cubes. The details of how the 1-D spectra are extracted from
the cubes are discussed in Prusinski et al. (2025), but in brief, the whitelight
image of a cube (formed by collapsing the cube along the wavelength axis)
together with SExtractor (Bertin & Arnouts, 1996) was used to define a
spatial extraction aperture. Each spaxel in that aperture contributes to the
final 1-D average galaxy spectrum, but is weighted by the (S/N)? of the
white light signal. On average, the DTB extraction region is approximately
the size of the seeing disk (~ 0.9” FWHM).
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Figure 3.3: DTB extraction from stack of all 50 KBSS-KCWI spectra in the
sample ((z) = 2.25). The spline continuum fit is shown in red. Resonant ab-
sorption lines are shown with blue vertical dashed lines and corresponding

nonresonant emission lines are highlighted in magenta. Rest wavelengths
for all transitions are in Table

All of the nonresonant emission measurements below are made using con-
tinuum subtracted spectra. Throughout this paper, the general procedure
is to stack and then continuum subtract to avoid adding additional spectral
noise due to continuum fitting (exceptions, where they appear, are noted).
Given a one dimensional spectrum, we fit a low-order spline, masking re-
gions around strong UV absorption or emission features. Spline knots were
placed in approximately 50 A increments and set equal to the median flux
density over that wavelength range. Additional knots were used to fit out
the broad (~ 2,000 km s~1) stellar wind component from the C IV 11548 line
(see e.g. Crowther et al. 2006; Rix et al. [2004; Steidel et al. 2016)) so that only
Si II* A1533 emission is retained. Figure 3.3|shows an example continuum
fit for the full galaxy stack.

Moving to higher dimensions, CP2D spectra can be subtracted row by row
using this approach, as each row in the CP2D image is a spectrum at a
particular Dian. Where needed, the KCWI cubes were continuum subtracted
on a spaxel-by-spaxel basis The cube continuum subtraction strategy used
here differs slightly from the one used in Y. Chen et al. (2021) who fit a single
BPASSv2.2 (Stanway & Eldridge, 2018) stellar population synthesis (SPS)
model to each KCWI-observed galaxy and scaled that model by the median
flux of each spaxel in the cube containing continuum from that particular
galaxy. We found that the spline and SPS continuum subtraction methods
yielded consistent results with residuals between the best-fit BPASS continua
and the spline fit at the level of the flux uncertainty in the KCWI data cubes.

IThis is of course the most computationally expensive continuum subtraction strategy.
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At the same time, we did not find large spaxel-to-spaxel discrepancies that
might signal the need for a less spatially variable approach. We therefore
opted for the spline method due to its simplicity.

We experimented with several methods for fitting and measuring absorption
and emission features in the KCWI spectraﬂ but ultimately concluded that
at this spectral resolution, the absorption and emission features were well
fit by Gaussians (see e.g. Figure 3.5). Gaussian fitting also worked well
at low S/N since the fit parameters were less affected by noise spikes in
the spectrum compared to more direct methods. Velocity centroids (Av)
and dispersions (o) are therefore directly from the Gaussian fits and are
comparable to first and second moments of the line profiles at high-S/N.
This approach matches what was done for the KBSS-MOSFIRE kinematic
measurements which we compare to below. Rest-frame equivalent widths
(Wy) are still computed via direct integration over the line profile, using the
1st and 99th Gaussian percentiles as bounds (Av+3¢). This particular choice

of bounds is relatively insensitive to small errors in continuum placement.

Since KCWI and MOSFIRE have different instrumental resolutions (oxcwr =~
71kms~t; opmosrre = 35 km s™1), in order to make a fair comparison between
velocity dispersions measured between using instruments, it is necessary to
correct the measured velocity widths of spectral features. We have quadra-
ture subtracted the appropriate instrumental contribution from all velocity
dispersion measurements presented to facilitate comparison between the

two instruments.

We now discuss the principal results of this paper, beginning with a discus-
sion of the kinematics of nonresonant emission observed DTB (Section [3.4)
then we move on to the properties of spatially extended Si II* (Section [3.5).

3.4 DTB Emission

Table lists the resonant/nonresonant pairs observable in our rest-UV
spectra. In this paper, we preferentially focus on rest-frame wavelengths
longward of Lya since the nonresonant emission in the sample is already
comparatively “weak” with respect to other interstellar transitions and the
Si IT* lines in the Lya forest fall at observed wavelengths with low KCWI

2(Multi-cornponent) Gaussian fit mean and width; Wqg; direct integration of the line
profile and its moments; vmax defined as the velocity where the line reaches the continuum.



Table 3.1: Rest-UV Absorption and Emission Features

Line

Avac
(A)

A%
(s

b
Pul
(%)

AES
(eV)

CII
cIr*

1334.5323
1335.6628

2.41x 108
4.76 x 107

83.5
16.5

0.0079

Sinn
Sin
Si Ir*
Si Ir*
Siln
Si Ir*
Sill
Si 1T*
Sinn
Si Ir*

1190.4158
1193.2897
1194.5002
1197.3938
1260.4221
1265.0020
1304.3702
1309.2757
1526.7066
1533.4316

6.53 x 108
2.69 x 10°
3.45 x 10°
1.40 x 10°
2.57 x 10°
4.73 x 108
3.64 x 108
6.23 x 108
3.81 x 108
7.52 x 108

159
65.8
84.1
34.2
84.5
15.5
36.9
63.1
33.6
66.4

0.0356
0.0356

0.0356

0.0356

0.0356
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* Einstein A coefficients.
b Probability of de-excitation to listed level from the excited state.
¢ Energy of the excited fine structure level above the ground state.

detector throughput. As discussed in Section we require Si II* to be
present in the DTB galaxy spectrum and we focus on that ion over C II* and
O I* (which are available for a large fraction of the sample). Not only does
Si II have multiple resonant/nonresonant pairs in the KCWI bandpass, but
the Si II* nonresonant transitions have greater wavelength separation from
their resonant counterparts than the C II/C II* and O I/O I* transitions (see
Figure|3.5|for a visual). For the same reason, we make measurements using,
in order of availability and S/N: Si IT* A1533, then Si II* A1265. Note that
Si I1 A1304 is also generally avoided since it is the weakest of the three Si II
transitions and as such would be expected to produce the fewest nonresonant
photons (Table [3.1). Si II 11526 is weaker than Si II A1260 but is still often
saturated and has a comparable strength to Si I A1260 at all but the highest
DTB blueshifted velocities (Figure 3.4). The DTB absorption lines are too
broad to separate C II 11334 and C II* A1335 so we use Si II 11260 as a proxy
for C IT A1334 since they have a similar presentation.
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Figure 3.4: Rest-frame UV and optical features from continuum-normalized
stacked KCWI and MOSFIRE spectra (respectively) plotted on the same
velocity scale. Transitions (and scalings for Lya and Ha) are listed in the
figure legend. The black hatched histogram is the average of the Si II* 11265
and Si IT* A1533 emission line profiles.

Kinematics of DTB Si II*

For each of the galaxies in the sample, we perform multi-component fits to
the absorption and emission lines present; Figure 3.5/shows an example of a
galaxy with all of the rest-UV nonresonant features detection with relatively
high S/N. In general, 0(Si II*) is less than ¢(Si II) (similarly, o(C II*) < ¢(C II)
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Figure 3.5: Example Gaussian fits to continuum-subtracted DTB resonant
absorption and nonresonant emission lines in the rest-frame UV. For Si 1I,
full absorption line is fit in blue, the Si II ISM component is in green (fit
using only the red wing of the absorption line), and the Si II* fit is in red.
For O T and Si IT 11304, each component is listed in the legend and the sum
of all components is in purple. The C II panel is similar, but the total fit is
in green. Each transition is denoted by vertical dotted lines. Neighboring
absorption lines in the Si II A1260 and C II A1334 panels are intervening
absorption systems from foreground galaxies.
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and 0(O I¥) < ¢(O I)) and W, (Si II*) is approximately half of W, (Si II) (Figure

3.2).
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Figure 3.6: Top Left: Rest-frame UV nonresonant emission line width vs.
width of ISM component derived from the resonant absorption feature as-
sociated with each respective fluorescent line. Top Right: Rest-frame UV non-
resonant emission line width, computed from Gaussian fits vs. rest-frame
optical nebular emission line widths for the same set of galaxies. Bottom
Center: Derived rest-frame UV absorption line ISM component widths vs.
rest-frame nebular emission line widths. In all three plots, o(Si II, ISM) rep-
resents a median of ¢(1260, ISM) and ¢(1526, ISM) i.e., the median of the
derived Gaussian widths of the ISM components for Si II 11260 and Si 1I
A1526. Similarly, o(Si IT*) represents an average of ¢(1265) and ¢(1533) for a
particular object, where available.

Inlow-resolution absorption line studies of galaxies with outflows, blueshifted

interstellar absorption lines are expected to have contributions from both
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outflowing material and the ISM of the galaxy. A common practice is to
separate the absorption line profile into two components: an “ISM” com-
ponent (typically modeled as a Gaussian centered at the systemic velocity)
and an “outflowing” component which comprises the remaining absorbed
flux not included in the ISM component (e.g. Coil et al., 2011; Martin et al.,
2012; Weiner et al., 2009). Motivated by the fact that o(Si IT*) < ¢(Si II), we
fit a Gaussian ISM absorption component centered at Av(Si IT) = 0 km s~}
to test if the resonant absorption “ISM” component more closely resembles
the nonresonant emission line. The “ISM” component is fit using only the
red wing of the absorption line (v(SiIl) > 0 km s!) with amplitude not
exceeding the absorption line flux (see the green curves in Figure for
a sample fit). Figure shows a comparison between ¢(Si II*) and the
velocity spread associated with the ISM derived from Si II absorption.

The general agreement between ¢(Si II*) and ¢(Si IT, ISM) suggests that most
of the nonresonant emission is tracing ISM gas and not necessarily outflow-
ing material. This finding further supports the hypothesis that Si II* is
tracing reprocessed absorption line photons from optically thick regions of
the galaxy. Most of the optically thick gas in the galaxy likely resides in its
ISM and would be expected to take on the approximate ISM kinematics.

To further test this connection, we compared the Si II* kinematics to that
of the bright nebular emission lines in the rest-optical (e.g. Ha and [O III])
which are expected to trace gas in the H II regions of the galaxy. Figure
shows a comparison between ¢(Si IT*) and opep,. Figure shows both
o(Ha) and ¢([O 11I]) but both nebular lines have been shown to have similar
velocity dispersions (Steidel et al., 2014). While the points generally cluster
around the one-to-one line, o(Si IT*) exceeds onep for a majority of the sample.
A similar comparison can be made (Figure [3.6f) between ¢(Si II, ISM) and
Oneb, both of which are ostensibly tracing predominantly ISM gas. Here the
distinction is more obvious in that Si II and Si II* have a wider range of

velocities compared to the nebular lines.

While the nonresonant lines could potentially have a contribution from
outflowing gas (as suggested by e.g. Prochaska, Kasen, and Rubin 2011), a
likely explanation is that the UV interstellar lines have a different weighting
than the optical emission lines. The interstellar absorption line optical depth
TIg o f n.dl, where n, is the electron number density and the integral
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is computed along the line of sight. Since a fraction of these electrons
Au,

decay through the nonresonant channels, 15 o Z,T;Z. f n. dl In contrast, rest-

optical recombination (and collisionally excited) line emissivity €recomb o n2.

The rest-UV lines therefore sample a larger cross-section of the ISM (and

CGM) gas and if that gas takes on a larger velocity dispersion relative to

the rest-optical lines (as is suggested by Figure 3.6b) it could explain the

disparity between the two apparent ISM metrics.

Si IT* Velocity Centroid

Unlike the resonant far-UV absorption lines, which use the galaxy contin-
uum as a backlight and are sensitive only to gas “in front of” the galaxy, non-
resonant emission can trace gas along the line of sight from both the “front”
and “back” sides of the galaxy. Nonresonant emission lines therefore may
provide a more complete census of high optical depth gas throughout the
galaxy. In a spherically symmetric dust-free geometry, an equal number
of photons would be produced on both sides of the galaxy resulting in a
symmetric fluorescent emission line profile centered at Av = 0 km s™1. Any
asymmetries in the spatial or kinematic distribution of the gas would then

naturally induce changes to the emission line profile.

Stacks of nonresonant emission spectra from different galaxies would also
be expected to converge to a symmetric velocity distribution centered at vsys.
Studies of Si II* and Fe II* in moderately-sized galaxy samples have observed
velocity centroids close to zero in composite spectra at low (B. Wang et al.,
2020), intermediate (Coil et al., 2011} Erb et al., 2012; Kornei et al., 2013), and
high redshift (Steidel et al., 2016). We note that Fe II has a similar ground
state splitting to Si II in that several fluorescent channels are available to
resonantly-excited electrons. Fe II* and Si II* are therefore expected to be

produced in a similar manner (Prochaska, Kasen, & Rubin, [2011).

At higher redshifts (z ~ 2 — 3), there have been several attempts to mea-
sure rest-UV nonresonant emission lines using different galaxy subsamples
(Shapley et al.,[2003; Steidel et al., 2016, 2018). On average, Av(Si IT*) is con-
sistent with vgys, given the redshift uncertainties and spectral resolution of
each subsample. Despite their low significance in earlier work, Si IT* 11265
and Si II* A1533 have consistently showed a redshifted velocity centroid
where measured. We revisit these measurements with the current sample
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Figure 3.7: Histogram of several Si II* velocity centroids (Av) derived from
Gaussian fits for the 37 objects with systemic redshifts from MOSFIRE nebu-
lar emission lines: Av(1265), Av(1309), Av(1533). Median velocity centroids
are overplotted in color-coded in dotted lines and listed in the legend. The
average redshift uncertainty is 8 km s™1.

noting that KBSS-KCWI offers the highest spectral resolution measurements
to date ((R) =~ 1800) and this subsample contains a higher fraction of galax-
ies with nebular redshifts (74%) over previous studies. Figure [3.7] shows
the distribution of velocity centroids for Si IT* 11265, Si IT* 11309, and Si II*
A1533. While O I* and C II* are present for a large fraction of the sample,
their proximity to neighboring transitions (at this spectral resolution) com-
promises the accuracy of their velocity centroid measurements. For this

reason, we restrict our discussion to the relatively clean Si II* lines.

For the sample of KBSS-KCWI galaxies with nebular redshifts, we find Si II*
emission redshifted by Avpmeq =~ 40 km s~! with respect to the systemic
velocity of the galaxyﬂ Given the wavelength ranges in which these fluo-

SWhere there is overlap, KBSS-LM1 spectra (Steidel et al., 2016) show a similar velocity
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rescent transitions reside it is reasonable that this type of offset could result
from an error in continuum fitting. Our testing suggests the fitting strategy
we have chosen is efficient and fairly robust against many different Si II
and Si II* presentations but we note that Av(1265) could be redshifted if
there is broad absorption in the Si II 11260 red wing, and Av(1533) could
be similarly redshifted if the C IV 11548 wing is not correctly fit out by the
spline. Another possible explanation for the systematic redshift could be
due to a population of collisionally-excited electrons in the Si II excited fine
structure level (ng /2) that produce Si IT* 11265, Si II* 11309, or Si II* 11533
absorption. Such a situation would only occur however is very high-density
environments (1, = 10°713 cm™3; Keenan et al. [1992; Shapley et al. 2003)

which seems unlikely for our current sample.
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Figure 3.8: Av(SiII*) vs. Av(Si II) for the strongest nonresonant transitions:
Av(1265) vs. Av(1260) in blue and Av(1533) vs. Av(1526) in red. A dashed
one-to-one line is overplotted in black.

Despite being marginally redshifted from the systemic velocity on average,

shift.
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Av(SiIT*) is weakly correlated with Av(Si II) (fit to the full resonant absorp-
tion profile). Figure 3.8/compares the velocity centroids of the resonant and
nonresonant transitions for Si II 11260 (1265) and Si I 11526 (1533). In gen-
eral, galaxies with more blueshifted absorption (i.e. outflows with higher
velocities or covering fractions) tend to also have blueshifted nonresonant
emission. The scatter and comparatively narrow range of Av(Si IT*) (with re-
spect to Av(Si IT)) again point to an emission source dominated by fluorescent
ISM photons and a subdominant outflowing component. Put differently, the
weak outflowing material in these galaxies has a considerably lower density
than the ISM.

Dependence of Si II* on galaxy properties
We compared the Si II* emission strength and kinematics with the set of
galaxy physical and stellar population parameters available but find remark-
ably few correlations. The lack of correlations is perhaps not surprising in
light of previous kinematic studies of z ~ 2 Lyman-break galaxies (e.g.,
Steidel et al. 2010 and Theios et al. in prep).

Comparing Si Il and Si IT*, 0(Si IT*) is uncorrelated with Av(Si IT) and ¢(Si I)
except insofar as o(Si IT¥) is related to o(Si II, ISM). This lack of a correlation
also appears independent of velocity metric (see Section 3.3).

In terms of stellar population parameters, Av(1260) and Av(1526) are corre-
lated with Xspr (also see Theios et al. in prep) and based on Figure it
makes sense that we find Av(1265) and Av(1533) to be correlated with Lggg.
While the Si IT and Si IT* velocity centroids are correlated with Yspr, o(Si II)
and o(Si IT*) show no correlation with Xgpr. Higher mass galaxies tend to
have Av(Si IT*) closer to the systemic velocity, perhaps due to the fact that
there is more mass in the ISM in those systems. Higher mass galaxies do

not appear to have larger o(Si II*) however.

Erb et al. (2012) and Tang et al. (2014) both find tentative evidence for
blueshifted Fe II* emission in high E(B — V) composite spectra of z ~ 1
galaxies. Models of nonresonant emission have suggested that galaxies
with higher dust content (and therefore higher E(B — V)) produce more
blueshifted emission profiles (e.g. Prochaska, Kasen, & Rubin, 2011). This
idea can be appreciated in the case of an outflow geometry, where nonres-

onant photons produced in the outflow on the “back side” of the galaxy
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Figure 3.9: Si II* 11265 (blue) and Si II* A1533 (red) velocity centroids
against two measures of E(B — V) for the sample: E(B — V)sgp (circles) and
E(B —-V)gp (triangles) which are computed from galaxy SED fits and Balmer
decrements, respectively.

would appear redshifted with respect to the systemic velocity. Such pho-
tons would then be preferentially absorbed by dust since they have a longer
path length along the line of sight, with respect to (blueshifted) photons
produced on the side of the galaxy nearest the observer. The net fluorescent
line profile for the dusty galaxy would therefore appear blueshifted. We test
this hypothesis with the current sample by comparing both E(B — V)sgp and
E(B — V)pp against Av(Si II*) but find no correlation (Figure 3.9).

3.5 Extended Nonresonant Emission

Absorption-line studies at z ~ 2 have shown that star-forming galaxies have
extended reservoirs of neutral hydrogen (Y. Chen et al., 2020; Rudie et al.,,
2012) and metals (Prusinski et al.,[2025; Turner et al., 2014) detectable at Mpc
scales from the host (for neutral hydrogen and the high ions). Studies of
Lya have also revealed halos in emission (e.g. Y. Chen et al., 2021)). Here we

present the first maps of spatially resolved metallic emission at z ~ 2.
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The maps below were constructed by stacking all 50 galaxies in the sample.
Each constituent galaxy contains a subset of the possible nonresonant UV
emission lines, dependent largely on redshift and continuum S/N. Addi-
tionally, before stacking, each galaxy was coarsely normalized by its median
1400 — 1500 A continuum flux density so that the final cube would have
approximately equal contributions from each object. Aside from the surface
brightness scaling, no other continuum subtraction was performed on indi-
vidual cubes entering into the stack; the average continuum was subtracted
from the final stacked cube in the manner described in Section 3.3l In the
following subsections, we introduce the radial dependence of Si II* with
Dyran (Section [3.5), how Si II* emission depends on galaxy azimuthal angle
(Section , and then explore the properties of Si II* at large Diran (Section

3.9).

The radial variation of Si IT*
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Figure 3.10: Stacked rest-UV continuum (left), Si II* (center), and Ly« images
for galaxies aligned along their major axis. Both Si II* 11265 and Si 1I* 11533
are averaged to produce the center Si II* image; the continuum map is a
whitelight image between 1410 — 1500 A. Each image has had its intensity
normalized by the peak (central) value in the image. Since the stacked
galaxies are co-aligned along their major axis, the continuum image shows
a slight elongation in that direction. The Si II* emission appears marginally
extended the minor axis.

Figure shows a collection of pseudo-narrowband images for a stack
of the 50 KBSS-KCWI galaxies in this sampleﬁ The continuum whitelight
image is made by summing over the 1400 — 1500 A bandpass where strong

UV interstellar absorption lines do not contaminate the signal; the Lya

4Figure comprises rotated galaxies but as discussed in Section the difference in
morphology between a “rotated” and “straight” stack is quite small.
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map is constructed similarly by summing over the spectral extent of Ly«
(1212 — 1220 A) in the continuum subtracted cube. The Si II* map is an
average of the Si II 11260 and Si II* A1533 continuum-subtracted emission
line intensities. A =~ 600 km s~! wavelength window centered on the rest
wavelength of each feature was used so that the full velocity extent of the
emission line was captured. Each pseudo-narrowband image is normalized

by its brightest (central) pixel for ease of comparison.

107184 —e— SjlI*
N ] Continuum
w0
o —e— Lya
= - = o(Si )
wn
©
Q
N
©
£
§ 10—19_
T |
[0, T I A RN S DU

0 5 10 15 20 25

Dtran (kpc)

Figure 3.11: Left: Surface brightness profiles for Si II* (whose central SB sets
the normalization), the rest-UV continuum (1410 — 1510 A), and Lya. Si IT*
is slightly more extended than the galaxy continuum.

From Figure it is clear that Si IT* has a noisier morphology than both
the galaxy continuum light and Lya emission. Lya also has a somewhat
more compact (centrally-concentrated) distribution than has been observed
for larger KBSS galaxy subsets (Y. Chen et al., 2021 Steidel et al., 2011).
The radial distribution of each image is shown in Figure Si II* again
represents an average over the Si II* 11265 and Si II* 11533 lines. In general,
Si IT* is slight extended beyond the average galaxy continuum. Together
with Lya, all three distributions fall off similarly, but Si II* falls off faster
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than Lya. Lya may be expected to be more spatially extended than Si II*
owing to its comparatively larger scattering cross-section, its resonant nature
that results in numerous scatterings before escaping along our line of sight,
and the overall abundance of H I relative to the metals. A further discussion
of Lya will appear in Chen et al. (in prep). The Si II* emission lines are
~ 20x weaker than Lya so, even when stacked, it is only possible to trace
its radial profile out to Diran = 20 kpc before reaching the KBSS-KCWI noise
floor. However, as we will discuss in Section diffuse Si II* emission is

present to at least Diran = 50 kpc for a fraction of the galaxies in this sample.

Kinematically, we have shown that Si II* takes on a smaller range of velocities
than its associated resonant transitions (e.g. Figure[3.6a) DTB, and at Dirn >
0 kpc, the picture stays the same where o(Si IT*) is consistently less than than
0(SiI). Similar to Figure Figure shows the radial dependence of
the line-of-sight velocity spread for both Si IT* 11265 and Si IT* A1533. Where
measurable, 0(1265) > ¢(1533) which could be explained by the fact that the
W (1260)/ W, (1526) ratio is a tracer of saturation. Previous KLCS work (e.g.
Steidel et al. 2018) has shown that high velocity outflowing Si II observed
DTB is less saturated than the absorbing gas closer to the systemic velocity.
In other words, W, (1260) > W,(1526) and by extension ¢(1260) > ¢(1526).
It is possible that the difference in ¢ for the resonant transition is manifested
in the nonresonant transition since a fraction of the absorption photons are

getting reprocessed through the nonresonant channel.

Figure[3.12]also includes a comparison between DTB emission and projected
sightlines from foreground /background galaxy pairs at Dyan > 0 kpc in
absorption. Interstellar absorption lines require a background source of
illumination, normally the galaxy continuum, in order to be observed. In
(Prusinski et al., 2025), background galaxies were used as the backlight
to measure extended absorption in the halos of KBSS galaxies at z ~ 2.
Figure[3.12]combines DTB Si II velocity dispersions with the relevant results
from Prusinski et al. (2025). Note that the observed DTB ¢(Si II) have been
multiplied by a factor of 2 to estimate the total velocity spread one would
observe at Dian = 0 kpc. While the effective spatial sampling is considerably
different between the two samples (see Prusinski et al. (2025) for details), it
is interesting to note that the absorption and emission share a comparable

decrease in their velocity dispersions with increasing Diran.
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Figure 3.12: Si II* velocity spread (o) vs. Dyan for Si II* A1265 (blue) and
Si II* A1533 (red). Velocity dispersions are computed by fitting a Gaussian
to the emission line (solid line) and by taking the second moment of the line
profile (dotted line). Velocity dispersions for the associated resonant Si II
transitions are also shown using the same color coding. DTB o(5iII) are
measured with this sample; 0(5Si I) at Dyan > 0 kpc are from Prusinski et al.
(2025). Following Prusinski et al. (2025), the observed DTB ¢(Si II) have been
upscaled by a factor of 2 to approximate the total velocity spread that would
be observed along a line of sight through the full galaxy at Dian = 0 kpc.
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The dependence of Si IT* on azimuthal angle

At z < 1, observations and simulations have supported a picture of the
CGM where gas accretion occurs primarily along the major axis of the galaxy
and star-formation-induced galactic winds expel metal-enriched ejecta via
(biconical) outflows along the minor axis (S. Dutta et al., 2026; Péroux et
al., 2020; Veilleux et al., 2005; Zhang et al., 2024). However, at z ~ 2,
the morphology of Lya emission halos and rest-UV absorption measured
with transverse sightlines (Dian > 0 kpc) appear independent of galaxy
orientation (Y. Chen et al.,2021; Méndez-Hernéndez et al., 2022). Given this
dichotomy (and potential redshift evolution), it is fair to ask if nonresonant

emission halos show evidence of an azimuthal dependence.

To answer the question of CGM azimuthal asymmetry, it is necessary to have
robust measurements of galaxy major axis position angle (PA). We adopt
the conventions and methodology of Y. Chen et al. (2021) who computed
PAs for 33/50 galaxies in the current sample. Y. Chen et al. (2021) used
four separate methods to compute galaxy PA; since all techniques showed
mutual agreement to within +10°, we choose to use the second moment of
the pixel intensity on high spatial resolution images of each galaxy for our

PA measurement.

The details of the second moment method are described in Y. Chen et al.
(2021) but fundamentally PAs are computed based on the second moment of
the intensity relative to the flux-weighted centroid of the galaxy. We use the
existing 33 previous measurements and derive the PA of the remaining 17
galaxies using the highest spatial resolution imaging available from KBSS
ancillary data products. In decreasing order of priority we used images
from: JWST F277W, HST ACS, WFC3-IR/F140W, F160W, KBSS-MOSFIRE
J, H, and K; band, and finally ground-based optical narrowband imaging
(UGR). This prioritization scheme is the same as adopted by Y. Chen et al.
(2021), with the addition of JWST rest-optical imaging. We find (as did
Y. Chen et al. 2021) that convolving the high spatial resolution images by a
symmetric 2D Gaussian kernel resulted in more consistent PA measurements

across the sample.

We perform the ensuing morphological analysis on the the full sample of
50 galaxies since they all exhibit a non-circular morphology with a clearly

defined PA. In other words, the image second moments along the major and
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minor axes of each galaxy are significantly different. Figure B.13|shows the
distribution of PAs for the sample. As discussed by Y. Chen et al. (2021),
there is a pronounced, but statistically insignificant excess at PA ~ 10 — 40°.
A source of uncertainty in this type of measurement is the connection (or
lack thereof) between the “kinematic” PA (that is set by the dynamics in
the galaxy/CGM) and the “morphological” PA (the quantity we are mea-
suring from imaging) of a galaxy. Where there was overlap, Y. Chen et al.
found reasonable agreement between “morphological” and “kine-
matic” PAs, but we caution that a majority of the current sample does not

have high spatial resolution kinematic information.

60° <60°

B 90°
0 246 8101214
Number of Objects

90°

Figure 3.13: Distribution of PAs (blue histogram) and kernel density estimate
(red).
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With PA measurements in hand, we formed a stacked cube with galaxies
coaligned along their major axes. For each object, a 6" X 6" pixel cutout
was masked of all neighboring sources, rotated by its measured PA, and
projected onto a common grid with the same 0.3”” x 0.3 spatial sampling
of the original cube. In practice, the rotation and reprojection took place
in one step and with only one (bilinear) interpolation. As in Section
the individual objects were coarsely normalized (using the median contin-
uum level between 1400 and 1500 A) before stacking so that each galaxy
contributed approximately equally to the net spectrum. The PA-aligned
stacked cube was also continuum subtracted so that line emission could be
extracted using the approach discussed in Section 3.3]

Psuedo-narrowband images extracted from the PA-aligned stack are shown
in Figure Since galaxies comprising the stack are lined up along their
major axes (as determined from continuum imaging), the continuum shows
an elongation along that axis. Lya is the most symmetric distribution out of
the three images and Si II* shows excess emission along the minor axis of the
average galaxy, but we caution that this image is the noisiest out of the three.
We compute 2-D Gaussian fits to each of the images. The continuum FWHM
values (after subtracting in quadrature the (079 seeing disk), are 8.8 + 0.1 kpc
(major axis) X 7.4 £ 0.1 kpc (minor axis) — a 19% difference; for Lya, we
find 15.7 + 0.2 kpc (major axis) X 15.8 £ 0.2 kpc (minor axis) — less than a
1% difference and consistent with Y. Chen et al. (2021); and for Si II*, the fit
returns 7.7 + 0.4 kpc (major axis) X 9.4 £+ 0.4 kpc (minor axis) —a 22% excess

toward the minor axis.

Tobetter assess the discrepancy between emission along the major and minor
axes we converted the PA-aligned, stacked cube into two CP2D spectra based
on azimuthal angle. Normally, CP2D spectra azimuthally average over the
full circular annulus, but in this case, we follow Y. Chen et al. (2021) and
construct “minor” and “major” axis CP2D spectra for ease of comparison.
Each CP2D spectrum azimuthally averages over a disjoint 180° region of the
original cube, since the “opening angle” of any potential collimated emission
is unknown. CP2D spectra with Si IT* emission separated based on galaxy
major and minor axis are shown in Figure The Si IT* surface brightness
measurements come from Si II* A1265 and Si II* 11533, averaged together
in velocity space. Figure also shows the residual CP2D spectrum and
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its significance. In these units, o is defined as the standard deviation of the
surface brightnesses between 1400 — 1500 A at large Diran (Dtran 2 50 kpc),
where there is not expected to be any signal. The residual CP2D spectrum in
Figure[3.14)indicates that excess emission along the minor axis is present near
the systemic velocity for Dyan S 20 kpc and the most significant difference
is seen at Dyan =~ 10 kpc.

Similar to what was done in Figure we also took vertical cuts in the
CP2D map and produced 1-D radial surface brightness profiles along both
axes for the continuum and Si II*; the distributions are shown in Figure[3.15|
The trends seen in 2-D — excess Si II* emission along the minor axis of
the galaxy and a slight excess of continuum emission along the major axis
— are still present. Interestingly, the nonresonant emission shows a quick
downturn before the continuum reaches the KCWI noise floor.

Si IT* at Dyan >> 0 kpc

In principle, except for Lya, interstellar absorption lines have no source
function, which implies that the flux “removed” along the line of sight in Si II
absorption should be reprocessed as either Si II resonant emission or Si II*
nonresonant emission. Resonant emission would be expected if optically
thick Si II resonantly scatters until it reaches an optically thin medium
and the photons can escape unimpeded along our line of sight. However,
optically thick regions of ISM and CGM are generally sufficiently extended
such that Si IT has to undergo many scatterings before escaping; nonresonant
Si II* emission therefore becomes a much more probable emission channel.
Indeed, most Si II photons in optically thick regions are expected to escape
through nonresonant Si II* channels.

If photons escape isotropically and dust is minimal, photon conservation
would suggest that given a sufficiently large aperture, it would be possi-
ble to capture all of the nonresonant emission along the line of sight and
the equivalent width in the absorption and nonresonant emission feature
would be equal and opposite. A number of studies focusing on low-z
star-forming galaxies have attempted to test Si II* photon conservation but
usually W, (SiII) exceeds W, (SiII*) by a considerable margin (e.g. Gaza-
gnes et al., 2023; Jones et al., 2012; Shapley et al., 2003; Steidel et al., 2018).
That being said, when larger apertures are used, the cumulative flux in the
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Figure 3.15: Top: Radial surface brightness profiles for Si II* on average (red
solid line), Si II* along the major (blue) and minor (orange) axes (connect-
the-dot style), and the rest-UV continuum (dotted lines), also broken down
by axis and following the same color coding. The approximate noise level for
Si II* is shown as a dashed black line. Bottom: Difference in SB between the
major and minor axes of the stack in Si II* (green connect-the-dot) and the
continuum (dotted green). Galaxies aligned along their major axis appear
to have excess Si II* emission along their minor (at the ~ 2.5¢ level).
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nonresonant channel approaches the flux removed by the associated reso-
nant absorption line suggesting that slit losses (or relatively small apertures
more generally) are responsible for the discrepancy in equivalent widths
(Gazagnes et al., 2023; Kusakabe et al., 2024} B. Wang et al., 2020). As a
proof of concept, Kusakabe et al. (2024) used a z = 2.34 galaxy observed
with VLT/MUSE to show that an aperture that included 80% of the galaxy
continuum light included only 50% of the total detectable Si II* emission.
An aperture approximately three times larger was required to recover (in
emission) the flux that was “removed” by Si II absorption.
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Figure 3.16: Left: Spectral extraction from two different apertures: DTB
(0.8"” =7 kpc) and the peak of the W, distribution. Right: Si II* 11533 emis-
sion equivalent width measured in progressively larger apertures compared
with DTB Si II 11526 absorption equivalent width. In the absence of dust,
W) in the absorption line should equal W) in emission.
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Figure (cont.)

Like Kusakabe et al. (2024), the IFU nature of KBSS-KCWI spectra allows
testing of the “zero source function” hypothesis on the current sample of
galaxies. For this test, we used individual objects from the sample instead
of making a combined stack. Figure shows two galaxies where we
have measured how nonresonant Si II* A1533 emission equivalent width
changes for ever-increasing apertures. We measured W)(1526) from a 0.8”
diameter circular (“DTB”) aperture to establish a baseline for the amount of
flux removed by resonant absorption. The spatial resolution of KCWI does
not permit us to measure W) (1526) as a function of Dyan. In emission, we
measure W, (1533) within progressively larger circular apertures centered on
the galaxy i.e., W) (1533, < Dyan). For both galaxies in Figure Wi (1533)
grows with Dy although the ratio —W,;(1533)/W,(1526) is quite different.

(Q0142-BX165 and Q2343-BX587 are representative of many of the galaxies
in the sample in that —W, (1533)/W,(1526) asymptotically approaches unity
with increasing Dyan suggesting either a relatively small amount of dust
in the ISM and/or CGM or simply not all of the emission is being cap-
tured within our expanded apertures (Diran S 40 kpc). On the other hand,
Q2343-BX418 starts with —W,(1533)/Wx(1526) > 1 and continues to grow.
Physically, this implies that there is a significant Si II emission line filling
and our estimate of W,(1526) is underestimated. The comparatively sharp

red wing of Si II 11526 lends additional support for this claim.



114

3.6 Discussion

The strong similarity in the kinematics of Si II*, the fit ISM components
to Si II resonant absorption, and KBSS-MOSFIRE nebular spectra suggest
that Si II* emission is primarily produced through continuum pumping
of the resonance transition, followed by spontaneous emission in both the
resonant and nonresonant channels, first suggested in Shapley et al. (2003).
Si II* appears to preferentially trace optically thick gas where a majority of
Si II photons are reprocessed through the fluorescent Si II* channel. The
fact that Si II* extends beyond the galaxy continuum shows that optically
thick gas is present in the CGM; the latter conclusion has been repeatedly
established via CGM absorption studies (e.g. Prusinski et al., 2025) but this
study in emission provides another piece of supporting evidence.

Galactic wind models have proposed that the majority of observed nonres-
onant line emission could be produced via scattered photons in an outflow
(e.g. Prochaska, Kasen, & Rubin, 2011). The Si II* velocity centroid appears
to shift in accordance with the resonant Si II line, which could mean that a
substantial fraction of the Si II* photons are produced in a bulk outflow, but
the comparatively low Si II* emission line widths relative to their resonant
Si II counterparts challenge this hypothesis. It is possible that the KCWI
spectra are of insufficient resolution and/or S/N to detect a second broad
component in Si II* emission. We observe that in KBSS-MOSFIRE, it is nec-
essary to have S/N ~ 50 in Ha or [O III] before a single Gaussian no longer
provides a good fit to the line profile due to the presence of a broad emission
line base (Theios et al. 2026)

The presence of extended Si II* emission that favors the minor axis of the
average galaxy is interesting in the context of z ~ 2 CGM studies. Despite
several lower-z observations and simulations, to date, there has been little
evidence at z ~ 2 that galaxy morphology is correlated with the structure
of its CGM gas distribution. While most galaxies at low-z have had time
to form disks and, by extension, temporally coherent angular momentum
vectors, the majority of galaxies at high-z, with very few exceptionsﬁ have
not. In any case, the fact that Si II* shows a directional preference, while

Lya does not, suggests that galaxy- and inner-CGM-scale variations may get

SGWS-CC50 (Cheng et al. in prep.), the ‘Big Wheel” (W. Wang et al.,2025), Q2343-BX442
(Law et al.,2012) to name a few.
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washed out through Lya scattering.

In terms of photon conservation, it is difficult to compare the current KBSS-
KCWTI sample with just one galaxy in Kusakabe et al. (2024), but our spectro-
scopic aperture in general needs to be at least a factor of two larger than what
was used on their galaxy in order to achieve W, (1526) =~ W,(1533). Such a
discrepancy may have to do with the underlying systematics between the
MUSE and KCWI cubes or that the gas giving rise to Si II* emission is more

tenuous in the current sample at z ~ 2 compared to that system.

Steidel et al. (2018) established that W, (Si IT*) is correlated with W)(Ly«)
and LyC escape. It remains to do a comparison with Lya. It also remains to
self-consistently model the Si II ion incorporating the multiple absorption
and emission lines present in a given spectrum. This can be done using
PEACOCK (Z. Li et al., 2026) or potentially RASCAS and/or Cloudy.

3.7 Summary

We have investigated the spatial structure and kinematics of nonresonant
Si II* emission in 50 (z) = 2.25 star-forming galaxies (see Figure for
additional physical properties). KBSS-KCWI spectra were used to spatially
resolve the Si II* gas distribution. Our main conclusions are:

1. Si II* kinematics are most characteristic of an absorption line ISM

component (Figures[3.5 and 3.6p)

2. Nonresonant emission is shifted by Av(Si IT*) =~ 40 km s~! with respect
to the systemic velocity of the galaxy obtained from rest-frame optical
nebular emission lines (Figure [3.7).

3. Nonresonant emission (and by extension, optically thick gas) extends
beyond the galaxy continuum (Figure 3.10). The radial surface bright-
ness falloff of Si II* is steeper than that of Lya (Figure[3.11). The Si II*
velocity spread similarly decreases with Dyran (Figure , consistent
with studies using background sightlines (e.g. Prusinski et al., 2025).

4. When aligned along the major axis of the galaxy, stacks of nonresonant
Si IT* show evidence (at the ~ 2¢ level) of excess emission along the

galaxy minor axis (Figures (3.10} 3.14} [3.15).
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5. A significant fraction of Si II* emission associated with a galaxy arises
in its CGM (well beyond the galaxy continuum) (Figure [3.16).

Clearly nonresonant UV emission represents a powerful (but still little uti-
lized) tool for exploring the nature of optically thick gas in and around
galaxies.
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Chapter 4

KCWI DATA REDUCTION

Approximately two years of effort have been dedicated to the red channel
of KCWI, both on the hardware and software front. In 2022 June, KCWI
went off-sky for red channel integration. I participated in Caltech assembly,
integration, and testing of the camera, dichroic, and red detector. I charac-
terized the red detector focus plane and helped with fabrication, installation,
and testing of the seven red channel VPH gratings. I constructed photon
transfer curves for the red detector to measure and ensure the gain, linearity,
and read noise were within tolerance. Once in Hawaii, I peaked each of the
gratings using arc spectra, and installed (and calibrated) an additional blue
channel high resolution grating that made a new observing mode possible.
Once on sky, I used standard stars to conduct an end-to-end throughput
analysis for each grating/slicer combination and assessed the need for a
second order blocking filter. During commissioning, I acted as a liaison
between the broader Keck community of astronomers and the instrument
team as we sourced science verification targets. In particular, I oversaw the
choice of commissioning targets, took the data during each of the commis-
sioning nights, reduced said data, and distributed it back to the observers
and the broader astronomical community. These efforts have contributed to
making KCWI the most popular dark-time instrument at Keck.

The results unpinning this thesis would not be possible without the Keck
Cosmic Web Imager (KCWI) and, perhaps of more importance, the KCWI
Data Reduction Pipeline (DRP) which converts 2-D KCWI detector images
into 3-D flux-calibrated data cubes. The KCWI DRP has been described
elsewhere (e.g. Y. Chen, 2022; Y. Chen et al., 2021} Neill, Matuszewski,
Martin, et al., 2023; Prusinski et al., 2025) and provides a general framework
for reducing KCWI data but reaching the sensitivities required for these
thesis projects (especially Section [5) necessitated improvements in several

stages.

The KBSS-KCWI survey contains KCWI spectra taken with the “Medium
BL” configuration. The slicer sets the FoV (16" X 20.4"") and spatial sampling
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(0769 x 0729); combined with the low-resolution “BL” grating, an average
spectral resolving power (R) ~ 1800 is achieved over the 3530 — 5530 A
passband. Individual exposures are twenty minutes and each survey field
is observed for a total time of ~ 5 hours. Small dithers and/or sky position
angle (PA) changes between exposures allow for square pixels with a finer
spatial sampling (0”73 X 073) in the stacked cubes. Ultimately, the stacked
cubes have a spatial resolution of ~ 0.7 — 1”, limited by the seeing with a
small contribution from the regridding while stacking.

4.1 KCWI Standard DRP Improvements

KBSS-KCWTI exposures are initially processed through the KCWI DRP. At a
high level, exposures are bias subtracted, cosmic ray rejected, flat fielded,
sky subtracted, transformed into cube format, corrected for differential at-
mospheric refraction (DAR), and flux calibrated. The details of these proce-
dures are described in e.g. Y. Chen et al. (2021) and Prusinski et al. (2025).
On the software front, the red channel of KCWI behaves similarly to the blue
with a few pernicious exceptions; notably cosmic ray rejection (Section
and sky subtraction (Section require different treatment between chan-
nels. Over the course of this thesis, each of the major steps in the DRP have
been investigated and solutions devised to correct the DRP’s shortcomings:

the highlights are discussed in the following subsections.

Bias

The blue and red detectors are run in two-amplifier mode where each half
of the detector has a different bias level. Despite the construction and
subtraction of a master bias there is still an additive print-through of the
two different bias levels of both amplifiers. This effect is shown in Figures
and (to a lesser degree). This was one of the motivations for the
developing the median filter used in Y. Chen et al. (2021). Partly through my
efforts, the blue and red detector gains were remeasured during red channel
commissioning with deltas ~ 0.001 e~ /DN. It remains to be seen if adopting
the new gain values precludes the need for a median filter or if the bias

requires a “second-order” correction.
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Figure 4.1: Left: KCWI blue channel master bias in detector coordinates.
Right: a whitelight image of the .med. fits cube that is subtracted from the
DRP-constructed cube. Peak to valley, there is a =~ 2¢™ residual between
each amplifier left after bias subtraction. The median cube also shows slice
to slice variations at the level of ~ 0.2¢~.

Cosmic Ray Rejection

The blue channel DRP uses astroscrappy (Robitaille et al., 2025), a port
of L.A.COSMIC (van Dokkum, [2001), which uses a Laplacian kernel to flag
pixels affected by cosmic rays. The pixel value is replaced by a local median.
This approach works well for the “hot-pixel”-type blue channel cosmic rays
but fails for cosmic rays that affect the red detector (see Figure 4.2 for an
example). Red channel cosmic rays affect more pixels (CRs cover ~ 0.8%
of the detector in a typical 5 minute exposure in 2 X 2 binning; see Table
and can have quite a diverse range of morphologies (e.g. bursts, snakes;

Figure .

Exposure Time | Binning | Detector coverage
(minutes) (%)
5 1x1 0.59
10 1x1 1.13
5 2X2 0.77
10 2X2 ~15

Table 4.1: KCWI Red Channel Detector Cosmic Ray Statistics



Figure 4.2: A zoomed-in KCWI red channel science frame before cosmic
ray rejection. Cosmic rays take on a range of morphologies and span the
detector.

If exposures are taken one by one at the telescope, the DRP reduces each
exposure in the same fashion and performs only the astroscrappy cosmic
ray rejection, which is not particularly well-suited for the red channel cosmic
rays. If three exposures were taken as a group, the DRP creates a master
object (_mobj . fits) file based on the median of the three exposures. Four or
more grouped exposures are combined via a straight average which clearly

leaves a cosmic ray imprint on faint emission in pixels where both are present.

In KCWIKit, I have implemented an approach to cosmic ray rejection that
maintains the statistical power of using multiple frames. This approach re-
quires that at least two red-channel exposures were taken at the same sky
position, the same PA, and in the same configuration, with little change in

the observing conditions (seeing, presence of clouds) between the two ex-
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posures. I presented an iterative approach: similar exposures are combined
to construct a master object frame; each constituent exposure is then sub-
tracted from the master object frame; the difference image contains primarily
cosmic ray pixels from which a binary mask can easily be constructed by
sigma-clipping. Each constituent image can then be re-reduced, employing
its associated cosmic ray mask. For cases where only two science frames
exist, the master object frame can be constructed using the pixel-wise mini-
mum; with three or more frames, the pixel-wise median the natural choice.
The upshot of this approach is that the effective exposure time (on aver-
age) remains close to (fexp X Nexp) instead of just fexp (in the case of taking
the median of Nexp). Several scripts have been constructed for grouping
red-channel frames ex post facto and interleaving them with blue-channel

exposures.

The approach implemented in KCWIKit is by no means the only way of
removing CRs. Aside from by-eye masking (which I implemented), there
is no easy way to remove cosmic rays on single exposures. There have
been efforts to look at cosmic ray morphology (most cosmic rays have a
fairly uniform width); contrast over the ray and contrast compared to the
expected signal; and location and angle with respect to slice boundaries,
sky lines, and the object trace (Matuszewski et al. in preparation). A more
“modern” technique, Cosmic-CoNN (Xu et al., 2021, 2022, 2023), is under
development with the goal of using a neural network to detect cosmic rays
on single frames (Peng, Xu, et al. in preparation). The possibility of observers
only obtaining one red channel frame on a target is possible (especially in the
case of rapidly changing weather), and having the ability to make effective
use of that data is an important DRP use case. The solutions developed for
KCWI can be easily adapted for LRIS-R which uses the same detector.

Flat-fielding

The sky background is expected to be approximately uniform across the
KCWI FoV (= 20" x 16" for the “Medium BL” configuration) and the current
default means of sky subtraction (a b-spline fit to all of the sky pixels on the
detector) necessitates a flat field. The default afternoon calibration script
collects six internal and three dome flats for each requested configuration.
In good conditions, these are supplemented by twilight flats taken in either

the evening or morning.
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Figure 4.3: A normalized KCWI flat field that is the product of the master
internal flat and a smoothed master twilight flat. The large scale detector
gradients are captured, without significant twilight sky line print through.



-2.7 -2.1 -1.6 -0.84 -0.21 0.41 1 1.7

Figure 4.4: 2-D “Sky Flat” approximately centered on N I 45199 made
by combining two years’ worth of continuum source masked KBSS sci-
ence frames (icube.fits) and deprojecting. All frames were taken in
the “Medium BL” configuration and units are in ¢”. In regions without
prominent sky features, the background noise level ¢ ~ 0.5¢~; around N I,
o =~1.5¢e".

Broadly speaking, the internal and dome flats are useful in correcting pixel-
to-pixel variations and twilight flats are essential in removing large-scale
detector illumination gradients. Internal flats use a calibration unit that
mimics the telescope pupil but therefore suffer from vignetting. Dome flats
do not suffer from this issue but the Keck dome lamps currently do not have
significant flux in the near-UV (A < 4000 A) which prevents accurate flat
fielding at those wavelengths. Twilight flats have the advantage of using the
tull telescope optical path and sufficient throughput in the near-UV; their one
drawback is the night sky spectrum which needs to be fitted out before such
frames can be used. By default, the sky spectrum is fit with a b-spline; under-
and over-subtraction of sky can therefore result in wavelength-dependent
gradients in the flattened images.

What one desires is a well-exposed flat field that simultaneously corrects
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pixel-to-pixel variations and large-scale detector gradientsﬂ At present, two
attempts have been made on the blue channel: first, a combined master
flat that is the product of the master internal flat and a smoothed master
twilight (Figure [4.3); second, a “sky flat” made using two years’ worth of
skies (Figure [.4), all taken in the same “Medium BL” configuration. The
tirst approach uses a heavily smoothed twilight flat to mitigate any sky lines
that have not been properly subtracted. The second approach combines
sky pixels from several dozen nights (several hundred individually masked
exposures) and constructs an average (quasi-)detector image. The large
scale gradients in Figure {4.4)are the result of improper flat fielding on each
of the science frames; the sky spectrum print-through results from poor
sky subtraction in either the twilight flats used to flat field the constituent
exposures or the science frames themselvesﬂ In either case, this “sky flat”
shows where flat fielding is subpar not to mention several second-order
effects (e.g. shadowing) and has the potential to correct individual frames,

thereby improving overall sky subtraction.

Sky Subtraction

The galaxies that comprise this thesis have surface brightnesses < 1% of
the night sky background surface brightness under dark lunar conditions.
The ability to extract meaningful information about the galaxies therefore
hinges upon accurate sky subtraction. As introduced in Section the
KCWI DRP default sky subtraction routine collects all pixels on a science
frame, performs a +1¢ rejection and fits a low-order spline to the remaining
pixels. It is also possible to create sky masks around science targets so they
do not bias the sky model high (and therefore lead to oversubtraction of the
sky). Considerable effort has been spent masking individual frames in the
KBSS-KCWI survey with positive results (e.g. Y. Chen, 2022} Y. Chen et al.,
2021).

While a +1o clip tends to work well for a wide range of science cases, a
wavelength-dependent rejection is even more useful! The [O I]A5577 night sky

line is by far the strongest feature in the blue channel bandpass and prior to

n principle, the dome flats will meet these criteria on the red channel, but this claim
is still being investigated.

2As an aside, when PCA sky subtraction routines are implemented on KCWI data
cubes, the first few components tend to capture these flat fielding artifacts, not bona fide
sky features.
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this fix, the 10 rejection would only mask that feature, practically ignoring
the rest of the wavelength range. Currently, the +10 clip occurs in 40 A
chunks, but it would be useful to tune this parameter further in future.

Figure 4.5: An example of a deprojected sky mask (seen here in detector
coordinates) used in a KBSS-KCWI field. Note the presence of continuum
and line emission.

The best sky subtraction can only occur when “all” of the objects in a frame
have been masked so that only sky pixels remain. However, only a subset
of the objects visible in a =~ 5 hour stack are visible in a 20 minute exposure
which, in the approach described above, results in stacks with oversub-
tracted skies. The solution I have implemented is:

1. Run a “first pass” sky subtraction using the wavelength dependent
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b-spline described above on every exposure
2. Stack those exposures
3. Create a sky mask on the stacked cube

4. Deproject that mask back to detector coordinates (Figure 4.5/shows an
example)

5. Sky subtract each exposure using its respective mask made by depro-
jecting the stacked cube mask

6. Restack the cubes, now with improved sky subtraction.

For the moment, the stacked cube masks are two dimensional, constructed
from whitelight images of the cube (hence why e.g. the width of the masked
region does not change with wavelength in detector coordinates), but the
next obvious step is to make 3-D (wavelength-dependent) masks. The CubEx
package (Cantalupo et al. in prep) would be a natural choice for making
such masks. 3-D masks have the advantage of accounting for objects with
extended (e.g. Lya) emission and have already been used successfully in the
median filtering procedure typically performed on KBSS-KCWI data cubes
(Y. Chen et al., 2021).

On thered channel, I have worked on a sky subtraction PCA tool (KSkyWi zarcﬁ
Zhuang et al. in preparation), ported from ZAP (Peng et al. 2026; Soto et al.
2016; Peng et al. in preparationEb originally used on VLT/MUSE and now
usable with KCWI frames. While the KSkyWizard PCA works well for bright
targets, I am actively developing a physically-informed model that will fit a
red sky model (in the optical) to each raw KCWI frame and account for the
changing focus/illumination with wavelength (see Section[5.T).

Interpolation in Cube Construction and DAR Correction

Converting from 2-D detector coordinates to the 3-D cube format requires
some form of interpolation. The DAR correction, which effectively sets up
a larger spatial grid and imposes a wavelength-dependent spatial shift, also
requires interpolation. Experimentation between different interpolation or-
ders has revealed bright point-like features (e.g. CRs, Lya emitters with

Shttps:/ / github.com /zhuyunz/KSkyWizard
*https:/ /github.com /jasonpeng17/zap_for_kcwi


https://github.com/zhuyunz/KSkyWizard
https://github.com/jasonpeng17/zap_for_kcwi
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Figure 4.6: One wavelength slice (0.5 A narrowband image) of a twenty
minute KCWI blue channel QSO pointing with a cosmic ray hit, identified
by green crosshairs. The cosmic ray flux is apportioned differently de-
pending on the interpolation order used to construct the cube. Left: linear
interpolation, Right: cubic interpolation.

weak continua) are particularly susceptible to interpolation errors. Figure
shows how higher-order interpolation can result in a “diffraction-like”
pattern around the object. The simplest solution here is to use linear inter-
polation where possible.

Flux Calibration

The introduction of the red channel and dichroic in the optical path has
created a need to improve how one flux calibrates the KCWI cubes. The
standard DRP takes an average of the majority of the pixels in the standard
star cube and fits a polynomial to the spectrum. The dichroic leads to an
exponential cutoff around 5600 A that cannot be properly fit by a polynomial.
KSkyWizard helps with this fitting and adopts a more manual approach.
The dichroic cutoff (equivalently, half-power point) varies spatially however
(Figure 4.7), and proper flux calibration requires that one take account of
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Figure 4.7: Top: The KCWI dichroic cutoff mapped as a function of wave-
length for the the two edge slices: slice 1 (left) and slice 24 (right). The
blue (orange) curve shows the blue (red) channel wavelength-dependent
throughput. Bottom: The dichroic half power point as a function of slice.
The transition band is from approximately 5465 — 5685 A. Figure courtesy of
Don Neill and Matt Matuszewski.

this.

4.2 KCWIKit

A large fraction of the suggestions and DRP improvements discussed in
Section are implemented in KCWIKit (Prusinski & Chen, 2024). I am
the lead developer of this software, which offers masking and median fil-
tering scripts (Figure to be used while running the KCWI DRP, and a
step-by-step KCWI DRP implementation for finer control over the reduction
process. Once the DRP has finished, KCWIKit can be used to stack the output
cubes via the Montage (Jacob et al., 2010) package. Various functions cross-
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Figure 4.8: A cartoon representation of the median filter routine. Whitelight
images of the science frame (left), the median of the science ignoring con-
tinuum sources (center), and the median filtered cube (right). The latter is
used for all subsequent analysis.

correlate and mosaic the constituent cubes and the final stacked cubes are
WCS corrected. Helper functions can then be used to deproject the stacked
cube into lower-dimensional representations should the user desire.

Mosaicking

The underlying stacking code in KCWIKit has existed since Y. Chen et al.
(2021) (a sample stack is shown in Figure[4.9). As a Keck Visiting Scholar,
I improved KCWIKit to stack both red and blue channel cubes and ensure
consistent astrometric alignment. I also implemented an outlier rejection
scheme when stacking data from multiple nights and/or PAs to eliminate
cosmic rays (if all former attempts to do so have failed). Of particular interest
on the red channel is the ability to stack data at the same spatial resolution
but with different red grating angles. The red channel features a 5600—10800
A passband, but at one time only AA =~ 3500 A can fit on the red detector.
Observers typically choose a central wavelength that captures most of their
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Figure 4.9: A whitelight image of the GWS-MM37 KBSS-KCWI field. The
total integration time in this stack is =~ 5 hours.
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Figure 4.10: A series of KCWI red channel exposures taken at different spa-
tial positions and in different instrument configurations are stacked. Top:
Whitelight images for sets of stacked exposures taken with central wave-
length 7000 A (left) and 8000 A (center); all images are combined in the
right panel. Bottom: The final extracted spectrum color coded by the setups
contributing to each wavelength.
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teatures of interest, but with my improvements, it is now possible to combine
data from multiple different central wavelengths into one large cube (Figure

4.10). This functionality has been tested on a limited basis and it is clear that
accurate flux calibration is required between all of the constituent datasets.
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Chapter 5

MPC-SCALE JETS

High-power jets driven by supermassive black holes (SMBHs) for millions of
years are the largest galaxy-made structures in the Universe. These “mega-
jets” are one of the most spectacular forms of feedback, pumping electrons,
atomic nuclei, and magnetic fields into the IGM. Over the last few years,
thanks to sensitivity gains of large-scale radio surveys, such as the LOFAR
Two-metre Sky Survey (LoI'SS; Shimwell et al. 2017), it has become clear that
megajets — previously thought to be rare and cosmologically insignificant —
are not only common, but possibly the dominant source of black hole feed-
back to the Cosmic Web. Indeed, about 10* out of the 6 - 10° radio-detected
AGN in LoTSS DR2 produce Mpc-scale jets (i.e. ~2%; M. J. Hardcastle et al.,
2025; Mostert et al., 2024). Correcting for the strong evolutionary surface
brightness decay that hampers the detection of the largest jet systems, the
true incidence of Mpc-scale jets may amount to ~10% of all radio AGN.

Recently, Oei, Hardcastle, et al. (2024) reported the joint LOFAR-uGMRT-
Keck I Telescope discovery of a 7 Mpc-long black hole jet system at a redshift
of z = 0.896, powered by a radiative-mode active SMBH. This structure,
niknamed Porphyrion, is currently the largest known structure generated
by an astrophysical body. State-of-the-art modeling (M. Hardcastle, 2018)
suggests that the jets, by that time, had undergone fueling by the active
SMBH for At = 1.9797 Gyr. Spanning about 66% of the radius of a typical
cosmic void at its redshift, the outflow shows that the sphere of influence of
individual SMBHs can reach the scale of the Cosmic Web. The age of the jets,
in combination with the inferred two-sided jet power Q = 1.3 +0.1-10% W,
suggests a spectacular time-integrated energy release into the IGM of E =
Q - At = 82.10% J. This amount is comparable with the energy freed
during galaxy cluster mergers (e.g. Van Weeren et al., 2009), suggesting
that the outflow is among the most energetic post-Big Bang events to have
occurred in its region of the Cosmic Web. As numerical simulations of
smaller systems indicate that energy carried by jets predominantly goes into
the heating of the IGM, Oei, Hardcastle, et al. (2024) argue that Porphyrion
may have heated its Cosmic Web filament by AT ~ 107 K.



Nebular Gas

Stellar Continuum

Stellar Radial Velocity

Gas Radial Velocity

declination (°)

specific intensity 1, (mJy arcmin

- 0=200 kms~!

267.6 267.4 267.2 —300 -300

right ascension (%) -5 0 5 -5 0 5
Ax (kpc)

Figure 5.1: Left: LOFAR image (at 144 MHz) showing a 1.5 Mpc jet system at
z = 0.06. The inset shows a 100 kpc x 100 kpc DESI optical cutout of the host
galaxy. The jets have emerged from the host’s minor axis. Right: Preliminary
KCWI psuedo-narrowband images (top) and first moment maps (bottom)
showing the radial motion of stars and gas. The gas (traced by [O II]) shows
evidence of bulk rotation with an angular momentum vector aligned with
the jet axis. The gas appears kinematically decoupled from the stars which
have a random velocity dispersion ¢ ~ 200 km s™!. The proposed study will
test if this situation holds for a sample of =~ 50 Mpc-scale jet systems.

The discovery of Porphyrion is part of a productive, large-scale radio cam-
paign aimed at quantifying the impact of black hole energy transport on the
IGM. By eye and with machine learning, the International LOFAR Telescope
(ILT) team has increased the number of known Mpc-scale black hole jets
by an order of magnitude, from about 1,300 to more than 11,400. Bayesian
forward modelling of the Mpc-scale jet population suggests that, at least
in the Local Universe, the comoving number density of actively powered
Mpc-scale jets is ~10 (100 Mpc)~=. This line of work has thus revealed
that Mpc-scale jets are a relatively common phenomenon — i.e. about as

common as luminous shorter jets.

5.1 Angular momenta of galaxies hosting Mpc-scale jets

Although megajets have recently emerged as a leader in contributions to
galactic baryonic processes, the physical triggers for giant jet formation re-
main unknown. I am spearheading a Keck/KCWTI survey of elliptical galax-
ies hosting Mpc-scale jets with the goal of figuring out why some galaxies
generate giant jets and others do not. At present we have KCWI spectra of

~ 30 hosts at z ~ 0.1 and preliminary reductions have revealed kpc-scale
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Figure 5.2: KCWI results for 3C236, with a sky-projected length [, = 4.5 Mpc
the largest jet system known in the 1970s-2000s. We show a 6" LoI'SS image
with Legacy Survey, KCWI, and HST insets, covering a factor 500 in spatial
extent: from 5 x5 Mpc to 10 kpc x 10 kpc (left). KCWI observations provide
a spectral dimension that complements large-scale Rubin-like ground-based
surveys and Roman-like space-based surveys. Through Ca H and K, [O II]
A3727, HpB, and other lines, our PPXF-processed host galaxy data reveal
a rotating disk of stars and gas perpendicular to the jet axis of ~10 kpc-
scale extent (right). From the central stellar velocity dispersion, we estimate
an SMBH mass M, =~ 2-10° Mg. The gaseous velocity dispersion shows
elongated, ~3 kpc-long structures along the jet axis, as well as depressions
in the perpendicular direction.

rotating disks with nebular emission (Ha and [O 1II]), perpendicular to the
jet axes (examples are shown in Figures 5.1 and [5.2).

An important objective of this project is to explain the conditions in the
host galaxy that give rise to stable jet orientations over Gyr timescales. I
will start by using KCWI kinematic maps to test the extent to which galaxy-
scale and core angular momentum vectors predict the SMBH jet axis. In
other words, do the stars and/or gas in the galaxy “know about” the Mpc-
scale jet? Zheng et al. (2024) recently combined radio measurements of
jet position angles with host elliptical galaxy position angles (from DESI
imaging) and showed that longer jets tend to be preferentially aligned with
their host’s minor axis. This result appears to hold for megajets (Figure[5.3).
The kinematic information garnered from KCWI data cubes will anchor

these measurements. If a tight correlation exists, as hinted at by preliminary
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Figure 5.3: The angle between host-galaxy minor axis and the jet axis for
several recently observed jets. In projection, Mpc-scale jets are 3X more
likely to protrude from the stellar minor axis than from the stellar major
axis.

results in Figures 5.1/ and then this would suggest that longer jets may
stem from ellipticals with large-scale angular momentum, either throughout
the entire galaxy or in a kinematically decoupled core, which could supply
the central SMBH with long-lived, disk-like accretion. Stable jet orientations
over cosmological timescales may then be plausible.

The giant jet-derived conclusion that AGN activity at high two-sided jet
powers (for Porphyrion, Q ~ 103 W) can be sustained for hundreds of mil-
lions of years or even billions of years, suggests an atypical star formation
state in these host galaxies. KCWI observations allow for a detailed in-
vestigation of jet-mediated star formation quenching in an extreme regime,
probing the limits of the effectiveness of jet-mediated quenching. Addition-
ally, galactic core spaxels probe the ongoing existence of massive stars in the
nuclear region. Jets emerging from the galactic nucleus entrain atomic nuclei
from the winds of massive stars, and could spread heavy elements through
the Cosmic Web once they reach Mpc-scale sizes. The (non-)detection of
massive stars could lead to a better understanding of the elemental enrich-
ment of the Cosmic Web through cosmological black hole jets.

Finally, these measurements allow for improved SMBH mass determinations
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(M,). Strikingly, for a significant fraction of the largest jet systems, estimates
of M, do not exist at all; additionally, when such estimates exist, they are
based on the widths of stellar emission lines in a single SDSS fiber spec-
trum. However, in order to unravel the physics of giant jet growth, SMBH
masses are important: under the Blandford-Znajek mechanism (Blandford
& Znajek, 1977), and at fixed magnetic field strength and spin, the two-sided
jet power Q o« M2. The simultaneous availability of high-quality galaxy
morphology, internal angular momentum, jet orientation, SMBH mass, and
radio luminosity data in cosmological black hole jet systems will enable a
new era of precision studies into the yet-elusive physics underpinning one

of the Universe’s most spectacular phenomena.

Our initial success has motivated a search to understand if these galaxies
hosting Mpc-scale jets change over cosmic time; in the latest observations,
we have expanded the redshift range out to z < 0.5 i.e. ~ 5 Gyr of cosmic
time. The next step is to fully reduce, analyze, and interpret these data.
As shown in Figure full spectral fitting to the KCWI data cubes and
extracting kinematic information through first and second moment maps

are the initial step in this process.

Sky Subtraction Strategy

Megajets are predominately generated in elliptical galaxies and the peak of
the redshift distribution (mostly due to LOFAR sensitivity constraints) is
at (z) ~ 0.7. Most of the elliptical galaxies observed with KCWI therefore
cover the full field of view and it is necessary to use an external reference for
sky subtraction. Since the sky intensity varies with time and wavelength,
precision sky subtraction is nontrivial. However, the problem becomes

tractable with some simplifying assumptions and realizations.

Over the relatively small KCWI FoV, the sky is approximately uniform i.e.

fsky(a/ o, A) = fsky(/\)-

The total observed flux density f) at a particular voxel can therefore be
written as a sum of sky and object contributions:

f/\((){, (5, A) = fsky(/\) + fob]'(()(, (S,A).

Using an external sky frame means fsy (1) canbe replaced with &(A) foky, ext(A)
where fqy,ext(A) is now a known reference spectrum and &(A) accounts for
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the temporal variation in sky intensity. Ideally, £(A) would be a sky scaling
factor ~ 1 for most of the wavelength range, but a wavelength dependent
correction may be required near OH sky features which vary independently

of the sky continuum.

The equation

f)\(a/ 0, /\) = E(A)fsky,ext(A) + fobj(a/ 0, /\)-

still has too many unknowns for a unique solution, but imaging surveys
like Legacy (Dey et al., 2019) can in principle provide fopj(a, 6) over several
wavelength ranges (e.g. g-band). Each galaxy was also observed at two PAs,
which could be of some use in solving for the spatial flux density depen-
dence. The elliptical galaxies are expected to have broad features (relative to
the night sky lines), so it may be possible to require a locally smooth spec-
trum, effectively interpolating over the “sharp” night sky features. Taking
this approach or using an external object spectrum (from e.g. SDSS) may be

the missing link in solving for the true object flux densities.

Above, I provided a fairly general approach to sky subtraction when there
are no sky pixels on the IFU. In spectral regions without strong sky features
and a locally smooth sky continuum, precise sky subtraction may not be
required to extract reasonably meaningful kinematic measurements. Since
one of the primary goals of this project is to understand the angular momenta
of these systems, that will ultimately dictate the necessary sky subtraction

precision.

5.2 Emission from the WHIM compressed on shock fronts from Mpc-
scale black hole jets
Numerical simulations predict that most extragalactic jet energy is trans-
terred to the IGM through supersonic shocks that propagate approximately
perpendicular to these Mpc-scale jets (e.g. Stimpson et al., 2023). In decreas-
ing order of importance, this transfer increases the thermal, kinetic, and
potential energy of the downstream IGM. SMBH systems therefore repre-
sent a largely unexplored, but indispensable source of heating and mixing
of the warm-hot IGM (WHIM). Despite this, bow shocks driven by megajets

have never been observed.

High-power SMBH jets arising from galaxies push away the IGM that lies

in their path. The formation of a low-density, high-temperature, turbulent
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Figure 5.4: Large-scale, relativistic (magneto)hydrodynamic simulations of
SMBH jets universally predict that jets drive supersonic shocks into the
Cosmic Web. These shock fronts cause strong compression of the IGM
(factors of ~ 101-10?), and thus locally enhance the rest-frame UV emissivity
due to collisionally excited lines by a factor ~ 102-10%. This would render
the WHIM at Mpc-scale distances from galaxies visible to KCWI. We show
the density (left) and temperature (right) around a Perucho et al. (2014) jet
with a kinetic power of 103 W after 50 Myr of activity.

“cocoon” around the jet, filled with relativistic electrons flowing from the jet
tip implies that the IGM must be compressed elsewhere. As the left panel
of Figure[5.5/shows, the jet cocoon (dark) is fully enveloped by a region with
shocked ambient medium (light) which lies in the wake of a thin shock front
layer (lightest). In this shock front layer, I estimate the ambient medium is
compressed by a factor f ~ 10. In “undisturbed” circumstances, rest-frame
UV emission from the z ~ 2 IGM would lie several orders of magnitude
below the KCWI detection threshold, even after many hours of integration.
The presence of a jet, however, results in a significant local compression of
the ambient medium. Since the UV line emissivity is proportional to the
(hydrogen) density squared, nZ;, even moderate compression can result in
significantly more luminous emission. The objective of this project is to ob-
serve these shock fronts via collisionally excited emission that is produced as
the jets sweep up and compress the local IGM. To the best of my knowledge,
such a measurement would be the first detection of the WHIM in a cosmic
void and would open up a new means of mapping the distribution of metals
in the IGM (through rest-frame UV emission). The latter remains a critical
frontier in accounting for the baryons in the universe and understanding the

large-scale effects of galactic feedback.

Local Universe observations (Oei, Van Weeren, et al., |2024) suggest that
Mpc-scale jets arise predominantly (75%) in filaments of the Cosmic Web,
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Radio: LOFAR Optical: PanSTARRS

Figure 5.5: Meter-wavelength radio interferometers, such as the Interna-
tional LOFAR Telescope, can reveal Mpc-scale jet systems at cosmological
distances, which drive supersonic shocks into the warm-hot intergalactic
medium (WHIM). These shocks may allow a intriguing new pathway to
observe the WHIM in the optical with KCWI. For the jet system generated
by J150012.22+604941.1, a quasar-hosting galaxy at a spectroscopic redshift
Zspec = 1.6628 £ 0.0008, we show a radio image (left), an optical image (cen-
ter), and an annotated schematic of a simulated analogon from Whitehead
and Matthews (2023). We show the KCWI medium slicer FOV (20" x 16”")
in green.

and in galaxy groups in particular; the remaining 25% exist in clusters. Since
the IGM in clusters boasts temperatures T ~ 10’-10% K and emits primarily
in the X-ray, this project focuses on jets in filaments, where the plasma is
colder (T ~ 10°-10° K) and a considerable fraction of collisionally excited
emission can observed in the rest-UV. To detect such emission with KCWI,
the radio jets must lie at z ~ 2. Mostert et al. (2024) have recently assembled
the largest catalog (N ~ 10%) of Mpc-scale jet systems to date; Figure
illustrates one example of the measurement technique.

In light of the high IGM temperatures, it is fair to ask if KCWI is the correct
instrument for the job. Unlike other instruments, KCWI was tailor-made
for detecting diffuse emission from the Cosmic Web and this is precisely
what is being observed. While there is also likely collisionally excited X-
ray emission present, current facilities do not have the sensitivity to map
such low-SB emission at large galactocentric distances (e.g. Simionescu et
al., 2021) and the IFU format allows for additional flexibility given that the

precise location of this emission in these systems is not well constrained.

Using a suite of cHianTI (Del Zanna et al., 2021) simulations (see Figure ,



140

ny=4x10">cm™3, B=50, /=10 kpc, Z=0.3Z, 10" x 10" region
T=105K

10—17

10—19

1‘ T O ‘hl . -

T=10°K

10710 | |

10-20 ' [ [
10-2L l I !
: : Ll L l

10-22 | A L l

T=10"K
,
10*20
10*21
4"‘\

10722 z=2 z=15 z=2 1z=15

Flux density (erg s~ cm~2 A-1)

1000 1500 2000 2500 3000 3500 4000 4500
Rest wavelength (A)

Figure 5.6: cHiaNTI emission spectra for shocked WHIM temperatures
T ~ 10°-10” K (top to bottom), and unshocked WHIM density ny, com-
pression factor g, effective LoS distance ¢, and metallicity Z given in the title.
The estimated flux densities assume integration over a 10" x 10" region (ap-
proximately 16-25% of the FoV, depending on the choice of KCWTI slicer).
The solid (dotted) green line shows the five-hour empirically derived limit-
ing flux density (S/N = 1) for the large (medium) slicer and low-resolution
grating set. The color-coded vertical dotted (dashed) line denotes the blue
(red) end of the KCWI bandpass for redshifts z = 1.5 and z = 2. The
strongest lines are tabulated in Table

I constructed mock emission spectra for gas temperatures 5 < log(T/K) <7
and densities expected in a WHIM region compressed by a Mpc-scale jet.
In addition to the aforementioned nlz{ dependence, the expected surface
brightness (SB) of the collisionally excited emission depends sensitively on
the IGM’s temperature, metallicity (Z; Mernier et al. 2018), and is propor-
tional to the emission’s line-of-sight (LoS) path length ().

The most luminous collisionally excited species for T ~ 10°~7 K gas that
fall within the KCWI bandpass at z < 2 are listed in Table Based on
my CHIANTI emission line modeling, I anticipate these species to have SBs
~ 1072 erg s7! em=2 A~! arcsec™?; if one integrates over a 10" x 10" region,
the flux densities are ~ 107'8 erg s~ cm™2 A~1. Reaching this SB limit will
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Line | Rest wavelength | Peak flux density
(A) (erg s™! cm™ A1

C 11 1908.73 1.3x 107V

O 1l 1666.15 8.2 x 10718

Si v 1393.76 4.1x10718

o1 1404.81 3.6x10718

Fe XI 2649.50 3.0x 107

Fe IX 2498.84 1.0x 1071

Fe X 3455.27 9.3x 1072

Si IX 2149.99 9.1x107%

Fe XXI 1354.06 8.5x 10720

NV 1238.82 8.0 x 10720

Table 5.1: Brightest 10 collisionally excited emission lines observableatz < 2
in the rest-UV with KCWI. The physical conditions are the same as those in
Fig.5.6/and temperatures fall in the range T ~ 10°-10” K. This list includes
both resonant and nonresonant transitions sorted by intensity. Ions further
down the list tend to reach their peak intensities in hotter gas.

result in an emission line S/N ~ 2-3. The SB approximately obeys:

- - 2 ¢-1 -
SB~ 102 ergs'em™2 A" arcsec™

nH 2(B 2 l 7 \2( T \7?
X(m) (%) (10kpc) (O.3Z®) (106K) . (6.1

This SB level is achievable with KCWI in =~ 5 hours using the large slicer

and low-resolution grating set. If the hot IGM is interspersed with cooler
clouds (T ~ 10* K), as e.g. inner hotspots in restarted jets hint at (Kaiser et al.,
2000), the signal would be strongly enhanced. It is important to note these
values represent reasonable estimates for each quantity in our exposure time
calculations, but these values are uncertain and are expected to vary strongly

among jets and environments.

I am a founding member of the Jets on a WHIM Collaboration which has
secured four nights of KCWI time so far for this project. Encouragingly,
my early data reduction efforts have revealed tentative emission consistent
with O IV 11404 and A1407 that covers a sizable fraction of the IFU and
has peak flux densities within a factor of ~ 3 from the chHianTI modeling.
This ambitious project attempts the first direct observation of shock-induced
baryonic heating in the WHIM. If confirmed, these data will be combined
with LOFAR VLBI maps and a suite of jet models to ascertain the tem-

peratures, densities, and local magnetic field strengths in the compressed
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Figure 5.7: Two examples of jet systems observed in 2025 with KCWI: the
northern lobe of Mpc-scale jet system J2339+2228 (top; zspec = 2.009) and the
southern lobe of Mpc-scale jet system J1622+3640 (bottom; zspec = 1.999).
Each panel shows a LoISS jet image, a KCWI whitelight image (integrating
over 3500-5500 A), an emission line map (wavelength bounds highlighted
in the spectrum in yellow), and the spectrum extracted from a subset of
the emission region (red hatched box). The night sky spectrum (scaled and
translated for readability) is displayed as a diagnostic. Early data reduction
efforts suggest emission consistent with O IV 11404 or A1407.
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WHIM. In the optimistic case, it may be possible to uncover the extent to
which megajets distribute metals from their host galaxies into the distant
WHIM.

Uncertainties and potential roadblocks

Since several nights” worth of data have already been collected for this
project, I describe below several strategies for sky subtraction that will be
attempted and one (of many!) source of uncertainty in making this kind of

measurement.

Since the collisionally-excited emission is expected to cover the full KCWI
field of view, care must be taken to ensure that signal is not being subtracted
off as part of normal sky subtraction. Four approaches are planned, in

increasing level of complexity:

1. The first attempt at reduction followed the normal data reduction pro-
cedure for KBSS-KCWI galaxies closely. Flat-fielding was performed
using the master twilight flat; the sky was subtracted using masks con-
structed from the deprojected stack (see Section §.1); and no median
filter was used for fear of subtracting off any weak omnipresent signal.
Stacks of multiple jet lobes have revealed O IVA1404 and A1407, O III]
AA1660, 1666, and C IIAA1907,1909 (all with marginal significance).

2. An incremental improvement would be to adopt the current gains
measured during KCWI-R commissioning, use a combined flat that
takes advantage of both the internal and (smoothed) twilight frames,

plus all of the additional non-standard DRP improvements above.

3. Dedicated off-field skies can be used to ensure that any real signal is
not subtracted away (discussed in detail below). In other words, even
“sky background” pixels not associated with objects in the deprojected
stacks may contain real signal and the default b-spline fit may subtract
off.

4. In principle, the exposures of lobes at different redshifts could be used
as sky frames for a given object. This has the highest probability of
bringing out any real features and minimizing instrument systematics,

provided the sky scaling between exposures is correct.
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As discussed in Section5.1], even with an external sky frame, the sky scaling
factor £(A) is crucial in establishing the true background level. The advan-
tage of this project, however, is each science frame is likely to have at least
some sky pixels (even after stringent masking). Given a flat field, the true
sky as a function of wavelength can be computed. I outline a potentially
viable approach for sky subtracting these frames.

For simplicity, I will assume each detector slice has some combination of
emission from the WHIM (fwnm), sky (fsky), and unrelated objects ( fopj)-

The average spectrum on the first slic can then be written as:

frot,1(A) = fwrm, 1(A) + feky(A) + foj(A).

Assuming the deprojected masks I construct exclude all object flux, fobi(A) =
0. Substituting in the scaled external sky spectrum, the total flux density on
slice one is therefore:

frot,1(A) = fwrmm,1(A) + E(A) fsky, ext(A)
and all that remains is to find &(A).

Since fywnmv varies spatially (slice to slice) but & does noiﬂ it is possible to
take a variant of the standard KCWI b-spline approach and solve slice by

slice
fwrm, 1(4) + E(A) fsky, ext(A) = 0 (5.2)
fwrm, 2(4) + E(A) fsky, ext(A) = 0 (5.3)
(5.4)
fwrm, 24(A) + E(A) fsky, ext(4) = 0. (5.5)

This system of equations will return a set of 24 sky scaling factors &;(A), i €
{1,...,24} that reflect the spatially varying WHIM emission. Defining & as
the minimum (possibly the median or mean) of the set of sky scaling factors

and computing

fwam, i(A) = fiot,i(A) — é(/\)fsky, ext(A)

ISince sky subtraction will happen in 2-D (detector coordinates), a slice is a reasonable
choice of spatial “unit.” Sky subtraction could potentially occur in the 3-D cube format, at
which point fior(a, 6,A) and fwam(a, 6, A) would be more appropriate notation. In either
case, the relevant distinction is which pixels are masked and which pixels can be used to
represent the sky.

%in an idealized case without additional sources of noise
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slice by slice (i is the slice number) will return a sky subtracted 2-D frame
with only WHIM emission. These frames can then be converted into cubes
and stacked.

For this sky subtraction strategy to work, it is necessary to have a version
of the “true” sky spectrum. The external sky spectrum can come from
known sky pixels on the science frame, an external sky frame, or another
science frame containing mostly sky and weak WHIM emission at a different
redshift. If one employs the above (or the standard KCWI b-spline) approach
to pixels that include WHIM emission, that emission has a probability of
being subtracted off.

Redshift uncertainties are another potential hindrance to this project. The
galaxies launching Mpc-scale jets at z ~ 2 in the sample are all active QSOs.
I am in the process of determining fiducial redshifts for each object, but the
redshift uncertainty associated with QSOs has been well-established (DESI
Collaboration et al., 2026; Lyke et al., 2020). For the current sample, we
estimate that uncertainty to be 20 — 125 km s™!, on par with the estimated

LOS velocities from the collisionally excited emission.
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Chapter 6

CONCLUSIONS AND FUTURE DIRECTIONS

This thesis has attempted to characterize the distribution of gas and met-
als and how they flow into and out of galaxies, largely focusing at z ~ 2
with the Keck Baryonic Structure Survey. KCWI IFU observations of KBSS
galaxies in absorption and emission have made these novel results possi-
ble. I recapitulate some of these results below, showing where my work has
made contributions to the field of galaxy evolution, and outline some future
avenues of study that naturally stem from this thesis.

In Chapter [2, (Prusinski et al., 2025), I constructed the largest ensemble to
date of foreground-background KBSS galaxy pairs within projected dis-
tances Diran < 250 kpc (the approximate scale of the CGM surrounding
z ~ 2 — 3 star-forming galaxies), and produced the most statistically robust
maps of the average z ~ 2 CGM. The maps of Lya covering fraction vs.
Dyan and line-of-sight velocity I produced chart the changing gravitational
influence the galaxy has over its CGM. At small Dy, absorption arises
due to outflowing gas but near the virial radius of the average foreground
galaxy, the maps show a distinct transition where absorption due to radial
inflows or ambient CGM gas likely begins to dominate. For the first time
with a sample of this kind, there was a sufficient number of pairs to split the
ensemble based on Spectral Energy Distribution (SED) derived foreground
galaxy properties. There is a strong and monotonic correlation between C IV
absorption strength and stellar mass at all Dyan. Altogether, these results
suggest that dark matter halo mass strongly affects the kinematics, covering
fraction, and spatial extent of CGM gas, a significant fraction of which may
be unbound. Below, I introduce an extension to this project focusing on

individual foreground galaxies.

6.1 Multiple background sightlines to individual foreground galaxies

In Chapter 2 (Prusinski et al., 2025), I studied the average z ~ 2 CGM en
masse and connected stellar population parameters (notably M.) measured
in foreground galaxies down-the-barrel with CGM properties inferred from

transverse sightlines (Dian > 0 kpc). Crucially, I studied many foreground
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Figure 6.1: Top: The CGM of
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galaxies using a similarly large set of background sightlines. Now, I propose

to “flip this study on its head” and exploit the fact that multiple background

sightlines can intersect one common foreground halo (Figure |6.1]illustrates

how this works). In essence, I will investigate a robust subset of foreground

galaxies that have numerous spectra along background sightlines to map out

individual foreground galaxies” CGM as a function of 2-D spatial position

(not just Diran).

While the results on the average CGM are constraining, considering individ-

ual galaxies offers a new “lens” in which to study CGM gas. To date, studies

of individual galaxies have been relegated to the local universe (e.g. M31
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with AMIGA; Lehner et al. 2025) where their CGM subtend large areas on
the sky such that many independent background galaxy and QSO sightlines
are available. With increasing redshift, fewer bright background sightlines
are available and fainter background sources (i.e. galaxies) are required to
maintain the same spatial sampling. The galaxy distribution in KBSS is
unique in that =~ 40 foreground galaxies have 10 S Ny < 20 background
sightlines within the average virial radius of the foreground galaxy, a spatial
sampling comparable to AMIGA at z ~ 2.

Fundamentally, I am interested in measuring the asymmetry of the CGM gas
distribution, which will be detectable for the first time at these redshifts.
Studies like AMIGA (Lehner et al., [2025) at z ~ 0 have found radial varia-
tion in absorption column densities and kinematics but little change with
azimuthal angle, contrary to what might be naively expected in the “classic”
CGM picture (inflowing gas enters along the major axis of a galaxy and gets
expelled along the minor; Tumlinson et al. 2017, Veilleux et al. 2005). It is
worth emphasizing that, except for stellar mass M., the z ~ 2 — 3 galaxies
in KBSS are a disjoint population with respect to z ~ 0 galaxies in most
stellar population parameters (e.g. star formation rate [SFR], specific SFR
[sSFR], excitation, Ha luminosity). In general, z ~ 2 KBSS galaxies have
~ 30x higher SFRs, sSFRs, and Ha luminosities than their z ~ 0 counter-
parts (Strom et al., 2017). Along these lines, z ~ 2 star-forming galaxies
have considerably more active velocity fields and outflows appear to have
a more dramatic effect on their CGM (Prusinski et al., 2025) than at z ~ 0.
Asymmetries in the gas distribution, if present, are therefore expected to be

more pronounced at z ~ 2.

In addition to CGM morphology, asymmetries in the gas kinematics are also
of interest. In particular, individual sightlines allow for the possibility of
detecting bulk rotation (something not detectable in an average). Y. Chen
et al. (2020) and Prusinski et al. (2025) found that the velocity centroid of the
Lya absorption feature varies with Dyan. At Dyan S 50 kpc, preferentially
redshifted foreground Lya emission contributes to symmetric background
absorption resulting in net blueshifted profiles and Ly« emission from radial
inflows beyond the virial radius (Ryi,) is suspected to lead to a net redshifted
profilenear Dy = 100 kpc. Both studies averaged many sightlines and were

therefore insensitive to the direction of the bulk gas motion, but the proposed
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study using individual sightlines will be able to test this hypothesis.

This extension project offers CGM constraints on a variety of scales. As an
example, KBSS contains HIRES spectra of several closely separated hyper-
luminous QSOs that can be used to calculate the gas coherence scale. Rudie
et al. (2019) showed an example (using KBSS foreground galaxy BX182) of
how this can be done with the KBSS Q0142 QSO. The background QSO is
lensed by a z = 0.49 foreground galaxy and two images are formed 2’2 apart
(400 pc in projection), but this type of analysis is not limited to simply one
galaxy and can easily be expanded to multiple foreground galaxies in the
tield. On CGM scales, the brightest QSO in the universe (observed to date),
Q1549 (HS1549+1919), resides in a proto-cluster environment at z = 2.84
along with three other (R ~ 23 — 24) AGN, all within a radius of 20” (156
pkpc) from the bright QSO. Their proximity makes these AGN useful since
each z < 2.8 galaxy in the Q1549 field will have at least four lines of sight
through its CGM on physical scales comparable to Ryi,. The Q1623 field
is another example of a field where three HLQSOs (KP76 — 78) are located
within 2 — 3’ (~ 1 pMpc) of one another at 2.46 < z < 2.61 that have the
potential to trace Lya and C IV at large separations from foreground galaxies
atz < 2.4.

In practice, this project will utilize existing Keck/LRIS and KCWI spectra
of background galaxies at spectral resolution R ~ 1500, together with QSO
sightlines (R ~ 45,000). Coupled with the wealth of ancillary data collected
over the past ~two decades, this project will take full advantage of the KBSS
dataset and directly tackle questions the survey was tailor-made to answer
from the start.

Chapter 3| of this thesis involved mapping z ~ 2 CGM gas in emission
with a novel diagnostic. Using KCWI, I studied optically thick regions
through nonresonant emission associated with rest-frame far-UV metallic
transitions. Lya is by far the strongest emission line in the UV but remains
notoriously difficult to interpret since it resonantly scatters in high density
gas. In short, there is no unique radiative transfer solution to an observed
(1-D) Lya profile because observed Lya photons have typically undergone
many scatterings since their production. However, many of the far-UV
low ionization metallic species (e.g. Si II, C II, O I) have fine structure
levels just above their ground states. At high optical depths, in addition to
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resonant absorption, there is a finite probability of spontaneous de-excitation
to the excited fine structure level just above the ground state. The latter
transition produces photons with slightly longer wavelengths with respect
to the resonant interstellar line, making this emission off-resonance and
optically thin. The fact that these transitions (e.g. Si 1I*, C II*) are off-
resonance and can escape without modulation by radiative transfer effects
makes them extremely useful in tracing the morphology and kinematics of
high-density gas that would otherwise be unobservable in UV emission.

I found that the nonresonant lines appear as “emission-line counterparts” to
tit ISM-components of resonant absorption lines. In other words, the range
of velocities observed in nonresonant emission is consistent with that of the
ISM of z ~ 2 galaxies. Optically thick gas is present out to at least Dran S 20
kpc from the average z ~ 2 galaxy and shows a similar trend to the galaxy
pair studies (Chapter [2) of decreasing LOS velocity spread (o) with Dian.
There also appears to be an tentative azimuthal dependence to the Si II*

halos favoring their minor axes.

The Si IT*, C II*, and O I* emission lines are not the only emission features
that can be explored in the rest-UV. Collisionally-excited metallic emission in
the far-UV, if observed, has the potential to reveal pockets of rapidly cooling
CGM gas. Feedback from massive stars, supernovae, and AGN inject large
amounts of energy into CGM gas and are predicted to drive the warm-
hot phase of the CGM (T > 10° K). Recent simulations (e.g. Sravan et al.,
2016) have predicted that this shock-heated gas cools through metallic line
emission in the far-UV and may be visible with deep KCWI observations.
A systematic search for such emission in KBSS-KCWI data cubes could
constrain the most metal-enriched regions of the CGM and the role galactic

winds play in metal disbursement.

A well-characterized data reduction pipeline is essential to making all of
these results possible (Chapter ). At the same time, it is clear that our
understanding of how SMBHs are coupled to their host galaxies, their CGM,
and IGM is sorely lacking. The ongoing work in Chapter 5 represents two
approaches addressing the origins of AGN feedback in the most egregious
cases in the (relatively) nearby universe, and the potential for AGN-induced
metal disbursement into the WHIM, respectively. Below I propose a new
project that has the potential to make strides in understanding AGN feedback
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at high-redshift by assessing the effect QSOs have on their environments.

6.2 The effect of QSOs on circumgalactic Lya absorption

AGN feedback is a prime example of an astrophysical phenomenon that is
commonly invoked but not yet well constrained. Jets and AGN have been
shown to be essential manifestations of feedback, supplying (in principle)
a necessary amount of kinetic energy to quench star formation in massive
galaxies (e.g. Heckman & Best, 2023; Heckman et al., 2024), but z ~ 2
galaxies with and without active QSOs appear to have remarkably similar
metal distributions in their CGM (at least for Dian 2 70 kpc; see Figure
2.17). Moreover, observational studies of AGN are particularly timely given
that subgrid models of AGN feedback in simulations are becoming critical
to distinguishing the physics of galaxy evolution (e.g. Schaye et al., 2026).

Focusing on how QSOs influence their environment, I propose to use back-
ground galaxies around =~ 50 KBSS QSOs to investigate the response of the
IGM to QSO ionizing radiation (i.e. the transverse proximity effect [TPE])
with the finest spatial and temporal sampling to date. Transverse lines of
sight to KBSS QSOs at Diran > 0 kpc will achieve a coarse measure of the
radiative history of the QSO and determine the bulk (an)isotropy of the
QSO radiation field. Such a study was proposed in concept at the begin-
ning of KBSS (Adelberger, 2004) but at the time, the number of background
galaxies was insufficient to overcome the predicted cosmic variance. We are
now in a position where =~ 50 background galaxies at Dyan < 2 Mpc can
sample the CQM around KBSS foreground QSOs. The high density of back-
ground galaxies with respect to foreground QSOs makes KBSS arguably the
best sample to chart the ionization gradients in the IGM surrounding QSOs
through variations in Lya forest absorption. At the same time, much of
the software I have developed for working with galaxy-galaxy pairs can be

naturally extended for this use case.

The TPE results from copious amounts of ionizing radiation emanating
from bright QSOs which serves to reduce the amount of neutral hydro-
gen in their vicinity. As a result, redshifts near the QSO redshift would
be expected to show an observed decrease in intergalactic Lya absorption
(typically measured in the Lya forest). The apparent paucity of absorption
in the circum-QSO medium (CQM) is termed the QSO “proximity effect.”
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Figure 6.2: The Lya forest in the vicinity of the brightest QSO in the universe:
HS1549+1919, measured by stacking 25 background KBSS galaxy sightlines
within Dian = 2 Mpc of the QSO. The excess Lya absorption near zgso
suggests there is considerable H I in the vicinity of the QSO despite its
prodigious ionizing flux. The proposed study will look for spatial variation
in the neutral hydrogen around such QSOs.

Changes in QSO luminosity over time will lead to different hydrogen ion-
ization fractions within the QSO’s light cone as a function of distance.

There have been several attempts to study the transverse proximity effect
(TPE) including around three (out of =~ 50) KBSS QSOs, with mixed results.
The high ionization fractions induced by the QSO might lead one to predict
shallower Lya absorption systems in the Lya forest near the QSO redshift
but to the contrary, many studies (e.g. Croft, 2004; Crotts & Fang, 1998;
Gongalves et al., 2008; Schirber et al., 2004) have instead found excess Lya
absorption near zgso (see Figure[6.2). This effect has been explained by either
anisotropic ionizing radiation fields around QSOs or the fact that QSOs at
z ~ 2 tend to reside in group-size halos i.e. where an overabundance of
neutral gas is expected (Kirkman & Tytler, 2008). The grid of background
sightlines to the QSO in the proposed study will make it possible to test the
validity of these assumptions. In KBSS, Gongalves et al. (2008) looked at the
Q1623-KP76-78 QSO triplet (where the ionizing flux from foreground QSOs
is 10 — 200x that of the metagalactic background) with deep Keck/HIRES
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(R ~ 45,000) observations. Rather than focusing solely on Lya, Gongalves et
al. (2008) folded metal absorption systems into their analysis. Encouragingly,
photoionization models suggested that the atypical properties seen in metal
absorption systems close to QSOs were best explained by the presence of a
strong UV radiation field (i.e. the QSO proximity effect).

The primary objective of this study is to detect order-of-magnitude changes
in the QSO’s luminosity with a temporal resolution ~ 5 Myr over the pre-
vious 50-100 Myr. By measuring the spatial extent of gas clearly affected
by QSO radiation relative to unrelated foreground systems, this study will
establish independent QSO lifetime estimates for the sample. The sparsely
sampled grid of background sightlines to the QSO will test previous assump-
tions on QSO radiation field anisotropies. If Ly« forest spatial asymmetries
are detected, I will measure QSO light cone opening angles with respect to
the line of sight. Such asymmetries could be compared for different types
of QSOs as a direct test of unified AGN models.

Clearly the field of galaxy evolution has along way to go before a prescriptive
formulation of “galaxies” is possible, but the results presented in this thesis
move our collective understanding of baryonic feedback forward and open
up new areas of inquiry. This thesis represents the cutting edge in baryon
cycle observations at z ~ 2, offering new views into the physics of feed-
back. Looking forward, newly-commissioned facilities (e.g. 4MOST, PES)
and upcoming facilities on the ground (e.g., E-ELT, TMT) and in space (e.g.,
Roman, SCWI) are poised to continue unraveling the subtleties underpinning

galactic evolution (especially at high—z)ﬂ

LA jejune individual could summarize this sentence with the platitude “the future is
bright.”
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