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ABSTRACT

Line intensity mapping (LIM) is an emerging observational technique with broad
applications in cosmology and galaxy evolution. Rather than cataloging galaxies as
discrete objects, LIM experiments measure the spatial fluctuations of galaxy popu-
lations across large three-dimensional volumes. Thus, LIM is able to measure the
contribution to the overall spectral-line luminosity from all galaxies in a population,
even the very faintest. LIM began with the 21 cm neutral hydrogen line but has
recently been expanding to other tracers, such as CO, [Cu], Ha, and Lya. The
first generations of dedicated experiments targeting these tracers are beginning to
come online. In order to draw science conclusions from their observations, these

experiments must address challenges in the form of sensitivity and systematic errors.

In this thesis, I develop an analysis technique designed to mitigate these challenges
by stacking LLIM data on the positions of galaxies in an external galaxy catalog. [ use
a custom-designed simulation pipeline to produce simultaneous mock observations
of a LIM experiment and galaxy survey covering the same galaxy population, and
use these simulations to build a theoretical understanding of this stacking statistic.
I find that cosmological clustering of galaxies around the objects in the reference

galaxy catalog drives the stacked signal.

I also use the stack to draw conclusions about molecular gas in the period preceding
the peak of cosmic star formation, using data from the CO Mapping Array Project
(COMAP), the leading CO LIM experiment. [ use eBOSS and DESI quasars, as well
as Lya emitters from HETDEX, as external reference catalogs. I do not detect any
cosmic CO emission in the COMAP stacks, and I find a moderate tension between the
resulting upper limits and the brightest models of the stacked emission. This tension
could be attributable to non-linear radiative transfer or clustering properties of the
galaxy catalogs, but it could also be due to models for cosmic CO overpredicting

the average CO luminosity z ~ 3.

Finally, I search for spectral-line emission from axionic dark matter by stacking the
DESI and HETDEX galaxies over a range of rest frequencies. I constrain the axion
decay rate I" and the axion-photon coupling constant |g,,|. In the axion mass range
probed by COMAP, I establish the tightest constraints available on an axion model

of dark matter.
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The grey dashed line indicates the FWHM of the stack linewidth.| . . 84
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Chapter 1

INTRODUCTION

Progress in cosmology and galaxy formation requires detecting large numbers of
faint galaxies over large cosmic volumes. This is a fundamental observational limi-
tation, as any galaxy survey has an inherent luminosity limit below which galaxies
cannot be detected, so the faintest galaxies are inevitably neglected in observations.
When attempting to draw conclusions about the overall galaxy population, these
faint galaxies’ properties are either ignored or extrapolated over. This problem
compounds further back in the Universe’s history, due to the inverse-square relation
of luminosity with distance. Beyond a redshift of z ~ 2, our understanding of the
evolution of galaxies is largely based on detailed studies of individual bright objects;
the large galaxy surveys that are driving modern-day astronomy do not extend that
far back in time (e.g., DES Collaboration et al., 2022; DESI Collaboration et al.,
2025c¢).

Over the past decade, an approach for addressing this ‘completeness problem’
has been emerging in the form of line intensity mapping (LIM). In this technique,
galaxy populations are measured as three-dimensional (3D) fluctuation fields tracing
a specific spectral line over a large cosmic volume, rather than as discrete cataloged
objects (for reviews, see Kovetz et al., 2019; Chang and Lidz, 2026). A simulated
LIM observation is shown in Figure [[.I} in comparison to the underlying large-
scale structure (LSS) and a galaxy catalog covering the same cosmic volume. LIM
fluctuations contain the integrated emission from all galaxies in a given cosmic
volume, and LIM experiments are thus able to survey large volumes extremely
efficiently, capturing emission from the faint objects that are not observable by
traditional galaxy surveys. This has wide-reaching applications for galaxy formation
studies, particularly for censuses of the bulk properties of some galaxy formation
tracer across cosmic time, and for cosmology, where LIM has the potential to be a
powerful tracer of the matter power spectrum either in autocorrelation or as a cross-
correlation partner for some other observable (Karkare and Bird, 2018} Karkare
et al.,[2022a).

LIM initially developed in the context of the 21 cm neutral hydrogen line. Outside
of the 21 cm field, LIM is a new but fast-growing field, with the first generations of
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Figure 1.1: A simulated population of dark matter halos (left) with a mock of the
resulting z = 3 LIM signal in CO(1-0) emission (center). The halos that would be
observable by a mock galaxy survey are in blue. Figure adapted from Dunne et al.
(2025).

dedicated experiments observing only now (Cleary et al.,[2022; Staniszewski et al.,
20145 Doré et al., 2014)). In addition to the challenge inherent in drawing science
conclusions from the (purposefully-)confused LIM datasets, LIM analyses are faced
with two other primary challenges: (1) raw sensitivity (particularly for experiments
targeting the CO and [Ci] lines, which are faint compared to instrumental and
atmospheric noise), and (2) systematic errors, which could have instrumental (Lunde
et al., 2024; Chen et al.,|[2025) or astrophysical (Sun et al., 2021]) origins.

This thesis comprises a series of efforts to address these challenges through com-
bining LIM data from the CO Mapping Array Project (COMAP; Cleary et al.,2022)
with external information from galaxy catalogs. The goals of this research are
twofold: firstly, to draw conclusions about the assembly of star-forming material in
galaxies at z ~ 3, and secondly to establish robust analysis strategies for the future
of LIM (facilitating the broader set of science cases listed above). In the following

sections, I provide the motivation behind this research, and describe the current state
of the field.



1.1 Molecular gas at 7 > 2

In this section, I briefly review the current understanding about the global evolution
of galaxies throughout the Universe’s history. In particular, I focus on the molecular
gas fueling star formation in the period z > 2, which is the target of the research in
this thesis. I use carbon monoxide (CO) emission as the primary tracer for molecular
gas throughout my research, so I also introduce the physics behind CO emission

from molecular gas regions in detail.

The cosmic star formation rate history

The global star formation rate (SFR) density of the Universe has been well studied,
primarily through infrared (IR) and ultraviolet (UV) galaxy surveys. These surveys
typically take the form of catalogs of discrete objects, used to determine galaxy
luminosity functions (LFs) measuring the number density of galaxies as a function
of luminosity. Integrating these functions down to some limiting luminosity enables
a measurement of the total SFR density. A compilation of several different measure-
ments of the SFR density is shown in Figure[I.2] taken from the review in Madau
and Dickinson (2014). It shows a clear global evolution with redshift: the SFR
density rises steadily 3 < z < 8, peaks at roughly z ~ 2, and then falls off towards
the present day Figure [I.2] This period around this peak in global star formation is
known as the Epoch of Galaxy Assembly (EoGA) or Cosmic Noon. Roughly half
of the stellar mass in the modern-day Universe is thought to be formed during this
time (Shapley, 2011).

I note that, while the existence of a peak in cosmic SFR is well-established, there
are still some open questions about these measurements. In particular, the faint
end slope of the IR LF has not been well constrained at z > 2 (discussed by
Madau and Dickinson, 2014), and the UV LFs are limited to rare, bright objects
that may be biased by dust obscuration (these dust-obscured objects are beginning
to be found with JWST, e.g., Harish et al., 2025, Stone et al., 2024). These
limitations are currently being addressed by complementary LIM and LIM-adjacent
surveys—tomographic measurements of the CIB through cross-correlation with
galaxy catalogs have shown a significant (~ 60% at z ~ 4) contribution to the
overall SFR that is obscured by dust (Chiang et al., 2025), although the broad
evolutionary trends remain the same. Upcoming LIM constraints (in particular
those from SPHEREX, e.g., Gong et al. 2017) also have the potential to circumvent

these limitations more fully.
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Figure 1.2: The evolution of the global SFR density of the Universe with time,
as measured by ultraviolet (Panel a) and infrared (Panel b) galaxy surveys. The
combined constraints are shown in Panel c. Figure from Madau and Dickinson
(2014)), with references enumerated in Table 1 of that work.

What is missing from this picture is a coherent model for the mechanisms driving
this evolution in global SFR (e.g., Shapley, 2011). Star formation is a complicated
and inefficient process even within a single galaxy, and the global SFR density is
integrated over many different galaxy types. Any one of many factors including
the accretion of gas onto galaxies, feedback from star formation, supernovae, and
AGN, etc., could be evolving over time, and it is likely a balance between all of
these factors that is driving the smooth evolution shown in Figure [I.2] (Madau and
Dickinson, |2014). In order to study the interplay between these mechanisms, it is
necessary to survey other galaxy properties—in particular the molecular hydrogen
(Hy) gas that fuels star formation—in the lead-up to the EoGA. Efforts to do so
systematically have primarily been in the form of small-area spectral line search
galaxy surveys (Pavesi et al.,|2018; Aravena et al.,[2019; Lenki¢ et al., 2020) using
facility instruments such as ALMA and NOEMA. These surveys tend to be limited
by both completeness and cosmic variance, measuring O(10) objects in a narrow
range of DM halo masses. The properties of the molecular gas inside fainter galaxies

typically have to be entirely extrapolated (e.g., Uzgil et al., 2019).

CO as a tracer of star-forming fuel
The primary star-forming fuel in galaxies is molecular hydrogen, H,, located in

dense giant molecular cloud (GMC) complexes (e.g., Kennicutt and Evans, [2012)
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with typical temperatures 10 — 50K and densities 10° — 10 cm™ (Draine, 2011).
In this section, I review the physics behind the specific mechanism used throughout
this thesis for measuring this star-forming molecular gas, which is observations of
the CO(1-0) rotational transition. This discussion primarily follows the reviews in
Carilli and Walter (2013)), Scoville (2013)), and Bolatto et al. (2013]), with additional
reference to Condon and Ransom (2016)).

Molecular hydrogen is a symmetric molecule with no permanent electric dipole mo-
ment. As aresult, the lowest-energy rovibrational transitions it emits are quadrupole
transitions with high excitation temperatures (above 500 K, much higher than the
temperatures available in GMCs, Carilli and Walter, 2013)) that emit weakly in the
IR. The preferred method for studying Hj is instead to use polar tracer molecules
that form and emit at similar pressures and temperatures to those inside GMCs.
In this thesis, I will focus on '>CO, although lines such as '*CO, HCN, CS, and
CN~ are also used and can be analyzed in combination with '>CO to determine the

properties of the observed molecular gas quantitatively.

A diatomic polar molecule with a moment of inertia / exists at quantized rotational
states J, with J = 0 corresponding to the ground state with zero rotational energy.
When falling from an excited state to the state below (the / — J — 1 transition), the

molecule emits a photon of frequency

h

=—-J 1.1
4r2] (1.1)

v

The spectrum of this molecule is therefore a rotational ‘ladder’, with rungs at
intervals of the base frequency h/4n?I. For '>CO (hereafter just ‘CO”), this base
frequency is 115.27 GHz. The focus of much of this thesis will be the J = 1 — 0
transition, which I will hereafter refer to as CO(1-0).

At the typical temperatures and densities of GMCs, CO(1-0) is above its critical
density n, ~ 2.1 x 10° cm™3 (Carilli and Walter, 2013 and is thus both primarily
collisionally excited and very bright. The surface brightness of the line is typically

expressed as a brightness temperature in the Rayleigh-Jeans limit,

_ 2kgTy?

S (1.2)

Ty

'n. = Ajp/(ov), where Aj is the Einstein A-coefficient for the transition, ~ 7.2 x 1078 57!

(Schéier et al., [2010), o is the collisional cross-section of the CO molecule, ~ 10~!5 cm? (Condon
and Ransom, 2016), and v is the average velocity of the H, molecules, which are assumed to follow
a Maxwell-Boltzmann distribution.
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where T is the CO excitation temperature and is assumed to be equal to the kinetic
temperature of the Hy molecules, v is the rest frequency of the spectral line, kp is the
Boltzmann constant, and c is the speed of light. At high redshifts, this is typically

converted into a ‘line luminosity’ in units of Kkms™! pc?,

L CZ(SA) D (1.3)
= — V) ——— .
€O 2kp vi (1+2)3

where Dy is the luminosity distance to the galaxy, vops = Vrest/(1+2) is the observed
frequency, and (SAv) is the velocity-integrated flux,

2v2% kT

(SAV) = =——="20Av, (1.4)
C

(Q 1s the solid angle subtended by the source on the sky, or the beam solid angle in
the case of a point source, and Av is the linewidth in velocity units).

The optical depth (7) of GMCs to CO(1-0) emission is generally high. This
ensures that the observable emission primarily comes from the v = 1 surface
on the outskirts of the GMC, and sets the brightness temperature of the spectral
line to the excitation temperature of this surface. This effect also provides a loose
argument for quantitatively connecting the CO luminosity from a GMC to its Hp
mass My, (as the cloud is assumed to be composed of primarily Hy): the CO
luminosity of a cloud is its surface brightness integrated over its area. If a cloud is
virialized, its area (particularly its radius) can be related to its mass by assuming a
density distribution. This explanation is based on several assumptions that may or
may not hold (particularly at high redshift), but an empirical connection between
L, and My, has been measured in a variety of different ways (see Bolatto et al.,
2013, for a review). This connection is what truly enables CO to be used as a tracer
of the star-forming gas of a galaxy, and motivates its use in LIM. It is, however,
dependent on a variety of astrophysical factors such as the metallicity and SFR
of the galaxy and thus imparts an inherent uncertainty to any My, measurements
derived using CO. Throughout this thesis, I use a L(.,-Mp, conversion factor of
aco = 3.6 Mg (Kkms™! pc?)~!, originally measured in galaxies at z ~ 1.5 (Daddi
et al., 2010), for consistency with the CO galaxy surveys at z ~ 3 (Riechers et al.,
2019; Decarli et al., [2021; Lenkié et al., 2020).

1.2 The current status of line intensity mapping
LIM evolved out of techniques designed for diffuse, fluctuating fields (primarily

the cosmic microwave background and the 21 cm neutral hydrogen line before and
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during the epoch of reionization, when it was tracing the diffuse IGM; Madau
et al., [1997; Tozzi et al., 2000). However, in this thesis I will focus on LIM
experiments targeting spectral lines whose integrated emission is dominated by
dense environments such as galaxies. In general I will treat these as a separate field
from experiments performing intensity mapping of the 21 cm line, although there is
considerable overlap in analysis techniques. This is a fast-growing landscape with
many experiments actively observing or in production. Only a few experiments
have achieved (primarily tentative) detections of their target spectral line (Keating
et al.,[2020; Lujan Niemeyer et al., 2026). Although I will focus on CO and the CO
Mapping Array Project (COMAP; Cleary et al., 2022), the techniques I develop are
broadly applicable to many different LIM experiments. As such, I will provide a
brief overview of the LIM theoretical and experimental landscapes, as well as the

current analysis techniques and challenges.

Theoretical and analytical landscape

Because I am limiting the scope of this thesis to experiments targeting emission
from within galaxies, I can follow much of the non-21 cm theoretical LIM literature
(e.g., Righi et al., 2008; Lidz et al., 2011; Li et al., 2016; Padmanabhan, 2018§;
Chung et al., 2022) in modeling matter in the Universe as a three-dimensional
distribution of dark matter (DM) halos, and luminosity originating only from these
halos. More specifically, the spectral-line luminosity of each halo is modeled as
directly connected to the mass of the host halo (and possibly its redshift; see Wechsler
and Tinker, 2018| for a review) through a function L(M). Each halo is treated as
a point source; the L(M) is integrated over the entire galaxy. There are typically

several DM halos within a given three-dimensional LIM resolution element.

LIM experiments are intentionally confusing these discrete DM halos into 3D fluc-
tuation fields, so galaxy populations must be analyzed in aggregate with summary
statistics. The most commonly-used statistic is the auto-correlation power spectrum,
P(k). Although I do not directly measure any auto-correlation results in this thesis,
it is often used as a comparison point so I introduce it here. P(k) is typically broken

into ‘clustering’ and ‘shot’ components,

P(k) = (Tine)* b7 . P (k) + Pgpor. (1.5)

line

2

Here the clustering component, (Tline)zbhne

P, (k) includes factors of the average
line temperature (Tiine), the (linear) line bias b, and the underlying matter power

spectrum P, (k). The shot component, Pgno, is the variance in the mean line
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luminosity function and dominates over the clustering component at smaller spatial
scales. In the current era of the field where many experiments are chasing a detection
of any kind, a measurement of Py, would be an accomplishment. However, most of
the cosmological information, and information about the (Tjj,.) of a target spectral
line, is contained within the clustering scales (e.g., Yue and Ferrara, 2019; Karkare
et al.,[2022a).

A similar formalism can be used for the cross-correlation power spectrum. In this
thesis, I focus on cross-correlations between a LIM spectral-line tracer and a catalog

of galaxies. If the galaxy catalog has bias bg,, the cross-power spectrum becomes

Px(k) = <Tline>blinebga1Pm(k) + CLT<Lgal>- (1-6)

The cross-shot power in this instance is given by the mean CO luminosity of the

galaxies in the galaxy catalog

1 dn
Lgal) = (ngal) / L dL

converted to a line temperature using a conversion factor Cyr. More details are
available in Breysse and Alexandroff (2019) or Wolz et al. (2017). I will develop a
model for a third analysis technique, a stack, throughout this thesis (particularly in
Chapter [3)).

dL, (1.7)

gal

Experimental landscape

There has been considerable investment in experiments using the LIM technique
over the past decade. In pursuit of first detections, different LIM groups are targeting
a wide variety of spectral lines, spatial scales, and redshift ranges, using diverse
instrumentation techniques. A summary of the state of the field (as of 2022) is
shown in Figure [I.3] There are also detailed reviews available in Kovetz et al.
(2017), Kovetz et al. (2019), and Chang and Lidz (2026)).

The first generation of LIM experiments used facility instruments to provide LIM
constraints on smaller spatial scales. The CO Power Spectrum Survey (COPSS;
Keating et al., 2015; Keating et al., |2016) used the Sunyaev-Zel’dovich Array (a
subset of CARMA) to place constraints the shot-noise component of the CO power
spectrum z ~ 3, as well as cross-power and stack constraints using a variety of
spectroscopic galaxy catalogs (Keenan et al.,|[2022)). Similarly, the millimeter-wave
Intensity Mapping Experiment (mmIME; Keating et al.,2020) used a combination
of ALMA and the ACA to place shot-power constraints (published as roughly 3o

detections) on the CO power spectrum.
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Figure 1.3: An overview of LIM experimentation, as of 2022. The field size
and redshift range covered by each experiment is shown, colored by the primary
spectral line being targeted. Since this time, SPHEREX has launched and begun
science observations (Bock et al., [2026), and TIME and SPT-SLIM have entered
commissioning phases. Figure from Bernal and Kovetz (2022a).

Since then, dedicated LIM instruments have begun to be constructed and to come
online. In the cm-wave to sub-mm range, only COMAP (which I describe in
considerably more detail in Section [T.3] below) has published CO science results.
CONCERTO (Van Cuycketal.,2023), now concluded, has produced constraints on a
[Cu] power spectrum severely limited by lower-redshift contamination from CO lines
(Van Cuyck et al., [2023). TIME (Staniszewski et al., 2014), SPT-SLIM (Karkare
et al., 2022b), EoR-Spec (CCAT-Prime Collaboration et al., 2023, listed as FYST in
Figure E[), TIM (Vieiraetal.,[2020), TIFUUN (Kohno et al.,[2024)), and EXCLAIM
(Oxholm et al.,[2020) all have instrumentation in varying stages of completion and
are planning to begin science observations in the next few years. TIME, SPT-SLIM,
EoR-Spec, and TIFUUN are sub-mm spectrometer modules placed on shared dishes.
TIM and EXCLAIM are balloon-bourne. These experiments are primarily targeting
[Cu] at different periods of the Universe’s history, and will have lower-redshift CO
lines that can be treated either as interloper contaminants for the [Ci1] or as science

targets in their own right.
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In the (observed) infrared-optical range, the two primary experiments are SPHEREx
(Doré€ et al., 2014; Doré€ et al., |2016; Doré et al., [2018)), and HETDEX (Gebhardt
et al., [2021), both of which have completed significant fractions of their science
observations. SPHEREXx will observe multiple optical lines at different redshifts,
including Ha, HB, Lya, [O11], [Om1], and broader PAH features (Cheng et al., 2025).
HETDEX, while designed as a blind spectroscopic Lya survey, can also perform
intensity mapping of the Ly« line, and has published a cross-correlation detection
between the discrete cataloged galaxies and the diffuse LIM emission in their dataset
(Lujan Niemeyer et al., 2026).

Joint analysis techniques

In this early generation of LIM analysis, there are two main factors limiting the
ability of experiments to produce autocorrelation science results. The first is simply
raw sensitivity. COMAP’s current auto-power constraints, for example, are mostly
white-noise dominated (Lunde et al., 2024)) and have not yet achieved the sensitivities
required to rule out the best models of cosmic CO emission. This is also what
forces some experiments to target primarily shot-power scales in their first stages
(e.g., Keating et al., 2015 Sun et al., 2021), due to a tradeoff between achievable
sensitivity in a given resolution element and survey area for an experiment with a
finite observing time (the ‘Knox criterion,” see Appendix C of Li et al., 2016 for a
LIM-specific discussion). Detecting mostly shot-power scales makes estimation of
parameters such as (Tjjpe) more difficult (Yue and Ferrara, 2019), and smaller-area

surveys are much more limited by cosmic variance.

The other limiting factor is systematic error. This can be experimental—as in the
CMB field, LIM experiments are sensitive to instrumental fluctuations across all
spatial scales, and current experiments have all had to address instrumental system-
atics to some degree (e.g., Lunde et al., 2024 Lundgren et al., |2025). Systematic
error can also be astrophysical. Many spectral lines can be redshifted into a given
observing band, and they are very difficult to distinguish from the target line. This
is a known issue, and many different techniques have been proposed to address it,
including exploiting anisotropies in the projection of interloper lines at the power
spectrum (e.g., Cheng et al.,|2016) or map level (e.g., Moriwaki et al., 2020), mask-
ing with an external catalog (e.g., Sun et al., 2018} Karoumpis et al., 2024), or
tomographic techniques involving fitting multiple spectral lines at the same time

(e.g., Cheng et al.,[2020). Each of these have their own limitations.
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It is for these reasons that techniques combining LIM experiments with external
surveys of galaxies have become increasingly valued. These analyses improve
sensitivity by introducing priors on the location of the signal (e.g., Pullen et al.,
2013b; Chung et al.,[2019), and reduce the set of systematic errors to those that are
correlated between the two datasets (Fronenberg and Liu, 2024ﬂ Joint analyses
also allow for exploration of the interplay between multiple tracers of the complex
process of galaxy formation (e.g., Breysse and Alexandroff, |2019). The efficacy
of these techniques has already been proven in the 21 cm field, where signal is
beginning to be detected. Almost all of the initial 21 cm results are joint analyses
involving galaxy surveys (e.g., Pen et al., 2009; Chang et al., 2010; Masui et al.,
20135 Wolz et al., 2022; MeerKLASS Collaboration et al., 2025, Chen et al., 2025}
Amiri et al., 2023, Amiri et al., [2024).

Much of the LIM joint analysis theory and forecasting focuses on the cross-
correlation (e.g., Lidz et al., [2011; Pullen et al., [2013b}; Breysse and Alexandroff,
2019; Chung et al., 2019; Bracks et al., 2026)), and some LIM experiments are
already publishing cross-correlation results (Keenan et al., 2022; Lujan Niemeyer
et al., 2026). Cross-correlation makes use of the large-scale clustering present in
both the LIM and galaxy datasets, increasing the available information content.

Ultimately, this is the target joint-analysis technique for the LIM field.

However, cross-correlations are sensitive to the existing angular structures in a
survey strategy, and they suffer from complicated mode-mixing effects when the
observational strategy of the LIM experiment is correlated with that of the galaxy
catalog. These issues are tractable, but require careful characterization of the
observational properties of both experiments to overcome. It is for these reasons
that stacking (coadding the LIM data on the positions of the objects in a galaxy
catalog, returning the average luminosity of the galaxies in the catalog and their
surroundings) has the potential to be extremely value as a conceptually-simple,
early-adoption analysis technique for LIM. This technique is the focus of my thesis.
Outside of my own work with COMAP, stacking has been used successfully for
COPSS (Keenan et al., 2022) and the 21 cm experiment MeerKLASS (Chen et al.,
2025)).

2This is not quite true—while additive systematics will be removed, multiplicative systematics
will persist. This is a particular problem for 21 cm experiments, which tend to struggle with
extremely bright continuum foregrounds taking on spectral variation due to the behavior of the beam
with frequency. Systematics will also inflate the variance of the statistic. Fronenberg and Liu (2024)
discuss this in detail in the context of the cross-correlation.
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1.3 The CO Mapping Array Project
Although the stacking techniques developed in this thesis are applicable to any LIM
experiment, I will apply them to COMAP (Cleary et al., 2022) throughout. As such,

I provide a brief overview of the instrument and autocorrelation results here.

The COMAP Pathfinder instrument and data reduction

The COMAP Pathfinder (described in detail in Lamb et al., [2022) is a 19-feed
focal plane array receiver mounted on a 10.4 m Leighton Cassegrain dish (Leighton,
1977) at the Owens Valley Radio Observatory (OVRO) in Califoria (Figure [T.4f).
Each feed (‘pixel’) is located within a cryostat at the secondary focus of the dish
(Figure[I.4b,c.e). A summary of the receiver chain is shown in Figure [[.4p: light
at 26 — 34 GHz (corresponding to coverage of the redshifted 115.27 GHz CO(1-0)
transition from z = 2.4 — 3.4) enters the feedhorns, is downcoverted twice and
split into four 2 GHz-wide sidebands, and then read out by ROACH-2 spectrometers
every 20ms. The native spectral resolution is 2 MHz, making the telescope an
R ~ 10,000 spectrometer; data are binned to 31.25 MHz spectral channels for

science. The median system temperature (Tys) is 44 K.

The telescope observes three cosmological fields (each ~ 1.5° X 1.5°) by scanning
over them using constant-elevation scans. Each feed has its own receiver chain
and is effectively an independent total-power instrument. Each feed has a 4.5’
beam FWHM at 30 GHz, and beams are separated by 12’ on-sky. We calibrate
the telescope using a ‘vane’ made of microwave absorber material which can be
moved into the path of the feedhorns between scans (Figure [I.4g), providing an
ambient-temperature blackbody load for determination of the system temperature.
Each scan lasts roughly 5 minutes. COMAP began observing in 2019, and has since
logged more than 17, 500 observing hours on the cosmological fields. For analysis
purposes, we split these observations into two observing ‘Seasons’: Early Science
(05/2019-08/2020, 5,200 hours) and Season 2 (11/2020-11/2023; 12,300 hours).
The details of the observing strategy are given in Foss et al. (2022) and Lunde et al.
(2024).

Data are processed using a filter-and-bin mapmaker (Foss et al.,|2022). Raw time-
ordered data (spectra at each time sample) are passed through a series of filters (to
remove signals correlated with local pointing, continuum signals, residual atmo-
spheric variations, and standing waves) and then masked and calibrated. The TOD

are then binned into three-dimensional datacubes with 3D pixel (‘voxel’) sizes of



Figure 1.4: The COMAP Pathfinder instrument. (a) A simplified version of the
receiver chain for a single COMAP feed. (b) Interior and (c) exterior of the cryostat,
showing the low-noise amplifier and feedhorn, respectively, for each of the 19
feeds. (d) ROACH-2 spectrometers in the digital rack. (e) Receiver package at
the secondary focus of the telescope, with the weather enclosure removed (the
calibration vane is visible on the weather enclosure). (f) 10.4 m COMAP dish at
OVRO. Figure from Cleary et al. (2022).

2" x 2" x31.25 MHz, based on a pointing matrix. For the Season 2 dataset, we apply
a map-level principal component analysis (PCA) filter (Lunde et al., 2024). Each
of these steps are done separately for each feed. For map-level analyses such as the
stack, we then coadd the feeds together into a single datacube for each field. For
the autocorrelation power spectrum, pairs of feeds are cross-correlated to remove
residual systematics correlated between feeds (Thle et al., 2022}, Stutzer et al.,[2024).

COMAP autocorrelation results

The COMAP Season 2 autocorrelation power spectrum is shown in Figure [I.5p.
This is currently the most up-to-date COMAP constraint; it is also the state-of-the-
art for measurements of cosmic CO emission z ~ 3. Different models for z ~ 3 CO
emission are also shown (from Pullen et al., [2013b; Li et al., 2016; Padmanabhan,
2018; Keating et al.,2020; Yang et al.,[2022), as well as the constraint from COPSS
(Keating et al., and COMAP Early Science (Ihle et al., Chung et al.,
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2022). No signal has yet been detected in the clustering regim While COMAP is

ruling out the brightest models, there remains nearly an order of magnitude between
CO models. This is an artifact of the lack of observational constraints described in
Section [I.T] above — each of these models is nearly equally viable in the context of

available observations.

o
RS

Models: ——— Li+2016-Keating+2020 LIM observations:
| —— Padmanabhan2018, fyuy =1 —— Chung+2022, UM+COLDz+COPSS (CO(1-0), z ~ 2.8, 95% UL /1o CI)
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Figure 1.5: The autocorrelation power spectrum measured from COMAP’s Season
2 dataset (the dark black limits), in comparison to the model space for z ~ 3 CO and
other constraints from COPSS (Keating et al., 2016) and COMAP Early Science
(Season 1, Ihle et al.,|2022)). Figure from Chung et al. (2024b)).

Using the halo modeling described in Section[I.2] the power spectrum constraint can
be converted into a constraint on the mean CO temperature-bias product, (Th). We
do this in Chung et al. (2024b), finding an upper limit (7h) < 4.8 uK. By assuming
a (conservative) prior on the bias b > 2, we can break the degeneracy between T
and b in the autocorrelation power spectrum on its own, and constrain the average
CO line temperature to a 99% upper limit of (T) < 2.4 uK. This corresponds to
an average molecular gas density pgo < 1.7 x 108 Mg Mpc™3, which is roughly

a factor of 3 — 4 above the extrapolated values from resolved CO galaxy surveys

30ne of the COMAP k-bins is plotted as a detection; this is because the value in that bin was
measured to be just above 2x the uncertainty. After considering the look-elsewhere effect it is not
statistically significant (Stutzer et al.,|2024).
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such as ASPECS (Aravena et al., 2019) and PHIBSS2 (Lenki¢ et al., 2020) (see
Section [I.1).

1.4 Thesis outline

This main body of this thesis is split into five research papers. In Chapter[2] I present
my first attempt at a COMAP stack, stacking the COMAP Early Science data on the
positions of 243 quasars from the extended Baryon Oscillation Spectroscopic Survey
(eBOSS). I introduce the stacking framework as I apply it to COMAP (contained in
the pipeline 1im_stacker; Dunne et al.,2026a), and place a limit on the average CO
luminosity of the quasars and on the average molecular gas density of the Universe
in their surroundings, without making any attempt to differentiate between the two

theoretically.

In Chapter [3] I develop a more thorough theoretical understanding of stacking anal-
yses that I apply throughout the rest of the thesis. This is done through simulations
using the custom pipeline joint_limlam_mocker (Dunne et al., [2026b)), which I
developed for this application. I find that the stack signal is dominated by cosmo-
logical clustering rather than the galaxies actually included in the reference catalog
— almost all of the luminosity in a typical stack average originates from halos neigh-
boring the reference halo. I also establish a set of parameters that optimize the S/N

ratio of a stack, given a finite observing time.

Chapters [] and [5] apply the knowledge gained from Chapter [3] to stacks using
COMAP’s Season 2 dataset, which is roughly 3.4x more sensitive than the Early
Science dataset. Chapterstacks again on quasars, including those from eBOSS and
additional detections from DESI. Chapter [5|stacks on Ly« emitting galaxies (LAEs)
from the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX; Gebhardt et
al.,2021)). In both cases, I do not detect any cosmological CO emission in the stack,
and in both cases there is a mild to moderate tension observed between the upper
limit obtained from the data and models of CO stacks on similar mock catalogs. I
test a wide variety of experimental attenuation factors as possible explanations for
this tension and find that it still holds.

I present a novel application of the stacking framework in Chapter [6] I vary the
rest frequency at which the stack is centered across a spectrum of rest frequencies
around 100 GHz, thus carrying out a spectral line scan. I use this scan to search for
two-photon decay from axionic dark matter, placing constraints on the axion decay

rate I" and the axion-photon coupling constant |g4,y|. In the mass range to which
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it is sensitive, COMAP is able to provide the first constraints on axion dark matter

decay.

Finally, I summarize the conclusions of each work in Chapter [/, and discuss
prospects for future joint analyses with COMAP and other LIM experiments. These
include near-future COMAP instrument improvements, changes to the stacking
methodology designed to improve S/N and refine science conclusions, and ulti-
mately the step forward to full cross-correlations.
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Chapter 2

COMAP EARLY SCIENCE: VIII. A JOINT STACKING
ANALYSIS WITH EBOSS QUASARS

Dunne, Delaney A. et al. (Apr. 2024). “COMAP Early Science. VIII. A joint stacking
analysis with eBOSS quasars.” In: The Astrophysical Journal 965.1, 7, p. 7. por:
10.3847/1538-4357/ad2dfc. arXiv: 2304.09832 [astro-ph.GA].

2.1 Chapter abstract

We present a new upper limit on the cosmic molecular gas density at z = 2.4 — 3.4
obtained using the first year of observations from the CO Mapping Array Project
(COMAP). COMAP data cubes are stacked on the 3D positions of 243 quasars
selected from the Extended Baryon Oscillation Spectroscopic Survey (eBOSS) cat-
alog, yielding a 95% upper limit for flux from CO(1-0) line emission of 0.129 Jy
km/s. Depending on the balance of the emission between the quasar host and its
environment, this value can be interpreted as an average CO line luminosity L., of
eBOSS quasars of < 1.26 x 10! K km pc? s~!, or an average molecular gas density
pH, in regions of the universe containing a quasar of < 1.52 x 108 Mgy ¢cMpc ™.
The L, upper limit falls among CO line luminosities obtained from individually-
targeted quasars in the COMAP redshift range, and the py, value is comparable to
upper limits obtained from other Line Intensity Mapping (LIM) surveys and their
joint analyses. Further, we forecast the values obtainable with the COMAP/eBOSS
stack after the full 5-year COMAP Pathfinder survey. We predict that a detection is
probable with this method, depending on the CO properties of the quasar sample.
Based on the achieved sensitivity, we believe that this technique of stacking LIM
data on the positions of traditional galaxy or quasar catalogs is extremely promising,
both as a technique for investigating large galaxy catalogs efficiently at high redshift
and as a technique for bolstering the sensitivity of LIM experiments, even with a

fraction of their total expected survey data.

2.2 Introduction
Spectral Line Intensity Mapping (LIM) is an emerging observational technique
with the potential to enhance our understanding of the universe by constraining

the global properties of galaxies over cosmic time. LIM surveys do not aim to
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resolve individual galaxies, but instead measure 3-dimensional fluctuations in the
integrated emission from many galaxies, allowing for efficient mapping of galaxies
across large cosmic volumes (see Kovetz et al., 2019, for a review). Because LIM
measures integrated emission, it is sensitive to the faintest galaxies, which are nearly
impossible to detect in traditional surveys but nevertheless make up the bulk of the
galaxy population at any given cosmic time. Observationally, the field is still in
its early stages, with dedicated LIM instruments only beginning to publish early
autocorrelation constraints (e.g., COMAP, Cleary et al. 2022; the Hydrogen Epoch
of Reionization Array, HERA, Abdurashidova et al.[2022; and MeerKAT, Paul et al.
2023).

Currently, the results being released from these first LIM surveys are primarily up-
per limits (for COMAP, Chung et al.,[2022) and are not yet sufficient to achieve the
measurements described above. This is partially a consequence of the newness of
the field — strong autocorrelation detections of a given spectral line are required to
measure its cosmological fluctuations, and most LIM surveys have simply not been
integrating long enough to achieve the needed sensitivities (for example, COMAP
projects a secure autocorrelation detection after 5 years; Chung et al., 2022). How-
ever, cosmic line emission may be detectable even with present-day LIM datasets,

if careful signal processing techniques making use of external datasets are applied.

In particular, averaging together intensity-map voxels (3D pixels) that are known
to contain galaxies (by comparison with some other survey) in a stacking analysis
has the potential to make a detection of the average CO line temperature associated
with catalog galaxies, even with an intensity map insufficiently sensitive for other
analyses (Silva et al., 2021)). Stacking, or coadding, is an established technique
for improving sensitivity in traditional, targeted galaxy surveys (e.g., Stanley et al.,
2019; Jolly et al., 2021; Romano et al., 2022; Lujan Niemeyer et al., 2022)), and
has recently been extended to LIM observations as well (Keenan et al., 2022). The
efficacy of this technique will depend on factors such as the number of traditional
survey objects that fall into the LIM survey footprint, and the redshift accuracy in
the traditional catalog (Chung et al., 2019; Silva et al.,|[2021), as well as the chosen
weighting scheme (Sinigaglia et al., 2022).

In this paper, we use LIM data from the CO Mapping Array Project (COMAP;
Cleary et al., 2022), the first survey to use a purpose-built instrument (the COMAP
Pathfinder, described in detail in Lamb et al., |2022), to impose direct constraints

on the clustering-scale CO power spectrum at high redshifts. We use COMAP
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Season 1 data, taken during the first 13-month observing season of the project.
COMAP observations cover a frequency range of 2634 GHz (redshifts of z = 2.4—
3.4) and encompass three ~ 4 deg® fields. The data reduction and map-making
processes for these Season 1 data are described in Foss et al., 2022, while power
spectrum estimation techniques and constraints are described in Ihle et al.,|2022|and
Chung et al., 2022, Observations are continuing with the Pathfinder to complete
the nominal 5-year survey, at the end of which a detection of the CO auto-power
spectrum is forecast. The COMAP fields were selected to overlap with the HETDEX
survey of Ly-a emitters (Gebhardt et al.,2021)), allowing us to perform stacking and

cross-correlation analyses of these two datasets.

As a preliminary step, we investigate in this work the potential for the BOSS/eBOSS
quasar sample (Dawson et al., 2016) to provide additional constraints and inform
our understanding of the relationship between active galaxies and star formation.
The eBOSS catalog was developed with the intention of studying the Lya forest
and therefore covers a redshift range overlapping with that of COMAP — the eBOSS
DR16 catalog includes spectroscopic observations of > 239,000 quasars in the
range z > 2.1. Depending on the assumptions made, a stack of COMAP data on the
positions of eBOSS quasars can be treated as a measurement of either the average
CO luminosity of the quasars themselves or the average molecular gas density at

quasar positions.

In addition to its extensive size, which allows for a high-sensitivity stack, the com-
bination of COMAP with the eBOSS catalog enables the study of the CO properties
of a large sample of high-redshift quasars. Quasar feedback, particularly in relation
to the molecular gas traced by CO transitions, is poorly understood on a statistical
scale. Current studies mainly involve individual objects, using the CO rotational
ladder in the host galaxies of Active Galactic Nuclei (AGN) to study the effects of
AGN on their surroundings. These are complex measurements requiring extremely
CO-bright objects, and thus the pool of available galaxies for study is small and
biased, especially at high redshifts. LIM measurements will be able to provide a
more complete picture of the wider population of AGN and their host galaxies (e.g.,
Breysse and Alexandroft, |[2019).

In this work, we will investigate the CO properties of the 243 eBOSS quasars in the
COMAP fields through stacking, thus providing constraints on the molecular gas
content of a large sample of high-redshift quasars for the first time. We will addition-

ally use this analysis to explore the viabilty of stacking as a LIM technique. As such,
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we will forecast the sensitivity of the COMAP Pathfinder survey to CO emission
from the eBOSS quasars after five years of observing. Section [2.3]introduces both
the COMAP Pathfinder (§2.3) and eBOSS surveys (§2.3), and Section [2.4]describes
the stacking methodology we use in our analysis. Section [2.5|describes verification
of the stacking analysis. We present results in Section[2.6] including forecasts of the
results of stacking the full Pathfinder survey (§2.6). We discuss the implications of

these results in Section 2.71

We assume a ACDM cosmology based broadly on nine-year WMAP (Hinshaw
et al., 2013) results throughout, with Q,, = 0.286, Q, = 0.714, Q, = 0.047, and
Hy = 100hkm s~! Mpc™! with & = 0.7. These are the same values used in all
previous COMAP works. Unless otherwise indicated, distances are given as proper

values.

2.3 Data

COMAP

The COMAP Season 1 data consist of 13 months of observations using the COMAP
Pathfinder instrument, a single-polarization 19-feed spectrometer array fielded on
a 10.4m telescope located at the Owens Valley Radio Observatory (OVRO) in
California (the Pathfinder is described in detail in Lamb et al. 2022). The Pathfinder
instrument observes between 26 and 34 GHz, and is therefore sensitive to the CO(1—-
0) rotational transition (vo = 115.27 GHz) emitted in aredshift range of z = 2.4-3.4.

These observations were towards three ~ 4-deg” cosmological fields (shown in

Table [2.1).

Table 2.1: The locations of the three fields used in the COMAP Pathfinder survey.

Field | RA (J2000) | Dec (J2000)
Field 1 | 01" 41™ 44 | 00° 00’ 00”
Field2 | 11"20™ 00 | 52° 30’ 00”
Field 3 | 15" 04™ 00 | 55° 00’ 00”

During observations, the telescope is positioned at the leading edge of the field
and performs a scanning motion while the cosmological field drifts through. This
usually takes 3—10 minutes, after which the telescope is pointed to the leading edge
of the field again and the procedure is repeated. This means that over time, we are
scanning the fields from several different directions leading to a smoothly varying
noise distribution in the final maps, with low noise in the central regions of the field,

and gradually increasing levels of noise towards the edges of the fields.
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Raw time-ordered data (TOD) from the telescope are processed by applying a series
of filters with the goal of removing correlated noise, standing waves, continuum
foregrounds, ground contamination and other systematic effects from the TOD.
This process and the COMAP scanning strategies are described in detail by Foss
etal.,[2022. The output of this pipeline is a set of three calibrated three-dimensional
intensity maps, each of angular size ~ 4 deg? with 31.25 MHz spectral resolution
and a 4.9—4.4 arcmin beam FWHM. At small scales these maps are dominated by
uncorrelated, Gaussian noise (Foss et al.,|[2022). The maps are somewhat elongated
in the right ascension direction, giving us appreciable coverage in a 3D region with
dimensions (in comoving coordinates) roughly 300 Mpc x 200 Mpc in directions
perpendicular to the line of sight (at redshift z = 2.9) and about 1000 Mpc along the

line of sight, for a total volume of the order 6x107 Mpc® comoving for each field.

As described by Foss et al. (2022), Ihle et al. (2022) and Rennie et al. (2022), the
maps are calibrated to the total power entering the telescope. About 72 %o of this
power comes from the main beam, with another roughly 10 % of the power in the
near sidelobes (within about 30 arcmin). To take this scale-dependence into account
Ihle et al. (2022) use a model of the COMAP beam to construct a beam transfer
function for the power spectrum. For the purposes of our stacking analysis, since
we are mostly interested in the smallest scales in the map, we simply divide the map
(and the corresponding uncertainty map) by a single overall factor of 0.72 to get the
right calibration at scales corresponding to the main beam. We mask any map voxel
(3-D pixel) with an integration time below 1000 seconds (50000 ‘hits’, a stricter cut
than is taken for the overall COMAP pipeline; Foss et al. 2022).

eBOSS

The Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al. |2013) and
its extension (eBOSS; Ahumada et al. 2020) together encompass eleven years of
observations using the BOSS spectrograph at Apache Point Observatory (Gunnetal.,
2006; Smee et al., 2013). We use the large (~ 240000-object) eBOSS spectroscopic
sample of Quasi-Stellar Objects (QSOs) at z > 2.4, which was intended to enable
studies of the Ly« forest at z ~ 1. These observations targeted objects that were
selected based on WISE/SDSS DR13 imaging data. We use the eBOSS DRI16
superset catalog (Lyke et al., 2020; Ahumada et al.,[2020), released in 2020 — the final
iteration of the BOSS/eBOSS catalog. While principally composed of traditional
quasars, the superset applied no quasar-selection pipeline and thus contains a small
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percentage (3.3%, in the overlap with COMAP fields) of bright galaxies, broad

absorption line quasars, and damped Ly« systems.
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Figure 2.1: The redshift distribution of the eBOSS objects used for this stacking
analysis.
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Figure 2.2: The distribution in space and redshift of the eBOSS objects used for this
stacking analysis, plotted on the COMAP Season 1 median map RMS for each field
(see Foss et al.,[2022).

Objects in the eBOSS catalog are identified and their redshifts are determined
simultaneously, through the fitting of templates spanning galaxies, quasars, and
stars to the eBOSS spectra (stepping over redshift; Bolton et al.,|[2012)). Spectra are
optical, and at the redshifts of interest the templates to be fit typically include some
combination of Lya, Ha and Hp, and a range of optical and NUV forbidden metal
lines. The fit with the minimum reduced-y? value is used, provided y? > 0.01
and there is no other similarly confident fit determination greatly offset in redshift

from the best-fit value. Visual followup is used to confirm the least confident
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identifications, and to test the algorithmic determinatio Tests of the classification
algorithm on blank-sky spectra showed a < 2% false positive rate — the eBOSS
redshift determinations are generally considered highly trustworthy. Based on the
pixel size of the detector, the uncertainty in the eBOSS redshifts is at most ~
207 km s7!, or |Az] < 0.01 (Bautista et al., 2017) (approximately 1 COMAP
channel). We note that this uncertainty does not account for the systematic gas in-

or outflows that may be present in quasars; we discuss this additional consideration
in §2.5]

We remove duplicates and any object with an SDSS NEGATIVE_EMISSION warning
from the eBOSS catalog, and then cut to the COMAP fields. In total, 243 eBOSS
objects lie in the COMAP fields after these cuts. The average redshift of these
objects is z = 2.73, with their redshift distribution as shown in Figure Their
spatial distribution is shown in Figure[2.2] against the COMAP Season 1 sensitivity.

2.4 Stacking methods

Broadly, the stack is a three-dimensional coaddition of the COMAP maps on the
spatial and spectral positions of the quasars in the eBOSS catalog: we extract a three-
dimensional ‘cubelet’ centered around the spatial position and redshifted CO(1-0)
frequency of each source, and then combine them together into a single stacked

cubelet containing the average luminosity of each source.

Determining Physical Quantities from the COMAP Data Cubes

The COMAP data cubes are provided in brightness temperature units, 7y, ; ; x, Where
i and j index voxels in directions perpendicular to the line of sight (spatial axes) and
k indexes voxels parallel to the line of sight (spectral axis). The stacking pipeline

begins by converting Ty,; ; x into velocity-integrated line flux, (SAv); ; :

ZVZkBTb,i,Lk

(SAV),‘,J',]( = 02 QVOXAvk. (2.1)

In this case, T ; ; « is the brightness temperature in the voxel, £2yox 1s the solid angle
of the sky subtended by the voxel (which is constant across the map), and Avy is the

channel width in km/s in the k™ frequency channel,

Avy = c. 2.2)

Vobs, k

10Other redshift values, in particular those based on specific emission lines, are also available.
For a full list of the various methods for redshift determination, see: https://data.sdss.org/
datamodel/files/B0OSS_QSO/DR16Q/DR16Q_Superset_v3.html


https://data.sdss.org/datamodel/files/BOSS_QSO/DR16Q/DR16Q_Superset_v3.html
https://data.sdss.org/datamodel/files/BOSS_QSO/DR16Q/DR16Q_Superset_v3.html
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Figure 2.3: A diagram displaying the methodology used for this stacking analysis.
From the full three-dimensional COMAP data cube (left), smaller 3-D cubelets are
cut out centered on the position of each eBOSS object (center). These cubelets are
then averaged into a single 3-D stack (top right), which is used to determine the
average COMAP spectrum of the eBOSS objects (bottom right).

We follow Solomon et al., (1997 to calculate L’CO in each voxel,

2 D?
, o Lk
Leoiju = 2kp (SAV)ijk 2

I B —— (2.3)
obs,k (1 + Zk)3

where vops « 1S the observed frequency of the kth frequency channel, zj is the redshift
required to place the 115.27 GHz CO(1-0) line into that channel’s frequency range,
and Dy x is the luminosity distance associated with that redshift. We perform this
conversion before stacking because several of these values vary across the COMAP
data cube.

Extraction of Cubelets
For each eBOSS quasar, we extract from the converted COMAP L., cubes a three-
dimensional ‘cubelet’ centered around the spatial position and redshifted CO(1-0)

frequency of the quasar. These cubelets have dimensions 42 arcmin X 42 arcmin X

’
CO.,l,m,n,p

spatial directions, n is along the spectral axis, and p indexes each cubelet. These

1.28 GHz and contain CO line luminosity values L , where [ and m are in
are purposefully large compared to the COMAP spatial and spectral resolution, so
they can be visually searched for potential large-scale fluctuations. If any cubelet
has its central voxel masked, or more than half of the voxels immediately adjacent
to the central voxel in all three directions masked, it is excluded from the catalog of
cubelets to be stacked.
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Stacking

We then stack the CO emission by directly combining the full three-dimensional
cubelets associated with each individual galaxy, voxel-by-voxel. This is done to
allow for additional testing of the fidelity of any potential detections. To account
for the inhomogeneous noise response across the map (§2.3), values are weighted
by their RMS noise using inverse-variance weighting. Thus, the line luminosity in
each voxel of the stacked cubelet is

ZP L/CO l,m.n p/o-lz,m,n,p

Lo imn = : (2.4)
ot Zpl/ [,m,n,p

for cubelet voxel line luminosities L, with RMS noise 07,,,4,,. The uncer-

CO,l,m,n,p
tainty in each voxel of the resulting stacked cubelet is then

1
Olmn = |l = (25)
ZP 1/ l m,n,p

We additionally attempt to lessen any interactions between asymmetries in the
position of catalog galaxies in the data cubes and the inhomogenous COMAP noise
response by rotating each cubelet randomly in its spatial axes by either 0°, 90°, 180°,

or 270° before performing the coaddition.

Obtaining luminosity and density limits
Once a full three-dimensional stack cubelet is obtained, we calculate the average
line luminosity of the included quasars in two steps. Firstly, we calculate the line

luminosity in each frequency channel, L; by summing over the central 3 spatial

co,n’
pixels (spaxels) of the stacked cubelet (the region indicated with a black box in

Figures [2.3]and [2.4)),

COn Z LCOlmn (2.6)

Lm=—1
which leaves us with a one-dimensional frequency spectrum. This 3 X 3 region
corresponds to a 6’ square aperture, roughly 1.5 times the size of the COMAP main
beam, meaning that most of the signal from any catalog object located anywhere in
the central spaxel will not be spread outside this aperture by the beam. Thus, we
avoid excluding any potential signal from the spectrum, while keeping the aperture
as small as possible to mitigate the effects of beam dilution and maximize our

signal-to-noise ratio (S/N).
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Finally, to determine the average CO luminosity of the stacked catalog objects L,

we sum the central seven frequency channels of the stacked spectrum,

+3
Leo= D Leon 2.7)

n=-3

The seven-channel width corresponds to 218.75 MHz, or 2065 km/s at the average
redshift of the galaxy catalog objects. This chosen spectral width allows for velocity
offset between the CO emission and the optical lines used to determine the eBOSS
redshifts, which can be quite significant (see §2.5). Instrumental aliasing between
adjacent COMAP science channels is negligible (Lamb et al.,2022), so broadening

considerations in the spectral axes are almost entirely astrophysical.

We use the average line luminosity to determine an average molecular gas density
in the stack. We use the Bolatto et al. (2013) CO-to-H, conversion factor of
3.6 Mo(Kkm s™! pcz)‘l (calculated for the Milky Way) to determine the molecular
gas mass associated with our stacked line luminosity, and then convert this mass
into a molecular gas density py, by dividing by the comoving volume of the stack

aperture.

This is the simplest possible version of a stack, ignoring other available information
such as the significance of the catalog objects’ detections with eBOSS, or the optical
luminosity of the catalog objects, both of which could also be used for weighting
(see, for example, Sinigaglia et al., 2022). Functionally, this means assuming a
o-function for the luminosity function. While we do plan to explore refinements to
this methodology in the future, we assume for now that the noise in the Season 1

COMAP data cube is much greater than any variations across the eBOSS catalog.

2.5 Data verification

Bootstrapped error analysis

While we believe the noise in our maps to be Gaussian-distributed (‘white’ noise:
see §2.3] also Foss et al. 2022) over the entire map, this stacking analysis introduces
a new sampling strategy, and it is possible that the white noise assumption does
not hold under this new sampling. We therefore perform a spatial ‘bootstrap’ test
on each stack to confirm the noise distribution in our maps, and to determine the

uncertainty in each of the stacked values.

This is done by binning the actual eBOSS catalog by COMAP field and by redshift

(into three redshift bins), and then generating an artificial catalog with the same
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overall redshift and field distribution as the real catalog but with random 3D posi-
tions. Variations in catalog number density between field, as well as instrumental
effects such as the changing main beam with frequency and potential systematic er-
rors correlating to on-sky position, will thus appear both in the bootstrapped stacks
and the real stack. The LIM map is then stacked on the artificial catalog. This is
repeated for 10000 different random artificial catalog iterations for each real stack

run, to fully characterize the stack noise response.

Constant-Luminosity Simulation Tests

Simulation Methodology

As an end-to-end test of the stacking pipeline, we create mock COMAP observations
of simulated cosmic CO signal, generate mock galaxy catalogs associated with these
cubes, and perform the stacking analysis on these simulated data. Mock CO emission
is generated by painting CO luminosities onto a dark matter halo catalog from peak-
patch N-body simulations (Stein et al., 2019). Because we are looking to check the
efficacy of the stacking pipeline rather than make realistic cosmological predictions,
we paint each halo with the same luminosity regardless of its mass. We artificially
broaden the CO emission line in each halo by an effective velocity veg of 319 km/s
(see §2.5below), again to more easily test the effects of the stacking pipeline. To
generate mock COMAP data cubes, we additionally beam-smooth the emission in
the spatial axes by convolving the mock cubes with a 2D Gaussian kernel with a

4-arcminute FWHM to approximate the COMAP main beam.

The artificial CO emission cube generated from these simulations is then converted
into a timestream, scaled by a factor of 1000 to simulate an (unrealistically) strong
detection, and added into real time-ordered data from the first COMAP observing
season (Stutzer et al., in prep). The positions of the simulated halos should have
no correlation with any existing real cosmic structure, so this is an excellent way to
simulate observations with the actual noise structure that COMAP observes. This
mock timestream is passed through the COMAP pipeline, so any effects of the
several pipeline filters (Foss et al., 2022) will show up in the mock data cube.

In addition to the mock COMAP data cubes, we generate an artificial galaxy catalog
by randomly selecting 1000 dark matter halos from the most massive 30% of halos in
the peak-patch catalog (dark-matter masses between 9 x 10'3 Mg and 4 x 102 M),
and taking these halos to be the objects emitting brightly enough in some other

galaxy tracer to be detected in a traditional galaxy survey. Only the 3D positions
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of the halos are required for the stacking analysis, so we do not calculate any other

mock parameters for the galaxy survey.
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Figure 2.4: A noiseless simulated stacking detection, normalized to the expected
integrated luminosity. (a) The central three frequency channels coadded to provide
a view of the spatial distribution of signal. The black box in the center indicates
the smaller aperture used to calculate single stack values. (b) The same spatial
representation of the stack, smoothed with a 4’ Gaussian kernel to approximate the
COMAP main beam. (c) The frequency spectrum of the stack. The value in each
spectral channel is determined by summing over the spatial aperture indicated in
(a). The three frequency channels making up the stack aperture are highlighted in
grey. While the simulation is noiseless, neighboring halos may show up in some
objects’ cutouts, appearing as small fluctuations in the stacked spectra.

Spatial attenuation due to COMAP beam

We then run the stacking pipeline on ten different realizations of the mock data cube
and galaxy catalog. This is done principally to confirm that the COMAP pipeline
is not attenuating the stacking signal in any unexpected ways, and to determine the
size of the stacking aperture discussed in §2.4] An example of a resulting simulated
stack, shown in Figure confirms that the 6" X 6’ spatial aperture we selected
indeed encloses the majority of the stacked flux, without incorporating much empty
space. The line luminosity output by this stack is 88.5% of the input value, meaning

the input signal is attenuated by a factor of 1.13. This attenuation is due to the
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COMAP main beam spreading signal outside of the stack’s 3 X 3 spatial aperture
(Figure 2.4). Instead of broadening the aperture further and incorporating more
empty space into the stack, which would affect our sensitivity, we multiply the

values output by the stack by 1.13 to correct for this attenuation.

Spectral attenuation due to offsets between optical and CO redshifts

Although the cataloged eBOSS redshifts are considered very precise, high-redshift
quasars often contain large systematic outflows/inflows that cause velocity offsets
between optical emission lines (such as those used by eBOSS), and the CO emission,
which traces the cold gas of the galaxy itself (Banerji et al., 2017; Herrera-Camus
et al., 2020; Bischetti et al.,2021)). This is an important consideration, as even small
redshift uncertainties can cause significant attenuation in the signal of LIM/galaxy
catalog cross-correlation analyses (Chung et al., 2019; Chung et al., 2021). The
shot component of the cross-power spectrum (i.e., the cross power at small scales,
the most direct analogue to a stacking analysis) is where this effect is at its worst,
although COMAP is most sensitive to larger spatial scales than those where attenu-

ation due to redshift uncertainty is truly catastrophic.

To quantify systemic offsets between the cataloged redshift for our eBOSS sample
(zopt) and the redshift of the CO emission (zco), we assemble a sample of quasars
that have (clean) spectroscopic optical redshifts in the COMAP redshift range from
SDSS, and have been individually detected in a molecular gas tracer line. These

come from three studies:

* Eight objects from Hill et al. (2019), who targeted CO(3-2) in 13 QSOs
selected from the Keck Baryonic Structure Survey (KBSS) for additional
cosmic web study with SCUBA-2. CO measurements used NOEMA (the
NOrthern Extended Millimeter Arary; Chenu et al., [2016). The zqp values
for these objects are specifically from eBOSS.

* Two objects from the sample of nine QSO MUSEUM quasars targeted for
CO(6-5) and CO(7-6) observations with the SEPIA180 (Belitsky et al., 2018)
receiver on APEX in Mufioz-Elgueta et al. (2022; ME22). These objects also
have optical redshifts from eBOSS.

* Two quasars from Riechers et al. (2011; R11), who targeted CO(1-0) in five
quasar host galaxies using both the Extended Very Large Array (EVLA), and
the Green Bank Telescope. Optical redshifts are from SDSS for these quasars.
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Figure 2.5: The optically-determined redshift values compared with CO-based
redshifts for a selection of quasars individually detected in CO in the COMAP
redshift range. The colormap is the extrapolated CO(1-0) luminosity of each object,
and the line where 7o = zco 1s shown for reference. In the bottom panel we indicate
the mean offset of the sample with a dotted line, and the 1o scatter in that scatter
with the shaded region.

In each case, we exclude objects with no available eBOSS/SDSS redshift or that
fall far outside the COMAP redshift range. We also exclude objects with SDSS
NEGATIVE_EMISSION warnings, for consistency with our own generated eBOSS
catalog. Over this entire compiled catalog, the quasars have an average molecular
gas emission-line FWHM of 319 km/s.

We plot z,, against zco for each of these quasars in Figure @ We find that zqp
is systematically smaller than zco with a mean value of (zco — Zopt) /(1 + Zopt) =
0.00397 £+ 0.00408. This offset does not appear to be correlated with either redshift
or extrapolated CO(1-0) line luminosity. At the average redshift of our eBOSS
quasar catalog, it corresponds to a negative frequency offset of 122 MHz, or 1185
km/s (~ 4 COMAP spectral channels). This is in good agreement with observed
bulk velocity offsets in quasars, which are typically ~ 1000 — 2000 km/s (Orellana
et al.,2011; Tytler and Fan, 1992).
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In addition to exploring corrections in the bulk velocity offset between quasar gas
phases, we also investigate the scatter in the relation. The standard deviation in
(zco = Zopt)/ (1 + Zopy) in the individually-detected quasar sample is o5, = 0.00408
from this effect alone, which is large enough to move a proportion of the signal from
quasars in the stack outside of our defined 7-channel frequency aperture. We note
that the variety of CO transitions used in the molecular gas measurements of the
plotted quasars could create a larger scatter than a pure CO(1-0) analysis, as they

trace slightly different phases of (dense) gas (e.g., Munoz-Elgueta et al., 2022).

We perform a separate analysis to determine signal attenuation due to velocity offsets
in quasars between the optical lines measured by eBOSS and the CO(1-0) line. This
is addressed in detail in Appendix [2.10] We find that after this effect is accounted
for, the input signal is attenuated by an additional factor of 1.58. As above, we
multiply the values output by the stack by this factor to correct for this source of
signal attenuation. Combined with the spatial attenuation discussed above, this is

an overall attenuation factor of 1.79.

2.6 Results

CO(1-0) Stack Results

The final COMAP/eBOSS stack is shown in Figure @ We find, at our current
sensitivity level, no detection of CO emission associated with the 243 eBOSS quasars
in the COMAP fields. The results of the COMAP/eBOSS bootstrap test (discussed
in §2.5) are shown in Figure As expected, the maps remain consistent with
Gaussian noise centered at 7, = 0 K even in this stacking analysis. As this is a
more robust calculation of the distribution of stack values expected from random
noise, we use the 95% confidence region calculated from a Gaussian fit to these

bootstrapped L, values as the uncertainty in our stack.

We set a 95% upper limit on the CO frequency-integrated line flux of SAv < 0.129
Jy km/s, corresponding to a limit on the CO line luminosity of L, < 1.26 X 10" K
km pc? s~! and a limit on the average molecular gas density in regions containing a

quasar of py, < 1.52 x 103 Mg Mpc 2.

Additionally, as the quasar velocity offset discussed in Section [2.5]is large enough
to move any flux from our stack outside our chosen stack aperture, we correct for it
by applying a 122 MHz frequency offset to our stack. We again find no significant

CO emission, with a new upper limit of L(., < 8.69 X 10'% K km pc? s=! (Figures
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Figure 2.6: The result of stacking the COMAP data cubes on the 3D positions of
eBOSS quasars. (a) The central seven frequency channels coadded to provide a view
of the spatial distribution of signal. The black box in the center indicates the smaller
aperture used to calculate single stack values. (b) The same spatial representation
of the stack, smoothed with a 4’ Gaussian kernel to approximate the COMAP main
beam. (c) The frequency spectrum of the stack. The value in each spectral channel
is determined by summing over the spatial aperture indicated in (a). The seven
frequency channels making up the 3D stack aperture are highlighted in grey. All
distance scales are given as proper values.

[2.10] and 2.T1). Accounting for this frequency offset thus does not meaningfully

change our results, at our current level of sensitivity.

Foreground Lines

A major concern for LIM experiments is contamination of signal at the redshift of
interest by other (primarily foreground) spectral lines, which may also be redshifted
into the frequency range of the experiment by coincidence (Cheng et al., 2016; Lidz
and Taylor, 2016). CO LIM experiments suffer less from this type of contami-
nation than LIM experiments targeting other spectral lines, because the (primarily
molecular) lines that fall into our frequency range are expected to be faint compared
to CO(1-0) (Cleary et al., |2022). Joint analyses such as stacking, which require
emission in two different spectral lines to be detected from the target sources, are

also expected to be fairly robust against foreground contamination (Chung et al.,
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Figure 2.7: A histogram of the L., values returned from 10000 stacks performed
on random 3D positions in the COMAP data cubes, with the same spectral and field
distribution of objects as the real eBOSS catalog. A Gaussian fit to the histogram is
shown in orange. The 66% confidence interval of the fitted Gaussian (i.e., 1 standard
deviation about the fitted mean) is shown in dark gray, and the mean value is shown
as a dotted gray line (see §2.4).

Table 2.2: 95% upper limits obtained by stacking the COMAP data cube on the
CO(1-0) line and expected foreground emission lines.

Spectral # of Vrest Redshift | SAv 95% Limit | L’ 95% Limit
Line | Objects | (GHz) Range (Jy km sh (K km p02 sh

2CO(1-0) | 243 11527 | 24-34 <0.129 <1.26x 10"

12C0O(1-0) with offset? 244 115.15 | 2.4-3.4 <0.270 < 8.69 x 1010
HCN(1-0) 595 88.63 | 1.6-2.4 <0.196 <6.21x 10

CS(2-1) | 479 9198 | 1.7-25 <0.285 <1.18 x 10"

13Co(1-0) 311 110.20 | 2.2-3.2 <0.236 <1.14x 10"

CN~(1-0) 269 11349 | 2.3-3.4 <0.316 <1.29 x 10!

2Shifted by the mean velocity offset of zegoss from zco for the individually-detected quasars in
(see Figure 2.3).
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2019). Because joint analyses are targeted toward specific emission lines, however,
they present a unique opportunity for testing theoretical predictions that there will
be minimal foreground emission present. Additionally, non-CO molecular emission
lines are also interesting tracers of molecular gas in their own rights, and worth

investigating.

Thus, we perform the stacking analysis on four other molecular emission lines
which will likely fall into the COMAP frequency range, in addition to the '>CO(1-0)
spectral line for which COMAP was designed. These lines are the '*CO isotope’s
J =1 — O rotational transition, the HCN J = 1 — O transition, the CSJ =2 — 1
transition, and the CN™ radical’s / = 1 — 0 rotational transition. These lines are
discussed in more detail in Appendix [2.12] or in Breysse et al. (2015)). We make no
detection of any foreground line. The resulting upper limits are shown in Table 2.2

and representations of the stacked cubelets are shown in Appendix [2.12]

Forecasts

As we are working with only the first year of data from COMAP’s planned multi-
year Pathfinder survey, we also project the stack sensitivity after five years of
observing. The eBOSS survey has finished, so we only forecast improvements
to the stack sensitivity arising from deeper COMAP data, instead of other possible
stack improvements such as including more catalog objects or refining their redshift
or positional accuracy. Under this assumption, the stack will improve by an identical
factor to the sensitivity of the COMAP data cubes themselves.

Detailed projections were made by Foss et al., 2022 to forecast improvements to
COMAP’s sensitivity. Primarily, this improvement will be due to the obvious
increase in total integration time by the end of the survey, but the Pathfinder’s
first season of operation was partially used for commissioning and refining the
survey design, so we also expect significant improvements to the overall percentage
of usable data. The effect of these improvements on COMAP’s power spectrum
sensitivity specifically are broken down in Table 2 of Foss et al. (2022), and collated
in Equation 26. Almost all of them apply to the stacking analysis, but some are

power-spectrum specific:

* The Foss et al., 2022 forecasts are made by projecting the sensitivity of a
single COMAP field to the sensitivity of all three fields. As we are already
using the full COMAP on-sky area in the stack analysis, we do not include

the factors of V3 corresponding to this projection.
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* Improvements to the filtering and map-making stages of the COMAP pipeline
should result in these stages removing roughly 10% less actual signal from
the maps (this is the transfer function efficiency, Etr), but will mostly act on
the large angular scales to which the stack is not sensitive. We therefore do

not multiply by Etp when forecasting for the stacks.

* The process of calculating the power spectrum from the completed intensity
map involves generating many jackknifed cross-spectra and only keeping those
that pass quality tests. The retention efficiency of these steps, parameterized
by Foss et al. (2022) as E oo and Egpjit, will likely improve in future COMAP
seasons as the earlier pipeline stages become more robust. Since these data
cuts use statistics calculated from already-generated intensity maps, they only

affect the power spectrum itself and we do not include them here.

All other efficiency improvements apply at the map level, and thus will apply to the
stack. The forecast stacking sensitivity for the full COMAP Pathfinder survey then

becomes
5 O-Stl k
yro _ stac
Tstack = —Syr’ (2.8)
\/Dmap
where _
sye  TSVER +(5-365 - TSHER”

ot (2.9)

map —
’ Ty

75! is the calendar duration of Season 1, 440 days. Both instances of E\y indicate
total observing efficiency, which combines bare on-sky observing efficiency Eps
with the fraction of data retained after all pipeline steps Eqa,. For the exact break-
down of these quantities, see Foss et al.,[2022. E S1

tot

and Ef’orf I is the projected value after five years. Adjusting the values calculated

is the actual Season 1 efficiency,

by Foss et al., 2022 to exclude the power spectrum-only factors discussed above,
these are 9.15% and 33.2%, respectively. We thus project that the sensitivity of the
COMAP/eBOSS stack will improve by a factor of Dilyzfp = 25.2, corresponding to a
CO(1-0) flux sensitivity o', of 0.026 Jy km s" at the 95% level.

While we have chosen in this work to focus specifically on the CO properties of
quasars, we note that more general high-redshift spectroscopic catalogs can be
used for stacking if the goal is to extract the CO properties of the universe as a
whole. In particular, we have already made projections (Chung et al.,[2019; Chung
et al., 2022) for the cross-correlation of COMAP data with the HETDEX (the
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Hobby-Eberly Telescope Dark Energy EXperiment; Gebhardt et al. 2021) catalog
of Lyman-Alpha Emitting galaxies (LAEs). We plan in future to perform a stacking
analysis on the same catalog. To first order, the stack sensitivity increases with
the number of objects N in the spectroscopic catalog by a factor of VN, so we
project significant sensitivity increases with this larger catalog. We note, however,
that different galaxy tracers are subject to different biases, and any anticorrelation
between the brightness of the tracers used and the CO brightness of a given object

will affect this prediction; we plan to quantify this effect in future works.

2.7 Discussion

In general, how we interpret the results of LIM/galaxy survey stacking analyses
depends on the relative contribution of the CO emission associated with the catalog
galaxy compared to that of other sources within the COMAP beam. We can bracket
the range of possible interpretations by considering the two extreme cases: i) the
galaxies traced by our chosen survey dominate the brightness temperature of their
surroundings (making the stack simply a measurement of the average CO lumi-

nosity, L., of the survey objects), and ii) the cataloged galaxies are unspectacular

/

co’
themselves, but instead tend to fall into overdense regions of the large-scale structure
(making the stack an measurement of the average CO luminosity of bright regions

of the universe, which can be converted into their molecular gas density, pg,).

Due to the dearth of CO observations of quasars at cosmic noon, it is not yet clear
which of these cases is closer to the truth; we discuss the available evidence below.
Neither assumption, however, invalidates the other in the context of the upper limits
we present here. Quasar companions will not be distinguishable from the objects
themselves at COMAP resolutions, meaning any nearby objects will cause a source
confusion effect pushing the measured L, value upwards. Conversely, abnormal
amounts of CO emission from the quasars themselves will drive the local py,
upwards. In both cases, therefore, the stack values should likely be treated as upper

limits even once a confident detection is made at this level of analysis.

CO in Quasars

The response of the molecular gas in quasar host galaxies to the extremely active
SMBH at their centers is likely extremely complicated, especially at cosmic noon.
The abundances of both quasars and gas-rich, sub-mm-bright galaxies (SMGs) seem
to peak during this epoch, suggesting a link between the two (Simpson et al., [2012).
Indeed, both theoretical and observational arguments have suggested that the SMBH
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Figure 2.8: The COMAP/eBOSS 95% upper limit on L, (the black bar), plotted
against quasars detected individually in CO from Riechers et al. (2011)), Hill et al.
(2019), and Muioz-Elgueta et al. (2022). Because Muiioz-Elgueta et al. (2022)
report a range of molecular gas mass values My, from SED fitting of multiple lines,
we show the L., values determined from those values as a range using vertical bars.
Upper limits are shown as inverted triangles. The extent of the COMAP/eBOSS bar
indicates the redshift range to which COMAP is sensitive, and the marker is located
at the mean redshift of the eBOSS objects on which we stack. A forecast for the
stack sensitivity at the end of the full COMAP Pathfinder Survey is plotted in gray

(see §2.6).

activity driving quasars is triggered from normal SMGs by mergers rich in cold and
cool gas (Sanders et al., |[1988b; Hopkins et al., 2008} Brusa et al., 2018} Herrera-
Camus et al., [2020; Bischetti et al., 2021)), suggesting that, at least in their initial

phases, quasars should be extremely rich in cold gas.

Whether that cold gas survives the subsequent barrage of heat and pressure from
its central SMBH, however, is still uncertain. SMG studies of molecular gas have
shown that the presence of an AGN does not seem to significantly affect the gas
properties of its host (Bothwell et al., 2013; Banerji et al.,|2017), and observed gas
masses in quasars themselves follow typical SMG values closely (Hill et al.,[2019),
but other observations have shown that CO Spectral-Line Energy Distributions
(SLEDs) in quasar hosts tend towards higher excitation states than normal (e.g.,

Brusa et al., 2018). At least for the purposes of COMAP, which measures the
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lowest CO excitation state, this would read as damped CO emission in quasar hosts.
Additionally, many separate quasar studies have observed large-scale outflows of
all gas phases from the host galaxy, although a fraction of this gas may remain in
the molecular phase, and thus be observable with COMAP (Bothwell et al., 2013;
Garcia-Burillo et al., 2014; Feruglio et al., 2015; Brusa et al., [2018).

In the limiting case that much of the CO luminosity contributing to the LIM maps
at the quasar positions comes from the quasars themselves, then the upper limit on
L determined from our COMAP/eBOSS stack becomes a direct upper limit on
the average CO line luminosity of the 243 eBOSS quasars included in the stack.
Under this analysis, the L{, value can only ever be an upper limit, because the
cosmic volume covered by the stack is large (9 Mpc x 9 Mpc x 2065 km/s, in proper
units) compared to an individual quasar, so it is unlikely that the quasars are the only
sources contributing to the CO luminosity of the region. Because we are reporting

an upper limit, however, this remains valid.

The measured average L, value is shown in Figure plotted against other
measures of quasar line luminosity in a similar redshift range, for comparison. These
include the sample of 13 QSOs from KBSS, detected in CO(3-2) with NOEMA by
Hill et al., [2019} the sample of 9 objects from the QSO MUSEUM, surveyed with
APEX in CO(6-5) and CO(7-6) by Mufioz-Elgueta et al., 2022} and the sample of 5
QSOs detected in CO(1-0) by Riechers et al. (2011)) using the Extended Very Large
Array and the Green Bank Telescope.

The Hill et al. (2019) CO(3-2) measurements are converted into CO(1-0) line lumi-

toa-a /Lo = 0:97 +0.19 from Carilli

and Walter (2013). In several cases, a single KBSS object was found to be as-

nosities using the conversion factor L

sociated with two different CO sources slightly offset on-sky. For each of these
objects, we sum both CO sources together to obtain the plotted L, value, as
both sources would fall well into the COMAP beam. Muifioz-Elgueta et al. (2022)
converted their higher-/ CO measurements into molecular gas masses directly, by
fitting to CO SLEDs, incorporating also the [CI] luminosity. In order to determine
CO(1-0) line luminosities associated with the objects, we extrapolate their calcu-
lated My, values to L, values using the Milky-Way aco conversion factor of 3.6
Mo (K km s~! pc=2)~! (Bolatto et al.,[2013)), for consistency with our own previous
analyses. These objects are mostly nondetections, and the SLED fitting returned a
range of My, values, so these ranges are what we plot in Figure [2.8] Riechers et al.
(2011)) report CO(1-0) line luminosities directly.
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Figure[2.§|shows that the COMAP/eBOSS stacking upper limit is already compara-

ble with the line luminosities of (the brightest) individually surveyed quasars in its
redshift range, even using only the first season of COMAP data. In some cases, the
COMAP value is actually a stricter limit, particularly for the APEX objects (Mufioz-
Elgueta et al., 2022). This illustrates a powerful potential application for LIM —
directly detecting CO in individual objects becomes prohibitively expensive very
quickly at these redshifts. A statistically-significant survey would require integration
times that are not practical on high-demand community instruments. LIM-based
stacking analyses, able to efficiently survey large samples of galaxies, could thus act
as an important complement to these individual detection-based surveys by placing
constraints on the ensemble emission from many galaxies. The minimum spatial
scales accessible from a LIM instrument are large compared to galaxy sizes, mean-
ing such analyses would have to remain upper limits even if a detection were made,

but these still have the potential to be extremely enlightening.

Under this interpretation, our forecasted COMAP Pathfinder sensitivity to CO lu-
minosity from a stack on the same 243 eBOSS quasars after five years of observing
falls below the mean luminosity of the individually-detected quasars in Figure [2.8]
meaning it has the potential to be genuinely constraining—we will likely be able to
tell with COMAP Y5 if these three samples are representative of the eBOSS quasar
population as a whole. If we are able to constrain the L, of eBOSS quasars to this
degree, it will provide significant insight into the complex feedback cycles present

in quasars, and thus into star formation processes as a whole at cosmic noon.

Cosmic Molecular Gas Density

The other limiting case—that quasars trace large-scale structure but do not them-
selves dominate the local CO emission—is perhaps better-supported, as it follows
from hierarchical structure formation. SMBH mass and galaxy mass have been
shown several times to be correlated, meaning quasars will preferentially be found
in massive galaxies that are likely to be at the center of large dark-matter halos
(e.g., Gebhardt et al., 2000; Hopkins et al., 2008). This argument is additionally
supported by clustering measurements of both BOSS and SDSS Stripe 82 quasars
(White et al., 2012 Timlin et al., [2018]), as well as observations of the individual
objects shown in Figure[2.8} a quarter of the Hill et al. (2019)) objects, for example,
have nearby CO-bright companions (also Banerji et al., 2017; Banerji et al., 2018;;
Decarli et al.,|2021}; Bischetti et al., 2021)). The argument that quasars require major
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Figure 2.9: The upper limit on the average molecular gas density determined from
the COMAP/eBOSS stack (black line), compared to other py, measurements made
using different survey techniques. The upper limit from the COMAP Season 1 power
spectrum analysis is shown in purple. Also shown is the COPSS LIM survey’s
measured value (Keating et al., 2016), as well as upper limits from COPSS joint
analyses with galaxy surveys (Keenan et al., 2022). Shaded boxes are measurements
made by large-scale traditional surveys COLDz (Riechers et al., 2019), ASPECS
(Gonzdlez-Loépez et al., 2019), and PHIBSS2 (Lenki¢ et al., 2020). We show the
forecast 20 sensitivity level of the COMAP survey after five years stacked on eBOSS
as a grey upper limit.

mergers to ignite also necessitates at least one nearby massive galaxy in their recent

past.

In this limit, where the quasar host itself is contributing negligibly to a local over-
density of CO emission, we can use the stack’s upper limit on 7y, to calculate the
average molecular gas density py, in bright regions at the COMAP redshifts. As
the stack is only sensitive to a single, ~ 9 (comoving) Mpc spatial scale (the size of
our chosen aperture), this value is most similar to a random ‘shot’ power compo-
nent of the py, determined from a power spectrum analysis. We plot this value in
Figure [2.9] alongside several other measurements of the same value made using a
variety of techniques, including COMAP’s own auto-spectrum based early science

constraint (Chung et al.,|[2022). These other measurements include:

* COPSS (Keating et al., 2016), a LIM survey, targeting the same CO(1-0) tran-
sition as COMAP. COPSS used the Sunyaev-Zeldovich Array, and is subject
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to interferometric insensitivity to large scales. The py, value from COPSS is
thus based mainly on the shot-noise component of the CO power spectrum,
converted to a molecular gas density using the Milky-Way aco value of 3.6 Mg
(Kkm s~! pc=2)~! (the same value we adopt in this work). Two other COPSS-
determined values (Keenan et al., 2022) are plotted, both determined using
joint analyses combining COPSS data with (after correcting for main beam
weighting) 145 spectroscopically-confirmed cataloged galaxies. Keenan et al.
(2022) cross-correlated the COPSS data with a data cube obtained by gridding
the catalog objects in 3D space (yielding one limit on py, ) and fit the resulting
cross-power spectrum jointly with both the auto-power spectrum of COPSS
alone and the galaxy-galaxy power spectrum of their galaxy catalog (yielding

a second py, limit).

ALMACAL (Klitsch et al., [2019) used archival ALMA calibrators as back-
ground sources to search blindly for CO absorption lines. As these calibrator
sources must be observed frequently, ALMACAL boasts > 1500 hours of
observations on a community instrument over a wide enough area to not be

limited by cosmic variance. However, these calibrators do not extend past
z~2.

The Millimeter-wave Intensity Mapping Experiment (mmIME) used a com-
bination of archival and targeted ALMA and Atacama Compact Array (ACA)
observations at frequencies tracing multiple CO transitions (Keating et al.,
2020). As with COPSS, these constraints are primarily constraints on the

spectral shot power.

Finally, the shaded boxes in Figure[2.9|correspond to py, measurements made
using traditional (i.e., resolved and targeted) galaxy surveys. These include
ASPECS (Uzgil et al., 2019; Gonzalez-Lépez et al., 2019) and PHIBBS2
(Lenki¢ et al., 2020), each tracing multiple CO rotational transitions, as
well as COLDz (Riechers et al., 2019), which traces exclusively CO(1-0)
at z ~ 3. While each of these traditional surveys provide py, values that
seem like much better constraints than any of the LIM-based numbers, they
cover much smaller survey volumes and are thus extremely subject to cosmic
varience effects. Additionally, as traditional surveys, they are insensitive to
any emission below their detection limits, and so will miss any contribution
to the total gas density from fainter objects, likely underestimating the total
gas density.
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Clearly, these pn, measurements were made using a diverse range of different
techniques, so some of the scatter in Figure [2.9] can be attributed simply to the
biases associated with each strategy. There is also likely additional scatter present
due to variations in the CO-to-H; ratio, both astrophysically and in the conversion
factor aco chosen for each analysis, as well as the relative intensity of the different

CO line transitions, which will also change based on environment.

In our case, while we are indeed subject to the assumptions associated with our
choice of aco and the bias of CO emission as a galaxy tracer, we are also only
investigating the regions of space associated with eBOSS quasars, so the stacking
analysis necessarily introduces a secondary bias factor. As discussed above, regions
of this size surrounding quasars are likely to be more dense than the universe as a
whole, biasing the stacked py, value upwards because of clustering. The upper limit
we report here is therefore likely an overestimate—an analysis which fully explored
clustering effects would be more constraining. Because we report an upper limit we
find this to be acceptable. We will explore the effects of clustering more thoroughly

in future work.

Due to this additional bias, the py, value from the eBOSS stack is more similar to
a cross-correlation analysis, such as the early WMAP cross-correlations with SDSS
and BOSS quasars (Pullen and Hirata, 2013a; Pullen et al., 2013b)). Unlike these
cross-correlation analyses, the stack’s py, value is only sensitive to a single spatial
scale (the scale of the 3D stack aperture, ~ 9 Mpc). We note that, because of our
definition of a voxel in the COMAP data cubes, this scale does vary across the cube,
and the py, values being stacked are thus probing variable volumes. We explore
this more thoroughly in Appendix [2.11]

Even with these caveats, however, our predicted value is comparable to the values
returned from the different COPSS joint analyses, reinforcing the viability of stack-
ing as a LIM tool introduced by Keenan et al., 2022, More promising is our forecast
sensitivity for the COMAP Y5/eBOSS stack, which actually falls into the regions
reported by traditional galaxy surveys. As these galaxy-survey values are likely
underestimates of the actual cosmic H; density, our stacking analysis should detect
emission from even very pessimistic models of cosmic CO, provided our forecasts
hold true. As we already predict that our autocorrelation analysis will allow us to
discriminate between CO models by COMAP Y5 (Chung et al., [2022), stacking
will provide another valuable tool in characterizing the amount and properties of

molecular gas emission at cosmic noon.
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Additionally, quasar catalogs are far from the only spectroscopic information avail-
able on astrophysical objects at our redshifts. As discussed in §2.6] increasing the
number of objects in our galaxy catalog will increase the sensitivity of our stack,
but introducing new objects detected using different tracers will also provide new
opportunities for analysis. It will be very interesting to compare, for example, the
CO properties of the LAEs in the HETDEX survey (Gebhardt et al., 2021) to the
CO properties of the eBOSS quasars. Galaxy evolution is an inherently multitracer
problem, so there will be significant analysis benefits to collating as many different
surveys (whether traditional resolved surveys or LIM experiments) of the same re-
gion of space as possible. As the LIM field progresses, there will be more and more

opportunities to do so.

2.8 Summary and conclusions

By stacking CO line-intensity maps from COMAP’s first year of science operations
on the 3D positions of quasars from the SDSS eBOSS survey, we have obtained a
new upper limit on the cosmic abundance of molecular hydrogen gas. We describe
the methodology behind the stack in detail, including the COMAP RMS-based
weighting scheme we use when coadding and the bootstrapped error analysis tech-
nique we use to quantify uncertainties. We use the stack to search additionally for
interloper emission from foreground galaxies in four molecular lines, finding no
evidence of a detection in any case. We can interpret our stacked upper limit as
a constraint on the CO emission from either the cataloged quasars themselves, or
the regions of the universe surrounding those quasars. Likely, the most realistic
interpretation is some combination of both cases. Additionally, we forecast stacking

results for the COMAP Pathfinder survey after five years of observing.

In the limit that any potential signal in the stack is dominated by CO emission
from the eBOSS quasars themselves, we treat our measurement as the average CO
luminosity of these objects. We compare this average luminosity to resolved CO
measurements of quasars in the COMAP redshift range, and find that our upper
limit already probes CO luminosities fainter than those of the brightest objects
observed to date. The quasar studies to which we compare typically required hours
of observations using large community facilities to detect CO in only a handful
of objects. Determining the CO properties of a large sample of objects such as
our subset of the eBOSS catalog would thus be prohibitively expensive through
traditional means. LIM stacks, therefore, could potentially be extremely useful as a

tool for studying large samples of high-redshift galaxies and quasars.
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Conversely, in the limit that the eBOSS quasars do not significantly contribute to the
integrated CO emission of their surroundings, the stacked flux measurement can be
converted to a measurement of the cosmic molecular gas density. While we compare
this value directly to other py, measurements from various sources, its interpretation
i1s somewhat more complicated, as the molecular gas density in the regions traced
by the stack depends heavily on the bias of the cataloged quasars towards large-scale
structure. Additionally, the stack probes only a single spatial scale, unlike the more
conventional power spectrum-based LIM measurements. These differences make

stacking an excellent complement to other LIM analyses.

We propose, therefore, that stacking analyses with existing galaxy catalogs are a
promising addition to the LIM analysis toolbox, especially when using LIM to
approach as complex and multi-tracer a problem as galaxy evolution. To take
full advantage of their potential benefits, stacking analyses should be performed on
catalogs using as many different galaxy tracers as possible, to probe this phase space
more fully. We aim to investigate stacking as a galaxy analysis tool more fully in
future works, including by stacking on the extensive HETDEX catalog of Lyman-«
emitters (Gebhardt et al., [2021)).
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2.10 Appendix: Signal attenuation due to finite spectral aperture size

As discussed in Section [2.5] quasars have inherently large velocity offsets between
different redshift tracers, due to inflowing and outflowing of different phases of
the gas in the galaxy. In the stack, this manifests as an offset of the centroid of
the stacked emission in the spectral axis, and a broadening of this emission. This

will serve to reduce the signal-to-noise ratio, as emission is spread across spectral
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channels, and also attenuate the stack luminosity, as these velocity offsets can be
wide enough to move signal out of the 7-channel aperture used to calculate the stack
luminosity. This effect is compounded by other sources of spectral broadening in
the stack, such as the inherent FWHM of the CO line. We defer the full details of
the effects of spectral broadening on a stacking analysis to a future work, but we

here explore the specific case of eBOSS quasars.

We use the previous studies of molecular gas in individual eBOSS quasars shown
in Figure [2.5]to determine (1) an average CO FWHM for these objects of 319 km/s,
(2) an average offset between the molecular redshift and the eBOSS redshift of
(zco = Zopt) /(1 + zopt) = 0.00397, and (3) a scatter in that offset of 0.00408. We
note that these correction factors are illustrative values, limited by the small number
of eBOSS quasars detected in CO. We would require many more CO measurements
of individual quasars to determine a more confident calibration, and these values
are not available at the moment. Additionally, we note that the assembled literature
measurements use a variety of tracers which may trace slightly different phases of
molecular gas, and thus this scatter may be enhanced compared to a single-tracer
study such as COMAP. We deal with the average offset by simply shifting the
stack centroid in the spectral axis by this amount. This remains a nondetection (as
discussed in Section [2.5)); the resulting stack is shown in Figures[2.10/and 2.11]
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Figure 2.10: The 3D stack performed on the eBOSS catalog using the '>CO(1-0)
emission wavelength offset by the frequency offset found in individually-detected
quasars (see §2.5). See Figure 2.6|for panel descriptions.
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Figure 2.11: The bootstrapped uncertainty in L, for the offset 12CO(1-0) stack

(see Figure[2.7).

To address the scatter in the velocity offset between tracers (functionally, this intro-
duces a redshift uncertainty in the stack), we use the constant luminosity simulations
discussed in Section [2.5as a framework. We artificially set the linewidth of each
CO emitter to be 319 km/s, as measured in Section [2.5] We test the attenuation
from various values of scatter in (zco — Zopt) /(1 + Zopt) by offsetting the spectral
centroid of each halo individually by a randomly-selected amount pulled from a
normal distribution with standard deviation set to the (zco — Zopt) /(1 + Zopt) Scatter.
This is done before stacking. We then stack the simulated data cube as normal. We
perform 10 different iterations of this analysis for each value of (zco—2zopt) /(1 +Zopt)
we test, using the same underlying DM halo distribution as a baseline and varying
only the halo velocities. The resulting spectra for the scatter value we measure
from individual eBOSS quasars are shown in Figure 2.12] In Figure[2.13] we show
how this scatter attenuates signal compared to an un-broadened stack. Using the
values determined from individual eBOSS quasars, we find that the returned signal

1s 63.1% of the actual value, corresponding to an attenuation factor of 1.58.

2.11 Appendix: Cosmic volume variation across the stack

One constraint with our current stacking methodology is that the physical volume of
each cubelet is redshift-dependent — the COMAP data cubes stretch from redshift 2.4
to redshift 3.4, so the 6’ X 6’ X 218.75 MHz aperture we sum to determine quantities
such as L, and py, varies in size from 3.0 Mpc X 3.0 Mpc X 2519 km/s at low
redshifts to 2.7 Mpc x 2.7 Mpc X 1929 km/s at high redshifts. We investigate here
how this affects the stack. Ideally, this would be addressed by rebinning the data
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Figure 2.12: Spectra of simulated stacks, offset to account for the velocity difference
between eBOSS-determined redshifts and CO-determined redshifts (zco—2zopt) /(1+
Zopt) = 0.00408). Ten different iterations are shown. The fluctuations in the fringes
of the spectrum are due to neighboring objects falling into some cutouts.
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Figure 2.13: The percentage of the input luminosity returned by a constant-
luminosity simulated stack as a function of an induced scatter between zop; and
zco in the individual halos making up the stack. The average scatter calculated from
the independently-detected quasars presented in Section[2.5] taken to be the average
of our eBOSS quasar stack, is indicated with the vertical black dashed line. We
repeat the test ten times — the average values are shown as large purple dots.

at the map level to create voxels that are constant physical sizes, and we plan to

implement this in future work.

As in Appendix [2.10] we investigate this effect using the constant-luminosity sim-
ulations from Section [2.5] again artificially imposing a linewidth of 319 km/s for
each CO emitter. We generate three different 1000-halo simulations in which emit-

ters are only located in a specific redshift range: a ‘low-z’ simulation with halos
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2.39 < 7 < 2.42, a ‘mid-z’ simulation with halos 2.82 < z < 2.86, and a ‘high-z’
simulation with halos 3.89 < z < 3.43. Each of these redshift ranges corresponds
to 12 spectral channels in a COMAP data cube, meaning that the density of sources
is the same in each simulated cube. We create three different iterations of each cube
at each redshift.

In the spatial axes, the size of the voxel is varying across the stack at a similar rate to
the size of the main beam, which is also defined in on-sky coordinates (Lamb et al.,
2022). At the COMAP spatial resolution, nearly any astrophysical object is a point
source, so the beam defines the spatial distribution of the emission. The distribution
of the emission between map voxels is therefore extremely similar across the entire
redshift range — we are stacking together point sources with a similar measured

distribution, even if their physical distributions vary.

In the spectral axis, any line broadening is from astrophysical sources and not
instrumental sources, as our spectral aliasing is near-zero. At low redshifts, this is
1.15x the width of a map channel, whereas at high redshifts it is 0.9% the width of
a channel. An identical CO emitter will thus (unphysically) appear more strongly
peaked at high redshifts than at low redshifts (Figure [2.14). However, the same
amount of emission is still present (spread between more spectral channels) and our
7-channel aperture is more than enough to encompass this spread, so the returned

L’CO value remains the same.

While the line luminosity is unaffected by the change in cosmic volume across the
stack, the resulting molecular gas density, py,, does vary across the stack, because
the volume being averaged over varies across the stack. This is because, in our
simulations, all of the input luminosity is coming from a single source, but being
spread over variable volumes across the stack due to the main beam. Volumes vary
by roughly 37% across the full range of the stack—the same percentage difference

we observe in the py, values output from these simulations.

2.12 Appendix: Foreground stacks

As discussed in Section [2.6] there are several other molecular spectral lines whose
emission may fall into the COMAP frequency range. These spectral lines could
potentially contaminate the expected CO(1-0) LIM signal. Conversely, these spectral
lines are important tracers of galaxy properties in their own rights, and any signal
would be interesting and informative. We present stacks on each of these foregrounds

lines below.
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Figure 2.14: A comparison of constant-luminosity, constant-linewidth simulations
at three different redshifts spanning the width of the COMAP data cubes. The
spatial distribution of (stacked) emission at each redshift is shown in the top three
panels, and the bottom panel shows the spectrum of the stacked cubelets. While the
high-redshift stacks are more peaked than the low-redshift stacks, each stack returns
the same CO line luminosity. The low-level fringes in the spectra are background
emission from objects other than the one being stacked appearing in the spectrum —
asymmetries appear due to the low-redshift and high-redshift cutoffs.

HCN(1-0)

HCN(1-0) is a tracer of dense (n(H,) > 3 x 10* cm™) molecular gas in galaxies,
associated primarily with the star-forming cores of Giant Molecular Clouds (Gao
and Solomon, 2004). HCN luminosity correlates strongly with CO luminosity,
although in a given galaxy Lj;-y
HCN has a rest frequency of 88.63 GHz, and 595 eBOSS quasars with this rest

frequency fall into the COMAP volume.

is roughly an order of magnitude less than L.
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Figure 2.15: The 3D stack performed on the eBOSS catalog using the HCN(1-0)
emission wavelength. See Figure [2.6|for panel descriptions.
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Figure 2.16: The bootstrapped uncertainty in L, for the HCN(1-0) stack (see

Figure[2.7).

CS(2-1)

CS is interesting as a dense gas tracer independent of HCN/CN™ chemistry, although
it is quite faint (Wang et al., 2011; Zhang et al., e.g.). With a rest frequency
of of 91.98 GHz, there are 479 eBOSS objects included in this stack.
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Figure 2.17: The 3D stack performed on the eBOSS catalog using the CS(2-1)
emission wavelength. See Figure [2.6|for panel descriptions.

1000
800

600

Counts

400

200

L'co x 1010 (K km/s pc?)

Figure 2.18: The bootstrapped uncertainty in L, for the CS(2-1) stack (see Fig-

ure 2.7).

BCo(1-0)

13CO, as a rarer and slightly heavier isotopologue of '>CO, has a similar rest
frequency (110.20 GHz) and traces a similar phase of gas, although with a higher
critical density. As an isotopologue, *CO is of particular interest in determining
the CO-H; conversion factor in galaxies (e.g., Israel,2020). 311 eBOSS objects are

included in this stack.
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Figure 2.19: The 3D stack performed on the eBOSS catalog using the '3CO(1-0)
emission wavelength. See Figure [2.6|for panel descriptions.
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Figure 2.20: The bootstrapped uncertainty in L for the 13CO(1-0) stack (see

Figure[2.7).

CN™(1-0)

CN7(1-0) traces a very similar phase of gas to HCN (i.e., dense molecular cores;
§2.12)), but has a critical density which is lower by roughly a factor of 5, and likely
additionally prefers gas layers affected by stellar UV radiation (Riechers et al.,[2007).
The CN™ rest frequency of 113.49 GHz is very close to CO(1-0), and 269 eBOSS
quasars fall into the COMAP volume at this frequency.
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Figure 2.21: The 3D stack performed on the eBOSS catalog using the CN™(1-0)
emission wavelength. See Figure [2.6|for panel descriptions.
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Figure 2.22: The bootstrapped uncertainty in L, for the CN7(1-0) stack (see

Figure[2.7).
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Chapter 3

THREE-DIMENSIONAL STACKING AS A LINE INTENSITY
MAPPING STATISTIC

Dunne, Delaney A. et al. (Oct. 2025). “Three-dimensional stacking as a line intensity
mapping statistic.” In: Astronomy & Astrophysics 702, A247, A247. por: 10 .
1051/0004-6361/202554780. arXiv: 2503.21743 [astro-ph.CO].

3.1 Chapter abstract

Line intensity mapping (LIM) is a growing technique that measures the integrated
spectral line emission from unresolved galaxies over a three-dimensional region
of the Universe. Although LIM experiments ultimately aim to provide powerful
cosmological constraints via auto-correlation, many LIM experiments are also de-
signed to take advantage of overlapping galaxy surveys, thus enabling joint analyses
of two datasets. We introduce a flexible simulation pipeline that can generate mock
galaxy surveys and mock LIM data simultaneously for the same population of sim-
ulated galaxies. Using this pipeline, we explore a simple joint analysis technique:
three-dimensional co-addition (stacking) of LIM data on the positions of galaxies
from a traditional galaxy catalog. We test how the output of this technique reacts to
changes in experimental design of both the LIM experiment and the galaxy survey,
its sensitivity to various astrophysical parameters, and its susceptibility to common
systematic errors. We find that an ideal catalog for a stacking analysis targets as
many high-mass dark matter halos as possible. We also find that the signal in a
LIM stacking analysis originates almost entirely from the large-scale clustering of
halos around the catalog objects rather than the catalog objects themselves. While
stacking is a sensitive and conceptually simple way to achieve a LIM detection, thus
providing a valuable way to validate a LIM auto-correlation detection, it will likely
require a full cross-correlation to achieve further characterisation of the galaxy trac-
ers involved, as the cosmological and astrophysical parameters we explore here have

degenerate effects on the stack.

3.2 Introduction
Line intensity mapping (LIM) is an observational technique designed to measure

the integrated spectral line emission from all galaxies in a population while gener-


https://doi.org/10.1051/0004-6361/202554780
https://doi.org/10.1051/0004-6361/202554780
https://arxiv.org/abs/2503.21743
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ating a three-dimensional fluctuation map of a given spectral line with intentionally
broadened spatial resolution. Specifically, this technique is sensitive to the inte-
grated emission from even the faintest end of the luminosity function and is thus a
possible solution to the completeness problem in galaxy surveys, particularly those
at high redshift (for a review, see Kovetz et al., [2019). LIM is still an emerging
field, and no experiment has yet made a confirmed auto-correlation detection of their
target emission line (e.g., Staniszewski et al., 2014; Keating et al., 2015; Keating
et al., 2020; Cleary et al., 2022; Fasano et al., 2022; CCAT-Prime Collaboration
et al., [2023; Paul et al.,|[2023) due to the faintness of the target signal, the need for
exquisite control of instrumental systematic errors, and (in some cases) the presence

of interloper spectral line emission.

Because of these difficulties, analysis techniques that combine LIM data with ex-
ternal tracers of the matter density (such as other intensity mapping experiments
or more traditional galaxy surveys) will be an extremely valuable way of validat-
ing potential auto-correlation detections as the field matures. These joint analyses
up-weight regions of the LIM map that are most likely to contain a signal and can
therefore mitigate the effects of instrumental and astrophysical systematic errors, as

these should primarily be unique to one of the two tracers included in the analysis.

The most commonly studied technique for combining intensity mapping data with a
galaxy survey is full three-dimensional cross-correlation (e.g., Pullen et al., 2013b;
Chung et al., 2019; Keenan et al., 2022; Breysse and Alexandroff, 2019), as it
allows for the study of the interaction between the two tracers as a function of
spatial scale. However, this approach is sensitive to the existing angular structures
in a survey strategy, and it suffers from complicated mode-mixing effects when the
observational strategy of the LIM experiment is correlated with that of the galaxy
catalog. These problems are tractable but complex to manage, particularly in the
early stages of an experiment. Because of this, several LIM experiments supplement
their cross-correlation analyses with an analysis that is simpler conceptually, such
as a three-dimensional stack (or co-addition) of the LIM data on the positions of
objects in the galaxy survey (e.g., Keenan et al., 2022; Dunne et al., 2024; Chen
et al.,[2025). Functionally, this is equivalent to the zero-lag region of the two-point
correlation function, or a real-space version of a cross-correlation on the smallest
spatial scale. Although this analysis does not probe the larger-scale modes that the
cross-spectrum does, and thus loses some overall sensitivity compared to the cross-

spectrum, it is easy to implement and is extremely useful for addressing systematic
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errors such as those listed above while still constraining the overall amplitude of the
signal from a LIM tracer (Chen et al., 2025).

While the stack is conceptually simple, in practice it is generally unclear how
astrophysical and experimental factors will affect its output. Previous work has
shown that, for example, astrophysical line broadening has a dampening effect on
cross-correlations that is worse in the higher-k bins, which are where the stack
sensitivity lies (e.g., Chung et al., 2021)). These effects need to be explored in detail
with simulations. Therefore, in this work, we devise a simple yet robust simulation
pipeline that can generate a realistic population of multiple astrophysical tracers as
well as parametrize the interaction between the two. Using this pipeline, we aim to

answer the following questions:

1. What experimental design (of both the LIM and catalog experiment) is optimal

for a stacking analysis?
2. Where does the signal in a stacking analysis originate?

3. What can the stack tell us about the properties of the galaxies contributing to
the signal?

We have structured this work as follows: In §3.3] we introduce the joint simulation
pipeline, which is an extension to the existing 1imlam_mockelﬂ simulation pipeline
known as joint_limlam_mocker E] We briefly summarize the stacking method-
ology in §3.4 and attempt to parametrize the stack analytically. We then test the
effects of various instrumental and astrophysical parameters on the outcome of the

stacking analysis in §3.5] In §3.6] we discuss the implications of these results.

We assumed base ten logarithms unless otherwise stated, and where necessary,
we took a ACDM cosmology with Q, = 0.286, Qx = 0.714, Q, = 0.047, and
Hp = 100hkm s~! Mpc~! with 4 = 0.7. This matches the choice of parameters used
in the peak-patch simulations in §3.3]and is based on the nine-year WMAP results
(Hinshaw et al., [2013). All cosmological distances are presented as comoving

quantities.

1https ://github.com/georgestein/limlam_mocker
2https ://github.com/delaneydunne/joint_limlam_mocker
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3.3 Simulated multi-tracer observations

Because LIM targets cosmological scales but is also sensitive to variations in spectral
line emission at the level of an individual dark matter (DM) halo, observational LIM
data are difficult to simulate. For joint analyses such as the stack being explored in
this work, we are additionally including a second spectral line tracer, and thus need
to realistically simulate the distribution across halo masses of both tracers, as well

as the interaction between the tracers at the individual halo level.

For this work we follow previous efforts to simulate LIM data, adding the capability
to generate a galaxy catalog using a different spectral line tracer. The resulting
pipeline, known as joint_limlam_mocker, is publicly availabléZ. The overall
flow of the pipeline is outlined in Figure[3.1] and is as follows: we begin with a DM
halo catalog generated from peak-patch N-body simulations (§3.3). We then assign
to each halo simulated luminosities corresponding to each of two different emission
lines calculated based on the halo’s DM mass—one line associated with the LIM
map (§3.3) and one associated with the galaxy catalog (§3.3). We add scatter to
each luminosity value, correlated between the two tracers on a per-halo basis (§3.3).

We then generate a synthetic line intensity map (§3.3) and a synthetic galaxy catalog

($3.3).

Add Spectral
line
interlopers

Calculate halo Smooth by Synthetic 3D
linewidths telescope beam LIM Cube
Generate LIM
Line Bin into data Add Radiometer
Luminosities cube Noise
DM Halo Add Correlated
Catalog Scatter
Generate
Catalog Line
Luminosities
Cut on catalog Synthetic

observability

Galaxy Catalog

Add false
positives

Add redshift
uncertainties

Figure 3.1: Flowchart depicting the multi-tracer simulation pipeline. Orange boxes
indicate steps that affect both the galaxy catalog and LIM data, blue boxes are actions
on the simulated LIM data, and purple boxes are actions on the simulated galaxy
catalog. Steps with white boxes are optional.

The outputs of the simulation pipeline are multi-survey and multi-tracer synthetic

observations of the same population of simulated DM halos. The synthetic observa-
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tions include a rudimentary treatment of the correlation between the tracers due to
galaxy-scale astrophysics, as well as other complicating instrumental or astrophys-
ical parameters, such as spectral line broadening, interloper emission in the LIM
map, and redshift uncertainties in the galaxy catalog. Although the treatment of
these astrophysical and instrumental parameters is basic, we can vary the prescrip-
tion used for any of the steps in this process, in order to explore the importance of
each step to the stacking analysis.

As an illustrative example, we based the instrumental and spectral line modeling
parameters for the LIM experiment on the CO Mapping Array Project (COMAP)
Pathfinder experiment (Cleary et al., 2022) and the parameters for the galaxy catalog
on the Hobby-Eberly Telescope Dark Energy eXperiment (HETDEX, Gebhardt et
al., 2021)), meaning that the two spectral lines we treat are the (1-0) transition of
carbon monoxide (CO), and Hydrogen Lyman-a (Lya), respectively. We thus refer
to the simulated luminosity values generated for each halo as the ‘CO luminosity’
(Lco), which is used to generate the mock LIM data cube, and the ‘Lya Luminosity’
(Lrye), which is used to generate the resolved mock galaxy catalog. We note,
however, that this framework should be generic to any joint LIM-galaxy analysis.
We explain the choices of the various parameters chosen for the default simulation

setup below and summarize them in Table [3.2]

Peak-patch N-body simulations

The basis of the synthetic observations is a set of N-body simulations generated
using the peak-patch method (Bond and Myers, |1996; Stein et al., 2019). These
simulations provide a realistic catalog of the three-dimensional (3D) positions and
masses of DM halos, onto which luminosities can be painted. The minimum halo
mass we include is 2.9x10'% M, and the maximum mass is 9.1x10'3 My, following
Chung et al. (2022). A cutout of the resulting distribution of DM halos is shown in

Figure[3.2]

LIM tracer luminosity modeling: CO(1-0)

The prescriptions we used to determine the CO luminosity of the simulated halos
are the same as those used for our COMAP auto-correlation analyses, to enable
direct comparison. Each of these models calculates the CO luminosity of a DM

halo directly from its mass. They are:
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Figure 3.2: Zoomed-in frequency slices of the simulated population of DM halos
and resulting mock observations. Left: DM halos, colored by their halo mass.
Centre: Mock LIM fluctuation map of the CO emission (with no noise added).
Right: Lya luminosity of each DM halo. The halos that would actually be detected
by the mock survey and thus included in the galaxy catalog are shown as larger cyan
circles in all three panels.

* The data-driven ‘COMAP fiducial’ model Chung et al., 2022, hereafter C22,
which we treated as the default for these simulations. It follows the functional
form ,

LC()(Mh) _ C 3.1
Kkms='pc?2  (Mp/M)A + (My/M)B’ )

where A, B, C, and M are all free parameters. Chung et al. (2022) determine

fiducial values for these free parameters based on the UNIVERSEMACHINE
(UM) framework of Behroozi et al. (2019) and conditioned on data from
COLDz (Riechers et al., 2019) and COPSS (Keating et al., 2016), which are
listed in Table

¢ The CO model from Padmanabhan, 2018, which was abundance-matched
onto CO observations at z = 3 from Keating et al., 2016, The model takes the
form of a double power law with redshift-dependent parameters:

2N (z) My

M, )—b(Z) ( My )y(z)'
M (z) M (z)

Lco(My, z) = (3.2)
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Here, the parameters M;(z), N(z), b(z), and y(z) all contain a constant term

for z ~ 0 and a term that evolves with redshift:

log My (z) log Mo + My1z/(z + 1)
N(z) = Nio+Nuz/(z+1)
b(z) = bio+bnz/(z+1)
yio+ynz/z(z+1). (3.3)

y(2)

We took the best-fitting parameters from Table 1 of Padmanabhan, 2018| This
model includes an additional factor quantifying the duty cycle of DM halos
(the percentage of which are actually emitting in CO), fquy. Here, we took
Jauy = 0.1. We refer to this model hereafter as P18.

* The CO model from Li et al., 2016, which determines the CO luminosity of a
given DM halo via its infrared luminosity calculated through a modeled star
formation rate (SFR),

, 1
log Ly = = [log Lir — B] (3.4)
where SER
Lir = — x10'°, (3.5)
OMF

The coeflicient o\ depends on the initial mass function, and we calculated
SFR values following Behroozi et al., 2013aj; Behroozi et al.,[2013bl As in Li
et al.,[2016, we took omr = 1. For CO(1-0),

L L;
€9 _49x10°—"C© (3.6)
Lo K km s~! pc?

We refer to this model as L16.

For each of these different models, we show the CO luminosity L(M}) as a function
of halo mass My, in Figure[3.3] We note that there is more than an order of magnitude
variation between the models at most halo masses — this is a reflection of the large

uncertainty that exists in this model space.

Catalogue tracer luminosity modeling: Ly«
We used luminosity functions to determine the Lya luminosity of the DM halos,
as these tend to be better studied than models directly connecting luminosity of

galaxies to their host DM halo masses (i.e., L(M}y) models) for optical line tracers
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Figure 3.3: CO luminosity as a function of halo DM mass for the different CO
models tested. The models are listed in §3.3

such as Lya. We abundance-matched these luminosity functions onto the simulated
DM mass function in order to assign to each DM halo a catalog luminosity. For
the purposes of this work, we assumed Schechter luminosity functions (Schechter,
1976),

dn _ & (L) e LI, (3.7)

dL ~ L \L*
where L* is a characteristic luminosity, ¢* is the normalisation density, and «
is the faint-end power law slope. We varied only the input parameters here, al-
though any functional form could be used for the catalog luminosity function in the

joint_limlam_mocker framework.

We tested three different models for the Lya luminosity function:

1. The Lyman-o Emitter (LAE) luminosity function at z = 3.1 from Ouchi et
al., 2020 based on observations from Ouchi et al., 2008 and Konno et al.,
2016, These should be a fairly accurate estimate of the HETDEX luminosity
function, as HETDEX probes LAEs in the same redshift range. This is the

model we treated as the default.

2. The quasar Lya luminosity function calculated at z ~ 3 using the Physics of

the Accelerating Universe Survey (PAUS; Torralba-Torregrosa et al., 2024).
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Table 3.1: Schechter parameters for the catalog luminosity function models. ‘De-
fault’ and ‘faint’ values are taken from Ouchi et al., 2020, and ‘bright’ values from
Torralba-Torregrosa et al., 2024,

Model L* o* o'
ergs™)  (Mpc™)
Default 8.49x10*> 39x107* -1.8
Bright 9.77x10% 19x1077 -1.34
Faint 7.10x10* 1.12x10™* -1.8

This model is much more bright-end heavy than typical LAE luminosity
functions at this redshift range. Several large quasar catalogs (such as eBOSS,
Ahumada et al. 2020/ or DESI, Chaussidon et al.|[2023)) may make interesting
potential targets for stacking, so this is an interesting regime to probe. These
catalogs use different spectral lines but trace similar populations of DM halos.

We refer to this as our ‘bright’ model throughout.

3. A lower-redshift (z = 0.3) Lya luminosity function from Ouchi et al., [2008.
This is a luminosity function for a galaxy population dominated by many
fainter galaxies, and we used it as an example case for these types of popula-

tions. We refer to it as the ‘faint’ model.

The Schechter parameters for each model are listed in Table 3.1} and the luminosity
functions themselves are compared in Figure [3.4] For each choice of Lya function,
we used a scatter oy, = 0.41 dex, determined from the uncertainty in the Schechter

parameters of the default model.

Correlated scatter in luminosities

While the above formalism simulates how the two tracer luminosities vary with halo
properties such as DM mass (thus roughly recreating the astrophysical bias for each
tracer), it does not account for relationships between the two tracers in individual
galaxies, which will set the level of the (cross-)shot noise. To account for this effect,
we calculated the final luminosity values for each halo by introducing a correlated
log-normal scatter d between the luminosity determined from the Mj, relations for
the LIM tracer (here Lco) and the tracer of the resolved galaxy catalog (here Lyyq).

This was done by scaling the luminosity values output from the previous steps by
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Figure 3.4: The Lya models used in this work. 7op: Various luminosity functions
used to model the Ly, assigned to each DM halo to generate the galaxy catalog
being stacked. Each model is a Schechter function, with parameters described in
§3.3] Bottom: Resulting luminosity as a function of DM halo mass.

an exponential factor,

[dco=00/2] [ (M
( Lco ): e co(Mhn) (3.8)

Liya e [dLya_o-Ey"/z] Liyo(Mn)

where oco and oy, are the base-e standard deviations calculated from base ten

values in decimal exponents (dex) as
0CO = 0O, dex In 10, OLya = OLya, dex In10 (3.9

(0o, dex and Opyq, dex are the amounts of logarithmic scatter in the CO and Ly«
values, respectively, and are choices of the models used). The scaling factors dco

and dpy, were pulled from a two-dimensional normal distribution with zero mean
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and covariance given by

2
o ) N [O).| Teo pooe ) (3.10)
drya 0 pPOCOTLya  Ojy,

The parameter p (where —1 < p < 1) is the correlation coefficient, and it scales how

the scatter in the two tracers relates for a given halo.

For the example case we are exploring (a stack on a CO LIM map using a Ly«
catalog) an empirically motivated choice of p is difficult due to the lack of available
simultaneous observations of CO and Ly« in galaxies (especially at higher redshifts).
For the purposes of this work, we looked at the relationship between CO and Ly«
via galaxy metallicity. Davis et al., 2023al found the LAEs cataloged by HETDEX
to be primarily composed of galaxies with young metal-poor stellar populations
(Z ~0.2-0.3 Zy). This agrees with other surveys of (especially lower-luminosity)
LAEs (e.g., Sobral et al., 2018; Matthee et al., 2021). CO emission, however, is
typically suppressed in actively star-forming low-metallicity galaxies (Bolatto et al.,
2013). We can thus expect at least a slight anti-correlation between emission in
the two lines on an individual galaxy level, no matter how their overall populations
correlate with DM halo mass. With this as justification, we defaulted to a value of
p = —0.5 for the purposes of this paper. We note that, particularly for our default
CO and Ly« configuration, this choice does not significantly affect our results — we

explore the effects of varying p in §3.5]

Simulated intensity map

We then generated a synthetic line intensity map, basing the simulated experimental
parameters for this map on COMAP. We first simulated astrophysical sources of
spectral line broadening by calculating a velocity to be associated with each halo.

We used one of three methods:

1. The relationship between peak halo mass (essentially identical to the halo

mass at these redshifts) and vy, provided by Behroozi et al., 2019 in their

UM framework,
0.3
My
vt (My) = (200 km s™) [—] , (3.11)
peak M200 km s—! (a)
where a is the scale factor at redshift z and
1.64 x 10"?M
a © (3.12)

M = :
200km s (70.378) 0142 1 (2/0.378) 179
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We added an additional log-normal scatter of 0.1 dex, and we scaled the

velocity of each halo with a randomly generated galaxy inclination, i:
Vinax = VMeq SINE/0.866. (3.13)

This is the prescription that aligns most closely with observations (see Ap-
pendix [3.9), and thus the one we treated as the default.

2. The virial velocity (vyi;) associated with the DM mass of each halo:

GMy

Vvir = .
vir

1/6
- (5] temacn”

A 1/6
~35kms =<
ms (2)

My, H(2) i
1010 My 100 km s=! Mpc=! )

(3.14)

This was again scaled by a randomly generated galaxy inclination sini.

3. The virial velocity, calculated as above, but with a flat cut-off implemented
at Vmax = 1000km s™'. This primarily affects the largest DM halos (M}, >
10'2 M), which can have virial velocities much larger than those seen in CO
linewidths in observations (see Appendix [3.9] or Carilli and Walter 2013).
Because the halos included in the stack are filtered through their catalog
luminosity, which correlates positively with mass for all catalog models,
these are the halos most likely to be included in the stack, and thus this cut-off

may make a significant difference in the stacked linewidth.

We compare these different strategies for calculating halo linewidths, as well as our
choice of vy, as a default prescription, in Appendix @ The effects of each on
the stack output are shown in

Following Chung et al. (2021), we binned halos into Ny;, linearly spaced bins by
their vihax. We then generated a CO intensity cube separately for each velocity
bin, summing the halo luminosities into voxels (three-dimensional pixels) of sizes
Oy X 0y X 0, = 2 arcmin X 2 arcmin X 31.25 MHz (~ 3.7 x 3.7 x 4.1 Mpc, or
k. ~1.69Mpc™!and k| ~ 1.53Mpc™!). The intensity cubes cover Ay XA, = 4°x4°

total in their angular coordinates, and A, = 8 GHz spectrally. We smoothed the
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intensity cube corresponding to each velocity bin along the line of sight by a Gaussian
kernel with width given by the median v« in the bin, and summed together each
smoothed cube. We approximated beam smoothing by convolving each spectral
channel with a 2D Gaussian kernel with a full width at half maximum (FWHM) of
Obeam defaulting to Opeam = 4.5 arcmin (~ 8.3 Mpc, or k; ~ 0.75 Mpc_l). In order
to differentiate the LIM signal from the CO luminosity of a given halo (as the LIM
signal comes from many halos summed together), we refer to the luminosity in the
resulting map as Lypv. We show a frequency slice of a mock LIM cube at this stage

(i.e., noiseless) in Figure[3.2]

We also inserted varying amounts of simulated white noise into the map. We based
the noise model on radiometer noise for the COMAP experiment, which is a focal-
plane array with 19 feeds. Thus, assuming purely Gaussian noise (and even coverage

over the simulated field), the COMAP noise response in each voxel is
Tsys

J25 Nt/ (A6,

where Ty is the system temperature of the instrument, 6, is the frequency width of

(3.15)

Ovox =

each spectral channel, Nt is the number of feeds, 7 is the total integration time of the
experiment, and (A,/6,)? is the number of spaxels (spatial pixels) that coverage of
the field is split across, assuming a scanning strategy with uniform coverage across
the map. The values we used for each parameter are listed in Table [3.2] and were
based on the COMAP Pathfinder telescope (e.g., Cleary et al., [2022). However, to
ensure we have high-significance stacks to analyse, we used a predicted per-field
integration time 7 that corresponds to a proposed future evolution of COMAP in
which the currently operating Pathfinder instrument and two duplicates each observe
for a total of ten years. This results in 29 000 hours spent integrating on each of the
three COMAP fields (c.f. Breysse et al., 2022). We added a random value pulled

from a distribution with this standard deviation and a zero mean to each voxel.

Additionally, we simulated line fluctuations from foreground or background popu-
lations of galaxies, which may be redshifted to the same observed frequency as the
LIM data. For COMAP, this interloping emission will likely be CO(2-1) from galax-
ies at 6 < z < 8. For [ClII]-based surveys such as CONCERTO, TIME, or FYST,
interloper emission will come from other ~ 1 mm emission lines, including [CI]
and the CO rotational ladder (e.g., Béthermin et al., 2022)). To mimic this emission,
we added simulated interloping spectral line emission to the map. For efficiency,

we generated the interloper map by applying one of several linear transformations
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to the existing simulated map, rather than simulating the interloper emission from
a simulated population of galaxies at the interloper redshift. This is an inaccurate
representation of the large-scale structure of the interloper emission, but the stack is
not very sensitive to large-scale structure, so this should not affect our results. The

transformation was done using one of 11 rotations or reflections:

1. One of three rotations (by 90°, 180°, or 270°) in the spatial axes.
2. One of two reflections (in either the RA or Dec axis).
3. A reflection across the frequency axis.

4. A reflection across the frequency axis, combined with any of the spatial

rotations or reflections.

We then scaled the brightness of this transformed map to match the expected lumi-
nosity of foreground lines compared to CO. A factor of ten roughly corresponds to
the difference between CO(1-0) at cosmic noon and the next most significant source
of emission in our frequency range: CO(2-1) at 6 < z < 8, which is expected to
be roughly an order of magnitude fainter (Chung et al., 2024a). We then added the
interloper map to the map of simulated CO emission.

Finally, we subtracted from the map a mean across the spatial dimensions in each
spectral channel and across the spectral axis in each spaxel. This emulates the
high-pass spatial and spectral filters in the actual COMAP data pipeline, which
reject continuum emission almost entirely (Lunde et al.,[2024). For this reason, we

ignored continuum emission when inserting an interloper signal.

Simulated galaxy catalog

We generated a galaxy catalog from the set of simulated halos simply by logging
the three-dimensional positions (and, optionally, luminosities) of some subset of the
DM halos. This subset was generated by first cutting on luminosity, including only
halos above a certain tracer luminosity Lyy, cut, in order to simulate observational
completeness. We note that this should more properly be a cut in flux, as flux (rather
than luminosity) is the quantity observed by the telescope. The conversion between
flux and luminosity is redshift-dependent, so the completeness limit should also
be redshift dependent. However, the effect of this change on the returned number
counts of cataloged galaxies even at the edges of the COMAP redshift range is
small (roughly 10%). Additionally, most spectrographs have sensitivities that vary
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with wavelength, so the limiting catalog luminosity will in practice be a function of

redshift due to instrumental effects. Here, however, we treated it as constant.

We then selected Ny halos with Liy, > Liygcu randomly, weighting linearly
by Liy, as brighter objects are more likely to be detected. Nop; was set by the
observational parameters of the galaxy survey being approximated. In practice, this
selection is subject to the observing pattern of the galaxy survey used, but the stack
is not sensitive to large scales, and thus large-scale spatial correlations should not
be important here. Figure [3.2]shows an example simulation of the Lya population
as well as the halos that are selected by the detectability cuts to be included in the
mock catalog.

To explore their effects, we also applied some other modifications to the galaxy

catalog:

Tracer velocity uncertainties: To simulate astrophysical velocity offsets that can
occur between different spectral lines emitted by a galaxy, due to, for example,
bulk inflows and outflows as well as redshift uncertainties due to varying spectral
resolution of galaxy surveys, we optionally applied a scatter o, to the cataloged
redshift. We note that bulk velocity offsets may also be present between the two
tracers, but assume that these will be well characterized and thus easily accounted

for.

False positives: Especially at low signal-to-noise (S/N) ratios, galaxy surveys can
occasionally misidentify either noise peaks or other emission lines originating from
foreground or background galaxies as the spectral line of interest. When this hap-
pens, false positive detections occur, creating catalog entries that do not correspond
to actual galaxies in the target redshift range. We simulated this effect by generating
catalog entries with random spatial positions and redshifts and inserting these spu-
rious entries into the catalog. We quantified how many false positives are present in

the simulated catalog using a fraction, frp, of total entries.

3.4 Three-dimensional stacking

Summary of stacking methodology

We primarily followed the methodology for three-dimensional stacking established
in Dunne et al., 2024, and we refer the reader to this work for the full details of the
stacking pipeline. In essence, the stack is a simple co-addition — three-dimensional
cutouts are taken from the LIM data cube at the angular and line-of-sight positions

of objects included in a galaxy survey, and the cutouts are averaged together using
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Table 3.2: Default values used in the generation of simulated LIM maps. Values are
based on the COMAP Pathfinder experiment and the HETDEX catalog of LAEs.
Where applicable, distances are comoving distances calculated at the average LAE

redshift of 2.8.

LIM instrument parameters

Tiys 44 K
N¢ 19
A, 8 GHz (1028 Mpc)
A 4 deg (218 Mpc)
Oy 31.25 MHz (3 Mpc)
Oy 2 arcmin (3.6 Mpc)
Obeam 4.5 arcmin (8.2 Mpc)
T 29 000 h
LIM modeling parameters
CO L(My) Chung et al. (2022)
A -2.85
B —-0.42
logC 10.63
log MM@ 12.3
0.42 dex

0co
Line broadening method vy, (Behroozi et al. 2019)

Catalogue modeling parameters

Lya luminosity function Ouchi et al. (2020)
8.49 x 10*? erg s~!

Liya

Pl ya 3.90 x 107* Mpc™?
a -1.8

Olya 0.41 dex

Nob; 1000

Liya.cut 8.26 x 10°Lg
Jep 0%
Joint parameters

ol -0.5
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inverse-variance weighting. The resulting stacked ‘cubelet’ contains the average
distribution of CO flux around the halos included in the Lya-based galaxy catalog.
Finally, the cubelet is summed over a square central aperture of stpax spaxels (spatial
pixels) in the spatial axes to create a one-dimensional spectrum. This spectrum is
integrated over N spectral channels to yield an average luminosity measurement
of the regions that correspond to a catalog object and are included in the stack. A
stack performed on simulation realizations generated using the default parameters

(listed in Table is shown in Figure

Unlike the Ngpax = 3 value used in Dunne et al., 2024, in this work we took Nypax = 7
(~25.9Mpc,ork; ~0.25 Mpc'l) as the default. In Dunne et al., 2024, we defaulted
to the 3 x 3 aperture, as this is the nearest odd number to 1.5x the FWHM of the
beam using the COMAP beam width and spatial pixelisation. With a 3 x 3 aperture,
a catalog object can be located anywhere within the central spaxel and still have its
entire beam FWHM fall into the Ngpax X Ngpax aperture. However, as we discuss in
detail below, we find that larger-scale clustering contributes extensively to the stacked
signal, and a 7 X 7 aperture actually maximizes the stack S/N. We also differed in
our choice of N¢pan — here, we chose Nepan = 3 (~ 12.3 Mpc, or k; ~ 0.51 Mpc_l).
We chose this after inspecting the default stacked spectrum (e.g., Figure[3.5]), which
on average has a stack FWHM of 835 km/s (83.6 MHz). Three spectral channels
(936 km/s, or 93.75 MHz) is the nearest odd number of channels to this width, and
encompasses nearly all the flux from the stacked spectral line. This is narrower than
the expected value in Dunne et al., 2024, because that stack was performed on a
catalog of quasars with a known large velocity uncertainty. In the case of a galaxy
catalog with no significant uncertainty in redshift, the linewidth is much narrower
(we investigate these effects further in §3.5).

Formalism for stack sensitivity

As the goal of this work is to explore what experimental design and analysis pa-
rameters are optimal for the purposes of the stack, we attempt here to establish
an analytical formalism for the stack sensitivity. We present this in terms of the
stack detection S/N ratio, as we explore factors that impact both the signal and the

uncertainty in the final stack. We write this ratio as

S _ (LLim)

b
N Ostack

(3.16)

where (Lyv) is the average luminosity in the LIM tracer across the stacked regions

(the target signal), and o,k 1S the uncertainty in that average.
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Figure 3.5: One- and two-dimensional projections of a simulated stack cubelet
generated using the default simulation parameters. The top row shows a simulation
realization with no added noise (variations are due to individual simulated halos), and
the bottom row shows the same simulation realization with added radiometer noise
(following §3.3). Left:Frequency spectrum of the central stack aperture. The Nepan
frequency channels that are integrated over to generate the final stack luminosity
are highlighted in grey. Center: Spatial profile of the stack determined by summing
over the three central frequency channels (those highlighted in the spectrum) into
an image (shown in the right panel) and then collapsing the RA axis by summing
over the three central spaxels. The spatial profile plots this quantity as a function
of the angular offset in the declination direction from the stack center. As in the
spectrum, the width of the spatial aperture over which the emission is integrated to
generate the final stack luminosity is highlighted in grey. Right: Two-dimensional
image with the Ngyax X Ngpax spatial aperture boxed in black.
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The nature of the stack means that the signal (Ly ) is a biased tracer of the overall
CO signal at the target redshifts. Because the average in the stack is only over
cutouts of the LIM cube centered around DM halos included in the galaxy catalog,
a region of space is only included in the average if it contains a halo emitting a
detectable amount of (in this case) Lya emission. We represent this effect with
a ‘detectability’ factor, which we represent as S (Liyq (Mp, p)). This is a delta
function (either a region of space is included or it is not) set by factors including the
minimum luminosity detectable by the galaxy survey (Lpyq cut), the mass of the halo,
the size of the region of space cut out for each catalog object, and the correlation (or
anti-correlation) between the scatter in the catalog tracer luminosities and the LIM

tracer luminosities of each halo, which we parametrize with p (§3.3).

Additionally, because LIM experiments are of relatively low spatial/spectral resolu-
tion (by design) compared to the galaxy survey from which the catalog is derived,
the region of space surrounding the cataloged object included in the stack is quite
large. This means it is almost certain there will be neighboring galaxies included
in the Ngpax X Ngpax X Nchan central aperture, so (L) is not a direct average over
the cataloged galaxies themselves. Instead, there is another term contributing to
(LLim), which is the sum over the luminosities L ,,(My) of the N (M ;) neighbor-
ing galaxies for each /™ cataloged galaxy. Because we are only probing the regions
surrounding objects in a galaxy catalog, the neighboring galaxies are also not truly
representative of the global population of DM halos (they are only included in the
stack if they are adjacent to a cataloged halo, and thus are biased via proximity to

the catalog-selected objects).

Overall, this results in a model for the stack luminosity that can be written as
1
L =— > S(L My i, p))X
(LrLim) N, Z (Lrya(Mpy i, p))

N(Mp.) (3.17)

LiIM(Mh,i)"' Z LilM(Mh,n) .
n=0

In other words, the stack luminosity is sensitive to both the LIM tracer luminosity of
the objects included in the galaxy catalog, and the degree to which those objects trace
larger-scale overdensities of emitters in the LIM tracers. Both a catalog of bright
emitters or a highly biased catalog will thus in theory return higher stack luminosities.
Each of these parameters is tunable using the simulation setup described in and
we explore the extent to which these different factors affect the overall significance

of the stack in the following sections.
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The uncertainty o,k 1S somewhat more straightforward. The stack is an inverse-
variance weighted average, so assuming constant noise across the LIM map (which
we do assume for the simulations presented in this work, although this is not true in
general), the sensitivity in the stack relates to the sensitivity in an individual cutout’s
stack aperture as

(oF
Ostack = S s (3.18)

Nobj

where Nopj is the number of catalog objects included in the stack. The signal in each
stack aperture is from a sum across voxels, so using error propagation and again
assuming a constant root mean square (RMS) noise value across the LIM cube, this
can be written in terms of the noise level in each individual voxel (3D pixel), oyox,

as

Ostack = Z Z O'VOX (3.19)

ob]

Nchan N Spax,X,y

2
N ChanN spax

Ovox-
Nob;

(3.20)

In this case (using COMAP as an example), o is the radiometer noise described
in Equation [3.135] The uncertainty is thus written as

NchanN szpaxA)ZC
Nobj25yT6)ZCNf '

Tuack = Tiys (3.21)
This means that, in addition to the usual parameters that affect the sensitivity of a
LIM experiment (such as the system temperature, the integration time, the number
of feeds, etc.), which we do not explore here, the stack uncertainty is specifically
dependent on the number of voxels included in the stack aperture in all three axes,
as well as the voxel size in all three axes, and the number of objects included in the

stack.

Finally, we note that this uncertainty calculation only accounts for thermal noise in
the COMAP data, and leaves out sample variance. Chen et al., 2025/ have shown that
the sample variance is an important consideration when calculating cosmological
parameters from a stack. However, as this work is framed primarily in terms of
detecting signal from a stack, we ignore the contribution to the uncertainty from the
sample variance, as thermal noise should be the main driver of what is detectable
with a given instrument and spectral line. The S/N ratio values listed throughout

this work can be thought of as ‘detection significances.’
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3.5 Simulated stack results

We explore the effects of varying different facets of both the LIM map and the
galaxy catalog on the stack sensitivity. We divide these effects into choices made
while generating the stack itself (§3.5)), factors in the experimental design of either
the galaxy catalog or the LIM experiment (§3.5 and §3.5)), astrophysical factors
affecting the LIM or the galaxy catalog tracer spectral line (§3.5), and interloper
contamination in either experiment (§3.5)).

Stack parameters

Some of the most obvious things that can be varied are in the choices made for the
stack itself. Here, we test the size of the central aperture—the number of pixels in
the spatial (Ngpax) and spectral (Nchan) directions that are summed over to determine
the total luminosity of the stacked cubelet. Under the stacking methodology we
use here, these must be an odd integer, and they should be as small as possible (as

Ostack X + /Nchanstan) while still capturing as much as possible of the flux from the
stack.

Spatial aperture size

Here, we tested the various choices of spatial aperture size to see which returns the
best stack S/N. We performed stacks on 99 different simulation realizations using
the default configuration. For each, we determined the stack luminosity and S/N
using square apertures with side lengths varying from one spaxel to nine spaxels,
in steps of two (holding the aperture width constant in the spectral axis) as well as

larger apertures of side lengths 15, 21, and 27. We plot the results in Figure 3.6

We find that the choice of central aperture size that maximizes the stack S/N is
Ngpax = 7, although Ngyax = 5 and Nypax = 9 provide very comparable results.
This is contrary to the logic laid out in Dunne et al., 2024, where we had chosen
Ngpax = 3 so that a single object located anywhere inside the central spaxel will have
the majority of its beam FWHM fall into the central aperture, while simultaneously
integrating in as little noise as possible. While the noise in the stack does increase
as Ogack < Ngpax, increasing the aperture size to 7 X 7 integrates in so much
more luminosity that the S/N actually increases. The stack luminosity continues to
increase considerably with increasing aperture size, although it flattens out in the
larger apertures. This reflects the spatial profile of the stack luminosity, which has

large wings extending out to ~ 20 arcmin (Figure [3.5)). As the aperture gets larger
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Figure 3.6: Violin plot showing how the luminosity (top) and the S/N (bottom) of
the stack changes as the central aperture being summed over to determine the final
stack luminosity is widened in the spatial axes. The default configuration uses a
3 X 3-spaxel aperture.
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than ~ 7 X 7 the effects of the increased Ngpax dominate the S/N, which begins to

decrease again even as the luminosity continues to increase.

The fact that there is so much more luminosity at wider radii in the stack suggests
that the stack is not well-explained by point sources in the central spaxel (i.e., the
objects actually included in the galaxy catalog alone cannot account for all of the
stack signal). We plot the average spatial profile of 99 noiseless simulations in
Figure [3.7] We also show a two-component Gaussian fit to this profile, including
both a brighter, narrower component and a broader, dimmer component. This is
motivated by the logic that the profile would be dominated by luminosity from
the cataloged object and its immediate surroundings, and larger-scale cosmological
clustering would also contribute. The profile is fit well with two Gaussian profiles
(reduced y? = 0.09). The standard deviations of the two Gaussian components are
3.2+0.1"and 9.6 + 0.5, respectively.
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To confirm that the stack signal is the product of larger-scale clustering, and not
extended signal from the cataloged objects themselves, we also generate the profile
of a stack on only the cataloged DM halos. We generate noiseless simulation
realizations with the Lco of all halos but those included in the mock galaxy catalog
artificially set to zero, and perform the stack on these simulation realizations. The
resulting stack is also shown in Figure We find that not only is the spatial
extent of this stack considerably reduced, but the luminosity of the stack itself is
nearly negligible compared to the luminosity of the stack on the full mock LIM data.
This suggests that the stack signal is so extended because, at least when using the
default models for both CO and Lye, the signal is coming almost entirely from halos
surrounding the catalog object, rather than from the catalog object itself. We explore
the extent of this clustering in Section [3.6] and its dependence on model choices in
Section[3.6] Although somewhat outside of the scope of this paper, we explore how
model choices affect the spatial profile of the stack specifically in Appendix [3.10]
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Figure 3.7: Average one-dimensional spatial profile of 99 noiseless simulated stack
realizations. A double-Gaussian fit to the profile is shown in grey, with each of
the Gaussian components shown as black dotted lines. The orange profile is a
stack performed on simulations that have CO luminosity painted only onto the halos
actually included in the mock galaxy catalog, to demonstrate the extent to which the
stacked signal is the result of halo clustering.

Spectral aperture size

We default to an aperture width of three channels in the spectral axis. Here, in

addition to cosmological clustering, the stacked signal is broadened by astrophysical
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line broadening (rather than instrumental resolution). The default aperture width
of three channels is chosen from visual inspection of the output stack spectrum, as
astrophysical line broadening is not well characterized for CO at z ~ 3. As above,
we test the choice of aperture width by performing stacks on 99 different simulation
realizations, and extracting the central aperture luminosity using varying aperture
widths. Here, we hold the spatial axes constant at 3 X 3 spaxels and vary only the
spectral axis, stepping from one channel to nine channels in steps of two. The results

are shown in Figure 3.8
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Figure 3.8: Violin plot showing how the luminosity (top) and the S/N (bottom) of
the stack changes as the central aperture being summed over to determine the final
stack luminosity is widened in the spectral axis. The default configuration uses a
three-channel aperture.

In this case, we find that the three-channel aperture does indeed maximize the S/N of
the stack. As with the spatial axes, the output stack luminosity continues to increase
as the aperture gets wider. The noise increases as oggack < VNchan, and begins to

dominate after the three-channel aperture.

As above, we tested the extent of the contribution from the objects actually included

in the mock catalog by comparing the spectrum of the stack to the spectrum of a
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stack performed on a map where only the sources included in the mock catalog are
assigned CO luminosity. This is shown in Figure 3.9 We fit a two-component
Gaussian to the spectral profile of the stack. We find that there is also considerable
clustering contributing to the width of the signal in the spectral axis. However,
the spectral channels correspond to larger physical sizes than the spaxels do, so the
three-channel aperture has roughly the same comoving size as the 7-spaxel aperture

in the spatial directions.
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Figure 3.9: Average spectrum of 99 noiseless simulated stack realizations. A double-
Gaussian fit to the profile is shown in grey, with each of the Gaussian components
shown as black dotted lines. The orange profile is a stack performed on a simulated
map with only the halos included in the Ly« catalog assigned CO luminosities; all
the other halos were given zero luminosity.

Galaxy catalog experimental factors

As a resolved survey of galaxies is a much more established technique than LIM,
there may potentially be several existing galaxy surveys to choose from when de-
ciding to perform a stacking analysis with a LIM experiment. In this section, we

explore how the makeup of the galaxy survey affects the stack result.

Number of catalog objects

The main factor driving the sensitivity of the stack should be the number of catalog
objects being stacked, Nop;, with the sensitivity improving as /Ny, for a case where
the noise response is constant across the LIM map. To verify this hypothesis, we
perform stacks of 100, 1000, and 10 000 catalog objects on each of 99 different
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simulation realizations. For all other parameters, we use the ‘default’ values listed
in Table 3.2

We plot the distribution of stack luminosity and S/N values for each Ny in Fig-
ure m We also include for reference the theoretical S/N o \/ij expectation
for a stack with only white noise. Using the catalog selection strategy we adopt
(where catalog objects can be selected above a cut-off luminosity, and the selection
probability is linearly dependent on the luminosity of the catalog object), the stacks
with varying N,y values all return extremely consistent luminosities. The variation

of S/N with N,y agrees well with theory.
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Figure 3.10: Violin plot showing how the luminosity (top) and the S/N (bottom) of
the stack changes as more objects are included in the stacked catalog. The orange
line shows the \/ij improvement, which is to be expected for a LIM map with
only white noise.

Redshift uncertainty

Thus far (including in our derivation in §3.4) we have assumed a galaxy catalog
with perfect redshift accuracy. However, this is unlikely to be the case in practice.

Galaxy catalogs range from high-precision spectral surveys (such as DESI; DESI
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Collaboration et al. 2024b) to photometric redshift surveys with large uncertainties
(such as DES; DES Collaboration et al. 2022). Additionally, while galaxy catalogs
may have precise redshifts themselves, certain objects have inherent uncertain off-
sets between different redshift tracers (for example, quasars can have large offsets
between the optical lines used for eBOSS and molecular lines, due to inflows or
outflows in the quasar host galaxy, Dunne et al.,|[2024). Often, spectral resolution is

sacrificed in order to gain larger numbers of objects in a galaxy catalog.

Because scatter in the redshift axis of a galaxy catalog can typically be characterized,
although not removed, it is possible to account for the redshift uncertainty when
determining the spectral width of the stack aperture. We thus chose three uncertainty
values corresponding to steps in the spectral width of the stack aperture. We measure
the frequency width of a stack with no redshift uncertainty (this still contains some
inherent width in its spectrum due to astrophysical line broadening), which we treat
with a three-channel spectral aperture, and then scale this frequency width up to
widths that match a 7-, 11-, and 15-channel aperture. We then convert this frequency
width to a velocity width at the mean redshift of the catalog objects (Zmean ~ 2.8)
and perform 99 different stacking realizations at each velocity uncertainty, matching
the spectral aperture width to the line width for each stack. We plot the results
in Figure 3.11] We repeat this analysis for a much larger redshift uncertainty
approximating that of the Dark Energy Survey photometric catalog at z = 1.2,
which is roughly A; = 0.045 (Sevilla-Noarbe et al., 2021; DES Collaboration et al.,
2022).

We find that collecting the signal scattered out of the original stack aperture by
redshift uncertainty works very well—the returned luminosity value for each of these
stacks with added uncertainty is the same and is actually larger than the returned
luminosity for the stack on the unscattered catalog. This is because, as shown above,
the linewidth of the stack is not actually a perfect Gaussian—galaxy clustering and
astrophysical line broadening, in addition to the redshift uncertainty, all contribute
to widening the line. While the luminosity stays constant, the S/N ratio decreases
considerably with increasing uncertainty, even for the smaller, spectroscopic levels
of uncertainty. This is because this strategy adds additional spectral channels to the
stack (i.e., increases Nchan), Which adds to the noise as VNepan (Equation . In
simpler terms, the signal in the stack is spread over a larger region of the noise floor.
At the photometric redshift uncertainty A, = 0.045, the decrease in sensitivity is

extremely significant—the average S/N in the A; = 0.045 case is 5.3, only a third of
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Figure 3.11: Violin plots showing the behavior of the stack in returned luminosity
(top) and S/N (bottom) with uncertainty, A,, in the redshifts of the galaxy catalog
being stacked on, assuming that uncertainty can be measured and the spectral
aperture of the stack can be widened to account for it. Each of these stacks is on
1000 catalog objects. This analysis does not account for the increased numbers of
objects available in some photometric catalogs.

the sensitivity of the unscattered case.

However, photometric galaxy catalogs also benefit from considerably increased
source densities. We treat the DES Y6 Gold catalog and the DESI ELG sample
as examples of photometric and spectroscopic galaxy catalogs, respectively. This
is merely an illustrative example, as neither catalog has coverage in the redshift
range we are simulating in the rest of this work. The DES Y6 Gold catalog has
approximately 28.9 confident galaxy detections per arcmin?, or 104,040 deg™2. In
comparison, the DESI ELG sample has an on-sky density of roughly 2400 deg™2
(DESI Collaboration et al., 2025b)—the DES photometric catalog has a factor of
43.5 greater object density. This is more than enough to offset the attenuation due
to redshift uncertainty, at least in this case. We find that a stack on a catalog with a
DES-like redshift uncertainty (A, = 0.045), but also a DES-like increase in object
density (43,500 stack objects) returns a stack S/N ratio of 37.5. Photometric catalogs
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may then work very well for a stacking analysis, provided they are rich in available
objects. To yield a stack detection at the same significance, a catalog with the DES
redshift uncertainty would need to have 7.5X as many objects as a catalog with no

redshift uncertainty.

LIM data experimental factors

The resolution of various LIM experiments varies considerably in both the spatial
and spectral axes, which affects the stack outcome. In this section, we test the effects
of varying the spectral resolution, the pixelisation, and the beam width of the LIM

maps themselves.

LIM spectral resolution

The spectral resolution of the map is particularly interesting, as there is a large
variation in spectral resolution across existing and proposed LIM experiments,
based on the spectral lines being pursued and the technologies being employed at
the receiver front end. For example, CONCERTO (CONCERTO Collaboration et
al.,2020), a Kinetic Inductance Detector (KID) experiment with an absolute spectral
resolution of ~ 1.5 GHZ (Fasano et al., [2022), FYST (CCAT-Prime Collaboration
etal.,[2023, KID-based with R ~ 100), or TIME (Crites et al.,2014; Sun et al., 2021],
using transition edge sensor bolometers with R ~ 100) all have velocity resolutions
(A, ~ 1000 — 3500 km s!). This is up to an order of magnitude broader than the
default value used here (A, ~ 300 km s™!), for COMAP. SPHEREx (Dor¢ et al.,
20145 Doré et al., [2016; Doré et al., 2018]), using optical linear variable filters at
R = 35 — 130, will have a resolution ranging from 2300 to 8500 km s~.

We vary the spectral resolution into which the maps are being binned while preserv-
ing the size of the central frequency aperture at 91.75 MHz. Because the current
stacking methodology requires there to be an odd number of frequency channels
in the central aperture, we place one, three, and five channels across the aperture,
corresponding to channel widths of 91.75 MHz, 31.25 MHz (the COMAP science
resolution), and 18.75 MHz. We create 99 different simulation realizations at each
spectral resolution, and perform stacks on each realization to measure the effects
of changing spectral resolution on the sensitivity of the stack. In each case, we
extract the central 91.75 MHz to calculate line luminosity values. Theoretically,

broadening the spectral resolution while maintaining the same stack aperture width
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in frequency should not affect the stack sensitivity (from Equation [3.21] ogack o
VNchan/ 6y, so the two parameters balance each other out).

Additionally, we perform stacks on each of 99 different simulation realizations at
resolutions of 187.5 and 375 MHz (corresponding to roughly 1900 km/s and 3700
km/s, respectively). We do this to explore the effects of a LIM map with spectral
resolution broad enough that a single frequency channel is much larger than the
FWHM of the spectral line. These resolutions are wider than the chosen aperture
size, so in each case we take the aperture size equal to the spectral resolution,
and include only the central frequency channel in the stack aperture. Because
the aperture size is now increasing, the assumption that the stack sensitivity should

remain the same no longer holds. The results of these stacks are shown in Figure[3.12]

R (Av/v)
103 102

—— 93.75 MHz Aperture
Aperture = Channel Width

N
o
L

=
o
L
L
F
1
I

L'co (K km/s pc?; x 1010)
&

10°
Channel Width (km/s)

Figure 3.12: Violin plot showing the distributions of luminosity values (top) and
S/N ratios (bottom) output from the stack for different simulation realizations at
various LIM map spectral resolutions. Channel widths with indigo violins are those
where the stack aperture width stays constant at 93.75 MHz as the channelisation
changes. Orange violins have individual channels larger than 93.75 MHz — their
stack apertures are the size of a single spectral channel (the smallest possible size).
The grey dashed line indicates the FWHM of the stack linewidth.
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We find that when all other parameters (including the size of the stack aperture)
are kept constant, improving the spectral resolution (decreasing the channel width)
actually marginally improves the S/N ratio of the output stack, albeit with a large
scatter between different simulation realizations. This trend is likely an artefact
of the current aperture extraction strategy: currently, the cutouts of the LIM data
corresponding to each catalog object are only centered by lining up the central
spectral channel. Thus, catalog objects located anywhere within the central channel
are treated identically. This introduces a velocity uncertainty the width of the
central channel, in practice equivalent to convolving the average spectral profile of
the objects being stacked with a boxcar function the size of the central channel.
Shrinking the size of the channel shrinks the boxcar being convolved in, and retains

more flux in the central stack aperture.

We note that this effect is mitigated by improving the spectral resolution of the
LIM data, but it could equally be mitigated by exploring more optimal aperture
extraction techniques, such as matched filtering (e.g., Zubeldia et al., [2021) or an
interpolation-based centring. Still, even when more optimal techniques are used, a
better LIM spectral resolution is likely to be advantageous for the stack, as it will
put more data points across the stacked spectrum. This will enable a more accurate
measurement of the average line profile of the objects included in the stack or make

matched filtering or interpolation extraction techniques more effective.

In the case where the channel width is considerably larger than the stack FWHM (so
the aperture width of the stack in the spectral axis is forced to increase), the overall
measured stack luminosity increases, as more of the wings of the line emission are
included in the central aperture. However, as the aperture size increases, the balance
between N¢han and 6, is no longer maintained in o,ck, SO as expected the S/N ratio
degrades. As the stack aperture gets wider, more regions of the spectrum that contain
only noise are being integrated into the final stack, and the line luminosity increasing
is not sufficient to counteract the effects of this increased noise. Experiments with
larger spectral channels will have to account for this effect if they choose to perform

stacking experiments.

LIM spatial pixelisation

While the angular resolution (beam) of a single-dish LIM experiment is set by the
size of the antenna being used and the illumination of that antenna by the feed(s),

the pixelisation of the angular axes is decided in the map-making steps (e.g., Lunde



86

et al.,|2024). As in the spectral axis, where the ability of the aperture extraction to
concentrate signal under the current stacking methodology is limited by the width
of the central frequency channel, it may be possible to improve the sensitivity
of a stacking analysis by oversampling the beam and concentrating signal more

effectively.

We explore this possibility by varying the spatial resolution of the simulated maps,
following a similar methodology to §3.5] Here, we hold the spectral resolution
constant and instead vary the pixel size in the angular axes. Similar to the spectral
analysis, we maintain the central aperture at a constant area and vary the number of
spaxels placed across it. Again, the stack methodology requires an odd number of
spaxels included in the central aperture in each angular dimension, so we place 12,
32, 52, and 72 spaxels across the area of the central aperture. These correspond to
pixel scales of 6, 2/, 1.2/, and 0.857 per side. As above, Oack | Npax /0%, 50
increasing the spectral resolution while maintaining the same aperture area should

not affect the sensitivity of the stack.

We create 99 different simulation realizations at each pixel size, performing stacks on
each realization. In each case, we extract a central 6’ X 6" aperture in the spatial axes.
We show the S/N ratio of each stack as a function of its resolution in Figure[3.13] As
with the spectral axis, improving the spatial pixelisation does marginally improve the
stack S/N ratio, likely for the same reasons—the catalog object could be anywhere
inside the central spaxel, so the average stack spatial profile is convolved with a 2D
boxcar the width of the central spaxel. This effect is especially apparent in the case
with 14’ spaxels, where only the central spaxel is included in the stack—objects
located anywhere near the outskirts of the central spaxel will have almost half of
their signal left out of the stack. Again, improved aperture extraction techniques

could improve the concentration of signal as effectively as decreasing the pixel size.

Beam size

Stacking analyses are likely to be far from the primary consideration setting the
actual spatial resolution (in the case of COMAP, the beam size) of a LIM experiment.
Nevertheless, for completeness, we explore the effects of the beam size on the stack
sensitivity. We hold both the spatial and spectral pixel sizes constant, and vary the

size of the beam being convolved into the synthetic LIM map.

We explore four steps in beam area—we choose beam FWHM values of 2.25,

6.75’, and 9.0’ as well as the default value of 4.5". Because of the extended spatial
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Figure 3.13: Violin plot showing the distributions of S/N ratios output from the
stack as a function of the pixel size of the LIM data while holding the beam size
constant.

distribution of the signal, it is difficult to scale the aperture size to the beam such
that the same amount of signal falls into the central aperture at each beam size—we
have already shown that the stack cannot be treated as a point source. Instead, we
compare the output S/N ratios of the stacks on different beam sizes in two separate
ways. First we hold the aperture size constant at Ny,ox = 7 in the spatial axes,
and measure the output S/N ratio at each beam size. Second we determine the
aperture size that maximizes the S/N ratio for each beam FWHM, and compare the
maximum-S/N stacks against each other. For the 2.25’ case the maximum S/N ratio
is at Ngpax = 35, for the 4.5 case the maximum S/N ratio is at Nypax = 7, and both
the 6.75" and 9.0 cases have their S/N ratio maximized at Ngpax = 9. The results
of these tests performed on stacks using 99 different simulation realizations at each
beam FWHM are compared in Figure [3.14]

We find that, in the case where the aperture size is held constant as the beam
FWHM changes, the stack luminosity (and thus S/N ratio) does indeed decrease
with increasing beam FWHM. Increasing the beam FWHM smears the signal more,
pushing more of the luminosity from the stack outside the central aperture, so this is
perhaps trivial. More interestingly, the stack S/N ratio falls off with beam FWHM

at a nearly identical rate when the aperture size is chosen to maximize the S/N ratio.
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Figure 3.14: Violin plot showing the distribution of S/N ratios output from simulated
stacks as a function of the beam FWHM (i.e., angular resolution) of the LIM
experiment while holding the pixelisation constant. We show a version where we
hold the size of the spatial aperture constant as well as a version where we set the
spatial aperture to the size that maximizes the S/N ratio of the stack. Violins are
offset slightly in the x-axis for legibility.

As the beam FWHM gets larger, the signal is being spread over a larger region of
the noise floor. The aperture that maximizes the S/N ratio is balancing integrating
in more luminosity from the outskirts of the stacked signal with the additional
contribution of more noise as more spaxels are included in the central aperture. In

any case, a more concentrated signal leads to higher S/N ratio.

We note that, while this analysis may seem very similar to §3.5] there is a key
difference in the noise properties of the maps. In §3.5] where the pixelisation is
being changed, the fraction of the observing time being spent in each spaxel and
thus the per-spaxel noise properties vary across the different resolutions (i.e., 6, and
Nspax are both changing). Thus, while smaller spaxel sizes sampled the beam better,
they simultaneously had more noise per spaxel, so the two effects were working in
concert. Here, ¢, is staying the same. The only variation is in the amount of signal

spread outside the central aperture by the beam and potentially Ngpax.
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Astrophysical factors affecting the stack

In addition to the experimental factors affecting the LIM data or the galaxy catalog
(which mostly come into the stack S/N ratio through the uncertainty in the stack,
Equation [3.21)), many basic astrophysical factors will also affect the outcome of
the stack. These will directly affect the measured stack luminosity and affect the
S/N ratio as shown by Equation These factors tend to be considerably more
nebulous than the experimental factors, as they have not yet been reliably measured
atz = 3, and, in the case of the CO and Ly« lines targeted here, are extremely difficult
to model even in hydrodynamic simulations. Indeed, measuring these quantities is

part of the goal of LIM experiments.

Choice of LIM model

A large source of uncertainty in the modeled stacks is the CO luminosity of DM
halos at z ~ 3, Lco(My). Although considerable effort has been made to accurately
model these emitters on cosmological scales (e.g., Lidz et al., 2011} Li et al., 2016;
Padmanabhan, 2018; Keating et al., 2020; Chung et al., 2022), this is a phase space
that has largely been unconstrained by observations. The best current constraints at
these redshifts come from COMAP (Chung et al.,|[2024b)) but the models that have
not yet been excluded still predict luminosities that differ by an order of magnitude.
We test three different models of CO emission, each described in §3.3] to see how
this affects the stacked signal. These models are C22 (Chung et al., 2022, the
default model), P18 (Padmanabhan, [2018)), and L16 (Li et al., [2016). We chose
not to explore any bulk changes to the CO luminosity, as these would increase
the luminosity of all DM halos by the same factor and thus simply raise the stack

luminosity by that same factor.

We ran 99 different simulation realizations for each model of CO emission, and
compare the output S/N ratios for each in Figure The C22 and L16 L(M,)
functions yield very similar S/N ratios, while the P18 L (M) function with fyuy =
0.1 has considerably lower significance. This is an interesting result, especially
when compared against the L(My) functions plotted in Figure At most values
of My, the returned luminosity under the P18 function falls between the Lo values
from C22 and L16. L16 provides higher Lco values at low My, and C22 provides
higher Lco values at high M;. The cross-over is at roughly 1.5 x 10'> My, at
which point all three L(M;) functions yield the same Lco. Based on this, one

would naively expect either the C22 or L16 model to dominate, based on the halo
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Figure 3.15: Histograms of the output S/N ratio for each model of the CO luminosity
of a DM halo as a function of its mass, L(My). Mean values for each model are
shown as vertical lines. The three models are described in §3.3]

mass selected by the catalog luminosity function, and P18 to fall somewhere in the

middle. We explore the implications of this more thoroughly in §3.6

Choice of catalog luminosity function

The returned luminosity of the stack does not depend directly on the Lya luminosity
of the halos. However, the Ly, of the halos does determine which DM halos are
actually included in the stack (via the selection function S(Lyy, (M}, p)) in Equation
[3.17), which has the potential to significantly impact the stack outcome.

To test how the galaxy catalog affects the behavior of the stack we run 99 different
simulation realizations for each of the Schechter function parameters described in
Section [3.3] These include parameters fit to observations of LAEs at z = 3 (the
‘default’ model), parameters fit to quasars (which trace a more stochastic population
of higher-mass halos; the ‘bright’ model), and parameters fit to LAEs at z = 0.3
(a luminosity function more dominated by the many low-mass halos with faint
luminosities; the ‘faint’ model). The output S/N ratios of stacks performed using
each model are shown in Figure[3.16] Because we hold all other parameters constant,
stacks on each model have the same noise levels—differences in S/N ratio are driven

solely by the output stack luminosity.
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We find that the ‘faint’ galaxy catalog has properties that are very similar to the
default LAE catalog, while the ‘bright’ catalog is considerably brighter (by a factor
of more than three). For all catalog models, larger halo masses correspond to brighter
luminosities in the catalog tracer, so the bright catalog model should be selecting
only the largest DM halos. These will both be the brightest halos themselves and be
the most biased (they will have more, and brighter, neighboring halos contributing to
the second term in Equation[3.17)). The combination of these effects should explain
the extremely bright stack. We test this further in §3.6
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Figure 3.16: Histograms of the output S/N ratio for each model of the luminosity
function of the emission line used in the galaxy catalog being stacked on (in this
case, Lye). The different catalog models are described in §3.3]

Correlation in scatter between tracer luminosities

Finally, because the stack is an average of the LIM tracer luminosities of the DM
halos included in the galaxy catalog, it will be affected by the halo-to-halo correlation
between the LIM tracer luminosity and the catalog tracer luminosity. Asin §3.3] this
is only a selection effect (coming in through the S(Liy, (M}, p)) factor in Equation
[3.17), and not a direct scaling of the luminosity values being averaged.

We stack 99 simulation realizations at five different values of p spanning from
completely anti-correlated to completely correlated scatter in halo luminosities (p =
[-1,-0.5,0,0.5, 1]). The output luminosity distributions of the resulting stacks are
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shown in Figure [3.17] both as absolute values and relative to the output luminosity
for completely uncorrelated scatter (o = 0). We repeat this exercise for the bright,
AGN-like catalog luminosity function, to explore interactions between the catalog

luminosity function and p in determining how halos are selected and the resulting

stack luminosity.
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Figure 3.17: Effect of varying the correlation in the two luminosity values’ scatter
on the output stack luminosity. 7Top: Violin plots showing the stack luminosity for
each p value for both the default choice of the Lya luminosity function z ~ 3 and
the bright AGN-like version. Bottom: Output luminosity values normalised to the
value at p = 0 to show relative changes between values of p. Violins are offset
slightly in the x-axis for clarity.

We find that p does have an effect on the returned luminosity, but this effect is very
subdominant compared to the luminosity function of the catalog tracer. Additionally,
we find that varying p has proportionally more of an effect on the output stack
luminosity for the more stochastic, top-heavy ‘bright’ catalog luminosity function

than for the flatter default one. We explore this behavior in more detail in §3.6
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Astrophysical line broadening

Astrophysical line broadening of the LIM tracer emission is likely to have an effect
on the stack degenerate with redshift uncertainty in the galaxy catalog—it widens
the signal in the spectral axis, thus possibly moving more signal outside the stack
aperture. Unlike redshift uncertainty, this is inherent to the LIM tracer and not

instrumental in origin.

Because CO linewidths are not well characterized at z = 3, we use the three
theoretical prescriptions described in §3.3] to test the effects of line broadening
on the stack. For each prescription, we perform stacks on 99 different simulation
realizations. Unlike in the redshift uncertainty case, we do not attempt to correct for
the CO linewidth prescription when determining the spectral aperture width of the
stack—we use three spectral channels, or 91.75 MHz in all cases. This is because
we do not know a priori how the CO linewidths will behave at z ~ 3, (whereas the
redshift uncertainty of a galaxy catalog can typically be measured). It is possible
that this effect could be measured using more advanced signal extraction techniques
(than the straight sum we are currently using) in the spectral axis. The output S/N
ratios for the different simulation realizations are compared in Figure 3.18] Also
shown are the average stacked spectra (across simulation realizations) for each line

broadening prescription.

We find that using the virial velocity of the DM halo as the rotational velocity
predicts the worst S/N ratio for the stack, where either using vy, or the virial
velocity with a cut-off predict higher S/N ratios. The difference in S/N ratio is due

to the stacked linewidth being smaller for the vy, method than for either of the

eak
vvir-based methods, as can be seen in their average stacked spectra. The average
FWHM of the stacked spectral line is 596 km/s using the v Mpea method. The vy,
method without a 1000 km/s cut-off yields a line FWHM of 1212 km/s, and adding

a cut-off reduces the FWHM to 813 km/s.

This is consistent with the virial velocity method assigning high-mass DM halos
much higher linewidths than have been observed (see Appendix [3.9). These high-
mass halos are also likely the brightest halos and thus contribute more strongly
to the stack. If the high-mass halos have larger linewidths, the stack as a whole is
likely to be broader and thus have more signal falling outside of the spectral aperture
used to calculate the final S/N ratio. Both the cut-off virial velocity and the vy,

prescription allow for narrower spectral lines at high halo masses.



94

I
B Vi, pSInG) [T [ |
20 A Vyirsin(i) .
vyirsin(i), I
cutoff I
15 A .
2
C
3
O 10
5 4
0 T T T
6 8 10 12 14 16 18
] Signal-to-Noise Ratio
S 1
X — Vpm,psin(i)
U 4] vuirsin(i)
Q : vvirsin(i),
% 5 ! cutoff
S i dmmr oo
8-03 -02 -01 00 01 02 03
~ A, (GHz)

Figure 3.18: Effects of different line broadening prescriptions on the stack. Top:
Histogram of the output S/N ratio for each prescription for astrophysical line broad-
ening of CO. The different prescriptions are described in §3.3] Mean values are
indicated with vertical lines. Bottom: Average stacked spectrum across simulation
realizations for each prescription. The central 93.75 MHz, which is integrated across
to determine the final stack luminosity, is shown in shaded grey.
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Interloper contamination

While we have thus far been assuming a perfect LIM map and galaxy catalog, with
only uncorrelated noise being added to the map, this is unlikely to be the case in
a real intensity mapping situation. Potential sources of contamination to the stack
include foreground or background interloper emission being present in the LIM
map (for example, the COMAP data cubes will contain CO(2-1) emission from
galaxies at 6 < z < 8, which is expected to be roughly an order of magnitude
fainter than the target CO(1-0) signal; Breysse et al. 2022, Chung et al. 2024al), and
interloper galaxies being present in the galaxy catalog (due to either noise peaks or

[OII]-emitting foreground galaxies). We explore both cases here.

LIM interlopers

In order to test the robustness of the stacking pipeline against background and
foreground interloper line emission being included in the LIM maps, we add in
simulated background line emission following the methodology outlined in §3.3
For each of nine different LIM map realizations, we generate 11 different interloper
iterations. We then perform stacks on the maps with interloper emission present,
at 1000%, 100%, 10%, and 1% of the target emission, and compare the output
luminosity to the luminosity without interlopers. We repeat this analysis for stacks
with 100 and 10 000 objects, to see if a larger galaxy catalog helps to mitigate the

effects of spectral line contamination. The results are shown in Figure [3.19]

We find that the stack should be robust against the presence of faint spectral line
interloper emission in the LIM map, although it is more affected by extremely bright
contamination. Interloper emission has two effects on the maps: it biases the stacked
luminosity towards higher values (as it is functionally adding more line signal into
the maps, although this signal is not correlated with the actual population of galaxies
the stack is aiming to probe), and it introduces scatter, as the catalog objects will
randomly be associated with regions of stronger or fainter interloper emission. On
average, the maps with interlopers output the same values as the maps without: at the
level of contamination expected in COMAP (roughly 10%), the average deviation
from the uncontaminated stack values is less than 0.5% for all catalog sizes. Even
in the most extreme case, where the strength of the interlopers is 10x that of the
target line, the average deviation is 37% in the 100-object stack, but only 4% in
the 10 000-object stack, showing that larger galaxy catalogs are more robust against

interloper emission.
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Figure 3.19: Average ratio of stack luminosity with added spectral line interlopers to
the stack luminosity without interlopers for various scalings of the interloper emis-
sion. For each scaling, a CDF was created for the ratios from different simulation
realizations, and the 95% confidence interval is shown.

The amount of scatter added to the maps increases as the interlopers become brighter.
At the expected COMAP interloper strength, the (95%) scatter is 20% (2%, 0.9%)
for the stack with 100 (1000, 10 000) objects. This increases to 120% (19%, 9%) for
the same stacks when the interloper is of equal brightness to that of the target line,
and more than 100% for the stacks on all catalogs except the 10 000-object catalog
when the interloper is 10X brighter than the target emission. The scatter is not solely
to higher luminosity values because the maps are mean-subtracted — adding extra
emission to the maps will bring the overall mean up, so regions with few interloper
galaxies will have their CO luminosity brought down by the mean subtraction. If
the stacked catalog is more associated with voids in the interloper map, the stacked
luminosity will be brought down. We note that this analysis involves no attempt
whatsoever to mitigate interloper contamination—using a map-based strategy to
handle contamination in LIM maps (e.g., Sun et al.,|2018; Karoumpis et al., [2024)

would likely reduce this scatter.
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Catalogue false positives

As with the intensity map, galaxy catalogs (especially those based on a single
spectral line) may include some objects that are not galaxies at the target redshift
emitting the target spectral line, but come from other spectral lines being emitted at
other redshifts, or more rarely noise peaks being picked up by the signal-detection
algorithm. HETDEX, for example, is expected to contain some population of z < 0.5
[O II] emitters misidentified as LAEs. These false positive detections will serve to
bring down the overall signal in the stack, as each false positive object will add only
noise to the stack. From this, one would expect the signal in a stack with a fraction

frp of false positive objects to be attenuated by frp.

In order to test this prediction, we stacked on catalogs where 0, 10, 20, 30, and
40% of the catalog was replaced with false positive (random) values (see §3.3). The
results of these stacks are shown in Figure[3.20] We find that the attenuation of the
stack due to the inclusion of false positive detections in the catalog agrees well with
the theoretical expectation, with some scatter. The scatter is slightly higher above
the theoretical expectation, suggesting that this scatter may come from the random
‘false positive’ catalog entries falling onto brighter regions (regions of higher signal)

of the map.

3.6 Discussion

Ideal experimental setup

We list the results of the various tests of the LIM and galaxy catalog experimental
parameters in Table[3.3] We find that the main consideration when selecting a galaxy
catalog for stacking is that the catalog should have as many objects as possible. This
drives down the noise in the stack by \/ij’ but also helps to protect the stack
against interloper emission in the LIM map. The uncertainty in the catalog redshifts
is also important, as any uncertainty spreads the signal over more noise and reduces
the stack S/N ratio. Redshift uncertainties up to A, ~ 1000 km s~ may be tractable
for smaller catalogs. High-precision photometric catalogs may also be useable,
provided the large catalog redshift uncertainty is offset by a significant increase in

the number of catalog objects across the LIM experiment’s footprint.

The masses of the DM halos selected by the galaxy catalog are also very important—
a galaxy catalog that selects high-mass halos can improve the S/N ratio of the stack
(when compared to a less-biased, Lya-like catalog) more than any other single

factor. We also note that galaxy surveys targeting different galaxy types could also
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Figure 3.20: Signal-to-noise ratio of the stack as a function of the percentage of
‘false positive’ interlopers included in the galaxy catalog. Plotted in orange is the
theoretical expectation, assuming the value of the map is identically zero at the
(random) location of each false positive.

Table 3.3: Summary of optimal parameters for the stack S/N ratio.

Parameter Best value
Stack parameters
N, spax 7
Nchan 3
Nop; As high as possible
A, 0 km/s
LIM experimental parameters
Oy Sampling stack spatial extent
Ox Sampling stack spectral extent
Opeam As small as possible
Astrophysical factors
CO model L16 or C22
Lya model bright
Jol 1.0
Line broadening Vin,peak
Astrophysical factors
Interloper emission Tolerable to 10%

False positives Tolerable
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be combined to maximize the collective Nopj. The expected output signal would
then become an average of the expected signal from each survey tracer, weighted by
the number of objects included in each. In this way it may be possible to combine
the benefits of, for example, a LAE survey with high N,y,; and a more biased quasar
survey with fewer objects. This may be especially valuable in the current LIM
regime, where experiments are primarily searching for a detection, and thus the S/N

is the primary concern.

Similarly to increasing the number of objects in the catalog, the simplest way to
adjust the LIM data to improve the sensitivity of the stack is to decrease the RMS
noise in the data, through increased integration time or decreased Tys. This is not
something we pursue in this work. Instead we explore the resolution and pixelisation
of the map, given a fixed integration time. We find that the stack becomes less viable
when the channel width of the LIM data is wider than the FWHM of the stacked
spectral line—LIM experiments with poorer spectral resolution may find stacking
more difficult. Marginal improvements are also possible through having smaller
pixel sizes in each axis of the LIM data, primarily because the stacked objects are

able to be lined up more precisely when the central pixel in the stack is smaller.

As an additional point of consideration, most LIM experiments are designed to
optimize for the auto-correlation power spectrum. None of the stack-driven ex-
perimental preferences that we list above will negatively impact power spectrum
analysis, particularly at the high-k end also probed by the stack. Improving the reso-
lution, both spatially and spectrally, will increase the number of accessible k-modes
without changing the noise power spectrum (the increased noise per voxel will be
offset by the increased number of voxels, Li et al. 2016), thus improving the overall
power spectrum signal-to-noise. In both cases, the primary constraints preventing

this improved resolution are instrumental.

Finally, we explore the effects of various L(My) models for the LIM tracer spectral
line. While we framed this in the context of the largely unconstrained CO model
space, this could equally be used as an exploration of which LIM tracers are most
ideal for a stacking analysis. While a brighter tracer will automatically improve
the stack luminosity—any bulk increase to the tracer luminosity will result in a
commensurate increase in the stack luminosity—we also test models that have
varying luminosity distributions across mass. We find that a tracer that is bright in
the high-mass end (e.g., C22) or a tracer that is bright in the low-mass end (e.g., L.16)

each give greater S/N ratios than one that is a more moderate luminosity across all
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masses. If selecting a LIM tracer specifically for a stacking analysis, this should be
the primary consideration—we find that the correlation on an individual halo level
between the LIM tracer luminosity and the galaxy catalog luminosity is not nearly
as important. In order to explain these two effects, we must look in more detail at

the halos contributing to the stack.

Origin of the stack luminosity

In order to understand the behavior of the stack with parameters such as the CO
L(M,) function or the correlation between the two tracers’ scatter in luminosity, we
explore the underlying distribution of halos, and how they drive the returned stack
luminosity. Firstly, we explore where the DM halos that are contributing to the stack
are located. We do this by generating a 3D histogram of the positions of all DM
halos (without performing any cuts on My, Lco, or Liy,, or weighting by any of the
above) in a simulated stack run performed using default parameters. We then cut out
the regions surrounding the DM halos included in the mock galaxy catalog. We sum
over the central three frequency channels (as is done when generating the actual 2D
images and spatial profiles), yielding the DM halo density per spaxel, npao, in the
2D image. We then average these halo density profiles across the cutouts associated
with all 1000 catalog objects included in the stack. The resulting distribution is

shown in Figure (3.21

We find that on average 217 halos are contributing to the measured (L) across
the stack aperture. In the central voxel alone, there are, on average, ten halos
contributing. There is also a fairly high baseline number of halos, with ~ 20 halos
present even at the outskirts of the spatial profiles. This is consistent with the
fact that the spatial profiles show luminosity extending nearly the full width of the
stacked cubelet, even in the mean-subtracted simulated maps (we note that the halo
number counts in Figure 3.2 1| are not mean-subtracted in any way, unlike the actual
mock data cubes). At least with the COMAP experimental parameters, we are
operating on a broad enough resolution that DM halos can almost never be resolved
individually.

We also extract a 1D spatial profile from the (np,,) map, and fit this profile with a
two-Gaussian fit as is done for the actual simulated data in Figure The narrow
and broad components of the profile fit have standard deviations of 1.7" + 0.1” and
6.6" + 0.4" respectively. We note that the values of 3.2" and 9.6’ reported for the

full simulations are convolved with the 4.5” beam, where this (ny,1,) profile is not—
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Figure 3.21: The spatial distribution of DM halos in the stack. Bottom: Number of
DM halos included in each spaxel of the 2D spatial profile of the stack (i.e., summed
across the Nghan = 3 frequency channels of the stack aperture), averaged across
cutouts. The actual cataloged DM halo is included in this count, but is outnumbered
by more than an order of magnitude in the central spaxel alone. There are a
significant number of DM halos in spaxels extending beyond the central spatial
aperture. Top: Spatial profile generated by integrating the (np,,) map across the
three channels making up the stack aperture in the RA direction. Unlike the regular
simulations, this is not mean-subtracted, and thus the baseline number of halos is
high. A double-Gaussian fit to this profile is shown in orange.

after deconvolving from the beam, the widths of the two Gaussian components in
the full simulated stacks are 2.5” and 9.4’. The broad component agrees within error
between the two profiles, but the narrow component is narrower in the (np,,) stack
profile than the full Ly version. This could be due to halos at radii slightly offset

from the central objects being less frequent but brighter in CO.

What the stack reveals about the galaxies contributing to the signal

Though we have found that the stack signal originates from the large-scale clustering
of galaxies, the extent of that clustering (and the centering of the stack objects in
relation to it) will depend on the CO and Lya luminosity properties of the galaxies
being stacked. As we have found, the output stack luminosity depends heavily on
the mass (and thus the bias) of the halos being targeted, and also depends on the CO
luminosity at both the low- and high-mass ends of the DM mass function.
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As such, we look into the luminosity contribution to the stack from both the cataloged
objects themselves and their neighbors. We do this using the simulated catalogs of
halo masses and CO luminosities, before generating any mock observations. We
isolate two populations of halos that contribute to the stack. Firstly, we take the
DM halos actually selected by the galaxy survey (via their Lya luminosity) to be
stacked on. The CO luminosity of each of these halos corresponds to the first term
in Equation[3.17] Secondly, we took all of the halos that are not specifically selected
by the galaxy survey but will still be counted in the stack due to their proximity to a
selected halo. Practically, this amounts to all halos within 3.5 pixels along any axis
of the LIM map. The contribution from these halos (the second term in Equation
will be the sum over the L, of all neighbors of a given selected halo.
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Figure 3.22: Comparison of the terms contributing to the overall stack luminosity
for a single simulation realization using the three different CO prescriptions. The
top panel shows histograms of the Lco of each DM halo included in the galaxy
catalog and thus directly selected to be included in the stack. The bottom panel
shows the summed Lco of all the halos neighboring a given selected halo — these
halos also fall into the stack aperture and thus contribute to the stack as well. In
both panels, the (linear) averages are shown as vertical lines.



103

For a single stack realization, we plot a histogram of the Lco values of each halo in
the first population, and a histogram of the sum over the neighboring halos of a given
selected halo in Figure [3.22] We repeat this analysis for each of the CO luminosity
prescriptions. We also plot the (linear) averages over all apertures included in the
stack as vertical lines, keeping to the default Lya catalog model. The first, and
most important, thing that we note from this analysis is that the stack luminosity is
almost entirely driven by the neighbors of the halo selected by the galaxy catalog,
rather than the selected halo itself. For the default catalog model, the integrated
luminosity of the neighboring halos for a given cutout is on average nearly two
orders of magnitude greater than the luminosity of the selected halo. This agrees
with the finding that there are on average more than 200 other halos contributing to
the stack luminosity (Figure[3.21), and explains the fact that the stack signal is more
extended in all three dimensions than a point-source contribution (§3.3).

We find that for both the neighboring halos and the selected halo itself, the value
predicted for P18 is lower than either of the other two prescriptions. In the case
of the first term, this seems to be because the C22 value is driven by contributions
from extremely bright high-mass values, and the L16 value, though its high-mass
halos are not as bright, has many brighter low-mass halos. The P18 model has
neither particularly bright high-mass halos nor low-mass halos. This also seems to
be true of the second term, which is primarily a sum over lower-mass halos: the L16
model is brighter on average (3., Lco , is peaked high, with narrow spread), and the
C22 model has sufficient bright contributors to drive its luminosity up (its spread in

>.» Lco.n 1s much larger, but it contains the brightest outliers).

As a comparison point, we repeat this exercise for the bright, AGN-like galaxy
catalog, that selects more massive halos. This leads to two separate qualitative
changes—the selected halos are considerably more massive and thus brighter (the
average luminosity increases by almost two orders of magnitude for each CO model),
and they are more biased, so they have more (and brighter) neighbors. In this case,
the contribution from neighboring halos is still greater than the contribution from
the cataloged halos themselves for all models, but the contributions are much more
comparable. We do not show an equivalent test for the faint catalog model here, as

its behavior is extremely similar to that of the default model.

The variation between the CO models in average luminosity of the selected halos
follows from the fact that more massive halos are being selected. The C22 model
is brightest at high halo mass, followed by P18 and then L16 (Figure [3.3). This
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is the same distribution seen in the selected halos. The average contribution from
the neighboring halos to the overall luminosity does not change as dramatically
as the selected halo contribution from the default Lya catalog to the brighter one,
but they are still more luminous for each CO model. Additionally, the distribution
between neighbors of selected halos for a given model is much tighter. This is likely
because more of the neighboring halos are present due to actual clustering and not
random chance. The C22 model also dominates considerably more in this case,
probably because the more massive, more biased selected halos are more likely to

have massive neighbors, which will be very bright in the C22 model.

The origin of the stack signal also explains the behavior of the stack with varying p,
seen in Figure [3.17)(§3.5)). Variations in p do not strongly impact the output stack
luminosity, whereas variations in the catalog luminosity function do, suggesting
S(Lrya(Mp, p)) is mostly driven by Ly, rather than p. This follows from the fact
that the neighboring halos in the stack have a greater contribution to the total stack
luminosity than the selected halos themselves for the default catalog model — a direct
anti-correlation between the scatter in the CO and Ly« luminosities would mean the
brightest Lya halos have lower CO luminosities, so the halos directly selected by
the galaxy catalog would be fainter overall, but the neighboring halos have a variety
of luminosities in both tracers. It is possible that the small variations come from the
selected halos being slightly less massive (and thus less biased) on average when p

is negative.

Additionally, we found that varying p has proportionally more of an effect on the
output stack luminosity for the more stochastic, top-heavy ‘bright’ catalog luminosity
function than for the flatter default one. Figure [3.22] shows that, when the bright
catalog luminosity function is used, the actual selected halos are contributing to the
overall stack luminosity almost equally to the neighboring halos. Correlating or
anti-correlating the scatter will thus have a larger effect on the overall stack, as these

selected halos are where the correlation matters.

The stack in comparison to other summary statistics

Using the survey parameters that we default to here (which were intended to simulate
realistic small-scale CO and Lya distributions while still achieving a solid stack
detection with as few catalog objects as possible), the mean stack detection S/N
is 14.5. For the same parameters, the expected detection S/N ratio (i.e., ignoring

sample variance, enabling a direct comparison) of the cross-spectrum over all & is
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18.7. This is roughly 1.3x the stack S/N ratio. We note for completeness that the
auto-spectrum S/N ratio is 53.4 across all k-modes, although the parameters we use
here have far too few catalog objects spread across too wide an area to allow for a

fair comparison between the auto- and cross-spectrum analyses.

It is expected that the cross-spectrum be more significant than the stack—the stack
is probing the same signal as the smaller-scale modes (k < 0.25) of the cross-
spectrum, but in real space rather than Fourier space. The cross-spectrum is sensitive
to both these small-scale modes and the larger modes that the stack is not and thus
has access to information that the stack does not. Additionally, this implies that
any of the optimizations for stack signal we have discussed in this work (whether
astrophysical or experimental) will also yield the strongest cross-correlation signal
possible at small scales. Thus, in terms of raw statistics, one might expect to see a
cross-spectrum detection before a stack detection. However, as we discuss below,

practical analysis considerations mean the ordering may not be so clear-cut.

In addition to increased significance, there are analysis benefits to having infor-
mation over multiple spatial scales—many of the astrophysical and cosmological
parameters that may be extricable from a cross-correlation (e.g., Pullen et al.,[2013b;
Breysse and Alexandroff, 2019) are extremely degenerate in the stack. More de-
tailed comparisons between the stack and the cross-power spectrum are outside of
the scope of this work, but we imagine it would be very difficult to extract more

information than this overall amplitude from a stacking analysis.

While the cross-spectrum is likely a more valuable analysis tool in an idealized
case, in practice LIM experiments are subject to many real-world complications that
will likely be more difficult to disentangle from the cross-spectrum than the real-
space stack. These include effects such as on-sky survey asymmetries in either the
galaxy catalog or LIM survey (HETDEX, for example, has an extremely complicated
window function, Gebhardt et al. 2021)), systematic errors (ground pickup, standing
waves, etc., all of which preferentially appear on the larger scales that the cross-
spectrum is more sensitive to), and, particularly in the case of 21 cm experiments,
continuum foregrounds. None of these complications are insurmountable in the
cross-power spectrum, and there exists a wealth of literature already on addressing
them (e.g., Keenan et al., 2022; Lunde et al., [2024; MeerKLASS Collaboration
et al., 2025). Still, they are likely easier to address in the stack. This has recently
been shown in Chen et al., 2025, where the authors were able to directly isolate and

identify a specific source of systematic error in the MeerKLASS 21 cm data using
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their stacking analysis. In a field where we are still searching for first detections, the
simplicity of the stack is a major advantage, and the stack and the cross-spectrum
have the potential to work very well together. We will explore the complementarity

of these two analyses in more detail in future work.

3.7 Summary and conclusions

In this work, we have developed a simulation framework for multi-tracer LIM anal-
yses and applied it to three-dimensional stacking of LIM data on the positions of
objects from a resolved galaxy catalog. We find that although stacking is concep-
tually simple, many degenerate parameters may affect both the stack signal and
its noise. These parameters could come from the galaxy catalog or the LIM data
itself and could be experimental or astrophysical in origin. We posed three framing

questions in the introduction to this work, and we aim to answer them here.

1. What experimental design is optimal for a stacking analysis? We find that
the optimal galaxy catalog for stacking is a spectroscopic one that (a) has a
maximum number of objects included and (b) targets high-mass DM halos.
The ideal LIM experiment has a spectral resolution that is as high as possible
(it must at least sample the stacked linewidth) and uses a spectral line tracer
that is bright across the entire halo mass range, particularly at high halo
masses. Other factors such as the spatial resolution of the LIM experiment
or the correlation between the two spectral line tracers on an individual halo
level may also affect the stack S/N ratio, although only marginally. The stack

is quite resilient to faint (~ 10%) interloper emission in the LIM data.

2. Where does the signal in a stacking analysis originate? For all choices of
the galaxy catalog luminosity function, the majority of the signal in the stack
is not from the galaxies actually included in the catalog itself. Instead, the
signal is dominated by the integrated luminosity of the DM halos neighboring
the cataloged galaxies. This is true by more than an order of magnitude for
our ‘default’ galaxy catalog luminosity function and by a factor of a few for a
‘bright” AGN-like luminosity function. This makes the stack very useful as a
tool for LIM, where the goal is to measure galaxy properties and cosmology

via aggregated galaxy emission.

3. What can the stack tell us about the properties of the galaxies contributing to

the signal? A galaxy catalog targeting more massive biased halos leads to an



107

increase in the stack signal. The stack signal is also improved by increased
correlation between the luminosities of the two tracers being used (on a single-
halo level) and brighter CO emission on either the high- or low-mass end of
the L(M) function. However, all of these parameters are degenerate, and all
other parameters would need to be known in order to constrain any single

parameter.

As much of the field is still in a detection phase, we have framed this work only in
terms of maximising the stack S/N ratio. We believe that the stack will be a useful
tool for detection of the LIM signal, as the stack is easy to compute and has all the
benefits of a joint analysis. It will be particularly valuable as an accompaniment to
an auto-correlation detection based on the same LIM dataset, validating the origin
of this signal in high-redshift galaxies. The stack will also be very useful in concert
with a cross-correlation of LIM data with galaxy catalogs. Once a detection is
made, characterising each of the astrophysical factors explored here will become a
major goal of LIM surveys. The output of the stack is primarily a single data point,
and we have shown that many of these astrophysical factors will have degenerate
effects on that data point. Cross-correlations are sensitive to more spatial scales than
the stack and thus allow for a more detailed comparison with models. However,
cross-correlation analyses are more sensitive to systematic errors and may in turn
rely on stacking analyses to constrain those errors. We will explore the interplay
between these other analyses in future work. Ultimately, stacking is simple and
robust, and it has the potential to be a useful tool in the LIM toolbox.
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3.9 Appendix: Modelling of astrophysical line broadening

In Section we selected from several different theoretical models for CO line
broadening at z = 3 without much justification. Here, we attempt to provide a basis
for our choice of the vy, method from Behroozi et al., 2019 through comparison
with observations of CO-emitting galaxies. Ideally this comparison would be made
directly with observations of CO(1-0) at z = 3, but these observations are so limited
that we include other CO transitions and lower redshifts in order to collect a larger
sample. This yields an extremely heterogeneous collection of galaxies. We will aim

to explore, and correct for, the effects of redshift and J in future works.

In total, we collected 119 high-z CO-detected galaxies from various sources:

* ASPECS: We include 16 galaxies from the ALMA Spectroscopic Survey in
the HUDF (ASPECS, Aravena et al., 2019; Gonzdlez-Lépez et al., |2019;
Boogaard et al., 2019; Boogaard et al., [2020). This was a blind search for
CO emission in ALMA’s Band 3, so there is some confusion between CO
transitions. The bulk of these objects are likely CO(2-1) emission from z ~ 1
and CO(3-2) emission from z ~ 2.5. As we are only interested in the line
FWHM for this application, we make no cuts on the confidence of the line

identification. Line widths are reported directly as FWHM values in km s~!.

* VLAASPECS: This is an extension of the original ASPECS program using
the Very Large Array (Riechers et al., 2020). We include the three confi-
dent CO(1-0) detections at z ~ 2.5 from this survey in our sample. Again,

linewidths are reported directly as FWHM values in km s~

* PHIBSS: We include 53 galaxies from the IRAM Plateau de Bure high-z
blue sequence CO(3-2) survey (PHIBSS, Tacconi et al., 2013). These are
all CO(3-2) detections, at z ~ 1, and are primarily massive, main-sequence
star-forming galaxies. The linewidths for these galaxies have been converted
to circular velocities (v.), so we undo this conversion to return the observed
line FWHM values. This is done in two different ways for different galaxy
types — galaxies that have measured disc-like morphologies from HST and
significant CO velocity gradients have been converted into v using the equa-
tion v¢ = 1.3(Avplye—reqd/2 sini), and galaxies that have measured disc-like
morphologies but no strong CO velocity gradient, or those with irregular
morphologies, have been converted using v, = WAVFWHM.



109

* PHIBSS2: We include an additional 43 galaxies from the second iteration of
PHIBSS (PHIBSS2, Freundlich et al., [2019; Lenki¢ et al., 2020), including
both targeted and serendipitous detections. These galaxies include CO(1-0)
emitters 0.5 < z < 0.8, CO(2-1) emitters z ~ 1, and some (16) higher-
redshift, higher-J CO emitters. The best-fit line FWHM is reported directly
here.

* COLDz: We include the four CO(1-0) detections from the CO Luminosity
Density at high-z (COLDz, Pavesi et al.,2018; Riechers et al., 2019) survey,
all at z ~ 2.5. The best-fit line FWHM is reported directly.

The FWHM for each of these galaxies is plotted in Figure [3.23] They have an
average linewidth of 385 km s~!, with a long tail towards broader linewidths.

0.0030 1 [ Observations
Simulations (Vm, peak)
—~ 0.0025 | S!mulat!ons (Vvir)
o Simulations (v, cutoff)
—
X
& 0.0020 1
)
c
>
o
O 0.0015 -
o
o}
N
‘T 0.0010 -
£
—
o
=2
0.0005 A
0.0000 -

0 500 1000 1500 2000
CO Line FWHM (km/s)

Figure 3.23: Relative occurrence of different CO line FWHM values across the
simulated DM halo population for each of the line broadening prescriptions outlined
in §3.3] These are compared to observations (black line) of galaxies emitting in
various CO lines up to z = 3.5.

Also in Figure [3.23] we plot the calculated line FWHM for each of the simulated
galaxies included in the stack (i.e., all galaxies with Lyy, above the cut-off value
for observation, Liyqcut = 8.26 X 10° L) for each of the three line broadening
prescriptions described in §3.3] We note that these are not the only galaxies included

in the simulated stack, as the neighbors of these galaxies that are near enough to
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fall into the stack aperture will also be averaged in. However, the selected halos are
likely to be more massive than average and thus will have greater linewidths under
any of the broadening prescriptions. They will thus dominate the stack linewidth,

and are the relevant halos for this analysis.

We find that the vy, prescription yields a distribution of line widths that matches
the observations quite well. The vy prescription provides a distribution that peaks
significantly higher than observations, and extends to much higher linewidths than
are observed. Adding a 1000 km s~! cut-off to the v,; prescription does shift
the average down to match more closely with observations, but the shape of the
distribution is much more uniform, especially at high FWHM, than is actually

observed.

3.10 Appendix: Model-dependence of the stack spatial extent

As outlined in and the extent of the signal in the stack cannot be explained
solely by point sources at the location of the objects in the galaxy catalog. This
is particularly interesting in the angular axes, where the only broadening factors
are beam smoothing and astrophysical clustering. If the large-scale signal visible
in the stacks is indeed coming from clustering effects, the extent of this signal is
dependent on both the CO and Lya model chosen. While it is unlikely that the
sensitivity of current and upcoming LIM experiments will allow for measurement
of this spatial extent in detail in the near future (thus making a full exploration of its
model-dependence outside the scope of this work), there will still be cosmological

information in this distribution that may be exploitable in the longer-term.

Table 3.4: Standard deviation values from double-Gaussian fits to spatial profiles
of stacks generated using different model configurations. The value oyarrow always
refers to the narrower component and Oproaq to the broader component.

CO model Lya model Onarrow Obroad
(arcmin) (Mpc) (arcmin) (Mpc)
C22 Default 2.47+0.10 4.5+0.2 92+04 16.7+0.8
P18 Default 2.59+0.07 45+0.2 10.2+04 18.4+0.7
L16 Default 2.53+0.07 4.7+0.1 99+04 18.0+0.6
C22 bright 1.77+0.04 3.23+0.07 84+03 153+0.6
C22 faint 244+007 44+0.1 11.5+05 20.8+1.0

Thus, we performed an initial characterisation by fitting two-Gaussian profiles to
the spatial profiles of simulated stacks following §3.5] For each stack exploring a
different CO model, we adopt the default Ly model. In those stacks testing different
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Lya models, we adopt the fiducial C22 CO model. We also plot the average spatial

profile generated from a set of nine catalog-only simulation runs for each model.
This is done following §3.5}—we set the Lco of every halo not included in the galaxy
catalog to zero, to show the contribution from the cataloged halos themselves. The
results of this are shown in Figure For most models, the contribution from the

cataloged halos themselves is nearly negligible compared to the rest of the field.

The standard deviation values returned from the two-Gaussian fits are tabulated in
Table Unlike in above, we deconvolve out the FWHM = 4.5’ beam from
the standard deviation values before reporting them. We find that changing the CO
model does not significantly change the spatial extent of the stack signal, while
changing the Lya model does result in some significant changes. This is because
altering the CO model does not alter the DM halo population underlying the stack
signal, as this is determined by which halos are included in the catalog, which is
set only by the Lya luminosity (through S(Liye(Mp, p)), of the halos following
Equation [3.17). Thus changing the Lya prescription used to generate the simulated
catalog alters the underlying population of DM halos behind the stack signal.

The standard deviation of the narrower Gaussian profile, oparrow, cOrresponds to
roughly 4.5 Mpc for most models. The only notable outlier is the AGN-like (‘bright’)
Lya model, which has a significantly smaller oarrow. This is likely because the bright
Lya model has the most contribution from the actual cataloged objects (Figure[3.24),
so its narrow Gaussian component is the closest to a point-source fit. The broad
component’s standard deviation opo,q 18 significantly offset from the default for both
the bright and the narrow Lya models. The bright model again has a narrower broad
component than the default model, possibly because it is more heavily clustered.
In contrast, the faint Lya model has a much wider spatial extent than the default
configuration. The stacks on catalogs generated using the faint model are centered
around lower-mass halos than either of the other catalog models’ stacks. These halos
are less biased, and thus stacks of their surroundings show less clustering than other

models.



112

CO Models
Spatial Offset (cMpc) Spatial Offset (cMpc) Spatial Offset (cMpc) Full Stack
- O 5 0.30 _;’0 0 5‘0 _§0 0 5‘0 Point-source
| c22 A ' P18 A L16 A Stack
~ 0.5 | | 0.54 I Two-
S I 0.25 I I ;
) ! ' ! !  — E}?ussmn
= 0.47 i
X ! ] 1 1
o i 020 i i Gaussian
8] J 48 a9k ST A REEEE
2 0.3 : 0.154 dE g5 Components
£ i H o
3 0.21 : 0.101 i v
3 L K
50.11 0.05 i |
= i i
0.0 1 1 0.00 - ;— § - | -
Lya Models
1 1
-~ 0.5 Default A A
% 2.0 i i
— : JI
X A
5 1.5 i i
8} 4 C )
Q an (1)
0 iy e
£ 1.0 e e
X S S
3 0.51 J il Db
3 i : :
0.0 ===y — d— S——
-20 0 20 -20 0 20 -20 0 20
Spatial Offset (arcmin) Spatial Offset (arcmin) Spatial Offset (arcmin)

Figure 3.24: One-dimensional spatial profiles of stacks performed on simulations
generated using various CO (left) and Ly« (right) models. For each profile, we plot
the stack on the full simulated map (the orange lines) as well as a stack performed
on a simulated map that contains only the DM halos included in the galaxy catalog
being stacked on (so there is no contribution at all from neighboring halos; the indigo
lines). We also plot a two-Gaussian fit (black lines) as well as the two Gaussian
components individually (grey dotted lines).
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Chapter 4

COMAP PATHFINDER — SEASON 2 RESULTS IV. A STACK ON
EBOSS/DESI QUASARS

Dunne, Delaney A. et al. (Mar. 2026). “COMAP Pathfinder — Season 2 results: IV. A
stack on eBOSS/DESI quasars.” In: Astronomy & Astrophysics 707, A256, A256.
por: 10.1051/0004-6361/202557864. arXiv:|2510.23568 [astro-ph.CO].

4.1 Chapter abstract

We present a stack of data from the second season of the CO Mapping Array Project
(COMAP) on the positions of quasars from eBOSS and DESI. COMAP is a line
intensity mapping (LIM) experiment targeting dense molecular gas via CO(1-0)
emission at 7 ~ 3. Season 2 of COMAP represents a factor of three increase in map-
level sensitivity over the previous early science datarelease. We do not detect any CO
emission in the stack; instead, we find an upper limit of 10.0 x 10'® K km s~! pc?
at 95% confidence within an ~ 18 cMpc box. We compare this upper limit to
models of the CO emission stacked on quasars and find a tentative (~ 307) tension
between the limit and the brightest stack models after accounting for a suite of
additional sources of experimental attenuation and uncertainty, including quasar
velocity uncertainty, pipeline signal loss, cosmic variance, and interloper emission
in the LIM data. The COMAP-eBOSS/DESI stack is primarily a measurement of
the CO luminosity in the quasars’ wider environment, and is therefore potentially
subject to environmental effects such as feedback. With our current simple models
of the galaxy-halo connection, we are thus unable to confidently rule out any models
of cosmic CO with the stack alone. Conversely, the stack’s sensitivity to these
large-scale environmental effects has the potential to make it a powerful tool for
galaxy formation science, once we are able to constrain the average CO luminosity

via the auto-power spectrum (a key goal of COMAP).

4.2 Introduction

Despite major advances in instrumentation over the past decades, we do not yet have
the observational capacity to resolve certain mysteries about the Universe’s history
of galaxy formation. For instance, the star formation density of the Universe is

known to peak at z ~ 3, known as the epoch of galaxy assembly (EoGA; Madau
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and Dickinson, 2014), but the mechanism driving that peak is still uncertain. The
fuel for star formation, molecular hydrogen gas, traced by molecular lines such as
carbon monoxide (CO), is expensive to observe at these redshifts, and galaxy surveys
constraining its evolution are limited to small cosmic volumes (1-10 square arcmin)
and bright galaxies (e.g., Riechers et al., 2019; Aravena et al., 2019; Lenkic et al.,
2020). The faint end of the CO luminosity function is nearly entirely unconstrained
during the EoGA, and thus empirically rooted models for the overall CO luminosity
density span several orders of magnitude (Li et al., 2016; Padmanabhan, 2018§;
Keating et al., 2020; Yang et al., 2022)). Similarly, current models of star formation
require feedback from active supermassive black holes (SMBHs) to disrupt star
formation in high-mass galaxies in order to match observations, but the actual
mechanism and extent of this feedback is poorly understood (e.g., Sanders et al.,
1988a; Hopkins et al., [2006). Again, understanding this feedback requires tracing
its effect on the fuel for future star formation in galaxies, and understanding this
feedback is limited by selection effects and small sample sizes in CO observations
of active galaxies (Hill et al., 2019, Muioz-Elgueta et al., 2022).

Line intensity mapping (LIM) is a rapidly maturing observational technique that
measures galaxy populations as fluctuations in the line intensity field over a large
3D cosmic volume rather than as individual cataloged objects. LIM fluctuations
contain the integrated emission from all galaxies in the measured volume, even the
very faintest, and thus capture the faint halos not observable by traditional means.
Although it is rapidly maturing, LIM is a field in its early stages, with pathfinder
experiments both concluded and ongoing (e.g., Keating et al., 2015 Keating et
al., [2020; CONCERTO Collaboration et al., 2020; Cleary et al., 2022), and other
experiments that are beginning to come online (e.g., Doré et al.,|[2014; Crites et al.,
2014} Vieira et al., 2020; CCAT-Prime Collaboration et al., 2023). The biggest
challenge facing LIM experiments (outside of those targeting the 21 cm line) is raw
sensitivity, but they are also susceptible to many forms of systematic error (e.g.,

caused by instrumental effects or interloping spectral line emission).

An emerging body of work is combining LIM observations with spectroscopic
galaxy catalogs to improve sensitivity and to mitigate systematic error; as major
systematic errors are primarily unique to one survey (e.g., Fronenberg and Liu,
2024). This can be done as a real-space 3D co-addition of the LIM data on the
position of the objects in the galaxy survey (called a stack) or as a real or Fourier-

space cross-correlation. In their early stages, many experiments have been turning to
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the stack as a conceptually simpler analysis, with the potential to provide a detection
in advance of the full auto-power spectrum analysis (Keenan et al., 2022; Dunne
et al., [2024; MeerKLASS Collaboration et al., 2025}, Chen et al.,[2025). A stack on
LIM data probes the larger-scale distribution of emission around the galaxy survey
objects in addition to emission from the surveyed objects themselves, at scales of
tens of megaparsecs. (Chen et al., 2025; Dunne et al., 2025). Spectroscopic galaxy
catalogs that trace more massive dark matter (DM) halos (or more biased galaxies)
thus yield a brighter stack as their surroundings contain more, and brighter, galaxies.
Stacks on highly biased objects such as quasars should provide the brightest possible
stack emission (Breysse and Alexandroff,|[2019; Dunne et al.,|[2024).

In this work we present a stack of LIM data from Season 2 of the CO Mapping
Array Project (COMAP) Pathfinder telescope (Lunde et al., 2024; Stutzer et al.,
2024} Chung et al., 2024b), on the positions of quasars from the extended Baryon
Oscillation Spectroscopic Survey (eBOSS; Ahumada et al., 2020) and the Dark
Energy Spectroscopic Instrument (DESI) quasi-stellar object (QSO) survey (DESI
Collaboration et al., 2025a). COMAP targets molecular gas via CO(1-0) emission
around the peak of cosmic star formation (2.4 < z < 3.4) and eBOSS and DESI
together encompass the largest survey of quasars available in this redshift range.
This work follows a similar analysis performed using data from COMAP Season 1
and eBOSS alone (Dunne et al., 2024), but this updated stack is more than three
times more sensitive thanks to the improved COMAP Season 2 sensitivity. We have

also considerably refined our methodology.

We introduce the three datasets in §4.3] and describe the simulated LIM and galaxy
catalog data to which we compare the stack in §4.4, The stack methodology is
described in In we present the stack results, to which we compare
models in Throughout this work, we take the nine-year WMAP cosmology
(Hinshaw et al.,2013) for consistency with the peak-patch simulations used in §4.4]
and other COMAP works. This is a ACDM model with Q,, = 0.286, Q = 0.714,
Q, = 0.047, and Hy = 100k km s™' Mpc™! with 2 = 0.7. We assume base-10
logarithms unless otherwise stated.

4.3 Data

COMAP

The COMAP Pathfinder instrument is a 19-feed (single-polarization) focal plane
array fielded on a 10.4-m antenna (Lamb et al.,2022) that has been performing LIM
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observations targeting CO(1-0) at 2.4 < z < 3.4 since 2019 and is still continuing
to observe. Thus far, two COMAP observing seasons have taken place. Season 1
encompassed 5,200 on-sky observation hours taken over 13 months between May
2019 and August 2020 over three fields. In this work, we used the COMAP Season
2 dataset (Lunde et al., [2024; Stutzer et al., 2024; Chung et al., 2024b), which added
12,300 hours of observations collected between November 2020 and November
2023, for a total of 17,500 hours. This is an increase of 340% in raw data volume
compared to the previous early science (ES) dataset. Combined with improvements
to the data reduction pipeline that yield a much greater data efficiency (described in
Lunde et al., 2024), COMAP Season 2 has seven times more effective integration
time than the ES dataset, giving a per-voxel root-mean-square noise (RMS) in the
final maps of 25-50 uK (Lunde et al.,|[2024; Stutzer et al., 2024).

The COMAP time-ordered data (TOD) were processed from raw detector readout
into calibrated time-domain data in brightness temperature units feed-by-feed, using
a series of filters designed to reduce correlated noise and systematic errors. The
COMAP calibration uncertainty is < 2%, and we treated it as negligible here. The
raw TOD were then binned into maps with 2’ X2’ spatial pixels (spaxels) and spectral
channels with width 31.25 MHz using a simple nearest-neighbor mapmaker, as the
filtered data were found to have negligible correlated noise. A map-domain PCA
filter was used to remove lingering systematic effects. These steps are explained in
full in Lunde et al.,| 2024, Each of these steps has the potential to remove signal as
well as noise; we account for signal removed in the pipeline steps in §4.5] The end
results of the COMAP pipeline are maps that are consistent with white (Gaussian)

noise.

Finally, because COMAP is an experiment that scans across the sky to cover its
fields, the RMS noise varies considerably across each COMAP field. The outer
low-significance regions of the map contribute almost no sensitivity to the stack.
We thus removed them for efficiency, and to reduce the chance of incorporating
untreated systematic errors from these low-significance regions into the stack. In
addition to the map-level cuts used by our autocorrelation pipeline (Lunde et al.,
2024} Stutzer et al., 2024), we mask all voxels that exceed eight times the mean
RMS of the 100 highest-significance voxels. We also clean out irregular regions of
higher-significance voxels around the outskirts of the map (including some voxels
that are totally surrounded by masked voxels). We masked all voxels which had

fewer than four of their eight-connected neighbors unmasked. These added cuts
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masked 12.5% more voxels than the autocorrelation masking strategy across the
three COMAP fields, but increased the stack uncertainty by only 2%.
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Figure 4.1: Spatial distribution of the eBOSS/DESI quasars compared to the foot-
print of the COMAP data. The COMAP footprint is colored by the RMS in each
voxel, averaged across all spectral channels, and the quasars are colored by their
redshift.
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Figure 4.2: Redshift distribution of the eBOSS and DESI quasars included in the
stack catalog.

eBOSS and DESI

We performed the stack on a combined catalog of objects from the two largest
spectroscopic quasar surveys available in the COMAP fields, eBOSS (part of the
Sloan Digital Sky Survey, SDSS; Dawson et al.,|[2013; Ahumada et al.,|[2020; Lyke
et al.,[2020) and DESI (DESI Collaboration et al., 2025al). Quasars are ideal targets
for a stacking analysis, as they trace high-mass DM halos which are very highly
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clustered. This, more than any other factor, leads to a bright stack signal (Dunne
et al.,|2025)).

As we had previously performed a COMAP stacking analysis using eBOSS QSOs
(Dunne et al., [2024), and the first season of COMAP data, we refer to that work for
the details of the eBOSS catalog reduction. We took DESI data from their first data
release (DR1; DESI Collaboration et al., 2025a). DESI is still ongoing; there will
be more objects in the COMAP fields in the future as the survey continues. The
DESI target selection pipeline does not account for whether a QSO was previously
observed with eBOSS, so there is significant overlap between the two samples. We
treated any DESI object within 1.3 (which is the average SDSS seeing full width
at half maximum, Delubac et al.[2017)) and Az = 0.012 (which is the eBOSS+DESI
uncertainty on the redshifts, and roughly corresponds to the 1185kms™! redshift
offset we observe in quasars) of an eBOSS object as a duplicate. This is a similar
cut to that of a comparable analysis performed by the DESI team, who treated any
objects within 1” as a match (DESI Collaboration et al., 2024a). Where duplicates
were present, we used the DESI position and redshift.

Additionally, we applied a systematic velocity offset of 1185 km s~! to each QSO
in the combined eBOSS-DESI catalog. This value was determined in Dunne et
al., 2024| from comparing optically determined and CO-based redshift values for a
selection of z ~ 3 QSOs. Astrophysically, it originates from the optical spectral
lines used by eBOSS/DESI tracing bulk in- and outflows in QSOs, whereas the CO
emission traces dense gas at the center of the galaxy. We note that varying the
magnitude of this offset does not meaningfully affect our results. This effect also
results in a large (~ 1660 km s~! or several COMAP spectral channels) scatter in
redshift offsets, which we address in

Between the two surveys, there are 231 QSOs in the COMAP footprint. Of these,
95 are in eBOSS alone, and 136 are either in DESI or in both surveys. The angular
distribution of the galaxies across the COMAP fields is shown in Figure §.1] and
their redshift distribution in Figure We note that there are fewer QSOs in this
analysis than the 243 eBOSS QSOs used for COMAP stacking in Dunne et al., 2024,
even after the additional DESI objects are included. This is because the ES maps
did not incorporate the same RMS cuts, and thus covered areas on the sky that in
practice added no sensitivity. The median redshift of the quasars included in this

sample is 2.62.
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4.4 Simulations

We generated a suite of simulated LIM data cubes and associated galaxy catalogs
for comparison with the real COMAP and quasar data. These were generated using
the joint_1 imlam_mockerﬂ code described in Dunne et al.,[2025] based on peak-
patch DM halo simulations (Bond and Myers, |1996; Stein et al., [2019). We refer
the reader to Dunne et al., 2025/ for the methodology behind this simulation code.
The suite of simulation parameters in Dunne et al., 2025|was designed to emulate a
stack of COMAP data on the positions of Lyman-« emitters from the Hobby-Eberly
Telescope Dark Energy Experiment (HETDEX; Hill et al., 2024; Hill et al., 2021).
In the modeling for this work, we primarily adopted the same parameters for the CO
LIM map, but altered the parameters to match the quasar catalog. We additionally
tested a suite of models for CO luminosity as a function of halo mass, L(M). For

all other parameters, we defaulted to those used in Dunne et al., 2025|

CO modeling

We defaulted to the COMAP fiducial (UM+COLDz+COPSS) CO model from
Chung et al., 2022, which takes the form

Léjo(Mh) _ C (4 1)
Kkms=!pc2  (Mp/M)A + (Mp/M)B '

A, B, C, and M are free parameters. Here, we adopted values determined using
priors from UnNivErRsEMAcHINE (Behroozi et al., 2019), conditioned on luminosity
function constraints from the CO Luminosity Density at High Redshift survey
(COLDz; Riechers et al.,|2019) and the power spectrum measurement from the CO
Power Spectrum Survey (COPSS; Keating et al., 2015)). The resulting parameter
values were A = —=2.85, B = —0.42, log C = 10.63, and log MM@ = 12.3. We applied
a log-normal scatter with oco = 0.42 dex. As the model space for CO at z ~ 3
remains extremely uncertain, we additionally tested several other models, which are

shown in Figure 4.3] These are

* An observationally motivated model that determines halos’ CO luminosity
through a simulated star formation rate (SFR), which is in turn generated

from their infrared luminosities Lg,

logLyg = p [log Lir — 8], 4.2)
SFR
Lr = o x 1019, 4.3)

1https ://github.com/delaneydunne/joint_limlam_mocker
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This is based on Li et al., 2016, However, we took the Keating et al., 2020
extension to this model, which uses the more up-to-date parameter values from
Kamenetzky et al., 2016/ rather than Carilli and Walter, 2013, These values
have the additional advantage of connecting the CO luminosities directly to
Lir, without the SFR intermediary. The Kamenetzky et al., 2016 parameter
values are omp = 1.0, @ = 1.27, 8 = —1.0. We used a scatter of 0.3 dex, and
took ,
Leo _ 49 10—5L. (4.4)
Lo K km s~! pc?
Hereafter we refer to this model as L16-K20.

A CO(1-0) model generated from fits to the Santa Cruz semi-analytic model
(e.g., Somerville et al., 2015]) from Yang et al., 2022, This takes a redshift-
dependent double-power-law form,

~a(2) M PO
L=2N(z)M + , 4.5
@ (Ml(Z)) (Ml(Z)) “2

with a duty cycle
1
fduty = (4.6)
Lt (M )Y(Z)
(Mz(Z)

We took values for M;(z), N(z), @(z), and B(z), as well as M;(z) and y(z)
for CO(1-0) at 1.0 < z < 4.0 from Table 1 of Yang et al., 2022l We refer to
this model as Y22.

An observationally driven model abundance-matched onto a collection of
z = 3 CO observations by Padmanabhan, 2018. This is another redshift-

dependent double-power-law model,

2N (z) My

( My )—b(z)+( My )y(z)’
M (z) M (2)

with M| (z), N(z), b(z), and y(z) each given by Equation 24 of Padmanabhan,
2018, We also adopted the Padmanabhan, 2018|duty cycle factor fyuy = 0.1.
We refer to this model as P18.

Lco(My, z) = 4.7)

The flat+COLDz model from C22. This follows the same double power law
functional form as the fiducial model above, but is conditioned on luminosity
function constraints from the COLDz blind CO galaxy survey (Riechers et al.,

2019) alone, with an otherwise flat prior. The coefficients that result are
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A=-37,B=7.0,logC =11.1, and log MM@ = 12.5, and it has a lognormal
scatter of 0.36 dex. We refer to this model as C22, flat+COLDz.
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Figure 4.3: Models for CO luminosity as a function of halo mass used to generate
simulated stacks. We defaulted to the C22 fiducial model.

Overall, the COMAP fiducial model is brightest for high-mass halos (M}, > 10'> M),
and the L.16-K20 model for most other halo masses. The Y22 model is the faintest

on average.

Quasar modeling

Because of the resolution of COMAP, the stack integrates over so many DM halos
(roughly 250 over 18 X 18 X 9 cMpc) that the host galaxies of the actual quasars
included in the catalog provide only minor contributions to the total stack luminosity
(Dunne et al., 2025). Conversely, this means that the stack is extremely sensitive
to the number and CO luminosity of DM halos in the vicinity of the quasars. A
successful mock catalog, then, will recover the relationship between the (observed)
quasars and the underlying large-scale structure (LSS), with the CO properties of

the quasars themselves only a secondary effect.

As the quasar luminosity function (QLF) has considerably more observational back-
ing from large surveys z ~ 3 than the CO models (e.g., Ahumada et al., 2020;
Palanque-Delabrouille et al., 2016), we followed Dunne et al., 2025|in generating
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Figure 4.4: Models for quasar luminosity used to generate simulated catalogs,
created from abundance-matching onto observed luminosity functions. The top
panel shows the PAU model from (Torralba-Torregrosa et al.,2024) and the bottom
panel shows the Palanque-Delabrouille et al., 2016 We defaulted to the Torralba-
Torregrosa et al., 2024, model.

modeled quasar luminosities by abundance-matching onto observed QLFs. We
show the parametrizations of the QLF we use in this work in Figure[4.4] The default
model we used is based on a Lya luminosity function generated from quasars in
the Physics of the Accelerating Universe survey (PAU; Torralba-Torregrosa et al.,
2024)), and follows a Schechter, [1976|form,
* a

We took the lowest-redshift bin, which is centered slightly above the z = 2.62
median redshift of our combined eBOSS-DESI catalog, yielding log (L*/erg s_l) =
44.89, log (¢*/Mpc™3) = —6.48, and @ = —1.44. Through propagating forward the
uncertainty on these best-fit values, we found an average scatter at the high-mass
end (Mpa1o > 5 x 1012 M) of ogso = 0.39 dex. We took the limiting luminosity

Loy = 10% erg s~ (Torralba-Torregrosa et al., [2024)).

Additionally, we tested the QLF from Palanque-Delabrouille et al., 2016, generated

from eBOSS and used for target selection for DESI. The luminosities treated in this
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work are absolute g-band magnitudes, normalized to z = 2. The luminosity function
follows a double power law form,

o
00-4(a+1)(Mg—My) 4 100-4(B+1)(Mg—My)

with several redshift-dependent modifications modulating ®*, M, and a. We

D(M,,z) = n (4.9)

followed these modifications, using the luminosity and density evolution (LEDE)

functional form that the authors suggest for z > 2.2. These modifications are

log [®"(2)] = log [@*(zp)] + c1a(z — 2p) + c15(z — 2p), (4.10)
My (z) = M, (zp) + c2(z — zp), (4.11)

and
a(2) = a(zp) + c3(z = zp). 4.12)

In this high-redshift limit, there are eight fitted parameters (M; (zp), ®*(zp), @, B,
Clas C1b, C2, and c3). We took the best-fit values for each from Table 4 of Palanque-
Delabrouille et al., 2016. We calculated the luminosity function at z = 2.62 (the
median redshift of the combined eBOSS-DESI catalog), and used this across the
entire COMAP redshift range. We determined the log-normal scatter in this relation
from the uncertainty on the best-fit parameters, propagating them into the L(M)
relation and taking the median scatter at the high-mass end (Mpyo > 5 X 102 Mp).
This yields a scatter of 0.11 dex.

The actual magnitude limits of the DESI quasar catalog are defined in the » band.
We used the Chaussidon et al., 2023 definition of a (relative) magnitude limit of
r = 23.0, and corrected this to the g band using the BOSS composite spectrum of
Harris et al., 2016, which provides a g — r value of 0.08 at our median redshift of
2.62. The correction stays below g —r = (0.2 over our entire redshift range. We thus

defined a relative magnitude limit of g < 23.08 for this model.

In both cases, once quasar luminosities were assigned to DM halos, we generated a
mock catalog in two steps. First, we removed from the mock catalog all objects with
luminosities (or magnitudes) below the cut-off established for each model. These
are objects which would not be observable due to sensitivity limits. We then selected
the goal number of objects (Nop;) randomly from the remaining simulated quasars,
weighting linearly by the quasar luminosity. Each model has its own simulated
sensitivity limit, relationship between quasar luminosity and DM halo mass, and
scatter in that relationship. Because of these differences, the average mass of the
halos selected to be included in the mock catalog varies between models, and thus

the degree of clustering of other DM halos around the cataloged objects also varies.
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4.5 Stacking methodology

The stack is a coaddition of the COMAP data at the position of each quasar. To
accomplish this we primarily followed the methodology established in Dunne et al.,
2024, and we refer the reader to that work for the full details. Here, we briefly
summarize the methodology and describe the modifications we made to account for

pipeline signal loss.

Coaddition
We first converted the three-dimensional COMAP maps for each field from bright-

ness temperature (7p) units into CO line luminosity values (L’CO) following Solomon
et al.,|1997,

Leo = C—2 (SAv) D—]Z“ (4.13)
2kp V2 (1+2)%
where )
(SAv) = %QVOXAV. (4.14)

Here (SAv) is the integrated CO line flux in the voxel, Dy is the luminosity distance
of the catalog object, vops is the observed frequency and z is the redshift. The
parameter Q. refers to the solid angle of the sky subtended by the voxel. We then
extracted from the COMAP data cubes a 3D ‘cubelet’ centered around the spatial
position and observed CO(1-0) frequency of each catalog object. This centering
is performed only at the level of the COMAP voxel. We explore more advanced
sub-voxel centering in Mansfield et al.,|2025. The cutout cubelets were 31 X 31 X 81
voxels (62’ x62'x2.53 GHz, or 113 cMpcx 113 cMpcx337 cMpc), with the catalog
object itself located within the central voxel of the cubelet. For context, the full
COMAP cubes are 120 x 120 x 256 voxels. The cubelets were purposefully much
larger than the expected extent of the stack signal in order to account for larger-scale

structure.

Finally, we combined the COMAP data cubelets associated with each catalog object
voxel-by-voxel, weighting by the voxel RMS using an inverse-variance scheme to
account for the inhomogeneous noise response across the COMAP data cubes.
We did this separately for each field. We thus obtained a single stacked cubelet,
containing the average three-dimensional profile of the CO emission surrounding
the cataloged objects, for each field. We refer to this average cubelet as s. For
presentation purposes, we summed the averaged cubelet across its central 5 X 5
spatial voxels or 3 spectral voxels to generate 1D spectra or 2D images, respectively.

These are shown in Figure 4.6
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Extraction of line luminosity

The goal output value of the stack is the average CO luminosity of the quasars in
the eBOSS/DESI catalog and their surroundings over some given cosmic volume,
(Lig?- In Dunne et al., 2024, we obtained this value by integrating the stacked
cubelet data s over a central aperture 3 X 3 spatial pixels and seven spectral channels
wide. However, the COMAP data reduction pipeline, intended to take the data
from raw TOD to a map free of systematic errors, will act on the signal as well
as the noise, and modify both the absolute magnitude and 3D distribution of the
input ground-truth signal. In order to account for this, we changed the methodology
by which we extract the (L) from the stacked datacube. We determined (L)
by scaling a 3D model r, containing our best approximation of the predicted stack
signal, by an amplitude « fit to the real stacked data s. We then integrated over the
scaled model to yield (L(). We did this separately for each field, as the different
on-sky locations of the fields meant that the pipeline normalization filter, which
applies to the TOD, has a different behavior in RA and Dec for each field.

Extraction methodology

We extracted the signal in four steps, performing each step individually for each
COMAP field. Firstly, we generated a 3D model of the signal to be stacked using
simulations generated with joint_limlam_mocker. Then, we processed the raw
simulated signal r by the COMAP analysis pipeline, to ensure the effects of the
filters on the real data are accounted for in the model, by injecting the simulated
signal into subsets of the COMAP TOD and passing these injection simulations
through the pipeline. We generated stacks of the simulated signal, both before and
after processing by the pipeline. We refer to the resulting unprocessed model as
r and the pipeline-processed model as t (these are discussed in more detail below
in §4.5] and shown in Figure 4.5)). Thirdly, we used the processed template t as a
matched filter, and determined the amplitude a that would scale it to the real stacked
datacube s,

a=(tTt)'tTs. (4.15)

We then determined the input stacked signal best-explained by the actual data by
multiplying a into the original, unprocessed stack model r. This step also corrected

for signal loss incurred by the pipeline filters. In the final step, we calculated the
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corrected output stack luminosity (L(,) by integrating over the scaled template

signal ar in three dimensions,

+1 +2

(Leo) = a Z Z Fi,jks (4.16)

k=—11i,j=—
where r is the voxel of the model cube r indexed by i and j in the two spatial
dimensions and k in the spectral (r is in units of line luminosity, so the area and
spectral width of each voxel are accounted for). In this work, we integrated over the
central 5 X 5 spaxels (in contrast to the 3 X 3 used in Dunne et al. 2024) because the
actual stack signal is dominated by cosmological clustering and is thus considerably
more broadened than a point source. Additionally, we summed over 3 spectral
channels, rather than 7, and accounted for signal spread out of this central aperture

due to uncertainties on the systematic redshifts of the quasars using a scaling factor
fvr (see 7).

This is a simplified version of the full adaptive matched filtering analysis that
we present in Mansfield et al., 2025, There are two advantages to this strategy:
extracting (L) using a template weights most heavily the voxels which contain
the most signal, and it enables us to efficiently account for signal loss due to the
analysis pipeline. Finally, this methodology does introduce a model-dependence to
the output (L(). We describe how we accounted for this in

Template generation

In order to perform the matched filtering correctly, we needed to use as accurate an
estimation of the raw signal output from the COMAP stack as possible. Thus, the
templates for each field needed to incorporate any modification of the signal incurred
during signal processing. To generate an accurate template t, we thus applied the
pipeline filters to the simulated signal. We did this by injecting simulated signal
into a subset of the raw COMAP TOD, and passing it through the full pipeline and
mapmaker. Because we are not detecting CO signal in either autocorrelation or this
stacking analysis, and because the simulated halo distribution will not line up with
the real one in any case, the raw data functioned as noise (we verify this in Appendix
M.TT). Using signal injected into raw data allowed us to estimate signal loss using the
actual COMAP noise distribution, thus including its angular and frequency shape

and any low-level systematics.

We created 100 different realizations of a simulated CO fluctuation cube and asso-

ciated QSO catalog using the joint_limlam_mocker code and default parameters
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described in §4.4] We used 50 different peak-patch realizations, generating luminos-
ity values using two different random seeds for each (for a total of 100 realizations).
This is increased from the ten unique realizations used by Lunde et al., 2024/ for
the autocorrelation analysis, in order to account more thoroughly for the effects
of cosmic variance (see §4.7). We then injected each simulation realization into
an unique subset of the full TOD (using a hundredth of the total data volume) for
COMAP Fields 1 and 2, boosting the injected signal by a factor of 50. This boost
had to be chosen carefully; we required a high-significance template for effective
scaling, but the signal still needed to be small enough to not cause non-linearities in
any of the pipeline steps. We discuss our choice of boost in more detail in Appendix
M.T1] Each of the 100 TOD subsets with injected signal was passed through the full
COMAP analysis pipeline and mapmaker, resulting in 100 independent mock LIM
cubes for each field, each with accurate on-sky footprints and filtering.

For each field of each injected realization, we then performed a mock stack. For
efficiency, we used the template generated for Field 2 for both Field 2 and Field 3,
as both fields traverse the sky in a similar fashion, making their scan pattern almost
identical in Equatorial coordinates. This produces very similar pipeline effects, and
they are thus expected to have very similar templates. We reproduced the quasar
density in the real COMAP-eBOSS/DESI stack by stacking on the same number of
mock quasars as are present in each real field (the injections recover the same hit
patterns as the real COMAP fields, so the cosmic volumes covered by each field
were also accurate). We rounded the number of quasars in Fields 2 and 3 to 50
(From 53 and 47). We simulated the uncertainty in the quasar systemic redshifts
by offsetting the spectral position of each mock quasar by a random value pulled
from a normal distribution with standard deviation o, = 1660 km s~! (. This
resulted in a 3D stacked cubelet for each realization. The 131-object Field 1 stacks
with a 50x signal boost had S/N values of 6 on average in the central voxels, and
the 50-object stacks for Field 2 and 3 had S/N values of 4, calculated using the
map-level RMS noise propagated from the TOD. Finally, we averaged together the
stacked cubelets for each of the 100 different realizations, voxel-by-voxel, using
inverse-variance weighting. The resulting averaged cubelet is our template t, shown
in Figure .5 When averaged over 100 iterations, the S/N of the central voxel of the
template rises to 67 for Field 1 and 49 for Fields 2 and 3.
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Figure 4.5: Averaged simulated stacks used to account for pipeline signal loss in
the stack, shown here for COMAP Field 1 above and Field 2 (which is also used
for Field 3) below. We show the stacked spectra on the left (averaging across the
central 5 X 5 spaxels for presentation purposes) and the stacked images (averaging
across the central three spectral channels for presentation purposes) on the right.
The apertures over which we sum are shown in black. The spatial and spectral
effects of the COMAP analysis pipeline, and the different effects for each field, are
visible.

Variance

While it is possible to determine the uncertainties in each stack from propagating
through the RMS noise from the TOD, this methodology does not capture any
potential residual correlated noise in the maps, or any of the noise processing by
the filters in the pipeline. Thus, in order to robustly calculate the variance in
the output stacks, we bootstrapped stacks on randomized catalogs and measured
the distribution of their measured line luminosity values. We randomized the
catalogs using the same method as was used in Dunne et al., 2024, offsetting the
coordinates of each object in the stack catalog by some value (between one and ten
spaxels in the angular directions, and between one and ten channels in the spectral
direction. This works well for the eBOSS/DESI catalogs, as both are fairly spatially
homogeneous. We ran the stack 10,000 times, each time using a different random
catalog realization generated using this method. We calculated (L) from the
resulting stacked cubelets using the methodology outlined in §4.5| We then fit a
Gaussian distribution to the output (L) values and took the standard deviation of

this Gaussian to be the uncertainty on the stack. This was done separately for each
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field, because both the average RMS noise and the number of quasars included in

the stack varies between fields.

As demonstrated in Chen et al., 2025, this bootstrapped strategy only accounts for
variance due to instrumental noise (both correlated and uncorrelated), and does not
account for sample variance, which also affects the stack considerably. However,
sample variance only applies to actual signal, and in this work we achieve only an
upper limit, so the sample variance does not affect the limit directly. Instead, we
counted sample variance as an uncertainty on results output from our modeling; we
discuss this in §4.7

4.6 Results

We show the final COMAP-eBOSS/DESI stacks for each field in Figure 4.6 not-
ing that the extended 2D image and 1D spectrum representations of the stack are
uncorrected for any pipeline signal loss effects. We calculated the scale factor a
for each field, using its respective template t, finding a = [0.406, 0.026, 0.027] for
Fields [1,2,3], respectively. The scaled templates at are also shown in Figure [4.6|
We then determined (L) for each field using its respective model r, finding
(Lio) = [8.44,0.56,0.59] x 10'° K km s~! pc? for Fields [1,2,3].

We calculated the variance for each field using bootstrapping, as described in §4.5]
We combined the values extracted for each field using inverse-variance weight-
ing, using the outputs from the bootstraps in each field to determine the vari-
ances. We found an overall output stack luminosity for the COMAP-eBOSS/DESI
stack of (L{,y) = 4.15 x 10" K km s pc?, with an uncertainty oz, y = 2.94 x
10'% K km s~! pc?. The stack therefore has a significance of 1.41c, and is a non-
detection. The 20~ (95%) upper limit is (L) < 10.0 x 10’ Kkm ™! pc?. A
histogram showing the bootstrapped overall output luminosity values is shown in
Figure[4.7] along with fits to a Gaussian distribution. Averaging the scale factors for
each field together using the same inverse-variance weighting, we found an overall
scale factor for the stack of a = 0.20. Physically, this means that the scaling of the
fiducial model that best explains the data has a fifth of the overall luminosity of our

fiducial model.

4.7 Comparison to models
To put this upper limit value into context, we compared it directly to models for
CO emission stacked on QSO positions at z ~ 3. While these models innately

include many factors which could affect the output signal (such as astrophysical
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Figure 4.6: Stacked spectra (left) and 2D images (right) for COMAP data in each
of the three COMAP fields at the positions of the eBOSS/DESI QSOs. The per
channel RMS values are shown as grey shaded regions in the stacked spectrum,
and the scaled template at is overlaid. The stack is not corrected for any pipeline
signal-loss effects, and the templates have the same signal loss present.
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line broadening of CO, instrumental beam smearing, and the relationship to the
LSS of both the CO emission and the QSOs), there remain several experimental
and modeling factors that could serve to either attenuate the stacked signal or add
variance, and thus must be accounted for when comparing the real stack luminosity
to modeled versions. These are in addition to signal loss from the COMAP analysis
pipeline, which is accounted for when extracting (L,). We discuss these factors

below. The effects of each on the simulated signal are shown in Figure 4.9]

Modelled luminosity values

We tested the five CO models and two QLF models listed in In each case, we
determined the modeled (L) by averaging 50 simulated stack realizations. Each
simulated stack consisted of three independent mock COMAP fields (simulated
using one of 25 peak-patch realizations each with two random seeds for determining
luminosity values), each with the real COMAP hit pattern and masking for that
field. Unlike the injection simulations presented in §4.5] we did not pass these
mock maps through the COMAP pipeline, instead keeping them as the true CO
distribution unadulterated by the pipeline filters (i.e., as rmogel cubes). In each field,
we generated a mock catalog cut to the same number of objects as that field in the
real stack (Nobj = 131, 53, and 47 for Fields 1, 2, and 3), and stacked over that
catalog. This is because quasars tend to occupy more massive DM halos in a region,
which are rare (e.g., Richardson et al.,|2012; Hopkins et al., [2008; Chowdhary and
Chatterjee, 2025). If either the cosmic volume covered by the LIM experiment or
the number of cataloged objects is much altered, the mock halo selection will go
farther into the lower-mass end than is realistic, affecting the output values, despite
the somewhat randomized selection process described in The (L(,) values
for each model are listed in Table 4.1} both before any corrections for experimental
sources of signal attenuation and with uncertainties from raw sample variance (§4.7),

and after the corrections are made. The uncorrected spectra are shown in Figure[4.§]

Sources of signal attenuation
As we have no signal to compare to in the data themselves, we applied any factor that
could attenuate signal directly to the models. In each case, we treated the attenuation

as a simple multiplicative factor f. The effects are shown on our fiducial CO model
in Figures 4.9
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Table 4.1: Stack (L) values for each of the CO and galaxy catalog models tested.
Top: Values are shown before correcting for any attenuation due to experimental
parameters, with uncertainties from raw sample variances. Bottom: Values are
shown after applying all corrections to both the signal and the variance.

Model TT24* (L;,,)  PDI16" (L{,,)
(Kkms™!'pc?) (Kkms™! pc?)
%1010 %1010

Before corrections
Fiducial® 26.87 +2.43 22.32 +1.88
L16-K20 30.53 £2.23 26.36 + 1.70

Y22 15.83 +1.17 13.45+ 091
flat+COLDz® 14.86+1.14 13.25+1.17
P18 12.34 + 0.97 10.38 £ 0.77

After corrections
Fiducial® 21.19 £2.15 17.55+1.71
L16-K20 24.36 + 2.25 20.81 + 1.64

Y22 12.59 £ 1.15 10.61 £ 0.86
flat+ COLDz®  11.79 = 1.06 10.49 £ 1.09
P18 9.79 £ 0.91 8.17+£0.69

4The quasar model from Torralba-Torregrosa et al., 2024,
The quasar model from Palanque-Delabrouille et al., 2016,
“From C22.

Table 4.2: Experimental sources of signal attenuation and variance, and their
contribution to the stack.

Description Factor Value
Signal attenuation
Pointing uncertainties fro  1.05
Redshift uncertainties S 1.21
Variance

Model-dependence dvp 1.07
LIM interloper emission dir 1.04
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Pointing uncertainty

There is a known issue with pointing in the COMAP Pathfinder telescope leading
to systematic offsets between real and assumed source locations. Using a series of
bright radio calibrators (including Taurus A, Cassiopeia A, and Cygnus A), these
offsets were determined to be systematically < 1’ in both the azimuthal (az) and
elevation (el) directions, with an additional scatter of < 1’. The az and el offsets
are dependent on the absolute az-el being observed. For Field 1 (which is at 0°
declination), this translates to slight (sub-arcmin) offset in RA and Dec, with ~ 0.8’
scatter. For the other two fields, which are at higher declination, offsets occur in
different directions when the fields are rising and setting, spreading the RA-Dec
scatter along the RA axis. In each case, any systematic offset and the majority of
the scatter is contained within a single COMAP spaxel. We verified this by stacking
on radio continuum sources which appear in continuum-leakage maps (Appendix
4.12)), finding no systematic offset in the continuum sources and very little additional

spread in the signal.

This effect can be ignored in the COMAP autocorrelation, but the stack is predicated
on the ability to center the LIM signal on regions of sky containing catalog objects,
and thus will be attenuated by any imprecision in the instrumental pointing. We
determined the magnitude of this attenuation by convolving kernels modeling the
RA-Dec pointing scatter described above into the maps for each field, noting that
these are upper limits on the magnitude of the pointing errors. We found that the
effect is indeed negligible. Signal is attenuated by a factor of 1.04 in Field 1 and by
a factor of 1.07 in Fields 2 and 3, using these upper limit values. Combining these
factors weighted by the number of objects in each field yields an overall attenuation
of 1.05.

Catalogue redshift uncertainty

Redshift uncertainty in the galaxy catalog can attenuate the stacked signal by spread-
ing luminosity outside of the central aperture where signal is expected (Dunne et al.,
2025). We adopted the magnitude of the scatter calculated in Dunne et al., 2024:
a redshift uncertainty of 1669 km s~! (in addition to a systematic offset, which is
accounted for above). We treated the redshift uncertainty directly for each model,
by repeating the stack described above (§4.7), offsetting the velocity of each catalog
offset by a value randomly drawn from a Gaussian distribution with zero mean and

standard deviation equivalent to the redshift uncertainty. The signal is attenuated on
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average across models by fy; = 1.21. Instead of simply dividing the (L) output
from each model by this value when accounting for redshift uncertainty, we used

the actual (L.,) value from the stack with the introduced redshift scatter.

Error budget

Certain experimental and modeling parameters serve not to attenuate potential signal
directly, but instead to increase the uncertainty on either the data (beyond the
instrumental noise calculated using bootstraps in §4.6) or model values. Again, we

treated each of these as multiplicative factors, labelling them as d.

Model dependence
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Figure 4.8: Spectra for each CO model choice, shown for a quasar catalog generated
using the Lya-based Torralba-Torregrosa et al., 2024 model (top) and the eBOSS
g-band luminosity function Palanque-Delabrouille et al., 2016 (bottom). Spectra
are shown before correcting for any of the attenuation factors discussed in §4.7

Our method of signal extraction makes one key assumption: that the spatial and
spectral profile of the real stacked signal matches that of the model. The stack is not
a point source, and the shape can vary significantly with the CO and quasar model
assumed. In Dunne et al., 2025 we found that the stack profile is fairly well-fit
by a double-Gaussian model in the spatial axes, and that the width of each can
change by 5 — 10% with the CO model used, and much more with galaxy catalogs
targeting different galaxy types (up to 30% between a z ~ 3 LAE model anda z ~ 3
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quasar model, although there would be considerably less variation between the fairly
well-characterized quasar models explored here). It is thus critical to know how the

output stack luminosity changes with the adopted model.

The injection simulations are computationally expensive, prohibiting us from de-
termining a template t for each CO model and applying it directly to the real data.
Instead, we tested for model-dependence by scaling the pre-pipeline stack on the
fiducial model rgq to the pre-pipeline model stack for each other model ryoge1, and
then extracting the (L) from the scaled fiducial model amogeirfia- The output
model (L) values calculated using this method differed by at most 6.9%, with
the C22 (flat+COLDz) model the most different. We account for this effect as a
multiplicative factor dyp = 1.069 applied directly to the uncertainty on the data

value.

Sample variance

In addition to the variance from noise in the COMAP data, which is determinable
through bootstrapping and is driving the level of the upper limit we report in §4.6
there is in an inherent variance in the level of the expected signal in our models.
This arises from several sources, including basic cosmic variance, scatter in the CO
brightnesses of DM halos, and scatter in the number and mass of DM halos in the
vicinity of objects included in galaxy catalogs. This is the difference between the
shuffled covariance and true mock covariance discussed by Chen et al., 2025, This
variance applies directly to the luminosity of the signal itself, and thus is impossible
to account for in our stack value, which detects no luminosity. However, it does
apply to the luminosity values returned from our modeling, and will bring down the

significance of any discrepancy between the models and our upper limit.

To characterize sample variance for each of the models we test, we calculated the
mean absolute deviation (MAD) between the stack (L(,) value returned from each
of 50 independent simulation realizations. The sample variance is sensitive to the
amount of cosmic volume probed by the LIM cubes, another reason for our recreation
of the exact volume probed by the stack for each simulation realization (including
the masking and hit patterns of the actual COMAP data). Regions with fewer hits
are downweighted and contribute less to the overall stack luminosity, effectively
decreasing the cosmic volume probed by the stack. The final variances are listed as

the uncertainties on each model luminosity in Tabled.1] In this particular stacking
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configuration, these uncertainty values are of similar magnitude to those from the
random noise in the COMAP stack data.

LIM interloper emission

While z ~ 3 CO(1-0) emission s fairly isolated in the COMAP bandwidth, interloper
spectral line emission from higher- or lower-redshift ensembles of galaxies can
still disrupt the CO signal. In the case of COMAP, this interloper emission will
come primarily from z ~ 8 galaxies emitting in CO(2-1). The exact degree of
contamination from this emission is unknown (because CO at high redshifts is
largely unconstrained), but it is estimated to be roughly 30% of the luminosity of the
z ~ 3 CO(1-0) in map space (Chung et al.,|[2024a)). The interloper contamination
is heavily dependent on the number of objects being stacked. We found a roughly
20% scatter from a 10% interloper (on a stack on an LAE catalog) in a 100-object
stack in Dunne et al., 2025, We thus repeated this analysis of Dunne et al., 2025
using the exact quasar parameters: we performed 99 simulation realizations with
a mock galaxy catalog generated using the Torralba-Torregrosa et al., 2024 QLF
model and 10% LIM interloper contamination, taking 231-object stacks on each.
We found that the LIM interloper contamination should add 3.8% scatter. This
number is considerably less than the scatter from comparable 100-object stacks in
Dunne et al.,[2025], due to a combination of the brighter signal from the quasar stack

and the smaller aperture being summed over. We thus took drj = 1.038.

4.8 Interpretations

In this work, we present stacks of CO emission from COMAP on the positions
of quasars from eBOSS and DESI. The stack is a biased tracer of the overall CO
luminosity, probing (in this case) the average CO luminosity of an 18 X 18 X9 cMpc
region around surveyed quasars. We do not detect any cosmic CO in the stack,
and the upper limit we place on the stacked signal falls below the modeled stack
luminosity for simulations incorporating several different CO and quasar models.
We have attempted a comprehensive census of possible sources of signal loss and
uncertainty (Figure [4.9), which brings the modeled luminosity values closer to the
limit placed by the COMAP-eBOSS/DESI stack, but still leaves a 3.30- disagreement
between the two using our fiducial modeling parameters (the UM+COLDz+COPSS
model from Chung et al. 2022 and the Torralba-Torregrosa et al., 2024/ quasar
model). We show the disagreement as a simple S/N for this model and our suite of



137

30 1
Data

T Summed aperture
T Matched extraction
259+ model dependence

Models
Unattenuated
204 T + velocity attenuation
T + pointing attenuation

T + LiMinterlopers
15 1

10

(L'co) (Kkm s™1 pc?; x 1019)

Data Fiducial Model

Figure 4.9: Factors attenuating signal or increasing variance, shown for the upper
limit from the COMAP-eBOSS/DESI stack and the fiducial model from C22. The
corrections applied to the other models are qualitatively similar. The shaded region
indicates the 20~ upper limit from the data alone. The various corrections are
outlined in §4.7

other models in Figure .10 Stacks on the L16-K20 CO model are discrepant with

our upper limit to > 30 for both choices of quasar luminosity function.
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upper limit for various models of CO emission, including all potential sources of
uncertainty and signal attenuation listed in

Because the stack is not a straightforward tracer of cosmic CO emission, interpre-
tation of this result is somewhat complicated. The stack does not directly probe the
average CO emission in the universe as a whole. It also does not directly probe the
average CO emission from the galaxies hosting the quasars. In general the contri-
bution of the objects surrounding the cataloged objects to the stacked luminosity
is far greater than the stacked luminosity of the objects themselves (Dunne et al.,
2025). For higher-mass DM halos such as those containing quasars this difference
is not as marked as it is for lower-mass halos (roughly a factor of 6 for our fiducial
modeling), but the host galaxies are still a minor factor. For the purposes of discus-
sion, we also assume that all experimental considerations affecting (L) have been
accounted for in §4.7] although there is always a possibility that our result could
be indicative of an unaccounted-for experimental systematic error. We break the
remaining potential interpretations into three categories: those affecting the cosmo-
logical clustering around the quasars, environmentally dependent baryonic physics
that are not accounted for in the simplistic modeling we use, and fainter average CO

emission.
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Clustering of halos

Because the stack luminosity is dominated by clustering effects, it is extremely
sensitive to the number and mass (which translates nearly directly to luminosity
in our models) of the DM halos neighboring those containing the quasars. In our
modeling, this effect is treated through a combination of the QLF, onto which we
abundance-match our simulated halos, and the observational cuts (in particular the
cutoff luminosity L; ) used to generate the actual mock catalog being stacked upon.
With our default parameter choices, we find roughly 250 DM halos fall into the stack
aperture, in addition to the actual quasar host. The QLF is fairly well-characterized
(e.g., Shen et al., |2020; Chaussidon et al., |2023), and statistics other than the
QLF have also shown quasars to be highly clustered (White et al., 2012; Timlin
et al., 2018)), so it is unlikely that our modeling is drastically incorrect. Still, small
differences in the QLF can significantly affect the modeled stack luminosity (there
is an average 18% discrepancy between the two luminosity functions we test here).
The model exclusion by our upper limit is tentative, and could vanish entirely with

different choices of quasar modeling.

Modelling errors in our determination of the quasar velocity offsets could also
change the number of halos falling into the stack aperture, by changing their systemic
velocities. While we have attempted to account for the large bulk motions of gas into
and out of quasars (§4.7), CO observations of quasars z ~ 3 are difficult to obtain,
and our determination of the scatter in the relationship between the CO and optically
measured velocities is based on only 12 objects, measured using multiple CO lines.
If the scatter is being underestimated, that would drive the modeled luminosities

down and reduce the tension between the models and the data.

Feedback and environmental effects

The models we use to compare with the stack luminosity in this work are extremely
simple. They assume a very basic galaxy-halo connection, taking only the DM mass
of the halo (and possibly its redshift) into consideration when assigning luminosities
for both the CO and the quasar tracers. Any other physics is ignored. In the context
of a discrepancy between stack and model luminosities, any ignored physics which
could result in galaxies in dense environments, or galaxies around quasars, having

decreased CO emission, could explain our results.

Such environmental dependence is plausible. Galaxy properties such as SFR are

well-known to correlate with their local density, potentially in a manner independent
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of their halo mass (e.g., Park et al., 2007; Peng et al., [2010). Traditionally, this

environmental-dependence has been thought to matter most at small scales, but
dependence on scales of 1 — 10 Mpc has been observed up to z ~ 1. (Park et al.,
2007; Wang et al., 2018). Quasars preferentially occupy dense environments; if
environmental quenching is occurring in these environments, it would bring our
modeled stack luminosities down. Additionally, quasar-specific feedback effects
such as jets (which could extend up to several megaparcsecs and have been observed
at redshifts as high as z ~ 5; Oei et al. 2024; Gloudemans et al. 2025) could quench
galaxies and disrupt CO emission around the e BOSS/DESI objects.

This sensitivity to large-scale environmental effects is an unique strength of the stack.
While there are currently multiple degenerate explanations for the discrepancy be-
tween stack models and data, these degeneracies can be broken in the future with
ancillary information. Once the CO autocorrelation power spectrum is measured,
for example, this could be used to constrain the CO luminosity directly and any re-
maining discrepancy between models and data could be explained by environmental

factors.

Average CO luminosity

The final potential explanation for the discrepancy between the data and models is
that some of the models we present for cosmic CO are simply too bright. We note
that this is counter to some tentative existing LIM-based evidence which has been
presented favouring the L16-K20 model (suggesting bright cosmic CO, Keating
et al.,2020; Chung et al.,|[2024b)).

While considerable effort has been dedicated to realistically modeling the CO lumi-
nosity of DM halos as a function of their mass, only a very narrow mass range of
halos have actually been observed in CO at z ~ 3 (e.g., Riechers et al., 2019), and
the faint end of the luminosity function has had to be largely inferred from prior
empirical models connecting halo properties to star formation and stellar mass. As a
result, the models considered here make stronger assumptions than the observations
from which they derive. Being in tension with the models thus does not necessitate

being in tension with the basic observations.

For the two CO models that are in tension with the observed COMAP stack, it

is likely true that the COMAP stack is not in tension with the observations on
which the models are based. The C22 fiducial CO model is based on the COLDz

luminosity function, which is fit to observations that are complete only to L, ~
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10K kms~! pc? at z ~ 2.5 (Pavesi et al., 2018). There remains a large uncertainty
in the faint-end slope. If this uncertainty is causing an overestimate of the luminosity
of the faint-end objects, this would lead in turn to an overestimate in the stack
flux without causing any discrepancy with the actual COLDz observations. The

Kamenetzky et al., 2016 observations, on which the L16-K20 model is based, are

’

CO(1-0)
objects in the local universe, at much later times than those being observed by

COMAP (z £ 0.1). In this model, the CO(1-0) luminosity is extrapolated from
an assumed FIR luminosity using a relationship based on these observations, so a

more complete (down to L ~ 108 Kkms~! pc?), but are also primarily of

tension between observed stack luminosity and the L16-K20 stack luminosity could
be explained by an evolution in the CO-FIR relationship with redshift. We note
that existing evidence suggests such an evolution may be mild (Genzel et al., 2010;

Greve et al., 2014), although observations at z ~ 2 — 3 are extremely lacking.

The remaining three models we consider are not formally in tension with our stack
result: Y22, C22 flat+COLDz, and P18. We note that these either assume little
contribution to the overall CO luminosity of the Universe by the faint end of the
luminosity function (Y22, C22 flat+COLDz), or invoke a duty cycle that assumes
that only a percentage of halos which could emit in CO actually are emitting (P18).

Overall, the tension that we observe between stack models and the COMAP quasar
stack could be explained by current models of CO emission over-estimating the
contribution from faint galaxies, which are extremely difficult to observe in quan-
tity with traditional galaxy survey techniques at z ~ 3. Sensitivity to these faint
objects and their abundance (or lack thereof) is a unique strength of LIM in general.
However, as enumerated above, many degenerate effects other than a fainter faint
end may also cause the stack luminosity to be fainter than expected. Each of these
would need to be further constrained by observations in order to use the stack to

draw conclusions about the faint-end CO luminosity.

4.9 Summary and conclusions

In this work we have presented an update to the COMAP-eBOSS stack of Dunne
et al., 2024, In addition to the factor of three improvement in sensitivity in the
stack that results from the increase in COMAP data since the ES data release, we
have refined the stack methodology considerably, through a template-based matched
filter. We placed a 20~ upper limit on the CO emission surrounding 231 quasars
from eBOSS and DESI of (L{,,) = 10.0 x 10" K km s™! pc?. We compared this
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to models of the stack signal, varying both the prescription for CO emission and
the QLF. We find that the COMAP-eBOSS/DESI upper limit excludes our brightest
model of CO emission stacked on quasars (L16-K20/Torralba-Torregrosa et al.,
2024) to > 30 even after accounting for experimental attenuation and variance from
factors including sample variance, pipeline and experimental signal loss, velocity
attenuation, model-dependence of the (L) extraction, and interloper emission in
the LIM data. The COMAP fiducial/Torralba-Torregrosa et al., 2024, model is also

strongly disfavoured at 3.30.

However, a wide variety of disparate quasar and galaxy properties affect the stack in
addition to the cosmic CO luminosity itself. This is because the stack is not a measure
of the true average CO luminosity of the COMAP fields, instead probing only the CO
luminosity of the regions surrounding quasars observable by eBOSS or DESI. While
we rule out models for the stack emission, which combine CO and quasar modeling,
we are thus not able to confidently rule out any model for cosmic CO emission from
the stack alone. To truly isolate the cause of the observed discrepancy between
data and models will require more detailed modeling and a much broader suite of
LIM statistics to work from, including stacks on different galaxy tracers subject
to independent environmental considerations, access to correlation data on more
spatial scales from a cross-correlation power spectrum between the LIM data and
the galaxy surveys, and ultimately a detection of cosmic CO in a full autocorrelation
power spectrum as a comparison point. With these ancillary data points, the stack

will be a powerful probe of large-scale environmental effects affecting galaxies.
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4.11 Appendix: Signal injection boost strength

We determine pipeline signal loss and extract the stack (L) using injection sim-
ulations, where we inject simulated CO LIM cubes into subsets of the full COMAP
data, boosting the injected signal as we do. As discussed in §4.5] we use a boost
strength of 50. This yields high S/N ratios in the injected signal when stacked and
averaged over 100 iterations (S/N of 49-67 in the central voxel, depending on field).
Here, we justify that this boost is also small enough not to cause non-linearities in

any of the pipeline steps, or to interact with existing signal in the data.

Ensuring that the boosted injected signal will not affect the TOD pipeline is relatively
simple. We find that the brightest voxel of the simulated emission is still roughly four
orders of magnitude below the system temperature even after boosting by a factor
of 50. The simulated TOD signal will thus be well below the noise, and the TOD
pipeline will not be affected by the injection of this signal. The other potentially
non-linear pipeline step is the PCA filter applied after map-making (Lunde et al.,
2024). The map S/N is greatly increased compared to the S/N of the TOD, so it is
possible for the signal to be in the non-linear regime of this filter even when it is
well below the noise in the TOD. Lunde et al., 2024| show how the filter behaves
with the voxel-level S/N of the maps, (SNR,ox). They find that the map-level PCA
filter behaves linearly with respect to the CO signal up to (SNRywx) = 0.02. The
boosted, signal-injected data subsets we use in this work have (SNRyqx) ~ 0.005,
so we are well within this linear regime. We also note that our best estimates for the
real signal will be well within the linear regime of this filter. The unboosted fiducial
CO model would be at a (SNRy ) = 2 x 107* in each subset of the full COMAP S2
dataset, and this rises to (SNRyox) = 0.002 after averaging the 100 subsets together.

We therefore do not expect either the signal loss analysis or the stack itself to be
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affected by pipeline nonlinearities. As an additional check that there is no signal
being removed by the map-level PCA filter, we stack on the PCA modes removed
by the filter. We find no signal.

We also note that signal-injection simulations have been shown to give inaccurate
results when there are interactions between real and injected signal (Cheng et al.,
2018). This is not an issue when the injected signal is considerably stronger than
the real signal in the data. While we do not know the actual strength of the signal
in the COMAP data, this work suggests that it is likely weaker than the L16-K20
model, and may be weaker than the COMAP fiducial model. Assuming the fiducial
model is correct, the injected signal will be on average 50x brighter than the real
signal in the data cubes. Stacking introduces an additional prior on the position of
the signal, so even if the two were of equal brightness the real signal would be at
least 9.5 fainter than the injected signal in a stack on the injection catalog. This
means that overall, the real signal must be at least 500 fainter than the injected, so

we do not expect biasing due to the injection-based simulation strategy.

4.12 Appendix: Pointing verification using continuum radio sources

We verify the COMAP pointing and the stack coordinate system by performing a
stack on known radio continuum sources from the NRAO VLA Sky Survey (NVSS;
Condon et al., [1998). The COMAP pipeline is designed to reject continuum, and
does so to a high degree of significance (Lunde et al.,[2024). However, continuum-
leakage maps can be generated by purposefully accounting for the system tempera-
ture spikes incorrectly during time-domain processing (Lunde et al., 2025). These
maps can then be averaged across the frequency axis to give continuum. While the
flux densities in these maps are extremely difficult to calibrate, the spatial distribu-
tion of any emission present is accurate. Visible in these maps are clear signatures

of the Cosmic Microwave Background, as well as several bright radio continuum
sources (Figure @.T1).

There are 22 sources from NVSS that fall within the COMAP fields. We perform a
stack on these 22 sources, using the frequency-averaged map. The resulting angular
profile is shown in Figure We find a source profile that is somewhat more
spread-out than the 4.5 Gaussian to be expected from stacking on sources exactly
centered in their spaxels and broadened only by the primary beam, but which still

fits well within 3’ x 3’. This confirms the COMAP pointing accuracy.
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Figure 4.11: Continuum-leakage maps of the three COMAP fields, with radio
continuum sources from NVSS (Condon et al.,|1998) overplotted.
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Figure 4.12: Stack of 22 NVSS radio sources on the COMAP continuum-leakage
maps. The resulting image is roughly beam-sized, indicating good pointing accu-
racy. The scale bar is shown for z = 2.62 (the median redshift of the eBOSS/DESI
sources). It corresponds to ~ 14,
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Chapter 5

COMAP PATHFINDER — SEASON 2 RESULTS V. A STACK ON
HETDEX LAES

5.1 Chapter abstract

We stack data from the line intensity mapping (LIM) experiment COMAP on the po-
sitions of 5879 Lyman-« emitting galaxies (LAEs) from the Hobby-Eberly Telescope
Dark Energy Survey (HETDEX). COMAP is targeting the global evolution of the
molecular gas fuel for star formation in galaxies 2.4 < z < 3.4 through measurements
of the CO(1-0) rotational line. We find a non-detection of CO emission in the LAE
stack to the level of 1.507, yielding an upper limit of (L{,) < 2.5% 10K kms~! pc?
over an aperture of 18 X 18 x 9 cMpc centered on the HETDEX LAEs. We find
that this limit is in mild to moderate tension with models of CO emission stacked
on z ~ 3 LAEs. In particular, we find a > 30 discrepancy between our fiducial
CO model and the COMAP-HETDEX upper limit irrespective of the luminosity
function chosen to represent the modeled LAEs. While the average CO luminosity
of the Universe is degenerate with the clustering properties of the LAEs in the
stack, these clustering properties are well-measured z ~ 3, and we propose that the

tension between models and observations is tentative evidence against the brighter
CO models tested.

5.2 Introduction

It has been well-established that the Universe’s global star formation rate (SFR)
peaks at z ~ 2 (Madau and Dickinson, 2014). What remains a mystery, however, are
the mechanisms by which the star-forming molecular gas assembles in galaxies in
order to enable this peak. Molecular gas (typically traced by rest-frame millimetre
or sub-millimetre transitions such as those of carbon monoxide, CO) is not well-
observed above z ~ 2. Existing galaxy surveys (Pavesi et al., 2018}, Aravena et al.,
2019; Lenki¢ et al., [2020, e.g.) are limited at the faint end by completeness and at
the bright end by observing area.

Complementing these galaxy surveys is a growing observational technique known as
line intensity mapping (LIM). In this technique, the galaxy population is measured as
a 3D fluctuation field traced by a specific spectral line rather than a catalog of discrete
objects (see Chang and Lidz 2026/ for a review). In LIM datacubes, all sources of
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luminosity within a given resolution element contribute to its measured luminosity,
making it ideal for applications where the average cosmic luminosity of some galaxy
formation tracer (typically CO, Cu, Ha Ly, or 21 cm neutral hydrogen emission)
needs to be measured, such as the build-up to the peak of cosmic star formation.
The CO Mapping Array Project (COMAP; Cleary et al., 2022)) is the leading LIM
experiment targeting cosmic CO emission via its 1-0 transition, probing the redshift
range 2.4 < z < 3.4, immediately preceding the peak of cosmic star formation.
Although no LIM experiment (including COMAP) has yet detected cosmic CO,
COMAP has provided the tightest constraints yet available on CO emission in this
redshift range with its Season 2 results, ruling out the brightest proposed models

with its autocorrelation analysis (Chung et al., 2024b)).

The COMP sensitivity is limited by white noise as of Season 2. In general, raw
sensitivity, as well as instrumental and astrophysical sources of systematic error,
are expected to be what limit the ability of LIM experiments to constrain bulk line
emission. One family of analysis techniques that has been found to be effective in
addressing these issues (e.g., Keenan et al., 2022; Dunne et al., 2024; MeerKLLASS
Collaboration et al., [2025; Chen et al., [2025; Lujan Niemeyer et al., |[2026) folds in
information from external catalogs of galaxies through cross-correlation or stacking.
These techniques add information, using the external galaxy catalogs as priors on
where signal in the LIM datasets can be expected, and mitigate systematic errors

that are not correlated with the distribution of the galaxy catalog objects.

In the previous paper in this series (Dunne et al., [2026c, hereafter referred to as
D26), we used quasars from the extended Baryon Oscillation Spectroscopic Survey
(eBOSS; Ahumada et al., 2020) and the first data release of the Dark Energy
Spectroscopic Instrument (DESI; DESI Collaboration et al., 2025a) as a reference
catalog on which to stack. We did not detect CO emission in this stack, but found a
mild (1-40°) tension between the upper limit we derived and the predicted luminosity
from several different models of CO emission stacked on quasar positions. Quasars
are heavily biased galaxies, leading in theory to a bright stack signal (D25). However,
the eBOSS/DESI quasars also have some limitations in terms of stack sensitivity:
quasars are rare, so there are relatively few objects in this catalog, and there are large
velocity uncertainties between the optical lines used to measure the quasar redshift
and the bulk velocity of the host galaxy. Additionally, quasars occupy unique (dense)
positions in the large-scale structure (LSS) that could affect the CO properties of
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their surroundings in extremely nonlinear ways. In the stack, these nonlinear effects

cannot be distinguished from variations in the bulk CO luminosity of the Universe.

In this work, we perform the stack instead on a catalog of Lyman-a emitting galaxies
(LAEs) from the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX;
Gebhardt et al., 2021). LAEs have lower bias than quasars, meaning their stack
signal will not be as bright. However, there are more than an order of magnitude
more HETDEX LAEs in the COMAP volume than there are e BOSS/DESI quasars,
which more than makes up for the decreased expected signal, and the decreased
bias means that the regions probed by LAEs are much more representative of the

Universe as a whole.

We introduce the COMAP LIM survey and the HETDEX LAE catalog in §5.3 of
this work. In we describe a set of mock COMAP-HETDEX stacks that we use
to put our stacked signal into context. We present the stack methodology in §5.3|
and compare the observed stack to models (which requires correcting for a variety
of experimental effects) in §5.7] Finally, we provide a discussion, summary, and
conclusionsin §5.8]and §5.9] We use the nine-year WMAP cosmology (€, = 0.286,
Qp = 0.714, Q, = 0.047, and Hy = 100k km s~! Mpc~! with 2 = 0.7; Hinshaw
et al. 2013) throughout this work for consistency with other COMAP works as well
as the peak-patch DM simulations on which our modeling is based, and we assume

base-10 logarithms unless stated otherwise.

5.3 Data

COMAP

We use data from the first two seasons (May 2019 — November 2023) of the COMAP
Pathfinder instrument, a 19-feed focal plane array receiver fielded on a 10.4m
Leighton (Leighton, |1977) dish at the Owens Valley Radio Observatory. In total,
this comprises 17,500 hours on-sky, split between three cosmological fields. The
COMAP experiment and the Pathfinder instrument are described in detail in Cleary
et al., 2022/ and Lamb et al., 2022, respectively. The full data reduction process
for the Season 2 dataset is described in Lunde et al., 2024|and Stutzer et al., 2024,
In short, the raw detector readout (in the form of time-ordered data, TOD) for a
given field is filtered to reduce correlated noise and systematic errors and calibrated
into brightness temperature units feed-by-feed. These data are then binned into
three-dimensional data cubes (maps) with dimensions 2° X 2° X 8 GHz (centered
at 30 GHz) and voxel sizes of 2’ x 2’ x 31.25MHz. The COMAP beam is 4.5
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at 30 GHz. For the stacking analysis in this work, we average the maps for each
feed into a single, co-added, map for a given field. At the current sensitivity of
COMAP—a per-voxel root-mean-square (RMS) noise of 25 — 50 uK—the noise has
been shown to be Gaussian and each of the filters involved in this reduction have

been shown to behave linearly (Lunde et al., 2024).

Only two of the three COMAP fields (Fields 1 and 2) overlap with the HETDEX
coverage. We show the RMS distribution, averaged across all spectral channels,
for each of these two fields in Figure [5.1] We note that the noise response across
each field is inhomogeneous due to the COMAP scanning strategy. We follow the
masking strategy established in D26 to remove low-sensitivity regions of the map

before stacking for efficiency.
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Figure 5.1: Spatial distribution of the HETDEX LAEs compared to the footprint of
the COMAP data, for the two COMAP fields in which there is HETDEX overlap.
The COMAP footprint is colored by the RMS in each voxel, averaged across all
spectral channels, and the LAEs are colored by their redshift.

HETDEX

The Hobby-Eberly Telescope Dark Energy eXperiment (HETDEX; Gebhardt et al.,
2021) is a large (540 degz), blind survey of Lyman-« Emitters (LAEs) 1.9 < z < 3.5,
designed to measure potential evolution of the dark energy density. The HETDEX
survey ran from January 2017 to January 2025. HETDEX uses the integral field unit
VIRUS (Visible Integral-field Replicable Unit Spectrograph; Hill et al., 2021; Hill
et al., 2024) on the Hobby-Eberly Telescope (HET; Ramsey et al.,|1998; Hill et al.,
2021), targeting the Lya 1215 A line over a bandpass of 3500—5500 A with resolving
power R ~ 800. HETDEX surveys the sky sparsely, with a fill factor of 1/4.6. The
HETDEX footprint overlaps significantly with the COMAP fields: Fields 1 and 2
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both have complete (if sparse) HETDEX coverage (see Figure [5.I). In redshift,
HETDEX overlaps with the COMAP coverage over the full extent 2.4 < z < 3.4,

with a mean redshift of 2.81 in the catalog overlap.

The HETDEX data reduction and selection process is outlined in full in Davis et al.,
2023al, Mentuch Cooper et al.,|[2023, and Mentuch Cooper et al., 2026, and we will
not reproduce it here. We use the catalog selection choices outlined in Mentuch
Cooper et al., 2026/ — in particular, we take the same cut on overall catalog S/N
ratio (= 4.6). There are also two machine learning classification schemes applied
to the HETDEX PDR1 (Mukae et al., 2026), and we take the same values as for
PDRI1 (p_cnn > 0.5 and p_conf > 0.5). However, we only apply the p_conf cut
to objects with HETDEX detection S/N ratios above 5.5. There are 4577 HETDEX
objects in the overlap with COMAP after applying these cuts.

In addition to the mainline HETDEX dataset, we include data from an additional
77 individual HET observations in COMAP Field 1, observed between December
2024 and January 2026. In total, these comprise an additional 28 hours of data. We
process these observations through the same data reduction and line-identification
process as the main HETDEX catalog, described above. However, the machine
learning classification schemes are not available for these additional observations.
Instead, we visually inspect every potential line detection in these additional obser-
vations (see §5.3|below).

Of the HETDEX objects in the catalog, 58 objects have been identified as AGN
(following the procedure outlined in Liu et al., 2025)). As there are relatively few
AGN (and as several of the LAE models we test include a high-luminosity component
for Lya emission from AGN, which commonly are included in LAE catalogs), we
treat them with the rest of the LAEs. We find that excluding the known AGN does

not affect our results.

Visual inspection

The majority of the cataloged HETDEX objects are relatively low-significance,
with signal-to-noise (S/N) ratios < 6 (Figure [5.2)). At this significance, the catalog
is contaminated by two different sources of false positive detections: (1) noise
peaks or instrumental artifacts and (2) a small percentage of low-redshift galaxies
misidentified as z ~ 3 LAEs. This latter source of contamination is because roughly
95% (Davis et al., 2023b) of detections are based on a single spectral line, and there

are other spectral lines (primarily [O11] at z < 0.5) which fall into this wavelength
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range. The presence of false positive detections in the stack is not catastrophic, but
false positives linearly attenuate the stack signal (e.g., D25). It is thus necessary
to remove as many as possible to maximize S/N, and to accurately characterize the
number of remaining false positives in order to correct for this attenuation. We thus

attempt to increase the fidelity of our catalog by performing a visual inspection.

500 objects in each field 4.8 < S/N ratio < 5.0 and the entire additional dataset
in COMAP Field 1, using the EliXerWidget tool developed by the HETDEX

collaboration (Davis et al., 2023b). We remove any confident false positives from

We visually inspect each HETDEX object with a S/N ratio > 5.0, as well as

the data (any detection clearly associated with an extended source in auxiliary gri
imaging, with significant continuum, or that is likely noise or an artifact based on
the 2D spectra). We remove 5% of the HETDEX catalog in this way. For the
remaining objects, we assign them a confidence level—either ‘maybe’ or ‘likely’
an LAE (roughly 50% and 75% confident that the object is an LAE, as complete
confidence is reserved for any object with more than one spectral line visible, and
these objects are typically AGN). Of the remaining catalog objects, we classified
47.7% as ‘maybe’ distant and 45.5% as ‘likely’ distant.

False positive ratio

Because false positives attenuate the stacked signal (by averaging noise in to the
overall stack), we must characterize the remaining rate of false positive detections in
the catalog. This was done by Mentuch Cooper et al., 2026 using repeat HETDEX
observations in a deep Legacy field in COSMOS. Using the same selection criteria
used here, they found an 80% confirmed rate, and thus a false positive ratio of 0.2.

However, this is based on a sample of only 414 LAEs in a single field.

As a secondary strategy, we use the visual inspection to estimate the false positive
fraction. We assume that, as the ‘maybe’ distant objects are assigned roughly
50% confidence, half of them are real LAEs and the other half are false positive
detections. Assuming the subset that we visually inspected is representative of
the entire catalog, this gives a false positive fraction of 0.238. Visual inspection
is inherently subjective, relying on human pattern recognition and incorporating
human biases. It is therefore difficult to assess the reliability of the false positive
fraction based on visual inspection alone. However, it is encouraging that this value

is reasonably consistent with the value determined from repeat observations.
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As neither of our strategies for calculating the false positive fraction are completely
reliable, we add a confidence range of +0.1 to this quantity. This is one of the
dominant sources of uncertainty in the COMAP-HETDEX stack.
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Figure 5.2: Distribution in redshift (top) and S/N ratio (bottom) of the HETDEX
objects included in the stack catalog.

CO-Lya velocity offset

Because HETDEX is a survey of LAESs, the galaxies on which we are stacking
have redshifts determined by their Lya wavelengths. There is a known radiative
transfer effect where flux is suppressed in galaxies near and below the rest-frame Ly«
wavelength of 1215.6 A, meaning that redshift values from Lya emission are often
from fitting only to the red peak of the spectrum, and are therefore systematically
offset with respect to other emission lines (e.g., Byrohl and Gronke, 2020). The
CO emission in the stacks will thus be offset from the central channels if this is not
accounted for. Based on stacks on a subset of the HETDEX catalog itself, Davis
et al.,[2023a find that this offset is on average 235+ 18 km s~! for several known ISM
and IGM lines. This agrees well with other determinations of the Ly« velocity offset
(e.g., Shibuya et al., 2014; Steidel et al., 2018; Verhamme et al., 2018; Muzahid
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et al., 2020), and corresponds to slightly less than one COMAP spectral channel.
We therefore determine the systemic redshift of each object in the HETDEX catalog
by offsetting by Aviy, = 235kms™,

Zsys = ZLya (1+ ZLyw)- (5.1

We address the uncertainty in this relation in §5.7]

5.4 Simulations

We generate a suite of simulated LIM data cubes and associated galaxy catalogs for
comparison with the real COMAP and HETDEX data. These are generated using
the joint_liml am_mockerﬂ code described in D25, based on peak-patch DM halo
simulations (Bond and Myers, [1996; Stein et al., 2019). We refer the reader to
D25 for the full details of the simulation code. In short, the catalog of DM halos
generated by the peak-patch simulations are painted with CO luminosities (based on
data-driven L (M) models calculating the CO luminosity directly as a function of DM
halo mass) and Ly« luminosities (through abundance-matching to measured Ly«
luminosity functions, LFs). These models account for the large-scale distribution
of the CO and Ly« luminosity in the universe, and the per-halo interaction between
the two tracers is modeled using a correlated scatter with correlation coefficient p.
The CO luminosities are then binned into a simulated LIM data cube, accounting
for effects such as astrophysical line broadening and smoothing by the main beam,
and a HETDEX-like mock LAE catalog is generated including the halos which pass
observability cuts based on their Lya luminosity. The suite of simulation parameters
in D25 was designed to emulate a COMAP-HETDEX stack, so in the modeling for
this work we primarily adopt the same parameters, adding additional models for the
CO L(M) function and the Lya LF. We also alter two additional simulation choices.
First, we assume that the scatter in the CO and Ly« luminosity values for a given
halo are not correlated or anti-correlated (i.e., we assume p = 0). This simplifies
the modeling, and we showed in D25 that p has negligible effect on the output
stack luminosity for an LAE-like catalog. Additionally, we alter the observational
parameters used to select the mock LAE catalog from the full distribution of DM
halos. This is described in more detail in §5.4]

1https ://github.com/delaneydunne/joint_limlam_mocker
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CO modeling

As in D26, we attempt to account for the large uncertainty in the CO model space
z ~ 3 by testing a variety of L(M) models from the literature. We default to the
‘COMAP fiducial’ (“UM+COLDz+COPSS") CO model from Chung et al., 2022
(hereafter C22), which is a double-power law model, taking the form
Leo(Mn) C
Kkms=pc?2  (My/ M)A+ (My/M)B’
where A, B, C, and M are free (fitted) parameters. We take A = —=2.85, B = —0.42,
logC = 10.63, and log Mﬂo = 12.3, which are the C22 parameters from a prior

(5.2)

from UnivErRsEMAcHINE (Behroozi et al., 2019) conditioned on the luminosity
function constraints from the COLDz blind CO galaxy survey (Riechers et al., 2019)
and power spectrum constraints from the CO Power Spectrum Survey (COPSS;
Keating et al., 2015 Keating et al., 2016). We apply a log-normal scatter with
oco = 0.42 dex. We also test the suite of other models: the Keating et al., 2020
extension to the Li et al., 2016/model (L16-K20), the Yang et al.,|2022 semi-analytic
model based model (Y22), the double-power-law model from Padmanabhan, 2018
(P18), and the flat-prior model from C22, constrained on the COLDz blind CO
galaxy survey (Riechers et al., [2019) alone (C22 flat+COLDz). A full description

of each of these models is available in D26.

LAE modeling

We model the Lya luminosity of our simulated DM halos by abundance-matching
to empirical LAE luminosity functions (LFs). We default to the z = 3.1 model from
(Ouchi et al., 2020), which is based on LAE observations from Ouchi et al., 2008
and Konno et al.,|[2016L This model takes a Schechter, 1976 form,

« a

with L* = 8.49 x 10¥ergs™!, ¢* = 3.9x 10*Mpc ™ and @ = —1.8. We add a
lognormal scatter on the resulting Lya luminosities of oy, = 0.49 dex, determined
by averaging the uncertainty on the Schechter luminosity function across luminosity
values, weighted by the luminosity distribution of the abundance-matched simu-
lation. This is a large scatter, but it is broadly consistent with other simulations
of Lya radiative transfer (e.g., Byrohl and Nelson, 2023), and is consistent with
the expectation that the luminosity of an LAE is not well-correlated with its host
halo’s clustering properties owing to the behavior of the Lya line (Orsi et al., [2008)).

Hereafter, we refer to this model as O20.
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Figure 5.3: Empirical z ~ 3 LAE luminosity functions used for our LAE modeling
(top) and the resulting L(M) functions after abundance-matching (bottom). We
default to the Ouchi et al., 2020, model.

While the z ~ 3 LAE LF is considerably better-constrained by data than the CO
L(M) functions, we still test two other LFs, for completeness and to better span the
COMAP redshift range (2.4 < z < 3.4). Both of these models add an additional
high-luminosity component to the Schechter functional form to account for the
population of AGN within the catalog. In both cases, this additional component is

treated as a double-power law (DPL) model,

* L
an o ()

Z - [(L*L)_QDPL_I N (ﬁ)_lgDpL_l] (5.4)

DPL

where L]*)PL, ¢]*)PL’ appL, and Bppr. are the fitted components. We take fit parameters

from:

* The HETDEX-based luminosity function from Zhang et al., 2021. The bright
end is fit to an intermediate stage of the HETDEX survey (internal HET-
DEX Data Release 2), which comprises observations from January 2017 to
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Table 5.1: Luminosity function fit values used to model Lya emission. Parameters,
in order, are from Ouchi et al., 2020, Zhang et al., 2021/ and Umeda et al., [2025.

Model Schechter Parameters DPL Parameters Uncertainty
L " a Lipr PhpL appL  SppL Olya
(ergs™) (Mpc3 dex™1) (ergs™") (Mpc~ dex™1) dex
020 8.49x 10% 3.9%x 1077 -1.8 - - - - 0.49
721  7.41x10% 3.9x 107 -7 479%x10% 1.2%x 1078 -1.23  -3.06 041
U25  1.95x10% 7.4%1073 -1.19  3.72x10% 2.7%x1077 -1.88  -4.19 0.38

June 2020 combined with r-band Subaru/HSC imaging, and the faint end
(log(Lyya/ergs™) < 43.0) to LAEs from the Vimos-VLT Deep Survey (Cas-
sata et al., 2011). Both of these datasets are selected to cover redshifts
2 < z < 3.2, slightly lower on average than the HETDEX catalog we use here.
For this model, we measure a (weighted) average scatter of oy, = 0.41 dex.

Hereafter, we refer to this model as Z21.

* The SILVERRUSH luminosity function from Umeda et al., 2025, based on
narrowband Ly« data. We use the luminosity function at z = 3.3 to provide a

higher redshift comparison to the Z21 LF above. We take an average scatter
of o1y, = 0.38 dex. We refer to this model as U25.

We tabulate the Schechter and DPL parameters for these three LFs in Table[5.1] and
show the LFs in Figure[5.3] We assign Ly luminosities to the simulated DM halos
by abundance-matching the LF to the peak-patch simulations’ mass function. The
resulting L (M) functions are also shown in Figure

Once each DM halo is assigned a Lya luminosity, we generate a mock catalog
by cutting all halos below a HETDEX survey sensitivity limit of Li‘;ta = 3.16 X
10% ergs™! (this corresponds to the fifth percentile luminosity in the HETDEX
catalog) and then randomly selecting Nop; simulating LAEs from the resulting cut
catalog. Unlike in D25, we apply a logarithmic (rather than linear) weighting by
Lya luminosity when selecting halos. This is because, above Li‘;ta, the probability
of observing a HETDEX halo is fairly flat with luminosity. The number of objects
in the HETDEX catalog is mostly limited by the sparse on-sky coverage. Finally, we
offset each mock catalog object in the spectral axis by a value pulled randomly from
a Gaussian distribution with standard deviation 104 kms~!, to simulate the velocity
uncertainty in the HETDEX catalog (§5.3).

Because clustering completely dominates the stack signal, particularly for an LAE-

like catalog (D25), each of these steps are designed to recover mock catalogs with
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similar clustering properties to the real HETDEX LAEs. We test each mock catalog
for consistency with HETDEX in two ways: by measuring its (linear) bias, and by
testing its average DM halo mass. We find a byag = 1.72 £ 0.03 (2.31 £ 0.04,
1.78 £0.03) for the mock catalogs generated using the O20 (Z21, U25) LF. These in
general agree well with literature values of b ~ 1 -2 at z ~ 2—3 (Ouchi et al., 2020).
The bias of the Z21 model is driven upwards by the high-luminosity/high-mass AGN
component. We also find that the median DM halo masses of the mock catalogs are
6.7 x 10" M, (6.8 x 1019 My, 6.5 x 10'9 M) for the 020 (Z21, U25) LFs, which
each agree well with observational findings of Mpy, Lag ~ 10'9 — 10! Mg, (Ouchi
et al.,[2020; Umeda et al., [2025)).

5.5 Stacking methodology

We stacked the COMAP data on the positions of the HETDEX objects in order to
probe the average CO luminosity in the regions surrounding LAEs. We followed
the procedure established in D26 nearly exactly, only modifying certain steps to
match the HETDEX LAEs rather than the eBOSS/DESI QSOs. We summarize this
procedure and describe the modifications here, and refer to D26 for a full description

of the methodology.

Summary of stacking methodology

Firstly, we converted the COMAP data from brightness temperature (73) units into
CO line luminosity values (Solomon et al., [1997), performing the same conversion
for both the measured T;, and its RMS uncertainty oy.. We then extracted from
this line luminosity datacube large 31 x 31 x 81 voxel (62" x 62’ X 2.53 GHz, or
112.6 cMpc x 112.6 cMpc x 337.4 cMpc) ‘cubelets’ centered around the spatial
position and observed CO(1-0) frequency of each object in the HETDEX catalog.
We discarded cubelets which have more than half of their central 5 X 5 X 3 voxels
(where the majority of the signal is expected to lie) masked. We combined the
cubelets associated with each catalog object in voxel-by-voxel, accounting for the
inhomogeneous noise response across the COMAP data cubes by inverse-variance
weighting by o,ox. We did this separately for each field. We will refer to the resulting

averaged cubelets as \.

Next, we generated a template of pipeline-processed stack emission by creating
simulated realizations of CO fluctuation cubes and corresponding HETDEX-like
catalogs, boosting the brightness temperature of these realizations by a factor of 50

and injecting them into subsets of the COMAP TOD (to serve as noise models),
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processing these through the COMAP data reduction pipeline and mapmaker, and
performing stacks on the resulting maps. We discuss our choice of boost factor in
detail in D26. We refer to this processed template as t. We also performed a stack
on the unprocessed simulation to create a raw, reference cubelet, which we refer to
as r. The processed stack t is therefore the raw stack r passed through each of the
filters in the COMAP pipeline.

We then used the processed template t as a matched filter. We scaled this to the real
stack data s by a single-parameter amplitude a,

a= (')~ 'tTs. (5.5)

We undid the effects of the COMAP pipeline (equivalent to deconvolving out the
data-reduction transfer function) by scaling the reference template r by the amplitude
a. This is the input signal best-explained by the actual data. Finally, we summed
this signal profile across a central aperture to return a single, average CO luminosity
(Lt for the regions surrounding the LAESs,

+1 +2
(Leg) =a Z Z Fijks (5.6)
k=—11i,j=—

where k indexes the spectral axis and , j the spatial (plane-of-sky) axes. We used an
aperture size of 3 spectral channels and 5 spatial channels, as these are the parameters
which we found to optimize the stack S/N for LAEs in D25. The COMAP pipeline
attenuates the signal by a factor of 1.58 in Field 1 and by a factor of 1.55 in Field 2,

when summed across the central aperture.

LAE-specific modifications

The only modifications from the procedure described in D26 are in generating the
processed and unprocessed template stacks, t and r. We used the HETDEX-like LAE
default parameters described in[5.4]rather than the QSO parameters adopted in D26
— the LF from 020, the observable luminosity limit of Li;ta =3.16 x 10 ergs!
and the logarithmic weighting in the random catalog generation, and the velocity
uncertainty of 104 km s~!. We used the LAE-correct Nop;j in each field (3533 for
Field 1 and 2346 for Field 2), and disregarded Field 3 as there are no HETDEX
LAEs in its footprint. We show the resulting templates pre- and post-processing in
Figure @ With the boost factor of 50, each individual simulation realization had a
S/N of 6.5 (8.0) in the central voxel for Field 1 (2). After averaging the realizations
together, the template S/N was 65 (80) for the two fields.
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Figure 5.4: Matched-filter templates used for extraction of the signal from the stack
for Field 1 (top) and Field 2 (bottom). The left panels show the spectral extent of
the signal before and after processing by the COMAP pipeline, summed across the
central 5 X 5 spaxels in each spectral channel. The right panels show the spatial
extent of the signal, summed across the central 3 spectral channels. In both cases, the
central aperture is indicated with the black lines. Differences in the post-processed
template t are primarily in the spatial axes, and are driven by differences in scanning
strategy between the two fields, which lie at different declination.

Variance

While the Season 2 data have been tested extensively and found to be broadly
consistent with white noise (Lunde et al., 2024, the stack is averaging the uncertainty
down and may uncover persistent systematic errors below the level of the COMAP
RMS noise. In order to return robust measurements of the stack variance (and
to account for pixel-to-pixel correlations in the stacking strategy and check for
underlying systematic uncertainties), we calculated the variance by bootstrapping,
again following the procedure established in D26. We generated many random
catalog realizations, performed a stack on each following the steps in §5.5|and §5.5]

and measured the distribution of the output (L) from each random stack.

Because both the HETDEX and COMAP on-sky footprints have irregular shapes,
there is also a strong potential for systematic errors to be amplified by interactions
between the two. It is thus extremely important that the random catalogs used for
bootstrapping mimic the on-sky footprint of the HETDEX catalog. As such, we gen-
erated random catalogs by pulling spatial positions randomly from the distribution
of on-sky coverage in the HETDEX catalog (including the additional observations in
the SHELA field added for this work), weighted inversely by the RMS noise in each
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HETDEX fibre and shot. We assigned each spatial position a redshift pulled ran-
domly from the distribution of redshifts in the real HETDEX catalog 2.4 < 7 < 3.4.
We generated 10 000 random catalogs using this method.

5.6 Results

We show the final COMAP/HETDEX stacks in Figure[5.5] noting that the extended
2D image and 1D spectrum representations of the stack are uncorrected for any
pipeline signal loss effects. We find scale factors of a = 0.283,0.027 for Fields
1 and 2, respectively, corresponding to line luminosity values of (L,) = 2.2 X
101K kms~! pc? and (Leg) =2.1% 10° Kkms~! pc?.
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Figure 5.5: Stacked spectra (left) and 2D images (right) for COMAP data at the
positions of the HETDEX LAE:s in the two COMAP fields. In the stacked spectra,
we show the per-channel RMS uncertainty as grey shaded regions, as well as the
processed template t scaled to the stack data. In the 2D images, we show the central
voxel (the location of the galaxies included in the stack) with the black crosses.

The distribution of output (L) values from bootstrapping for each field is shown in
Figure[5.6] We also show a fit to a Gaussian distribution. We find that the bootstrap
output is consistent with zero-centered Gaussian noise in each field (mean values
of 0.11 x 101K kms~! pc? and —0.10 x 10'° Kkm s~! pc? and reduced- y? values
of 1.3 and 1.5 in Fields 1 and 2, respectively. The standard deviations o Lio) of the
distributions in each field are 1.1 x 10! Kkms~! pc? and 9.5 x 10° Kkms~! pc?
for Fields 1 and 2, respectively. While there are more HETDEX objects in Field 1,
this field also has the worse COMAP sensitivity, which is driving the difference in

uncertainty.
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Figure 5.6: Bootstrapped (L) values determined from stacks on randomized
HETDEX in COMAP Field 1 (top) and Field 2 (bottom), with a Gaussian fit. The
mean and 1o confidence interval from the Gaussian fit in each field are shown in

grey.

When averaged together (weighted by the uncertainty in each field, derived from
bootstrapping) this yields an output line luminosity of (L) = (1.1 £0.7) X
101K km s~ pc?. The stack is therefore 1.50 significant, and is a non-detection.
The 20 (95%) upper limit is (Ly,,) < 2.5 % 10" Kkms™! pc?.

5.7 Comparison to models

As with the quasar stack, this is an unusual observational constraint (it is a con-
straint on CO emission biased to the regions surrounding LAESs, but not necessarily
originating from the LAEs themselves), so we compare this upper limit directly to
models of the COMAP/HETDEX stacks in order to put it into context. We describe
the stack luminosities resulting from our modeling in §5.7} In order to correctly

perform this comparison, we must account for each of the sources of experimental
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attenuation and uncertainty in the real stack when generating model stacks. We
account for these factors in different ways: by multiplying them into the measured
stack variance (in the case of the model-dependence of the stack extraction), or by
treating them as additional sources of attenuation or variance on our modeling. We
note that these factors are nearly identical to those considered for the quasar stack
in D26. However, they must be adjusted for a HETDEX LAE stack rather than an
eBOSS/DESI QSO stack. Additionally, in this work we consider both attenuation
and uncertainty resulting from several of the factors. We show the cumulative effects
of each correction in Figure We note that the dominant source of uncertainty
in the stack is the native stack variance, even after accounting for each of these

observational effects.

Finally, there are several factors that could affect the stack luminosity that are
accounted for inherently in either the modeling or the luminosity extraction in the
stack. We provide a discussion of experimental factors which could affect the stack
luminosity, but do not in this specific case, in

Modelled luminosities and sample variance

We test the five CO models listed in §5.4] as well as the three Ly models listed in
§5.4] For each model, we aim to accurately reproduce the number of objects in the
real HETDEX catalog and the COMAP on-sky sensitivity pattern in order to sample
the distribution of halo luminosities in the same way as the real data. As such, we
generate 50 unique simulation realizations for each model. For each realization, we
simulate both COMAP fields with HETDEX data: we apply the real COMAP RMS
distribution (and mask) to the simulated LIM data cube, and cut the mock HETDEX
catalog to the same number of sources as are in the real catalog in that field (3533
and 2346 for Fields 1 and 2, respectively). Unlike the simulations used to generate
the template t in §5.5] we do not pass the simulated maps through the COMAP
data reduction pipeline. Instead, we work directly with the raw, unaltered signal for
each realization. We stack the noiseless mock COMAP data on the positions of the
mock catalog objects, and extract the signal by summing directly across the central

aperture, as is done to extract signal from r (Equation[5.6]

We take the mean across the 50 realizations to be the output stack luminosity for a
given model. These values are listed for each model in Table [5.2] To characterize
sample variance for each of the models we test, we calculate the mean absolute

deviation (MAD) between the stack (L) value returned from each realization.
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Table 5.2: Stack (L(,) values for each of the CO and galaxy catalog models we
test. Values are shown before correcting for any attenuation due to experimental
parameters. Uncertainties are raw sample variances.

Model Stack (L)
(K km s~ pc?; x10'0)

Default (C22+020) 7.99 +£0.49
Other CO Models

LK20 11.70 £ 0.58

Y22 5.79 £0.30

C22fc 495+0.24

P18 429 +0.23
Other LAE Models

721 10.54 + 0.58

U25 7.89 £0.45

When we test different CO models, we use the default (O20) Lya LF, and when we
are testing different LAE models we use the default (C22) CO L(M) function.

We find that the stack (L) values for the LAE catalog are roughly 3x smaller than
the QSO numbers listed in D26 for a given CO model. This is because the QSO halos
are both more biased (and thus have more massive neighboring DM halos) and are
more CO-bright themselves (D25). In relation to each other, the CO models behave
as expected: the L.16-K20 model provides the brightest expected stack signal, and
the P18 the faintest. The Z21 LAE model, which includes a significant bright AGN
component, provides a brighter stack signal than the O20 model, and the higher-
redshift U25 model is slightly fainter overall. Finally, the sample variance is smaller
for each of the LAE models presented here than it is for the QSO models, even after
accounting for the decreased absolute luminosity. This is for two reasons — there
are more LAEs in the HETDEX catalogs, and the LAEs themselves are less biased
overall, meaning they probe more average regions of the Universe and there is less

stochasticity going into the average.

Extraction model-dependence

The extraction methodology we describe in §5.5|effectively corrects for the transfer
function imprinted on the data by the COMAP data reduction pipeline. However,
it assumes that the three-dimensional distribution of the actual stack signal matches
that of a modeled template. The signal is not a point source, and its distribution
is affected by nuanced factors such as clustering, astrophysical line broadening,

and the fingers-of-god effect (Mansfield et al., 2025) along the various axes. The
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Table 5.3: Experimental sources of signal attenuation and variance, and their
contribution to the stack.

Description Attenuation Uncertainty
factor (f) factor (d)
Explicit corrections to measured luminosity

Model-dependence (MD) - 1.033
Explicit corrections to modeled luminosity
Pointing offset (PO) 1.054 1.027
LIM interloper emission (LI) 1.003 1.006
False positives (FP) 1.207 1.107

extracted stack luminosity therefore depends on the choice of CO and LAE models,
introducing an additional source of variance to the output luminosity that must be

accounted for.

We determine the stack uncertainty due to model-dependence following D26. We
treat each of the (pipeline-uncorrected) CO and LAE models as the template, and
scale these template cubes (rpyogel) to the fiducial model’s raw model cube (rggucial)s
yielding a scaling amplitude amoger as in Equation[5.5] We then measure the output
luminosity amodeiria- The model (L) values calculated using this method differ
from the fiducial (L(,) value by at most 3.3% (for the Z21 LAE model). We thus
assume a 3.3% uncertainty due to model dependence, dyp = 1.033, and increase
the variance on the measured stack by dyp to account for this effect. We assume
that the model-dependence does not introduce any systematic offset to the output

luminosity.

Corrections to the modeled luminosities

While we account for many observational effects directly in our modeling or in our
signal extraction, some observational effects which directly attenuate signal cannot
be applied to the real data as we have no actual signal level to compare them to. As
such, we apply these effects to the modeled luminosities for a fair comparison. We
represent each correction in two ways — as an attenuation factor, f, and as a factor
by which the correction increases the variance, d. The modeled stack luminosities

become ,
<LCO >model

—_ 5.7
fro fLifep ©7

<L/Co >corr =

and the modeled variances become

Ocorr = ApodLIdFPTmodel - (5.8)
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We list the correction factors in Table [5.3] and plot the modeled luminosities after
each correction in Figure

COMAP pointing uncertainty

There is a known issue with the COMAP Pathfinder telescope’s pointing, leading
to both systematic and random offsets between real and assumed source locations.
These are described in detail in D26. In each field, both the systematic and random
offsets are smaller than a single COMAP spaxel. While the magnitude and direction
of these offsets has not changed from that work, the three-dimensional distribution
of the stack signal is different for the HETDEX LAE stack, thus affecting how
much this effect attenuates (and adds uncertainty to) the stack (L(,). In order to
quantify this effect for the LAEs, we performed 1000-object stacks on the fiducial
LAE simulations in each field after passing the simulated data cubes through the
pipeline. We then convolved the simulated data cubes with kernels modeling the
RA-Dec pointing scatter described in D26 and repeated the 1000-object stacks on
the same catalogs. We found that the pointing uncertainty attenuates the LAE stacks
by a factor of 1.066 in Field 1 and 1.044 in Field 2. Weighted by the uncertainty
in each field, this is an overall attenuation factor of fpo = 1.054. It additionally
increases the variance in the two fields by factors of 1.008 and 1.013 for Fields 1
and 2, respectively, for an overall factor of dpo = 1.011.

LIM interloper emission

Although the z ~ 3 CO(1-0) emission is relatively isolated in its observed frequency
band, there will be a small amount of contamination in the LIM data from other
spectral line emission. In particular, CO(2—1) emission from z ~ 8 will be observed
at around 30 GHz. While the exact luminosity of this emission is extremely uncer-
tain, it is estimated to be roughly 30% of the z ~ 3 CO(1-0) emission at the COMAP
map level (Chung et al.,|2024a)). To quantify the effect of this interloper emission on
the HETDEX LAE stack, we generate 99 simulation realizations using the fiducial
parameters, adding in an additional galaxy fluctuation field that is uncorrelated with
the mock galaxy catalog and has 30% of the mean luminosity of the simulated
CO(1-0) emission before mean subtraction. We then performed a stack with 5879
catalog objects (the total number of objects in the real COMAP/HETDEX stack)
on each simulation realization, as the severity of the interloper contamination in the

stack is dependent on the number of objects being stacked (D25).
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We find that, for a 5879-object stack on the LAEs, interloper contamination has a
negligible effect on the overall stack (L(,,): it attenuates the signal by a factor of
Jur = 1.003, and increases the variance by a factor of d; = 1.006. We incorporate
this correction into our model comparison for completeness, but note that in the
future it could easily be ignored for a HETDEX-sized stack. This is consistent
with our findings in D25 that the effect of interloper emission on the stack is
very small when the stack catalog is large. As in previous works, we ignore
contamination by continuum sources such as the CMB or radio point sources entirely,
as the COMAP data reduction pipeline is extremely effective at removing continuum
emission (Lunde et al., [2024).

False positive detections

As discussed in §5.3] it is known that the HETDEX survey contains a fraction fgp of
false positive detections, which will linearly attenuate the signal by the false positive
fraction. The actual fraction of false positives in the HETDEX data is difficult to
determine, and depends considerably on the exact choice of catalog. Based on the
HETDEX parameters we adopt, which are consistent with the choices of Mentuch
Cooper et al., 2026, we expect a 20% false positive rate in our stack reference

catalog, which should correspond to a 20% attenuation in the signal level (D25).

To verify this, and to measure any additional variance resulting from the addition
of false positives into the catalog, we compare 5879-object stacks on simulations
to stacks with the same number of objects, but with a percentage of the mock
catalog entries replaced by randomly-generated 3D positions. As expected, adding
20% simulated false positives to the catalog attenuates the stack signal by a factor
of frp = 1.207. The false positives also add an additional scatter to the stack,
increasing the variance by a factor of dgp = 1.107. Due to the uncertainty on the
HETDEX false positive rate discussed in §5.3] we also test a 10% false positive rate
and a 30% false positive rate, and find that at 10% false positives, frp,10 = 1.109
and drp,10 = 1.079 and at 30% false positives, frp30 = 1.338 and drp 30 = 1.260.

Experimental effects that are implicitly corrected for

Several other experimental factors which might affect the stack luminosity are either
negligible or are implicitly corrected for in our modeling or stacking methodology.
Aliasing between COMAP spectral channels is negligible (Lamb et al., 2022)). Our

modeling accounts for beam smearing, astrophysical spectral-line broadening, and
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pixel-window effects, as well as the relationship between CO and Lya luminosity
and the LSS and the interaction between the two tracers at the level of an individual
DM halo (see D25, for more details). The matched-filter technique we adopt here
corrects for the effects of the COMAP pipeline transfer function, and we additionally
correct for the COMAP main beam efficiency while stacking. In this section, we
discuss the effects of the LAE velocity uncertainty and CMB heating for posterity,
although we find both effects to be negligible.

LAE velocity uncertainty

Due to the intricacies of Lya radiative transfer, we expect the LAE redshifts to have
a small (235kms™) systematic offset from the CO redshifts. We correct for the
systematic offset directly by simply shifting the HETDEX objects along the LOS.
However, there is some scatter in this relation. We take the scatter to be 86 kms™!,
which is the MAD between the Avyy, values reported by the Shibuya et al., 2014
LAE census. There is also on average 18kms~! uncertainty on the measured
HETDEX redshifts. We take the total uncertainty on the HETDEX redshift to be
the sum of these two quantities, 104 km s~!. These uncertainties will serve to move
the line-of-sight position of the LAEs randomly away from the overdensity within
which they are contained, thus spreading out the stack signal in the spectral axis.

This will attenuate (L) as well as introduce some additional variance.

To measure the magnitude of these effects, we compare the simulations generated
in §5.7]to a set of the same simulation realizations which do not include the random
velocity offsets. We find that the velocity uncertainty attenuates the signal by a
Jvi = 1.018, and increases the variance by a factor of dy; = 1.013. This effect is
fairly negligible.

CMB heating

At higher redshifts, many of the conditions of the Universe change. In particular,
the temperature of the cosmic microwave background (CMB) is increased from
its local temperature, meaning the observed CO brightness temperature (and thus
luminosity) is attenuated by a factor ~ 25% depending on the exact conditions of
the galaxy (da Cunha et al., 2013). Were this factor not accounted for in the CO
models shown in this work, it would be another direct attenuation factor that must
be accounted for when comparing them to our data. However, we find that this is

not necessary. Several of the models are based directly on empirical observations,
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which also suffer from this heating-based attenuation and in general have not been
corrected upwards to account for this. This is true of both Chung et al.,|2022 models,
L16-K20, and P18. The Yang et al., 2022/ model is based on semi-analytic models
rather than empirical data, but the CO radiative transfer follows Popping et al., 2019
in using DespoTic (Krumholz, 2014), which accounts for the effects of the CMB.
As such, the modeled luminosity values we present here do not need to be further

corrected for CMB heating.
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Figure 5.7: Factors attenuating signal or increasing variance, shown for the upper
limit from the COMAP-HETDEX stack and the fiducial model from Chung et al.,
2022. Shaded region indicates the 20~ upper limit from the data alone. The various
corrections are outlined in §5.7]

5.8 Discussion

In this work, we present stacks of CO emission from COMAP on the positions of
galaxies from the HETDEX LAE survey. We do not detect any cosmic CO, and
the upper limit we place on the stacked signal falls below the expected luminosity
of the stack based on simulations that incorporate several different CO and LAE
model choices. We find that this tension cannot be explained by any of the several
experimental sources of signal attenuation or variance that we test. We quantify the
tension between models and observations, after accounting for these experimental
factors, in Figure [5.8] In particular, our fiducial model for CO emission (C22)
stacked on the positions of LAEs is discrepant with the COMAP-HETDEX upper
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limit at > 30 for each of the three LAE LFs and for the full range of HETDEX
false positive ratios that we test. The L16-K20 CO model is also consistently > 30

discrepant with the real stack.
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Figure 5.8: S/N ratio at which models are excluded by the COMAP-HETDEX upper
limit for various models of CO emission (to the left of the vertical black line) and
LAE LF (to the right). When varying the CO model we hold the LAE model
constant to 020, and when varying the LAE model we hold the CO model constant
to C22. Error bars show the range in false positive ratios expected for the HETDEX
catalog.

Comparison to the COMAP-eBOSS/DESI stack
This work follows directly from the stack of COMAP data on the positions of
eBOSS and DESI quasars presented in D26. In that work, we found an upper

10"°Kkms~! pc?. This is four times less sensitive than the LAE-based limit of

limit on the CO luminosity stacked on quasar positions of (L,)oso < 10.0 X

(Lohiae < 2.5 x 10'°Kkms™' pc?. However, quasars are much more biased
tracers of the matter density field than LAEs, and we expect the signal from a quasar
stack to be roughly three times brighter than an equivalent LAE stack for a given
CO model (D25). Combined with the increased sample variance (and increased
uncertainty/attenuation from spectral line broadening and LIM interlopers) caused

by the smaller sample size in the quasar stack, the HETDEX LAE stack is roughly
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20 — 50% more sensitive to the expected stack signal than the eBOSS/DESI quasar

stack.

Implications for cosmic CO emission

The (L) returned from the stack is the average luminosity summed over the
18 x 18 x 9 cMpc region surrounding the LAEs detected by HETDEX. This is not
a direct measurement of the CO luminosity from the HETDEX LAEs themselves
(in fact, these provide a very small contribution to the overall stack luminosity,
D25), but it is also not an unbiased tracer of the average CO luminosity of the
Universe. As such, any effect which could cause a decrease in the clustering around
the observed HETDEX LAEs in a way that is not captured by our modeling could
drive our measured discrepancy between observations and models. Equivalently,
fainter average CO emission could also drive this discrepancy. Because the stack
returns just a single value, these two explanations are unfortunately degenerate. We
discuss each below. For the purposes of this discussion, we ignore the possibility of

an unaccounted-for systematic error.

Clustering around the HETDEX LAEs

The Lya luminosity function is fairly well-studied even at z ~ 3, thanks to several
large surveys including SILVERRUSH (Umeda et al., [2025), MUSE (Herenz et al.,
2019), and HETDEX itself. However, there is still significant evolution in the global
LAE properties with redshift, particularly in the period z < 3 (see the review in
Ouchi et al., [2020, although we note that this transition is to higher bias at higher
redshifts and would serve to increase the stack luminosity relative to what is modeled
here). We have attempted to bracket this evolution with the range of empirical LAE
models we test, but we do not apply any direct redshift evolution of the LAE
luminosity modeling across the COMAP redshift range within a given simulation,

which could affect the clustering properties when integrated over redshift.

Additionally, we transform the measured LF into modeled galaxy Ly« luminosities
using abundance matching. Because of the unique properties of the Lya line,
which is a resonant transition of neutral hydrogen, the escape of Lya emission
from galaxies is stochastic and depends sensitively on galaxy properties such as
dust extinction, ISM kinematics, neutral gas content, and gas geometry (e.g., Kunth
et al., [1998; Rivera-Thorsen et al., [2015; Weiss et al., 2021). This means host

halo masses and galaxy clustering properties correlate weakly with Lya luminosity,
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particularly at lower luminosities (Orsi et al., 2008; Chiang et al., |2015)), making
abundance-matching difficult. We are also somewhat limited by our peak-patch DM

simulations, which have a minimum mass of 2.9 x 10! M.

The resonance of the Lya transition can also cause photons to be absorbed even
after escaping the LAEs themselves. This can bias the properties of the LAE
catalog, especially when this absorption is happening due to large-scale structures
intervening between the LAE and the observer. The ODIN narrowband survey
has recently found that the number of faint LAEs observed in protoclusters is
suppressed compared to the field (Nagaraj et al., [2025), which would make LAE
local environments less dense and attenuate stack signal. Additionally, studies of
HETDEX LAEs themselves suggest that they may be preferentially located towards
the observer side of galaxy overdensities (Weiss et al., 2024; Weiss et al., 2025).
This would bias the location of the stacked CO signal towards higher redshift along
the spectral axis, and thus would also attenuate the measured (L(.,). The magnitude

of this bias is not yet well-quantified.

However, we note that we have checked the clustering properties of our modeling
against the same surveys used to measure many of the above effects, and found them
to be broadly in agreement (§5.4). In particular, we found that our simulations have
an LAE bias ~ 1.8 for the fiducial O20 model, as well as an average DM halo mass
< 10" My, Both of these quantities are consistent with expectations for this redshift
range (Gawiser et al., 2007; Guaita et al., 2010; Kusakabe et al., 2018; Umeda et al.,
2025)). We also find that the L (M) function we determine agrees well with other Lya
simulations (Garel et al., 2015; Byrohl and Nelson, [2023). While our simulations
may not capture the exact nuances of the Lya radiative transfer described above,
these global clustering properties are likely what is driving the stack luminosity. In
combination with the lower bias of the LAE catalog (implying that the environments
being probed by the LAEs are much more representative of the Universe as a whole
than, for example, the D26 quasar stack), it seems less likely that the discrepancy

between observations and models could be attributable to LAE clustering alone.

Brightness of the CO models

The other potential explanation for the discrepancy between the modeled luminosi-
ties and our observed upper limit is that the average CO luminosity of our models is
brighter than the actual cosmic CO luminosity. Cosmic CO is not well measured,

particularly at z ~ 3 and at the faint end of the luminosity function, and each of the
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models we test includes a degree of extrapolation. This is also what is driving the
large discrepancy between the (L) values for different CO models. As with the
quasar stack in D26, it is possible for the COMAP-HETDEX upper limit to be in
tension with the models without being in tension with the observations underpinning

the models, due to these extrapolations.

This is particularly true for the two models with which our observed upper limit is
in > 30 tension — the C22 COMAP fiducial model and the L16-K20 model. The
L16-K20 model is based on observations at z ~ 0 extrapolated to higher-redshift
by assuming a relationship with FIR luminosity. If this relationship changes with
redshift (i.e., if there is less CO luminosity for a given amount of FIR luminosity
in a galaxy at higher-z), that could explain the discrepancy between the COMAP-
HETDEX upper limit and the L16-K20 model.

The C22 fiducial model is conditioned on luminosity function constraints from the
COLDz CO survey, which is complete only down to L, ~ 101K kms~! pc? at
z = 2.5 (Pavesi et al., 2018)), at or above the knee of the CO luminosity function.
The faint-end slope is not meaningfully constrained. If the discrepancy with C22
is driven by the average CO luminosity, therefore, the likely cause is that faint
CO emitters are less common than expected, and are thus contributing less to the
overall CO luminosity density than our modeling predicts. This explanation is
consistent with the fact that our upper limit is not significantly in tension with
the C22 flat+COLDz model, which uses the same COLDz LF conditioning but a
flat prior and thus predicts almost no faint-end contribution to the CO luminosity

density.

5.9 Summary and conclusions

In this work we perform a stack of the CO LIM measurements from COMAP’s
Season 2 dataset on the positions of 5879 LAEs surveyed by HETDEX, following the
stack on quasars from eBOSS/DESI presented in D26. We find a 1.50- nondetection
of the stacked CO emission, leading to a 95% upper limit of (L,) < 2.5 X
10'°Kkms~! pc?. After correcting for experimental attenuation factors, we find
that this result is in mild to moderate (3 — 60°) tension with certain models of
COMAP LIM data stacked on the positions of HETDEX LAEs. In particular, we
are in tension with the C22 and L16-K20 CO models for every choice of the LAE
LF that we adopt.
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The stack returns only a single averaged luminosity value, so the average CO lumi-
nosity of the Universe is degenerate with more complicated Lya radiative transfer
effects that could decouple the detectability of a galaxy by HETDEX from its clus-
tering properties. These include the stochasticity of the Ly« escape fraction, as
well as absorption of Lya photons by intervening large-scale structure. However,
there exist several large LAE surveys, even at z ~ 3, that are able to measure these
effects directly, and our modeling is largely consistent with these observations. In
combination with the fact that the D26 quasar stack (which probes a very different
galaxy population with a very different relation to the large-scale structure) is also
returning an upper limit that tentatively rules out the brighter CO stack models, we
suggest that the most likely explanation for our results is that cosmic CO is slightly
fainter than is predicted by the C22 model. This is possible without being in tension
with other z ~ 3 CO observations. Ultimately, this result can only be confirmed
with a direct measurement of the luminosity of the faint end of the CO luminosity

function, which will primarily be possible with a CO LIM autocorrelation detection.
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Chapter 6

NOVEL CONSTRAINTS ON DARK-MATTER DECAYS USING
COMAP

6.1 Chapter abstract

One potential solution to the mystery of dark matter’s nature is the axion, an ultra-
light, long-lived particle which can decay directly into two photons via the axion-
photon coupling. In this work, we use Line Intensity Mapping (LIM) to test for
radiative decay from axionic dark matter for the first time. We search for radiation
with the LIM experiment COMAP, using the HETDEX and DESI galaxy catalogs
as tracers of extragalactic dark matter overdensities within the COMAP volume and
stacking on the positions of these tracer catalogs. We probe rest frequencies from
88—150GHzat2.4 < z < 3.4 (the COMAP redshift range of interest), corresponding
to axion masses 0.7 — 1.0 meV. We find no evidence for dark matter decay. In our
most sensitive frequency range, we place an upper limit on the axion decay rate
I' < 2.9x 1073's7!. In our mass range, this is the only constraint on radiative
dark matter decay directly measured from dark matter itself, as opposed to from
other potential axion interactions such as with magnetic fields. This corresponds
to a constraint on the axion-photon coupling constant |g4y,| < 6.7 X 1072 Gev~.
We find that stacking of LIM data on the positions of galaxy surveys will be an
effective technique for searching for dark-matter decay, especially at lower redshifts

and higher frequencies.

6.2 Introduction

Despite the overwhelming evidence for its existence, the dark matter (DM) that
makes up nearly 30% (e.g., Planck Collaboration et al., 2020) of our universe
remains a mystery, with a large family of potential explanations all equally viable.
Axions, a potential solution arising out of a solution to the strong charged-parity
problem in quantum chromodynamics (QCD) (Peccei and Quinn, [1977a; Peccei
and Quinn, 1977b; Weinberg, [1978; Wilczek, 1978)), are ultra-light, long-lived
particles which can interact with standard-model particles. In particular, axions
decay directly to two photons (e.g., Cadamuro and Redondo, 2012), each with
frequency v, = myc?/(4nh). A broader family of axion-like particle models allows

for more variable coupling between axions and photons, but still results in photons
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produced from axion decay. Axions are thus well-motivated candidates for DM,
with clear mechanisms for how to generate the correct abundance today (Abbott
and Sikivie, [1983] Preskill et al., [1983; Dine and Fischler, [1983), and obvious

astrophysical signatures.

Indeed, many astrophysical searches for axionic DM have already taken place (see,
e.g., Di Luzio et al. 2017 or Boddy et al. 2022 for reviews). Although these can
take different forms, several are searches for otherwise-unexplained spectral line
emission, whether arising from the Milky Way’s DM halo (e.g., Strigari, 2013}
Pinetti, 2025)), the cosmic microwave background (e.g., Bolliet et al.,[2021; Capozzi
et al., 2023} Goldstein et al., 2025) or other diffuse cosmic backgrounds (e.g., Kohri
and Kodama, 2017; Nakayama and Yin, 2022; Carenza et al., [2023; Janish and
Pinetti, 2025), or from known DM overdensities such as in the halos of galaxies
or galaxy clusters (e.g., Wang et al., 2024; Todarello and Regis, [2025). The full
extent of the potential axion parameter space is functionally unconstrained in mass
(although with preferred ‘windows’ set by the phenomenology of the particle, e.g.,
Di Luzio et al., [2017), so searches for photon signatures of axion decay must span

a broad range of wavelengths.

One emerging technique which could be extremely well-suited to searches for photon
signatures of axion decay is line intensity mapping (LIM), which is designed to map
large cosmological volumes efficiently (see Chang and Lidz, 2026, for a review).
Unlike traditional, resolved surveys of galaxies, LIM surveys treat the distribution
of galaxies as a three-dimensional fluctuation field, and map this field both spatially
and spectrally. This means that LIM experiments are sensitive to all emission from a
region without being subject to completeness issues. This makes LIM experiments
ideal for searches for faint spectral-line emission, particularly from diffuse fields,
and LIM has been put forward as an excellent technique for axion searches (Creque-
Sarbinowski and Kamionkowski, 2018 Bernal et al., 2021; Bernal et al., [2022D)).

Although typically designed for a known spectral-line signature of galaxy formation
or evolution which is expected to dominate its observing band, such as carbon
monoxide (CO, e.g., Keating et al., 2015; Cleary et al., 2022) or singly-ionized
carbon, ([Cu], e.g., Staniszewski et al., 2014} Vieira et al., |2020; CCAT-Prime
Collaboration et al., 2023; Karkare et al., 2022b), LIM experiments can be adapted
to be spectral-line searches at any frequency by introducing a prior on the regions
of the universe from which the signal is originating. This can be done through

stacking or cross-correlations with existing surveys of galaxies, both techniques
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which are established within the LIM field (e.g., Keenan et al., 2022; Dunne et al.,
2024} Dunne et al., [2026c; Chen et al., 2025; Amiri et al., [2024). By varying the
target rest frequency, one can search for spectral lines. This has the potential to
be particularly effective at millimetre and sub-millimetre wavelengths, where it is

otherwise difficult to probe large regions at high sensitivity.

In this work, we search for photon signatures of axion decay by stacking cm-
wave data from the CO Mapping Array Project (COMAP, Cleary et al., [2022)
LIM experiment on the positions of galaxies from the Hobby-Eberly Telescope
Dark Energy Experiment (HETDEX, Gebhardt et al., 2021) and the Dark Energy
Spectroscopic Instrument (DESI, DESI Collaboration et al., 2025a). We describe
the datasets in §6.3] and §6.4] the methodology used to obtain constraints on the
axion decays in §6.5] and then present and discuss the results in We use
the nine-year WMAP cosmology (a ACDM model with Q,, = 0.286, Qx = 0.714,
Q, = 0.047, and Hy = 100 km s~! Mpc~! with 4 = 0.7; Hinshaw et al. 2013)) for
consistency with other COMAP works, as well as the peak-patch simulations used

to determine DM masses. All distances are presented as comoving quantities.

6.3 COMAP

COMAP is a LIM experiment designed to measure CO(1-0) emission from galaxies
in the lead-up to the peak of cosmic star formation at z ~ 2 (Cleary et al., 2022). In
practice, this means that COMAP provides a highly-sensitive, low spatial-resolution
(main beam 4.5") map of three cosmological fields (covering roughly 12 deg? total)
at frequencies ranging from 26 to 34 GHz and a spectral resolution of 31.25 MHz
(thus mapping CO(1-0) emission from redshift 2.4 to 3.4). The coordinates of the
three COMAP fields are given in Table [0.1] These were chosen to avoid bright

sources of Galactic or extragalactic emission in the observed frequency range.

Table 6.1: The locations of the three fields used in the COMAP Pathfinder survey.

Field | RA (J2000) | Dec (J2000)
Field 1 | 01" 41™ 44 | 00° 00’ 00”
Field 2 | 11" 20™ 00 | 52° 30/ 00”
Field 3 | 15" 04™ 00 | 55° 00’ 00”

The COMAP Pathfinder telescope is a 19-feed focal plane array that maps each
field by scanning across it with constant-elevation scans (Lamb et al., 2022)). The
resulting time-ordered data undergoes several filtering and calibration steps before

being made into three-dimensional data-cubes using a simple binned mapmaker
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(Lunde et al., 2024)). For this work, we coadd the maps from each feed, and perform
the analysis on the resulting data cubes. We make use of the COMAP Season 2
dataset in this work. These data are white-noise limited in each field (Lunde et al.,
2024)), with a per-voxel (three-dimensional pixel) root-mean-square (RMS) noise of
25 — 50 uK (Lunde et al., [2024)). The sensitivity varies considerably across each
field due to the on-sky scanning strategy. For a full description of the COMAP data
reduction and analysis process, see Lunde et al., 2024, and Stutzer et al., 2024, as

well as the Early Science references within Cleary et al., 2022,

6.4 Galaxy catalogues

In order to target DM overdensities at known redshifts within the LIM data from
COMAP, we use two different galaxy surveys as reference catalogs. We coadd the
COMAP data surrounding the three-dimensional positions of the objects in each of

these catalogs.

HETDEX

HETDEX is a large, blind survey of Lyman « Emitting galaxies (LAEs), intended for
constraining dark energy (Gebhardt et al.,2021). HETDEX covers a redshift range
of 1.9 < z < 3.5, and a sky area of 540 deg?, of which roughly 8 deg? overlaps with
the COMAP sky coverage. Observations are performed with the VIRUS integral
field unit (IFU) on the Hobby-Eberly Telescope (Hill et al., 2021} Hill et al., [2024),
which covers the sky sparsely, at a fill factor of roughly 1/4.5. Spectrally, VIRUS
has resolving power 750 < R < 950, depending on the wavelength covered.

The bulk of the HETDEX data reduction involves isolating sources of spectral line
emission from the IFU data, and then identifying those sources as either an LAE
or a contaminating line source, such as a low-redshift [O11] emitter. This reduction
process is described in detail in Mentuch Cooper et al., 2023|and Davis et al., 2023b.
The exact catalog we use follows the choices established in Mentuch Cooper et al.,
2026/, although we perform additional cuts to limit the catalog to the COMAP fields
and to the redshift range 2.4 < z < 3.4 (the redshift range covered by our modeling,
which is necessary for estimating the DM masses we probe). The mean redshift of
the HETDEX objects in this range is 2.81, and we show the full redshift distribution
in Figure[6.1} As we are using the LAEs only as tracers of the underlying DM, we use
only the three-dimensional positions of the detected LAEs, and do not incorporate

any information about their flux, etc.
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Figure 6.1: Redshift distribution of the HETDEX reference catalog in the COMAP
volume.

The primary sources of uncertainty in the three-dimensional positions of the LAEs
are both in the spectral axis—the uncertainty in the HETDEX redshifts, and the
known systemic offset in the Ly« line due to its resonant radiative transfer. Uncer-
tainties in the spatial position of the HETDEX galaxies are negligible (on the order
of a few arcseconds Mentuch Cooper et al., 2023) compared to the 4.5 COMAP
beam. We address the systemic Ly« offset by offsetting each object in the HETDEX
catalog by 235 km s~! (an offset value measured from HETDEX galaxies themselves
Davis et al., 2023a) along the line of sight before carrying out any stacking. The
uncertainty in the spectral position of the LAEs arises both from native HETDEX
redshift uncertainty (18 km s~!, Davis et al.,[2023b) and from scatter in the systemic
Lya offset (which we take to be 86km s™!, the standard deviation across galaxies
used to measure the Lya systemic offset in LAEs by Shibuya et al., 2014). We
sum these two quantities to estimate a total uncertainty on the LAE redshifts of
104 km s~!. This will attenuate the potential spectral-line signal in the stack (Dunne
et al.,2025), and we address this effect in our DM modeling (§@.

Finally, there is a significant fraction of false positive detections (primarily due to
noise peaks being misidentified as LAEs) in the HETDEX catalog. These false
positives will attenuate potential signal by averaging regions of the universe that do
not correspond to DM overdensities into the stack. With our choice of parameters
for HETDEX catalog generation, which matches the choices made in the HETDEX
Public Data Release, we expect a false positive fraction frp of 0.2 (Mentuch Cooper
et al., 2026). As with the velocity uncertainty in the catalog, we account for this
effect in our modeling of the DM mass being probed (§6.5)).
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DESI

DESI is a multi-object spectrograph mounted on the 4 m Mayall Telescope at
Kitt Peak National Observatory DESI Collaboration et al., [2025a. Also intended
for finding precise constraints on the equation of state for dark energy, DESI has
obtained over 18 million optical spectra of extragalactic objects in its first data release
(DR1). DRI is subdivided into four primary target surveys: luminous red galaxies
(LRGs), emission line galaxies (ELGs), quasars (QSOs), and bright galaxies (BGS).
In this work, we limit ourselves to only the high-redshift QSOs, but in principle any
of the DESI surveys could be used for a stacking-based blind spectral line search

and we will do so in future work.

We assemble a QSO catalog from the DESI DR1 by first cutting to the three COMAP
fields, and then to the redshift range 2.4 < z < 3.4, to remain consistent with our
modeling. The redshift distribution of the resulting reference catalog is shown in
Figure[6.2] We additionally remove any potential duplicates. The DESI catalog does
not suffer from false positive contamination to the same degree as the HETDEX
catalog, but the quasar redshifts are considerably more uncertain than the LAE
redshifts. This is due to the large in- or outflows common in quasar systems, which
can bias the optical lines with respect to the systemic velocity of the host galaxy
(and thus the center of mass of the DM halo, e.g., Banerji et al., 2017). As with the
LAE offset, we address two components of this uncertainty — a systemic blueshift of
1100km s~!, and an additional scatter in the spectral position of 1600km s~!. Both
of these quantities are derived from comparing optically-derived redshifts to CO
redshifts for quasars at this redshift range (Dunne et al., 2024), and agree well with
other estimates of the same quantity (Tytler and Fan, |1992; Orellana et al., [2011).
We address these redshift uncertainties in the same way as the corresponding LAE
components, although we also widen the region of the spectral axis over which we

integrate in order to account for the much larger QSO redshift uncertainty (§6.5)).

6.5 Methodology

Stacking

At each rest frequency, we calculate line luminosity values using LIM stacking,
which involves cross referencing galaxy catalogs with a three dimensional LIM data
cube, and coadding emissions at the galaxy catalog positions. We source galaxy
catalogs from DESI and HETDEX (§6.4), which are used as tracers for emission
within the COMAP fields (§6.3). A three dimensional cutout is made around each
catalog object in the LIM cube, yielding a ‘cubelet’ encompassing the object’s
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Figure 6.2: Redshift histogram of the DESI QSO reference catalog in the COMAP
volume.

surrounding emission, centered on its sky position and redshift. Each of these
cubelets is averaged together using inverse-variance weighting, yielding a single
stacked cubelet for a corresponding rest frequency. To obtain a one-dimensional
stacked spectrum, the emission within a central spatial aperture of Ngpax X Ngpax
spatial pixels (spaxels) is summed over, along with a set of N.pan spectral channels.
For LAEs, we use Nypax = 5, and Nchan = 3, while for QSOs, we use Ngpax = 5, and
Nchan = 7, corresponding to 18 X 18 X 9 cMpc and 18 X 18 X 21 cMpc, respectively.
The resulting spectrum is integrated over to yield an average line luminosity value
associated with the catalog objects. The relative uncertainty of this value is estimated
from voxel-level noise in the stack aperture, which is propagated through the stacking
pipeline. This stack pipeline is described in more detail in Dunne et al., 2024, and
Dunne et al., [2025.

We then repeat the stack process across a spectrum of rest frequencies: 88.4 —
149.6 GHz, chosen to correspond to the COMAP observed frequencies from 2.4 <
7 < 3.4. This encompasses the redshift range which we can accurately simulate the
mock catalogs for (see §6.3). Galaxies outside this range are affected by significant
redshift evolution, meaning that the size and extent of the DM fluctuations will be
inaccurately described with our current simulation parameters. The stack parameter
choices Ngpax, Nchan, €tc., are also optimized for galaxies in the redshift range
2.4 < z < 3.4. This frequency range corresponds to a range of axion masses from
0.7 —1.0meV, allowing constraints across a large parameter space. We adopt a step
size of 0.1 GHz, allowing us to oversample the stack aperture in the spectral axis.
Our sensitivity to a given spectral line is improved if the rest frequency we probe is

directly on top of the spectral line, so oversampling is beneficial in this case. We
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note that, due to this oversampling, there is a degree of correlation visible in the line

search spectra.

Conversion into the axion-photon coupling constant

We assume that all DM in the Universe is made of axions of a single mass m,
which decay radiatively into two photons of equal energy E, = 2hv, at a decay
rate I'. Thus, a mass Mpy of DM releases energy from radiative decay at a rate
dE _ dE

Mpm ; i =42
ar = my Edl'. Atagiven frequency the measured line flux F, = 7757 becomes

" drmgAv(1 + 2)¥

6.1)

where Xpy = / MDMVa‘p1 ds is the surface density of DM (Mpy, divided by the
aperture volume Vj,, and integrated along the line of sight ds), Q,;, is the solid angle
subtended by the stack aperture on the sky, and Av is the bandwidth of the stack
aperture. We describe how we determine Zpy in below. The factor of (1+2z)~*
comes from cosmological surface brightness dimming. This equation is equivalent
to that used by Wang et al., 2024 for a similar analysis using DESI stacks. We then
obtain a limit on the axion-photon coupling constant |g,y, |, from the limit on I" at

each rest frequency,

2 3

8ayyMa
r=———, 6.2
64r 6.2)

where |g4y,| is expressed in units of 1/GeV (e.g., Baldzs et al.,|[2022).

Dark matter mass

The stack aperture is much larger than an individual DM halo, and is also biased
by being centered around objects from a galaxy catalog. As such, we obtain the
average DM mass in the regions being stacked over using simulations designed for
LIM. We stack dark-matter only simulations on the positions of simulated mock
catalogs for both LAEs and QSOs. We base these simulations on the simulation
pipeline described in Dunne et al., 2025, which is designed for LIM-galaxy catalog
joint analyses and is derived from peak-patch N-body simulations (Bond and Myers,
1996; Stein et al., [2019). We alter this pipeline to output maps in terms of DM
density rather than line luminosity or brightness temperature. From this underlying
dark-matter simulation, two components are generated—a three-dimensional DM
fluctuation map with the same dimensions as the LIM data cube, and a mock galaxy

catalog.
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To generate the DM map, we begin by binning the DM mass of each peak-patch

halo into a three-dimensional voxel grid matching the voxel dimensions of the
actual COMAP data cubes. We then convolve this binned grid with a 4.5'-FWHM
Gaussian profile in each channel to simulate the COMAP instrumental beam. This
corresponds to a FWHM of roughly 8 cMpc at these redshifts. As the peak-patch
simulation only captures DM which has been virialized into DM halos, we recapture
the missing diffuse DM component by converting the convolved DM mass map into
a fluctuation map, and then scaling this to the cosmic critical DM density at the
mean redshift of the HETDEX catalog, 7 = 2.81,

Mpw, vir (X)
(Mpm, vir)x

As the voxel- and beam-level resolution of the COMAP data cube is so poor,

pDM,total(X) = pcrit(z) (Qm(z) - Qb(z)) . (63)

this is functionally similar to extending the simulated DM halos past their virial
radii to capture the diffuse DM component. Even the most massive halo in the
map has an Ry;; < 400kpc, nearly 10x less than the side length of a voxel, so
accounting for the increased spatial extent of the DM halos does not meaningfully
change the distribution of DM in the map. Finally, we subtract the mean from
the density map across each spectral channel and in each spaxel (spatial pixel), to
match a high-pass filtering step performed in the actual COMAP data reduction and
bring the mass determination more in line with the COMAP transfer function. We
generate three mock COMAP fields for each simulation realization. In each field,
we apply the actual COMAP mask and RMS distribution to the DM cube. This
ensures cosmological sample variance (which depends on the cosmic volume being

surveyed) is accurately captured.

The mock galaxy catalog is created by first assigning each simulated DM halo a
luminosity (for the LAE catalog, this is a Lya luminosity, and for the quasars, this
is a either a Lya luminosity or a g-band magnitude). In each case, luminosities are
assigned by abundance-matching an empirical luminosity function to the DM halo

mass function. For our default models we assume a Schechter, 1976 luminosity
dn  ¢* (L\" ;)1
—=— = , 6.4
dL ~ L* (L) ¢ ©4)

where L* is the characteristic (‘knee’) luminosity, ¢* is the normalization density,

function,

and « is the faint end power law slope, in each case. For LAEs, we use the Ouchi
et al.,[2020 Ly« luminosity function at z ~ 3.1 as our default Schechter parameters.

For QSOs, we use the quasar Lya luminosity function from the Physics of the
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Accelerating Universe (PAUS; Torralba-Torregrosa et al., 2024) at z = 3, as default.
The Schechter parameters for each are given in Table [6.2] We then generate a
mock galaxy catalog using these luminosity values by applying an observational cut
(removing from the catalog all halos below a certain observable cutoff luminosity,
LY, which would be too faint to be observed by the instrument we are simulating),
and selecting Nop; halos from the resulting cut catalog. We determine Np; using the

number of catalog objects included in the real stack for each catalog at 110 GHz.

Table 6.2: Schechter parameters used in generating mock galaxy catalogs. LAE
parameters are from Ouchi et al., 2020/ and QSO parameters are from Torralba-
Torregrosa et al., 2024.

LAEs QSOs
L* 8.49x 102 9.77 x10*
¢ 39%x10* 1.9x1077
a -1.8 -1.34

Finally, we account for two potential factors in the catalogs which could attenuate
potential signal: the velocity uncertainty in the redshift determinations for both
catalogs, and the false positive detections in the HETDEX catalogs. In both cases,
the attenuation of potential signal is caused by displacement of the measured 3D
positions of the catalog objects away from their real locations within matter over-
densities (see Dunne et al., |2025). This is functionally the same as decreasing the
DM mass contained within the stack aperture, so we account for sources of atten-
uation by applying these same displacement effects to the DM mass calculation.
The HETDEX and DESI catalogs have random redshift uncertainties of 104 kms~!
and 1600km s™!, respectively (, which we account for by randomly scattering
the positions of the simulated catalog objects by values pulled from a Gaussian
distribution with standard deviation equal to the redshift uncertainty. This yields a
1.1% (55%%) suppression of the probed DM mass for the HETDEX (DESI) catalogs

respectively, and increases the sample variance by 2.1% (17%), respectively.

Additionally, the HETDEX catalog contains an estimated 20% false positive detec-
tions (see , which will average random locations within the COMAP volume
into the stack (rather than the expected overdensities within which LAEs are con-
tained). We account for false positives by replacing a fraction frp of the simulated
catalog with randomly-generated 3D positions. As expected, this suppresses the

measured DM mass by 19.5%. It also adds a small amount (roughly 7%) of ad-
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ditional variance, due to the increased sample variance introduced by the random

(i.e., unbiased) catalog sample.

For each of the two catalogs we target, we generate 50 simulation realizations, each
encompassing the three COMAP fields. We then stack the DM cube on the positions
of the objects in the mock galaxy catalog, following the procedure described in §6.5]
We stack on only a single rest frequency value (at 110 GHz), rather than performing
the full spectral line search, and extrapolate this value to each rest frequency. We
average across the 50 realizations to obtain the average DM mass being probed by the
stacks, and take the standard deviation across realizations to be the sample variance.
We find an average DM mass of Mpy = (1.6+0.1) x 10! M, for the HETDEX-like
catalog and Mpy = (4.4 + 1.2) x 10" My, for the DESI-like QSO catalog. After
dividing by the area of the stack aperture in the two perpendicular axes (13.2 cMpc?
at 110 GHz), this yields a DM surface density Zpy of (2.5 +0.2) x 1072 gcm™
for the HETDEX-like catalog and (6.9 + 1.9) x 1072 g cm™~2 for the DESI QSO-like

catalog.

The use of simulations to determine the average DM mass being probed does
introduce a model-dependence to our determined limits on I" and |g,,, |, as different
prescriptions for assigning luminosities to halo masses may result in differently-
biased catalogs, and thus different values for the average DM surface density. We
test two other LAE models, based on the luminosity functions determined in Zhang
et al., 2021 and Umeda et al., [2025, and find that the Xpy; value varies by 7-11%
depending on the model chosen. Similarly, we find a 20% offset using the quasar
luminosity function from Palanque-Delabrouille et al., 2016. We take the maximum
model-based offset for each galaxy type, and treat these as additional sources of

uncertainty on the DM mass probed (i.e., we scale o by these values).

6.6 Results

We show the line search spectra for each galaxy catalog in Figure[6.3] as well as their
associated S/N values. In both cases, the spectra are consistent with white noise—
we do not detect any unexplained spectral line emission (or indeed, any of the
known molecular lines in this rest frequency range). As described in §6.5] the step
size used for our search is less than the size of the frequency aperture we integrate
across to obtain the stack values, so adjacent points are not statistically independent.
This aperture is 93.35 MHz in observed frequency space, corresponding to a rest-

frame frequency width of roughly 0.35 GHz. There are therefore 157 independent
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Figure 6.3: Line search spectra for the HETDEX LAE catalog (left) and the DESI
QSO catalog (right). Points are colored by the number of catalog objects available.
The S/N ratio for each point is shown in the bottom panel. We find no evidence for
spectral line emission in either catalog.

measurements possible within our frequency range. After correcting for this, the
highest p-value we find for a spectral line in either stack is p < 0.006. At the
most sensitive rest frequency values (between 110 — 120 GHz for both catalogs), we
obtain 20" (95%) flux density limits < 50 pJy for the LAE catalog and < 75 wJy for
the QSO catalog.

We then convert these flux limits into limits on the two-photon axion decay rate
from DM (I') at each rest frequency by propagating through both the uncertainty on
the measured value of F, from the COMAP data and the uncertainty on Xpy (§6.5)),
which comes from cosmological sample variance and the various sources of signal
attenuation described in §6.4] and §6.5] These limits are shown in Figure [6.4] In
the same highest-sensitivity range (m, ~ 0.95 meV), we obtain 95% upper limits of
I' < 3.5x 1073 s7! for the LAE catalog and I" < 5.9 x 10731 57! for the quasars.
While the limit from the quasar catalog is probing a higher DM surface density (due
to the higher bias of the quasars), the LAE catalog provides the more constraining

limit. This is because there is more than an order of magnitude more objects in
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Figure 6.4: Limits on the decay rate of DM axions from COMAP stacking. Limits
from the DESI QSO catalog alone are shown in purple, the HETDEX LAE catalog
alone are shown in orange, and the combined constraints from both catalogs are
shown in black.
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Figure 6.5: The COMAP constraint (in orange) on the axion-photon coupling
constant |g4,y| in comparison with other existing constraints. The orange lines
correspond to the two model predictions from Kim, Shifman et al., (1980 and
Dine et al., 1981} Zhitnitskii, We use the AxionLimits package (O’Hare,
to compile and plot constraints. The full set of references are listed therein.

the HETDEX catalog than the DESI QSO catalog, which decreases the uncertainty

on the input line flux measurements considerably. Our most constraining limit is
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from combining the two catalogs’ constraints. There, we obtain an upper limit on
the axion decay rate of 2.9 x 107! s™!, or a particle half-life of 7 > 3.4 x 10%s.
A particle with a decay timescale equivalent to the age of the Universe would have
a decay rate ~ 2.3 x 107'8 57!, 50 this implies that only one particle in 10! would

have decayed in the lifetime of the observable Universe.

Finally, we convert these limits into direct limits on the axion-photon coupling
constant, |g4y,|. At the most sensitive frequencies, we obtain 95% upper limits of
|gayyl < 6.7 X 107 GeV~! using the combined limits from the two catalogs. The

full COMAP limit as a function of axion mass is shown in Figure[6.5]

6.7 Validation

Previously, when presenting uncertainties associated with a stack, we have deter-
mined those uncertainties through bootstrapping, i.e., performing the same stack
repeatedly on randomized catalogs and capturing the distribution of output line
luminosity values. This method captures not only the inherent uncertainty due to
noise in the map, but also naturally incorporates pixel-pixel covariance, and any ad-
ditional spread attributable to possible systematic errors in the LIM data. However,
bootstrapping is computationally expensive (it requires performing O(103) stacks)
for a given rest frequency, and would be much more expensive for this application,
which requires scanning over rest frequencies. For the line-search spectra in this
work we instead propagate map-level uncertainties through the stack pipeline and

report these propagated uncertainties at each rest frequency.

The COMAP Season 2 data have been tested several times and found to be close to
white noise in each case (e.g., Lunde et al., 2024; Dunne et al.,|2026c). Still, in order
to ensure that these propagated uncertainties are correctly reflecting the full potential
variation at each rest frequency, we cross-check the propagated uncertainties against
bootstrapped uncertainties for a 1 GHz chunk of the LAE line-search spectrum,
from 100 to 101 GHz. We follow the bootstrapping method outlined in Dunne
et al., 2026c¢, where we use the actual COMAP data, but generate a random catalog
following the spatial distribution of the real galaxy catalog for each bootstrapping
realization. For the QSO stack, we simply add arandom offset in all three dimensions
(between 1 and 5 spaxels/channels) to the position of each QSO object. For the
LAE stack, we use HETDEX-generated random catalogs (Davis et al., 2023b). We
perform 1000 bootstrap realizations at each of the 11 rest frequency values tested in
this 1 GHz chunk.
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Figure 6.6: Comparison between bootstrapped and propagated uncertainties for the
QSO stack (top) and for the LAE stack (bottom), in a 1 GHz region. The blue shaded
regions show the full distribution of output (L) values from the bootstraps in each
channel, with the 1o (68.2%) region shown in black. The propagated uncertainty
for the actual stack performed in each channel is shown with the red stars.

In both cases, we find excellent agreement between uncertainties derived from boot-
strapping and those derived from propagating the map-level RMS noise through the
stack pipeline. We show the propagated errors against the bootstrapped values in
the 1 GHz range in Figure[6.6] On average, the two uncertainty values agree within
4.3% for the LAEs and 6.9% for the QSOs. This suggests that the propagated uncer-
tainties used to derive the |g4,,| limit are accurately reflecting the total uncertainty
in the stacks, including pixel-to-pixel covariance and residual systematic error. This
is also confirmation that the covariance between spectral channels driven by the

size of the stack aperture (§6.5)) is not affecting the noise properties of our axion
constraint.
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6.8 Discussion

We present a novel technique for testing axions as a DM candidate at high redshift,
searching for two-photon decay from DM overdensities by stacking LIM data on
the positions of known galaxies. We find no evidence for spectral line emission
at the level of the COMAP sensitivity, placing an upper limit on the axion decay
rate I" of 2.9 x 1073 s~! at axion masses ~ 6 meV. This technique is most similar
to the searches for dark-matter decay performed by stacking galaxy spectra using
HST, JWST, DESI, or the VLT (e.g., Todarello et al., 2024; Todarello and Regis,
2025; Saha et al., 2025; Wang et al., 2024; Grin et al., 2007; Regis et al., 2021),
although these searches tend to be limited to the infrared through ultraviolet part
of the electromagnetic spectrum. In this mass range, this is the only constraint

available on radiative DM decay.

The COMAP limit on I" corresponds to a constraint on the axion-photon coupling
constant of [g4y,| < 6.7 X 107 GeV~!, assuming all DM is made of axions which
undergo two-photon decay. We show this constraint in Figure [6.5]in comparison
with other limits obtained using a wide variety of different techniques (see O’Hare,
2020\, and the included references). In the axion mass range that we probe, the state-
of-the-art limits are from analysing stellar populations in globular clusters (Dolan
etal.,|2022) and from the CERN Axion Solar Telescope (CAST, Andriamonje et al.,
2007; Anastassopoulos et al.,[2017; Melcon et al., 2020; Altenmiiller et al., [2024).
Other strong limits in this mass range include the limits from Manzari et al., [2024
who search for a gamma-ray signature due to axions formed in the progenitor star of
SN1987a, and Dessert et al., 2022/ who use Chandra to search for ALPs formed in
the core of a magnetic white dwarf and converted to x-rays in its magnetosphere, as
well as Ruz et al., 2025, who use NuSTAR to search for axions converted similarly
in the magnetosphere of the Sun. None of these constraints, however, are directly
searching for radiative decay from DM itself. Our COMAP-based limit is the only

constraint in this mass range on axions as a DM candidate.

As a technique for constraining |g4y,|, stacking LIM data on high-redshift galaxy
catalogs is not particularly sensitive. It is unlikely that COMAP will be able
to produce a unique constraint with the experimental parameters in this work—

following the radiometer equation, the line flux sensitivity o, scales with integration
~1/4

time #op @S OF, (tobs)_l/ 2 50| 8ayy| scales with integration time as Oguyy < Lope -

~1/4

This weak o scaling also applies to the other obvious way to improve the

sensitivity of a stack, which is increasing the number of objects in the galaxy
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catalog, Nop;. To produce a limit on |gy, | which improves on that from the globular
clusters, this stack would require the product (#,ps/Nopbj) to improve by a factor of
roughly 10'°.

An obvious direction for future work is to perform the same analysis on lower-redshift
galaxy catalogs. These will provide a sensitivity improvement in two immediate
ways: the effect of cosmological surface brightness dimming (the factor of (1 +z)~*
in Equation [6.1)) will be considerably lessened (although this is somewhat offset by
the lower rest frequencies being probed resulting in smaller axion masses—Equation
is also proportional to v3 through m, and E,), and galaxy catalogs are more
common and more complete at these redshifts than at z ~ 3, so Nop; will increase.
Using the lower-redshift DESI catalogs and the [Omu] emitters from HETDEX as
reference catalogs for a COMAP stack, these two factors will likely improve the
|gayy| limit by more than a factor of 4. The value of Xpy will also likely increase
(also improving the |g4y, | limit) in the lower-redshift Universe, which is more highly
clustered. The degree to which Xpy; will increase is beyond the scope of this work.
Transitioning to For the same reasons, LIM experiments targeting higher-frequency
spectral lines and lower redshifts, such as TIM (Vieira et al., 2020), SPT-SLIM
(Karkare et al.,[2022b), SPHEREX (Dor¢ et al.,[2014)), or HETDEX itself (Gebhardt
et al., 2021) will likely provide the best stacking-based LIM constraints on g4y, |.

Finally, other strategies have been proposed for providing constraints on radiative
axion decay by looking for interloper emission in LIM data. Bernal et al., 2021
suggest searching for (extragalactic) radiative decay from axions using power spec-
trum projection effects or the shape of the voxel intensity distribution (VID). In this
work, they forecast 95% upper limits on I" from the COMAP power spectrum and
VID that are ~ 1072° — 10730s71, broadly consistent with the limits we obtain in
this work. Galactic axion searches can also be performed by observing a region of
sky that is (near-)blank extragalactically, and searching for line emission from the
Milky Way’s own DM halo. Because the COMAP data is high-pass filtered both
spatially and spectrally to mitigate atmospheric contamination, such searches are
not possible with COMAP, but could be viable with LIM experiments that do not
high-pass filter spatially.

6.9 Summary and conclusions
In this work, we explore a novel strategy for studying DM decay through LIM
stacking, and apply this strategy to data from the COMAP experiment. Our technique
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utilizes existing galaxy catalogs as tracers for DM overdensities within the COMAP
LIM data. We coadd the LIM data at the positions of the galaxies to perform a blind
spectral-line search at a range of rest frequencies 88.4—149.6GHz, corresponding to
axion masses 0.7 — 1.0meV. We find no evidence for spectral-line emission in this
frequency range. Assuming all DM is made of axion particles which undergo two-
photon decay, we find an upper limit on the axion decay rate of I' < 2.9 x 10731 571,
We use these values to obtain constraints on the axion-photon coupling constant
|8ayy| < 6.7X 1072 GeV~!. These are the first observational constraints to be placed
on axionic DM using LIM.

As a constraint on axionic DM, this is the deepest limit currently available for
this axion mass range. With the inclusion of lower-redshift galaxies (for which
observational data are readily available), we expect to improve this limit further
in future work, after adjusting both our determination of Zpy; and of the optimal
stack parameters to the lower redshifts. While COMAP itself is unlikely to obtain a
unique limit on | g4, |, stacking-based LIM analyses in general are likely to be highly
competitive. Our stack-based limit is comparable to those forecast for the power
spectrum and VID by Bernal et al., 2021/ for COMAP. We expect stacking to be a
competitive strategy for axion searches using other LIM experiments, particularly

those targeting higher-frequency, lower-redshift spectral lines.
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Chapter 7

SUMMARY AND PATH FORWARD

In this thesis, I have presented the development, testing, and application of a 3D
stacking pipeline for COMAP. This includes robust treatments for the uncertainty
on the stack statistic (Chapter [2)), the transfer function of the LIM experiment
(Chapter [, cosmological sample variance (Chapter ), and a variety of other
experimental attenuation factors (Chapters [ and[5)). In service of this effort, I have
also built a simulation pipeline designed for LIM-galaxy joint analyses, and used it
to develop a theoretical understanding of this novel statistic. While these pipelines
were developed for COMAP, they could each be used for any of the rich landscape of
upcoming LIM experiments. With these tools, I have tested models of the molecular
gas fueling star formation at a key epoch in the Universe’s history. The main results

of the thesis are as follows:

1. I have shown that the signal in a LIM stack is completely dominated by
the clustering of neighboring objects around the galaxies being stacked upon
(Chapter[3} Dunne et al.,2025), with more than 200 other DM halos falling into
the stack aperture for a stack on an LAE-like catalog with COMAP resolution.
This conclusion has wide-reaching applications for stacking analyses. In
particular, the stack signal is extended beyond a point-source profile (important
for selecting a stack aperture size to maximize S/N), and the magnitude of
the stack signal is driven in large part by the bias of the reference catalog

(important for selecting a galaxy catalog to use in a stack).

2. T'have found a mild to moderate (2 —5 o) tension between simulations and ob-
servations for the upper limits derived from COMAP stacks on eBOSS/DESI
quasars (Chapter i} Dunne et al., 2026¢) and HETDEX LAEs (Chapter [5).
This tension holds even after accounting for a variety of experimental factors
that could serve to systematically attenuate the stacked signal or increase the
variance. In the stack, the overall cosmic CO luminosity is degenerate with
any factor (linear or non-linear) that could affect the clustering properties of
the reference catalog. This tension, thus, could be attributable either to incor-
rect modeling of the clustering (or the galaxy-halo connection) in the simple

mock datasets, or to the average CO luminosity of the Universe being fainter
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than models suggest. If the latter, this is likely due to the faint end of the CO
luminosity function (which is nearly entirely unconstrained by observations

z ~ 3) being extrapolated to be too bright by models.

3. I have found a novel application for the stack in the form of a search for two-
photon emission from decaying axionic dark matter (Chapter|[6)). By stacking
COMAP data on DESI and HETDEX, I have placed constraints on the axion
decay rate I" and the axion-photon coupling constant |g,y,|. In the axion
mass range to which COMAP is sensitive, these are the strictest available

constraints on an axion model of dark matter.

This work has aimed to build a foundation for a future of stacking analyses for the
entire LIM field. There are many directions that stacking could take in the future,
both within COMAP and across the LIM field as a whole. Below, I discuss some

promising future directions for stacking and other joint analyses with COMAP.

7.1 Future datasets

The datasets I use for stacking applications in this thesis are by no means exhaustive.
Additionally, near future releases of new datasets (or improvements to existing ones)
have the potential to greatly improve the stack sensitivity. In this section, I discuss
some promising possibilities, both for reference galaxy catalogs and for COMAP
itself.

Galaxy catalogs

One of the easiest ways to obtain new stack-based constraints with a given LIM
experiment is simply to fold in more galaxies, as the stack sensitivity increases
o 4/Nopj. Especially in this era where large, public galaxy surveys are being
released, there is a wealth of data available. Unfortunately, for the purposes of
COMAP, there are two primary factors limiting the utility of a dataset for the stack.
Firstly, spectroscopic galaxy catalogs are vastly preferable (while it is possible to
stack on a photometric catalog, the sensitivity is greatly decreased per catalog object
because the signal is spread over a larger noise floor, and the COMAP pipeline filters
out any signal correlated over more than ~ a GHz, Chapter[3). Secondly, the catalog
must be coincident with the COMAP on-sky coverage and redshift range. The
number densities of most galaxy catalogs drop off after z ~ 2, so this can also be
a challenge. These criteria rule out some surveys that might otherwise be prime

reference partners, such as the Roman Space Telescope HLSS survey (Wang et al.,
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2022) and the Euclid WFS (Euclid Collaboration et al., [2022). Still, there are some

future prospects for galaxy catalogs.

1. The DESI survey has not yet released its full catalog. The QSO catalog used
in Chapter [4] is from DEST’s first data release (DESI Collaboration et al.,
20254). DESI’s DR2, which is not yet public, will have nearly twice as many
quasars available (DESI Collaboration et al., [2025b; DESI Collaboration et
al.,2025c). If coverage in the COMAP fields doubles, this would improve the

sensitivity of the quasar stack to models by more than a factor of 1.4.

2. HETDEX, which is by far the largest spectroscopic survey available in the
COMAP volume, still covers the sky very sparsely. There are also no HET-
DEX observations in COMAP’s Field 3. We have already begun to fill in
the sparse HETDEX coverage in Field 1 (the additional observations included
in the stack in Chapter [5). We will continue to propose to fill in the sparse
HETDEX coverage in Field 2, and to begin to observe Field 3. Optimistically,
more observations could improve the HETDEX N,y,; by 30 — 50%.

COMAP datasets optimized for stacking

The COMAP data reduction pipeline is optimized for the auto-correlation power
spectrum, and is thus designed to remove as much contamination as possible across
all spatial scales at the cost of data retention. Because the stack traces only a
defined range of spatial scales, it will likely be possible to loosen some of the cuts
made in the filtering and mapmaking steps, thus including additional data without
introducing instrumental systematic errors into the final statistic. In particular, these
could include cuts on weather, distance to the Sun or Moon, or other cuts based on
TOD or map-level summary statistics. Currently, these remove roughly 75% of the
raw COMAP data (Lunde et al., 2024)), so there is great potential to increase the
data volume contributing to the COMAP datacubes.

COMAP-wide

The next iteration of COMAP (and the biggest imminent step forward for COMAP
stacking) will be COMAP-wide. This is a near-duplicate of the Pathfinder telescope
designed to study the EoR through cross-correlation of the CO(2-1) transition
(which is redshifted to vops ~ 30GHz at z ~ 7) with 21 cm data from the LOw
Frequency Array (van Haarlem et al., 2013). COMAP-wide is currently under

construction and should be on-sky by the end of 2026. To better match coverage
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in Fourier space with the 21 cm experiment, COMAP-wide will cover a wider field
than any of the Pathfinder fields (up to 100 degz) at the North Ecliptic Pole (NEP).
The proposed coverage is shown in Figure[7.1] In addition to the COMAP-LOFAR
cross-correlation, which I discuss in §|7L5|, this new, wider, field will provide several

opportunities for additional joint analyses with galaxy catalogs z ~ 3.
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Figure 7.1: Proposed COMAP-wide survey area at the NEP, together with potential
cross-correlation partners. HETDEX has ~ 45,000 additional LAEs within this
area, and the SPHEREXx Northern deep field also covers much of the same volume.

When discussing prospects for improving stack sensitivity with a wider-field survey,
it is important to note that the stack sensitivity is constant with survey area for
a fixed integration time #,,s and on-sky reference catalog number density. This
is because the number of objects in the stack increases oc /Qqyrvey, but at fixed
fobs the observing time spent in any given resolution element (7) decreases by the
same factor. The stack RMS uncertainty o is (TNObj)_l/ 2. Thus, COMAP-wide
will enable stacks on many more catalog objects, but will not improve the stack
sensitivity over the COMAP Pathfinder by m directly.

The NEP is a popular field for extragalactic galaxy surveys, some of which are
shown in Figure[7.I] The eBOSS and DESI quasar surveys both overlap with this
field. There is considerable HETDEX coverage (more than 40,000 LAEs) in a
10 deg? field centered on the NEP through the TESLA (Chévez Ortiz et al.,
survey. This subset of the HETDEX catalog also has denser coverage than the
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typical 1/4.5 HETDEX fill factor, and a wide variety of ancillary data, making it
ideal as a stack partner. The Euclid Deep Field North (EDF-N; Euclid Collaboration
et al., 2025) is also contained within this field, and will have both a large catalog
of high-precision photometric redshifts that overlaps with the lower end of the
COMAP redshift range (z < 2.5) and spectroscopic observations via Euclid’s NISP
instrument. The SPHEREXx Northern deep field is also in this patch. SPHEREx
is spectrophotometric, and its spectral resolution approaches the lower limit of the
COMAP resolution. Still, SPHEREx will provide a large catalog of Ha emission
from galaxies z < 3 (Doré€ et al., 2018)), and with some adjustment to the low-level
COMAP data analysis there is high potential for either a stacking or cross-correlation

based joint analysis with these data.

7.2 Stacking methodology improvements

The stacking pipeline I use throughout this thesis is extremely simple, and there
are also opportunities to improve the sensitivity of stacking analyses through more
sophisticated methodologies. In this section, I discuss potential future directions for

improving the stack pipeline.

Matched filtering

In a recently published work (Mansfield et al., 2025), I co-supervised a student
through exploring how 2D and 3D matched-filtering techniques could improve the
stack sensitivity. These techniques (similar to forced photometry in optical/IR
parlance) weight voxels that contain more signal more highly, by a assuming a 2- or
3D distribution of signal and fitting the stack cubelet to this distribution. This is in
contrast to early stacking efforts, where I simply summed over a rectangular aperture
when determining the final (L) from a cubelet. In Mansfield et al. (2025), we
tested the efficacy of this technique on the stack by matched filtering simulations
from joint_limlam_mocker to known functional forms (Gaussian or Lorentzian
functions). We found that the S/N of a stack can be improved by more than 20%
when fitting a function that is well-matched to the stack signal(Figure[7.2).

The COMAP Season 2 stacks (Chapters 4] and [5)) include a version of this matched-
filtering technique that is used to simultaneously correct for the pipeline transfer
function. What has not yet been implemented is the sub-pixel centering that we
developed in Mansfield et al. (2025)—instead of coadding the cutouts from every
galaxy included in the stack and then fitting a 3D profile, we fit the profile to
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Figure 7.2: Relative S/N of a simulated stack (L(.,) from three matched-filtering
techniques in comparison to the simple summed-aperture version we use in Chapters
[2Jand[3] shown as a function of map-level noise RMS. From left to right, stack cutouts
are fit to a Gaussian profile in the spatial axes only, a spatial-spectral Gaussian profile,
and a Gaussian profile in the spatial axes and a Lorentzian profile in the spectral
axis (to better for the fingers-of-God effect). Matched filtering can improve the S/N

by more than 20%. See details in Mansfield et al. (2025)).

each galaxy individually, centered on the precise location of the galaxy within
the COMAP pixel grid, and then average together the resulting fit amplitudes.
Because the COMAP voxels are considerably larger than the photometric precision
of any reference catalog we use, this technique is able to prevent attenuation due to
imprecisions in the profile centroid (see Chapter [3). In Mansfield et al. (2025), we
found a ~ 6% improvement to the stack S/N when centering profiles at the sub-pixel

level with the COMAP resolution. I will continue to work to apply this sub-pixel

centering to stacks on actual data.

Simultaneous stacking

’Simultaneous stacking’ is a method that has been used successfully with 2D fluc-

tuation tracers such as the cosmic infrared background (Viero et al., [2013; Viero

et al., 2015} Viero et al., 2022; Agrawal et al., [2026). With this technique, each
of the sources in a reference galaxy catalog are fit simultaneously to the fluctuation
map. If the catalog is highly complete, then the average properties of the sources
in the galaxy catalog can be determined in a way that accounts for the effects of
source confusion. Catalogued galaxies can also be binned by properties such as
redshift (allowing redshift evolution to be extracted from a projected 2D field) or

mass (allowing for the change in average luminosity with mass to be measured).
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This is similar to the cross-correlation-based tomographic analyses of Chiang et al.
(2025) and Chiang (2026).

LIM stacks have inherent access to line-of-sight information, but there are still
potential benefits to a simultaneous stacking methodology: it is much more efficient
than fitting each cutout individually, and with a highly complete galaxy survey it
could undo the clustering/confusion effects that are driving the stacks in this thesis.
Binning by galaxy properties such as stellar mass would allow for measurements of
the relative contribution from different galaxy types to the overall CO luminosity of
the Universe. I am working with a collaborator (Prof. Dongwoo Chung) and a PhD
student (Megan Shultze) at Cornell University to develop a simultaneous stacking
pipeline for COMAP LIM data.

Weighting

For each of the stack analyses in this thesis, cutouts of the LIM data are coadded
together weighted only by the RMS noise in the LIM map, using a simple inverse-
variance scheme (following, for example, the Hr stacks of Fabello et al., [2011).
Under the assumption of inhomogeneous but Gaussian noise across the LIM dataset
this optimizes the noise properties of the stack, but does nothing to maximize
the stacked signal. Other 21 cm stacks have explored an additional weighting by
some power-law function of the luminosity distance, and found that this positively
impacts the S/N (Delhaize et al., [2013; Hu et al., |2019; Sinigaglia et al., [2022).
Other ancillary information available in the galaxy catalog, such as the luminosity
of a spectral line or even fitted quantities such as the galaxy’s stellar mass, could be

used to weight galaxies that we expect to be more clustered more highly in a stack.

7.3 Cross-correlation

While the stack has been practical as an analysis technique in the early stages of
COMAP, the ultimate target for LIM-galaxy joint analysis is a full cross-correlation.
The cross-correlation folds in information from all spatial scales, so the S/N is
higher than the stack S/N (when integrated across the full cross-spectrum), and
measurements at different spatial scales make it easier to fit models. This helps to
break the degeneracies that are present in the stack alone. In this section, I discuss

the most immediate prospects for cross-correlations with COMAP.
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COMAP x the Lya forest

An intermediate step between the stack and a full 3D cross-correlation is a cross-
correlation with the Ly forest, In this scheme, spectra along lines of sight to
eBOSS background quasars can be extracted from the COMAP LIM data and
cross-correlated with the flux transmission spectra of the Ly forest. Lya forest
fluctuations result from absorption of the quasar continuum by Hi regions along the
line of sight. The CO signal is in emission, so the cross-correlation signal should be
negative at small scales. This strategy was used by Amiri et al. (2024) to obtain a
high-redshift detection of the 21 cm line with CHIME. There are roughly 300 quasar
spectra available in the eBOSS Ly« forest catalog (du Mas des Bourboux et al., 2020)
as cross-correlation partners. Together with a collaborator (Prof. Junhan Kim) and
two PhD students (MinSu Ko and HeeBeom Yang) at KAIST, I am working to carry
out this cross-correlation. We have produced cross-power spectra and are currently

in the process of characterizing the transfer function and the uncertainty.

COMAP x HETDEX LAEs

HETDEX is the largest survey available in our fields and redshift range, and the
COMAP fields were originally chosen to overlap with HETDEX for the purposes
of cross-correlation. This is the obvious next step for COMAP joint analyses, and
a HETDEX cross-correlation detection seems extremely plausible in the lifetime
of the COMAP survey. I have generated forecasts for the cross-correlation using
joint_limlam_mocker, following the CO and LAE modeling in Chapter [5] and
found forecast S/N ratios of 8 for the C22 fiducial model, 13 for the L16-K20 model,
and 5 for the P18. Although the two brighter models (C22 and L16-K20) models
are somewhat in tension with the stack result I present in that chapter, the P18 model
is not, and I still predict a So- detection for that model by COMAP Year 8. The P18
model also can be thought of as a lower limit to the possible CO LIM signal, as it
assumes contributions to the average CO only from parts of the CO LF where CO

has been observed directly (i.e., there is no extrapolation to the faint end).

There are several factors which will make this analysis more accessible in the near
future. Firstly, in preparation for the first HETDEX public data release (PDR1), the
HETDEX catalog selection has been finalized (Mentuch Cooper et al.,|[2026)). This
will minimize false positive detections while maximizing the number of objects
that are retained. Additionally, HETDEX has internally developed robust random
catalogs that match the on-sky coverage and catalog selection. These will be

necessary for addressing the HETDEX window function, which has correlated
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Figure 7.3: Forecasts for COMAP cross-correlations with LAEs. (fop) Forecast
power spectra kP (k) generated for a COMAPXHETDEX cross-correlation. Three
CO models, C22, L16-K20, and P18, are shown. (bottom) Forecast S/N in each
k-bin for the two models, at the current COMAP noise level (S2) and projected
forward to five and eight years of COMAP Pathfinder-only observations (Y5/Y8).

repeating structures at several spatial scales relevant to the COMAP-HETDEX
cross-correlation (see Chapter [5)). Finally, COMAP-wide will dramatically increase
the available large-scale modes, moving the cross-correlation away from scales
where the HETDEX window function is highly structured.

COMAP X 21 cm intensity maps

In theory, the most sensitive COMAP joint analyses will combine the COMAP LIM
dataset with other LIM surveys, as both experiments will have access to all of the
luminosity available in their given tracer and cosmic volume. While it will eventually
be possible to cross-correlate COMAP with other CO and [C1i] experiments (in
particular, TIME; Staniszewski et al., and EXCLAIM; Oxholm et al., 2020),
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the most immediate prospects for COMAP-LIM cross-correlations are with 21 cm

experiments across cosmic time.

During the Epoch of Reionization (e.g., Barkana and Loeb, 2001} Loeb and Barkana,
2001), 21 cm emission traces the neutral hydrogen in the intergalactic medium
(IGM) that is not yet ionized by the heating influence of galaxies. It is anti-
correlated with CO emission (which traces the ionizing sources) inside the ionized
‘bubbles’ and transitions to being correlated outside of the bubbles, so the average
bubble size can be measured from the two lines’ cross-correlation coefficient (e.g.,
Libanore et al., 2025} Thélie et al., 2026). It is for this purpose that COMAP-wide
was proposed. By measuring the CO-21 cm cross-correlation coefficient from the
COMAP-widexLLOFAR power spectrum, the amount of ionizing radiation escaping
galaxies could be constrained. Conversely, by making assumptions about the cross-
correlation coeflicient, the cross-correlation could be used to extract limits on the

auto-spectra for both the CO and 21 cm lines (e.g., Beane et al.,|[2019).

During the EoGA, the COMAP CO(1-0) coverage overlaps very well in Fourier
space with the coverage of the 21 cm line by the Canadian Hydrogen Observatory
and Radio Transient Detector (CHORD; Vanderlinde et al., 2019). In this epoch, the
IGM is fully ionized, and neutral gas is located within galaxies. The 21 cm emission
will thus be correlated with the CO emission, as it traces the same structures. A
cross-correlation between the two lines would yield information about the interaction
between the molecular and neutral medium in galaxies in the buildup to the peak
of cosmic star formation. This analysis will be one of the primary goals of my
postdoctoral work. Looking forward, a similar analysis will also be possible with

the Deep Synoptic Array (DSA; Hallinan et al.,|2019)) in the coming years.

7.4 The future of LIM

As I have aimed to demonstrate throughout this thesis, LIM is a very rich field.
Even when the focus is narrowed to just CO and COMAP, there is a wide variety of
possible analyses available that my research has only begun to address. COMAP is
already beginning to place constraints on galaxy formation (through CO at z ~ 3)
and particle physics (through constraints on axion properties) and soon will extend
its range to the Epoch of Reionization. Over the next few years many other LIM
datasets will become available, covering different observed frequencies, spectral

lines, redshift ranges and spatial scales. Joint analysis techniques do not simply sum
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together the possibilities from these experiments—they multiply them. LIM is about

to become a powerful tool for charting the history of the Universe.
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