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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 Spectroscoplc Survey (eBOSS) catalog, yielding a
95% upper limit for flux from CO(1-0) line emission of 0.129 Jy kms '. Depending on the balance of the
emission between the quasar host and its environment, thlS value can be interpreted as an average CO line
luminosity Léo of eBOSS quasars of <1.26 x 10'' Kkm pc?s ™', or an average molecular gas density Py, In

regions of the Universe containing a quasar of <1.52 x 10® M., cMpc . The L{q 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 yr 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.

Unified Astronomy Thesaurus concepts: CO line emission (262); Cosmological evolution (336); High-redshift

galaxies (734); Molecular gas (1073); Quasars (1319); Radio astronomy (1338)

1. 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 resolve individual galaxies, but instead measure three-
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
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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 upper 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 five years; Chung et al. 2022). However,
cosmic line emission may be detectable even with present-day
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LIM data sets, if careful signal processing techniques making
use of external data sets 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; Lujan Niemeyer
et al. 2022; Romano 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 Season 1 data, taken during the first 13 months
observing season of the project. COMAP observations cover a
frequency range of 26-34 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 5yr 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 Lya emitters (Gebhardt et al. 2021), allowing us to
perform stacking and cross-correlation analyses of these two
data sets.

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 Ly« forest and therefore covers a
redshift range overlapping 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 combination 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
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Table 1
The Locations of the Three Fields Used in the COMAP Pathfinder Survey

Field R.A. (J2000) Decl. (J2000)
Field 1 01" 41™ 4434 00° 00’ 0070
Field 2 11" 20™ 0050 52° 30" 00”0
Field 3 15" 04™ 0050 55° 00" 00”0

provide a more complete picture of the wider population of
AGN and their host galaxies (e.g., Breysse &
Alexandroff 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
additionally use this analysis to explore the viability of stacking
as an LIM technique. As such, we will forecast the sensitivity
of the COMAP Pathfinder survey to CO emission from the
eBOSS quasars after five years of observing. Section 2
introduces both the COMAP Pathfinder (Section 2.1) and
eBOSS surveys (Section 2.2), and Section 3 describes the
stacking methodology we use in our analysis. Section 4
describes verification of the stacking analysis. We present
results in Section 5, including forecasts of the results of
stacking the full Pathfinder survey (Section 5.3). We discuss
the implications of these results in Section 6.

We assume a ACDM cosmology based broadly on nine-
year WMAP (Hinshaw et al. 2013) results throughout,
with Q,=0.286, Q,=0.714, 9,=0.047, and Hy=
100 s km s~ ' Mpc ™" with 2 = 0.7. These are the same values
used in all previous COMAP works. Unless otherwise
indicated, distances are given as proper values.

2. Data
2.1. 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
10.4 m telescope located at the Owens Valley Radio Observa-
tory (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 (o= 115.27 GHz) emitted in a
redshift range of 7z =2.4-3.4. These observations were toward
three ~4 deg2 cosmological fields (shown in Table 1).

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
toward the edges of the fields.

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 fore-
grounds, ground contamination and other systematic effects
from the TOD. This process and the COMAP scanning
strategies are described in detail by Foss et al. (2022). The
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output of this pipeline is a set of three calibrated 3D intensity
maps, each of angular size ~4 deg” with 31.25 MHz spectral
resolution and a 4/9-4/4 beam FWHM. At small scales these
maps are dominated by uncorrelated Gaussian noise (Foss et al.
2022). The maps are somewhat elongated in the R.A. 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 order 6 x 10’ 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% of this power comes from
the main beam, with another roughly 10% of the power in the
near sidelobes (within about 30’). To take this scale dependence
into account, Thle 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 (3D pixel) with an integration time below 1000 s (50,000
“hits,” a stricter cut than is taken for the overall COMAP
pipeline; Foss et al. 2022).

2.2. eBOSS

The Baryon Oscillation Spectroscopic Survey (BOSS;
Dawson et al. 2013) and its extension (eBOSS; Ahumada
et al. 2020) together encompass 11 years of observations using
the BOSS spectrograph at Apache Point Observatory (Gunn
et al. 2006; Smee et al. 2013). We use the large (~240,000
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 Wide-field Infrared Survey—Sloan
Digital Sky Survey (SDSS) DR13 imaging data. We use the
eBOSS DR16 superset catalog (Ahumada et al. 2020; Lyke
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 percentage (3.3% in the overlap with
COMAP fields) of bright galaxies, broad absorption line
quasars, and damped Ly« systems.

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 HG, and a
range of optical and near-ultraviolet forbidden metal lines. The
fit with the minimum reduced x> value is used, provided
Xf > 0.01 and there is no other similarly confident fit
determination greatly offset in redshift from the best-fit value.
Visual follow-up is used to confirm the least confident
identifications and to test the algorithmic determination.'®
Tests of the classification algorithm on blank-sky spectra
showed a <2% false positive rate—the eBOSS redshift

16 Other 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/BOSS_QSO/DR16Q/DR16Q_Superset_
v3.html.
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Figure 1. The redshift distribution of the eBOSS objects used for this stacking
analysis.

determinations are generally considered highly trustworthy.
Based on the pixel size of the detector, the uncertainty in the
eBOSS redshifts is at most ~207kms~ ', or |Az| <0.01
(Bautista et al. 2017; approximately one 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 Section 4.2.3.

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 1. Their spatial distribution is shown in
Figure 2, against the COMAP Season 1 sensitivity.

3. Stacking Methods

Broadly, the stack is a 3D coaddition of the COMAP maps
on the spatial and spectral positions of the quasars in the
eBOSS catalog: we extract a 3D “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.

3.1. Determining Physical Quantities from the COMAP Data
Cubes

The COMAP data cubes are provided in brightness
temperature units, Ty;jx 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 7} ;;; into velocity-
integrated line flux, (SAv);

20%kp Ty jk

(SAV)I',j,k = 2 Quox Avg. (1)

In this case, Ty is the brightness temperature in the voxel,
Qyox 18 the solid angle of the sky subtended by the voxel (which
is constant across the map), and Av; is the channel width
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Figure 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).

inkms ™! in the kth frequency channel,

Av
Avk =
Vobs,k

c. )

We follow Solomon et al. (1997) to calculate L{ in each
voxel,

, c? Dy
Léoijn = ——(SAW); et 3)
CORET Dk ’ Vapsi (1 + 2)°

where vy, 1S the observed frequency of the kth frequency
channel, z; is the redshift required to place the 115.27 GHz
CO(1-0) line into that channel’s frequency range, and Dy 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.

3.2. Extraction of Cubelets

For each eBOSS quasar, we extract from the converted
COMAP L cubes a 3D “cubelet” centered around the spatial
position and redshifted CO(1-0) frequency of the quasar. These
cubelets have dimensions 42 x 42’ x 1.28 GHz and contain
CO line luminosity values Léo,,’m’n,p, where [ and m are in
spatial directions, n is along the spectral axis, and p indexes
each cubelet. These 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.

3.3. Stacking

We then stack the CO emission by directly combining the
full 3D 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 (Section 2.1),
values are weighted by their rms noise using inverse-variance
weighting. Thus, the line luminosity in each voxel of the

stacked cubelet is

/ 2
B ZpLCO,l,m,n,p/Jl,m,n,p (4)
= 5 s

Zpl /Ul,m,n,p

!
LCO,l,m,n

for cubelet voxel line luminosities Léo,z,m,n,p with rms noise
Opmnp- The uncertainty in each voxel of the resulting stacked

cubelet is then
1
Olm,n = \/F”ﬁmnp v

We additionally attempt to lessen any interactions between
asymmetries in the position of catalog galaxies in the data
cubes and the inhomogeneous COMAP noise response by
rotating each cubelet randomly in its spatial axes by either 0°,
90°, 180°, or 270° before performing the coaddition.

3.4. Obtaining Luminosity and Density Limits

Once a full 3D stack cubelet is obtained, we calculate the
average line luminosity of the included quasars in two steps.
First, we calculate the line luminosity in each frequency
channel, Léogn, by summing over the central three spatial pixels
(spaxels) of the stacked cubelet (the region indicated with a
black box in Figures 3 and 4),

+1
LéO,n: Z LéO,l,m,n (6)

I,m=—1

which leaves us with a 1D 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 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).

Finally, to determine the average CO luminosity of the
stacked catalog objects Llo, we sum the central seven
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Dec

A

Figure 3. A diagram displaying the methodology used for this stacking analysis. From the full 3D COMAP data cube (left), smaller 3D cubelets are cut out centered
on the position of each eBOSS object (center). These cubelets are then averaged into a single 3D stack (top right), which is used to determine the average COMAP
spectrum of the eBOSS objects (bottom right).

(a) (b)
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Figure 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 panel (a). The three frequency channels making up the stack aperture are highlighted
in gray. While the simulation is noiseless, neighboring halos may show up in some objects’ cutouts, appearing as small fluctuations in the stacked spectra.

frequency channels of the stacked spectrum, The seven-channel width corresponds to 218.75MHz, or
13 2065kms~ ' at the average redshift of the galaxy catalog

Léo= Y. Léon @) objects. This chosen spectral width allows for a velocity offset

n=-3 between the CO emission and the optical lines used to
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determine the eBOSS redshifts, which can be quite significant
(see Section 4.2.3). 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 M- (K km g ! pcz)*1
(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 ¢ 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.

4. Data Verification
4.1. Bootstrapped Error Analysis

While we believe the noise in our maps to be Gaussian
distributed (“white” noise: see Section 2.1, 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 overall
redshift and field distribution as the real catalog but with
random 3D positions. Variations in catalog number density
between fields, as well as instrumental effects such as the
changing main beam with frequency and potential systematic
errors 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 10,000
different random artificial catalog iterations for each real stack
run to fully characterize the stack noise response.

4.2. Constant-luminosity Simulation Tests
4.2.1. 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 kms ™' (see Section 4.2.3 below), again to more easily test
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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 FWHM to approximate the COMAP
main beam.

The artificial CO emission cube generated from these
simulations is then converted into a time stream, 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 (N.O. Stutzer et al., 2024 in preparation). 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 time stream 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" M., and
4 x 10" 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 of the halos
are required for the stacking analysis, so we do not calculate
any other mock parameters for the galaxy survey.

4.2.2. Spatial Attenuation due to COMAP Beam

We then run the stacking pipeline on 10 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
Section 3.4. An example of a resulting simulated stack, shown
in Figure 4, 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 COMAP main beam spreading signal outside of the
stack’s 3 x 3 spatial aperture (Figure 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.

4.2.3. 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, 2021). The shot component of the cross-power spectrum
(i.e., the cross power at small scales, the most direct analog to a
stacking analysis) is where this effect is at its worst, although
COMAP is most sensitive to larger spatial scales than those
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where attenuation due to redshift uncertainty is truly
catastrophic.

To quantify systemic offsets between the cataloged redshift
for our eBOSS sample (zop) 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:

1. 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 Array; Chenu et al. 2016).
The zop values for these objects are specifically from
eBOSS.

2. 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 Mundz-Elgueta et al. (2022). These objects also
have optical redshifts from eBOSS.

3. Two quasars from Riechers et al. (2011), 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.

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_E-
MISSION 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
319kms .

We plot z, against zco for each of these quasars in Figure 5.
We find that z, is systematically smaller than zco with a mean
value of (zco — Zopt)/(1 + Zopr) = 0.00397 £ 0.00408. This off-
set 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~ (Tytler & Fan 1992; Orellana et al. 2011).

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 — Zop)/(1 + Zopy) in the
individually detected quasar sample is o5, = 0.00408 from this
effect alone, which is large enough to move a portion of the
signal from quasars in the stack outside of our defined seven-
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., Muiioz-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 A. 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
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Figure 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 color map is the extrapolated CO(1-0) luminosity of each
object, and the line where z,p = zco is 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.

attenuation. Combined with the spatial attenuation discussed
above, this is an overall attenuation factor of 1.79.

5. Results
5.1. CO(1-0) Stack Results

The final COMAP/eBOSS stack is shown in Figure 6. 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 Section 4.1) are shown in Figure 7. 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(q
values as the uncertainty in our stack.

We set a 95% upper limit on the CO frequency-integrated
line flux of SAv <0.129 Jykms ™', corresponding to a limit on
the CO line luminosity of Lo < 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 10® M., Mpc .

Additionally, as the quasar velocity offset discussed in
Section 4.2.3 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 Ll <
8.69 x 10'° K km pc? s~! (Figures 10 and 11). Accounting for
this frequency offset thus does not meaningfully change our
results at our current level of sensitivity.
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Figure 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 panel (a). The seven frequency channels making up the 3D stack aperture are highlighted in gray. All

distance scales are given as proper values.

5.2. 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 & Taylor 2016). CO LIM experiments suffer less from
this type of contamination 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.
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 that 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 — 0 rotational transition, the HCN J=1—10
transition, the CS J=2 — 1 transition, and the CN™ radical’s
J=1—0 rotational transition. These lines are discussed in
more detail in Appendix C or in Breysse et al. (2015). We make
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Figure 7. A histogram of the L(y values returned from 10,000 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 Section 3.4).

no detection of any foreground line. The resulting upper limits
are shown in Table 2, and representations of the stacked
cubelets are shown in Appendix C.
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Table 2
Upper Limits Obtained by Stacking the Data Cube on the CO(1-0) Line and Expected Foreground Emission Lines

Spectral Line No. of Objects Vrest Redshift Range SAv 95% Upper Limit L’ 95% Upper Limit
(GHz) (Jykms™h (K kmpc? s™h
12CO(1-0) 243 115.27 24-34 <0.129 <1.26 x 10"
12C0(1-0) with offset® 244 115.15 24-34 <0.270 <8.69 x 10'°
HCN(1-0) 595 88.63 1.6-2.4 <0.196 <6.21 x 10"
CS(2-1) 479 91.98 1.7-2.5 <0.285 <1.18 x 10"
13C0(1-0) 311 110.20 22-32 <0.236 <1.14 x 10"
CN~(1-0) 269 113.49 23-34 <0316 <1.29 x 10"

Note.

# Shifted by the mean velocity offset of zegoss from zco for the individually detected quasars in Section 4.2.3 (see Figure 5).

5.3. Forecasts

As we are working with only the first year of data from
COMAP’s planned multiyear 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 and collated
in Equation (26) of Foss et al. (2022). Almost all of them apply
to the stacking analysis, but some are power spectrum specific:

1. 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 /3 corresponding to this
projection.

2. 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, Etrg), but will
mostly act on the large angular scales to which the stack
is not sensitive. We therefore do not multiply by Erg
when forecasting for the stacks.

3. 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 Exiw and Egp,

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

Sl
Syr  __ O stack (8)

stack Syr 4
\/ D map

g
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T5' is the calendar duration of Season 1, 440 days. Both
instances of E, indicate total observing efficiency, which
combines bare on-sky observing efficiency E.,, with the
fraction of data retained after all pipeline steps Eg,,. For the
exact breakdown of these quantities, see Foss et al. (2022). E>!
is the actual Season 1 efficiency, and EP is the projected
value after five years. Adjusting the values calculated 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 D,fg; = 25.2, corresponding to a

CO(1-0) flux sensitivity o5, of 0.026Jykms™"' 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, 2022) for the cross-correlation of COMAP data with the
the Hobby—Eberly Telescope Dark Energy EXperiment
(HETDEX; Gebhardt et al. 2021) catalog of Lya emitting
galaxies. 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.

6. Discussion

In general, how we interpret the results of LIM/galaxy
survey stacking analyses depends on the relative contribution
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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 luminosity, L(, of the survey objects), and (ii) the
cataloged galaxies are unspectacular themselves, and 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, py,).

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 Ll 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.

6.1. 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, submillimeter-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
activity driving quasars is triggered from normal SMGs by
mergers rich in cold and cool gas (Sanders et al. 1988; 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 toward higher
excitation states than normal (e.g., Brusa et al. 2018). At least
for the purposes of COMAP, which measures the 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
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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 8,
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 nine objects from the QSO
MUSEUM, surveyed with APEX in CO(6-5) and CO(7-6) by
Muiioz-Elgueta et al. (2022); and the sample of five 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 luminosities using the conversion factor
LC/O(3—2) /L(':O(l_o) =097 £0.19 from Carilli & Walter
(2013). In several cases, a single KBSS object was found to
be associated 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
[C1] luminosity. In order to determine CO(1-0) line luminos-
ities associated with the objects, we extrapolate their calculated
My, values to L values using the Milky Way acq conversion
factor of 3.6 M., (K kms ™! pcfz)fl (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 8.
Riechers et al. (2011) report CO(1-0) line luminosities directly.

Figure 8 shows that the COMAP/eBOSS stacking upper
limit is already comparable 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 (Muiioz-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 an LIM instrument are large
compared to galaxy sizes, meaning 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 luminosity 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 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
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Figure 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 Mufioz-Elgueta et al. (2022) report a range of molecular gas mas 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 Section 5.3).

into the complex feedback cycles present in quasars, and thus
into star formation processes as a whole at cosmic noon.

6.2. Cosmic Molecular Gas Density

The other limiting case—that quasars trace large-scale
structure but do not themselves 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 8: a quarter of the Hill et al. (2019) objects, for
example, have nearby CO-bright companions (also Banerji
et al. 2017, 2018; Bischetti et al. 2021; Decarli et al. 2021). The
argument that quasars require major 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 overdensity of CO emission, we can use
the stack’s upper limit on 7}, 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 component of the py,
determined from a power spectrum analysis. We plot this value
in Figure 9, alongside several other measurements of the same
value made using a variety of techniques, including COMAP’s
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own auto-spectrum based early science constraint (Chung et al.
2022). These other measurements include:

1. COPSS (Keating et al. 2016), an LIM survey targeting

the same CO(1-0) transition as COMAP. COPSS used
the Sunyaev—Zel'dovich Array, and is subject to inter-
ferometric 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 M, (Kkms ' pc?)~" (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 spectroscopi-
cally 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 Atacama

Large Millimeter/submillimeter Array (ALMA) calibra-
tors as background sources to search blindly for CO
absorption lines. As these calibrator sources must be
observed frequently, ALMACAL boasts >1500 hr 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 combination of archival and targeted
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Figure 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-Lépez 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 gray upper limit.

ALMA and Atacama Compact Array (ACA) observa-
tions at frequencies tracing multiple CO transitions
(Keating et al. 2020). As with COPSS, these constraints
are primarily constraints on the spectral shot power.

4. Finally, the shaded boxes in Figure 9 correspond to py,
measurements made using traditional (i.e., resolved and
targeted) galaxy surveys. These include ASPECS (Gon-
zdlez-Lopez et al. 2019; Uzgil 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 susceptible to cosmic variance 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.

Clearly, these py;, measurements were made using a diverse
range of different techniques, so some of the scatter in Figure 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 acg 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
Pu, value upwards because of clustering. The upper limit we
report here is therefore likely an overestimate—an analysis that
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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 Ph, value from the eBOSS
stack is more similar to a cross-correlation analysis, such as the
early Wilkinson Microwave Anisotropy Probe cross-correla-
tions with SDSS and BOSS quasars (Pullen & Hirata 2013;
Pullen et al. 2013). 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 B.

Even with these caveats, however, our predicted value is
comparable to the values returned from the different COPSS
joint analyses, reinforcing the viability of stacking as an 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 under-
estimates 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.

Additionally, quasar catalogs are far from the only spectro-
scopic information available on astrophysical objects at our
redshifts. As discussed in Section 5.3, 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
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of the Lya emitting galaxies 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 experi-
ments) of the same region of space as possible. As the LIM
field progresses, there will be more and more opportunities to
do so.

7. 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 technique 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.

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 is somewhat more compli-
cated, as the molecular gas density in the regions traced by the
stack depends heavily on the bias of the cataloged quasars
toward 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 multitracer 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
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future works, including by stacking on the extensive HETDEX
catalog of Lya emitters (Gebhardt et al. 2021).
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Appendix A
Signal Attenuation due to Finite Spectral Aperture Size

As discussed in Section 4.2.3, 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 S/N, as emission is
spread across spectral channels, and also attenuate the stack
luminosity, as these velocity offsets can be wide enough to
move signal out of the seven-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 5 to determine (1) an average
CO FWHM for these objects of 319kms™ ', (2) an average
offset between the molecular redshift and the eBOSS redshift
of (2co — Zopt)/(1 + Zop) =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
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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 that 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 4.2.3); the resulting stack
is shown in Figures 10 and 11.

To address the scatter in the velocity offset between tracers
(functionally, this introduces a redshift uncertainty in the
stack), we use the constant-luminosity simulations discussed in
Section 4.2 as a framework. We artificially set the line width of
each CO emitter to be 319km sfl, as measured in
Section 4.2.3. We test the attenuation from various values of
scatter in (Zco — Zop)/(1 4+ zopy) 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 — Zop) /(1 + Zopy) 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 — Zopt)/(1 + Zopr) We test, using the same
underlying dark-matter 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 12. In Figure 13, we show how this scatter
attenuates signal compared to an unbroadened stack. Using the
values determined from individual eBOSS quasars, we find that
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Figure 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 Section 4.2.3). See Figure 6 for panel descriptions.
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Figure 11. The bootstrapped uncertainty in Lé for the offset '2CO(1-0) stack
(see Figure 7).
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Figure 12. Spectra of simulated stacks, offset to account for the velocity
difference between eBOSS-determined redshifts and CO-determined redshifts
(zco — Zopt)/ (1 + Zopy) = 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 13. The percentage of the input luminosity returned by a constant-
luminosity simulated stack as a function of an induced scatter between zq, and
Zco in the individual halos making up the stack. The average scatter calculated
from the independently detected quasars presented in Section 4.2.3, 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.
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the returned signal is 63.1% of the actual value, corresponding
to an attenuation factor of 1.58.

Appendix B
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 Ll and Py, varies in size from 3.0 Mpc x
3.0Mpc x 2519kms ' at low redshifts to 2.7 Mpc x
2.7Mpc x 1929 kms ™' at high redshifts. We investigate here
how this affects the stack. Ideally, this would be addressed by
rebinning the data at the map level to create voxels that are
constant physical sizes, and we plan to implement this in
future work.

As in Appendix A, we investigate this effect using the
constant-luminosity simulations from Section 4.2, again
artificially imposing a line width of 319 kms™' for each CO
emitter. We generate three different 1000 halo simulations in
which emitters are only located in a specific redshift range: a
“low-z” simulation with halos 2.39 <z<2.42, a “mid-z”
simulation with halos 2.82 < 7 < 2.86, and a “high-z” simula-
tion 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 astro-
physical sources and not instrumental sources, as our spectral
aliasing is near zero. At low redshifts, this is 1.15 times the
width of a map channel, whereas at high redshifts it is 0.9 times
the width of a channel. An identical CO emitter will thus
(unphysically) appear more strongly peaked at high redshifts
than at low redshifts (Figure 14). However, the same amount of
emission is still present (spread between more spectral
channels) and our seven-channel aperture is more than enough
to encompass this spread, so the returned L value remains
the same.

While the line luminosity is unaffected by the change in
cosmic volume across the stack, the resulting molecular gas
density, Phy 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 is 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.
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Figure 14. A comparison of constant-luminosity, constant line width 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.

Appendix C
Foreground Stacks

As discussed in Section 5.2, 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.

C.1. HCN(1-0)

HCN(1-0) is a tracer of dense (n(Hy) >3 x 10*cm™)
molecular gas in galaxies, associated primarily with the star-
forming cores of giant molecular clouds (Gao & Solo-
mon 2004). HCN luminosity correlates strongly with CO
luminosity, although in a given galaxy Lyjcy is roughly an
order of magnitude less than L{,. HCN has a rest frequency of
88.63 GHz, and 595 eBOSS quasars with this rest frequency
fall into the COMAP volume. The HCN stack and its
corresponding bootstrapped uncertainty determination are
shown in Figures 15 and 16.

C.2. CS(2-1)

CS is interesting as a dense gas tracer independent of
HCN/CN™ chemistry, although it is quite faint (Wang et al.
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2011; Zhang et al. 2014, e.g.,). With a rest frequency of of
91.98 GHz, there are 479 eBOSS objects included in this stack.
The CS stack and its corresponding bootstrapped uncertainty
determination are shown in Figures 17 and 18.

C.3. Pco(1-0)

Molecule '*CO, as a rarer and slightly heavier isotopologue
of 2CO, 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). A
total of 311 eBOSS objects are included in this stack. The '*CO
stack and its corresponding bootstrapped uncertainty determi-
nation are shown in Figures 19 and 20.

C.4. CN~(1-0)

CN ™ (1-0) traces a very similar phase of gas to HCN (.e.,
dense molecular cores; Section C.1), but has a critical density
that 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. The CN™ stack and its
corresponding bootstrapped uncertainty determination are
shown in Figures 21 and 22.
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Figure 15. The 3D stack performed on the eBOSS catalog using the HCN(1-0) emission wavelength. See Figure 6 for panel descriptions.
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Figure 17. The 3D stack performed on the eBOSS catalog using the CS(2-1) emission wavelength. See Figure 6 for panel descriptions.
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Figure 18. The bootstrapped uncertainty in L{, for the CS(2-1) stack (see Figure 7).
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Figure 19. The 3D stack performed on the eBOSS catalog using the '*CO(1-0) emission wavelength. See Figure 6 for panel descriptions.
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Figure 20. The bootstrapped uncertainty in L{, for the 13CO(1-0) stack (see Figure 7).
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Figure 21. The 3D stack performed on the eBOSS catalog using the CN ™ (1-0) emission wavelength. See Figure 6 for panel descriptions.
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Figure 22. The bootstrapped uncertainty in L(, for the CN~(1-0) stack (see Figure 7).
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