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The power spectrum and voxel intensity distribution (VID) are two summary statistics that can be
applied to condense the information encoded in line-intensity maps. The information contained in both
summary statistics is highly complementary, and their combination allows for a major increase in precision
of parameter estimation from line-intensity mapping (LIM) surveys. Until recently, combination of these
statistics required simulation-based estimations of their covariance. In this work we leverage an analytical
model of covariance between these observables to run a joint Fisher forecast focusing on the CO(1-0)
rotational line targeted by the COMAP survey and a wider, shallower hypothetical iteration. We consider a
generalized phenomenological non-CDM model, models with axion dark matter, and local primordial non-
Gaussianity, to highlight where a combined analysis of the power spectrum and VID can be most useful.
Our results demonstrate improvements in sensitivity to beyond-ΛCDM physics over analyses using either
the power spectrum or VID on their own, by factors ranging from 2 to 50, showcasing the potential of joint
analyses in unlocking new insights into fundamental physics with LIM surveys.
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I. INTRODUCTION

Line-intensity mapping (LIM) has emerged as a prom-
ising technique to quickly map large three-dimensional
cosmological volumes all the way to cosmic dawn. This is
achieved by measuring the integrated emission along the
line of sight from bright spectral lines originating from all
galaxies, including individually unresolved sources as well
as from the diffuse intergalactic medium [1–3]. Similarly to
traditional large scale structure surveys, line-intensity
fluctuations act as a biased tracer of the underlying matter
distribution, but are also sensitive to astrophysical phe-
nomena that trigger line emission, making LIM a probe of
the formation and evolution of galaxies, and the properties
of the intergalactic medium. As individual galaxy detection
is not required, LIM can employ low-aperture telescopes
with relatively low angular resolution to quickly map the
sky with inexpensive surveys at high redshift, being
optimal in the high-noise or high-confusion regimes
[4,5]. First developed as a technique to probe the 21-cm

hyperfine transition in neutral hydrogen [6–8], LIM has
blossomed in recent years, with many experiments cur-
rently underway [9–17] and under construction [18–24],
each targeting atomic and molecular spectral lines from
radio to optical wavelengths.
As the experimental landscape opens, accurate theoretical

modeling of LIM observables, covariances, and contami-
nants is of the utmost importance in order to derive accurate
astrophysical and cosmological constraints. A number of
techniques have been proposed for extracting cosmological
information from line-intensity maps. The primary statistic
used is the LIM power-spectrum, which captures the
Gaussian information in the line-intensity maps. However,
observational complications aside, the challenge for using
LIM to constrain cosmology and astrophysics comes from
their inherent interdependence—uncertainties in the astro-
physics driving the line-emission serve as effective nuisance
parameters in deriving constraints on cosmological param-
eters, and vice versa. For instance, to linear order the power
spectrum depends only on the first two moments of the line-
luminosity function, however it does so in a way that is
degenerate with cosmological parameters, limiting its con-
straining power [5,25,26].*vivian.sabla@austin.utexas.edu
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Alternative summary statistics, such as the voxel inten-
sity distribution (VID), have been proposed to break these
degeneracies while also accessing the non-Gaussian infor-
mation in LIM observations. The VID is an estimator of the
one-point probability distribution function (PDF) of the
intensity measured within a voxel, which depends on
convolutions of the line-luminosity function [27].
Through its sensitivity to the whole line-luminosity func-
tion, the VID is particularly useful for constraining the
astrophysics of line emission, and very complementary to
the power spectrum. A joint analysis using both the power-
spectrum and VID has the potential to break parameter
degeneracies and significantly improve the inference of the
line-luminosity function [28–30]. Previous joint analyses
empirically estimate the covariance from simulations [28],
however Ref. [31] derived an analytic expression for the
covariance which depends on the integrated bispectrum of
one power of the emitter overdensity and two of the
intensity fluctuations.
In this work we aim to explore and highlight the gains of

adding the VID to the LIM power spectrum in a joint
analysis to constrain models beyond ΛCDM, taking ad-
vantage of the analytic covariance between both summary
statistics. The dependence of the LIM power spectrum on
new physics is twofold. At large scales, it inherits changes
in the shape of the matter power spectrum or additional,
scale-dependent, contributions to the halo bias. On the
other hand, changes in the halo mass function, connected to
the matter power spectrum, affect the line-luminosity
function and therefore the amplitude of the line-intensity
fluctuations and their power spectrum. This second effect
also affects the VID due to the changes in the luminosity
function.1 The sensitivity of the VID to cosmologically
sourced changes in the halo mass function have been
explored, including the sensitivity to the amplitude of the
primordial power spectrum at small scales [33], and the boost
of the clustering at small scales created by primordial
magnetic fields [34].2

Given the sensitivity and complementarity of the power
spectrum and the VID, we focus on cosmological models
that modify the halo mass function in its light and massive
end. Other modifications affecting only the background
evolution can be probed using baryon-acoustic oscillation
analyses of the LIM power spectrum (see e.g., Ref. [37]).
First, we focus on noncold dark matter (nCDM) models.
There are many nCDM candidates, each with their own

phenomenology (see e.g., Ref. [38] for a review), but a
general feature is a suppression of thematter power spectrum
at small scales, which reduces the abundance of light halos.
This feature has motivated phenomenological parametriza-
tions at specific redshifts (see e.g., Ref. [39]): in particular,
we employ a two-parameter cut off in the matter power
spectrum. In addition, we consider a fully physical case
of ultralight axion dark matter [40–48]. While previous
studies have investigated the constraining power of line-
intensity mapping regarding non-CDM models (see e.g.,
Refs. [35,48–51]), this is the first study considering the
combination of the power spectrum and VID. Second, we
consider the sensitivity to local primordial non-Gaussianity,
which is a signature to discriminate between different infla-
tionary models [52]. The level of local primordial non-
Gaussianity in strongly constrained by Planck observations,
but its potential signatures in the large-scale structure—
affecting the halo bias at large scales and the abundance of the
most massive halos—can be used to obtain complementary,
independent, and eventually stronger constraints.
The methods and conclusions we present in this study

are general to any spectral line except for 21 cm before
reionization. Nonetheless, we focus on the CO(1-0) rota-
tional emission line being measured by the COMAP survey
at redshifts 2.4 < z < 3.4 [15], as an example of near-term
observational capabilities. CO is second most abundant
molecule in galaxies after molecular hydrogen making it a
good tracer of the distribution of matter, as well as star
formation and stellar mass [3,15,53]. Similarly, the poten-
tial of the combination of the VID and the power spectrum
extends to about any flavor of new physics, and we restrict
our study here to the examples listed above.
This paper is organized as follows. In Sec. II, we review

the formalism needed to compute the LIM power spectrum
and VID, as well as the covariance between the two
observables. Next, we describe the beyond-ΛCDM cos-
mological scenarios considered, and discuss their impact on
the LIM observables in Sec. III. In Sec. IV, we present the
survey specifications and astrophysical model of CO
emission we use to derive constraints, give details on
our Fisher forecast and present our results for each
cosmological model considered. We end in Sec. V with
a discussion of our results. Further details on the noise and
survey specifications are provided in the Appendix.

II. LIM OBSERVABLES

In this section we review the modeling of the power
spectrum and VID, as well as their covariance. The
brightness temperature of a given radiation source at a
redshift z with a rest-frame frequency ν is related to the
local luminosity density ρLðzÞ via

TðzÞ ¼ c3ð1þ zÞ2
8πkBν3HðzÞ ρLðzÞ≡ XLTρLðzÞ; ð1Þ

1Note however that the connection between an intensity bin in
the VID and halo mass is not trivial, since a given intensity bin in
the VID receives contribution from a wide range of halo masses
(see Ref. [32]).

2Both the power spectrum and the VID are also sensitive to
contributions to the signal from exotic radiative decays [35,36],
although the physical process involved in the effects on the
measurements are very different from those considered in this
work.
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where c is the speed of light, kB is the Boltzmann constant,
HðzÞ is the Hubble parameter at the target redshift, and we
define XLT in our second equality to simplify subsequent
expressions.
The average luminosity density can be computed using

the halo mass function dn=dM, assuming a relationship
between the luminosity of the spectral line and the mass M
of the host halo:

hρLiðzÞ ¼
Z

dMLðM; zÞ dn
dM

ðM; zÞ: ð2Þ

Using these expressions, we can derive the one- and
two-point summary statistics of line-intensity maps,
described below.

A. Power spectrum

The power spectrum PðkÞ is the Fourier transform of the
two-point correlation function of perturbations of the temper-
ature δT ≡ T − hTi. δT is a biased tracer of the underlying
matter density perturbations, contributing a clustering com-
ponent to the overall LIM power spectrum; due to the
discrete distribution of line emitters, there is an additional
scale-independent shot-noise contribution, resulting in
Pðk; μ; zÞ ¼ Pclustðk; μ; zÞ þ PshotðzÞ, where k is the magni-
tude of the Fourier mode, and μ is the cosine of the angle
between the wave mode vector k and its line-of-sight
component kk.
To first order, line-intensity and matter-density pertur-

bations are related by a linear bias. We use the one- and
two-halo terms of the halo model to model the power
spectrum [54,55] as

Pclust ¼
�
XLT

Z
dM

dn
dM

Lðbh þ fμ2ÞUðkÞ
�
2

PmðkÞ

þ X2
LT

Z
dM

dn
dM

L2UðkÞ; ð3Þ

where UðkÞ is the Fourier transform of the NFW spherical
density profile of a halo of mass M, which we calculate
assuming a halo-mass concentration- relation given by
Ref. [56]. The first and second terms correspond to the two-
halo and one-halo terms, respectively. In the equation
above, bh denotes the halo bias, fðzÞ is the linear growth
rate, Pm is the linear power spectrum of cold dark matter
and baryons, and all quantities in the integral except for f
and μ depend on the halo mass. We neglect the redshift-
space distortions at small scales, known as the fingers of
God, for simplicity, especially regarding the analytic
covariance with the VID. Assuming Poissonian shot noise,
the second contribution to the power spectrum is3

Pshot ¼ X2
LT

Z
dM

dn
dM

L2: ð4Þ

Lastly, in our analysis we consider the monopole of the
power spectrum, which can be computed as P0ðkÞ ¼
1
2

R
dμPðk; μÞ.

B. Voxel intensity distribution

We follow the VID modeling from Ref. [30], including
the implementation of extended profiles from Ref. [59]. We
refer the interested reader to those references for further
detail. We employ the following convention for the Fourier
transforms for the VID computations. Consider τ as the
Fourier conjugate of the brightness temperature T. The
direct and inverse Fourier transforms of a function f and its
Fourier counterpart f̆ are given by

f̆ðτÞ ¼
Z

dTfðTÞe−iTτ;

fðTÞ ¼
Z

dτ
2π

f̆ðτÞeiτT: ð5Þ

Assuming that the emission line follows a Dirac delta
function, each emitter contributes to the observed line-
intensity map with a support given by the experimental
resolution. We consider this profile to be a Gaussian
determined by the frequency channel width δν and the
full-width half maximum θFWHM of the telescope beam in
the direction along and transverse to the line of sight,
respectively; integrating to a volume Vprof .
If we denote the probability distribution function of the

observed intensity from a single halo of mass M with

PðMÞ
1 ðTÞ—with units of inverse brightness temperature—

the characteristic function of the temperature distribution—
i.e., the Fourier transform of the probability distribution
function for the temperature—neglecting clustering is given by

P̆ðuÞðτÞ ¼ exp

�Z
dM

dn
dM

VprofðP̆ðMÞ
1 ðτÞ − 1Þ

�
; ð6Þ

where τ is the Fourier conjugate of the temperature andwe use
P̆ to denote a characteristic function. Clustering can be taken
into account promoting the halo mass function in the expres-
sion above to be density dependent, and taking the ensemble
average over realizations. The ensemble average of an expo-
nential results in the exponential of a series of powers of the
cumulant of thematter distribution.Truncating that series at the
second order, the characteristic function accounting for clus-
tering is given by

P̆ðτÞ
P̆ðuÞðτÞ ¼ exp

��Z
dM

dn
dM

VprofðP̆ðMÞ
1 ðτÞ − 1Þbh

�
2 σ2

2

�
;

ð7Þ

3Stochastic contributions to the power spectrum and halo
exclusion introduces scale-dependence in the shot noise, which
also becomes non Poissonian. See e.g., Refs. [57,58] for further
details in the context of LIM.
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where σ2 is the matter variance smoothed over the scales of a
voxel in redshift space.
Finally, there will be a thermal noise contribution to the

total observed temperature per voxel which we model as a
Gaussian distribution with standard deviation given by the
effective instrumental noise per voxel, making the final
total temperature PDF

PtotðTÞ ¼ ðPnoise � PÞðTÞ: ð8Þ

Before adding in the noise, we remove the mean temper-
ature from the PDF to highlight only the fluctuations in the
VID; this accounts, at zero-th order, for information loss in
foreground subtraction.
In practice, Ptot is not directly measurable from intensity

maps. However it can be estimated from the number of
voxels Bi for which the measured intensity is within a given
temperature bin ΔTi:

Bi ¼
Z
ΔTi

dTPtotðTÞ: ð9Þ

C. Covariance

We assume a diagonal covariance for the power spectrum
monopole, given by

σ20 ¼
1

2Nmodes

Z
dμP̃totðk; μÞ2; ð10Þ

where the tilde denotes the observed power spectrum
accounting for the experimental resolution and survey
window (see discussion in the Appendix), and

Nmodesðk; μÞ ¼
k2Δk
4π2

Vfield ð11Þ

is the number of modes per bin Δk in k in the observed
volume.
We assume a diagonal covariance for the VID due to the

temperature binning of the observed signal.4 Assuming that
the temperature in a voxel is a Poisson sampling of the line-
intensity PDF, the diagonal variance of the VID is given by
Bið1 − BiÞ=Nvox where Nvox is the number of voxels in the
line-intensity map.5 Reference [59] checked that this

approximation is very accurate for the diagonal of the
covariance of the VID.
The covariance between the power spectrum monopole

and the VID was derived in Ref. [31], and can be under-
stood as the response of the measured power spectrum to
the mean temperature perturbation. This is because the VID
is the distribution of the temperature fluctuation δT, which
depends on the perturbation δh in the number density of
emitters on scales of the volume probed, and their line-
luminosity PDF, while the power spectrum depends on two
powers of δT. Here we derive the covariance for the
improved modeling of the VID presented in Refs. [30,59].
To simplify the computation of the covariance, like the

derivation in Ref. [31], we promote P̆ðuÞ to depend on
the local halo perturbation transforming dn=dM →
dn=dMð1þ δhÞ and expand the characteristic function to
linear order in δh. Therefore, the resulting covariance is
proportional to the integrated bispectrum hδhδTδTi with an
additional factor accounting for the luminosity function:

σBi;P0
¼ 1

V2
field

ϒi

Z
d2Ωk̂

4π

Z
d3q1

ð2πÞ3
Z

d3q2

ð2πÞ3

×
Z

d3q3

ð2πÞ3Wvolðq1ÞWvolðq2ÞWvolðq3Þ

×Wresð−q1ÞWresðk − q2ÞWresð−k − q3Þ
× hδhð−q1ÞδTðk − q2ÞδTð−k − q3Þi; ð12Þ

where

ϒi ¼
Z
ΔT

dT
Z

dτ
2π

P̆noiseP̆
ðuÞ logðP̆ðuÞÞeiTτ; ð13Þ

andWvol andWres are the window functions corresponding
to the volume probed and the experimental resolution,
respectively, in Fourier space (see discussion in the
Appendix).6

We refer the reader to Ref. [31] for an equivalent step-by-
step derivation for an older VID modeling, and the
expression for the integrated bispectrum used. We highlight
that Ref. [31] found that the modeling of the covariance in
terms of the bispectrum was found to have good agreement
with estimations of the covariance from peak-patch
simulations.

III. BEYOND-ΛCDM COSMOLOGIES

In this sectionwedescribe thedeviations from the standard
ΛCDM model that we consider. Throughout this work, we
assume the standard cosmological parameters to be given by
the Planck 2018 TT;TE;EEþ lowEþ lensingþBAO results

4We ignore the subdominant supersample covariance dis-
cussed in Ref. [31], as well as the physical covariance between
different bins; the interested reader can find a simulation-based
estimation of this latter contribution in Refs. [28,59].

5We define the voxel size to be determined by θFWHM and
δν=0.4247, as is the optimal value to minimize the correlation
between different intensity bins while maximizing the statistical
information [59,60]. Therefore, Nvox ≡ ΩfieldΔν=ðθ2FWHMδν=
0.4248Þ, with Ωfield being the solid angle on the sky covered by
the survey, and Δν the frequency band of the experiment.

6Note that we do not include the one-halo term in our
calculation of the bispectrum. We have checked that this has
little impact on our results and does not affect our conclusions.
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with fωb;ωc; ns; logð1010AsÞ; hg ¼ f0.02242; 0.11933;
0.9665; 0.6766g and consider two massless neutrinos and a
massive neutrino with 0.06 eV mass [61].

A. Phenomenological noncold dark matter

We model the small-scale suppression of clustering
characteristic of noncold dark matter models by introducing
a transfer function which cuts off the matter power
spectrum at some specified scale kcut:

T 2ðkÞ≡ PnCDMðkÞ
PCDMðkÞ

¼
(
1 if k ≤ kcut;�

k
kcut

�
−n if k > kcut;

ð14Þ

where n gives the slope or rate at which power is sup-
pressed at small scales.

We show the resulting halo-mass function as a function
of the cut off scale and slope in Fig. 1. The suppression in
matter power at small scales decreases the number density
of low-mass halos, but high-mass halo densities are
unaffected. As the matter power spectrum suppression is
pushed to larger scales, i.e. lower kcut, higher mass halos are
similarly restricted. Decreasing the spectral index of the
nCDM transfer function (i.e., increasing the sharpness of
the suppression), intuitively decreases the overall number
of halos formed, with a larger effect at lower mass.
Figure 2 shows the CO power spectrum monopole and

temperature PDF at z ¼ 2.9 for a COMAP-like experiment.
The main effect of the nCDM model is an overall
suppression in the CO power spectrum monopole relative
to ΛCDM, due to the reduction in the number density of
halos and the subsequent decrease in the mean temperature,
which controls the amplitude of the clustering term. The
suppression increases as kcut decreases and n increases
(each producing a stronger cut off in the matter power
spectrum). Secondly, we see that the monopole is more
suppressed at scales larger than those dominated by shot
noise.Non-cold darkmatter affects the shot noise through the
second moment of the luminosity function [see Eq. (4)], the
integral of which is dominated by the bright emitters and
high-mass halos and therefore is not as sensitive to the cut off
in the power spectrum. This is the reason for the apparent
scale dependence in the suppression of the monopole.
The influence of the suppression on the VID signal is

more complex to understand. The right panel of Fig. 2
shows the PDF of temperature for different choices of kcut
and n, with the ΛCDM model shown in gray. The main
effect we see is an overall reduction in brightness temper-
ature. As you decrease kcut and increase n, producing a
larger-scale or sharper cutoff in the matter power spectrum,
the mean temperature is reduced. This follows from the
overall lower density of emitters we see in Fig. 1. Since in

FIG. 1. Halo-mass function (top) and ratio with respect to the
ΛCDM prediction (bottom) for different choices of cutoff scale
kcut and slope n assuming a phenomenological noncold dark
matter cosmology.

FIG. 2. Observed power spectrum monopole (left), and temperature PDF (right) for the CO line observed at z ¼ 2.9 with a COMAP-
Y5 type experiment assuming a phenomenological noncold dark matter cosmology. Different colors represent different choices of the
cutoff scale kcut, and different line styles show different choices of the slope n. Instrumental noise is not included in either observable,
and the VID is not mean-subtracted. The ΛCDM model is shown in gray for comparison.
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our analysis we consider the PDF of the mean-subtracted
temperature, this reduction in the mean temperature effec-
tively shifts the zero-point of the PDF.

B. Axionic dark matter

Here we briefly review the relevant physics of axions
included in AXIONCAMB,7 which we use to generate the
matter power spectra used for our calculations of the LIM
observables. For a full description of the theory behind
ultralight axions see Ref. [62]. Ultralight axions are
described by a pseudo-scalar field ϕ, which obeys the
Klein-Gordon equation given in natural units by

ϕ00 þ 2Hϕ0 þm2
aa2ϕ ¼ 0; ð15Þ

where ma is the axion mass in units of energy, a is the
cosmological scale factor, H ¼ a0=a ¼ aH is the con-
formal Hubble parameter, and primes denote derivatives
with respect to conformal time. At early times when
ma ≪ H, the axion field is overdamped and evolves like
a cosmological constant with equation-of-state parameter
w ¼ −1. As the universe cools, the axion field begins to
oscillate about the minimum of its potential. For a > aosc—
where aosc fulfills ma ≈ 3HðaoscÞ—the number of axions is
roughly conserved and the axion energy density redshifts
like matter, with ρa ∼ a−3. The relic axion density is thus
Ωa ¼ ρaðaoscÞa3osc=ρcrit where ρaðaoscÞ is the background
energy density of axions at aosc and ρcrit is the present day
critical density. We parametrize the axion abundance in
relation to the total dark matter density with Ωa=Ωd
and Ωd ¼ Ωc þ Ωa.
When the axion field is in its oscillatory phase, the axion

has a non-negligible sound speed arising from the large de
Broglie wavelength of the axion:

c2s ¼
k2

4m2
aa2

1þ k2

4m2
aa2

: ð16Þ

From this equation we see that at large scales c2s → 0, and
the axions behave like pressureless CDM. However, at
small scales there is an induced pressure leading to a
suppression of clustering with respect to CDM, as shown in
Fig. 3. The threshold scale at which the suppression is
effective is referred to as the axion Jeans scale.
Lighter axions (ma ≲ 10−27 eV) thaw from the Hubble

friction and begin oscillating during the matter or Λ-domi-
nated eras at late times, and thus behave like dark energy at
matter-radiation equality. We call these low mass axions
“DE-like.” Alternatively, heavier axions (ma ≳ 10−27 eV)
begin their evolution during the radiation-domination epoch,
behaving like DM much earlier on, and suppress clustering
below their Jeans scale.We call these axions “DM-like.” The
effects of these axions are frozen into the matter-power
spectrum atmatter-radiation equality, leading to significantly
different signatures in the LIMobservables depending on the
axion mass considered.
For low-mass axions with ma ∼ 10−32 eV, the matter

power spectrum is enhanced at very large scales, due to
their dark energy like behavior (orange curve). Alternatively,
high-mass axions (blue curve) behave similarly to our nCDM
model with high kcut, and only suppress power on very small
scales. We show the resulting changes to the halo-mass
function in the right plot of Fig. 3. Heavier axions with
ma ∼ 10−24 eV, suppress the formation of halos below their
Jeans mass, thus only change the low-mass end of the halo
mass function (HMF), very similarly to the phenomenologi-
cal non-CDM model discussed in the previous section.
Conversely, the lighter axions have a similar effect as
neutrinos, providing an added radiation pressure that shifts
the halo-mass function toward lighter halo masses, intro-
ducing an enhancement at low-mass, and suppression at

FIG. 3. The ratio with respect to a ΛCDM model of the linear matter power spectrum at z ¼ 2.9 (left) and the halo mass function
(right) in an axion DM cosmology assuming different choices of the axion mass ma and density fraction Ωa=Ωd with a fixed total dark
matter density fraction Ωd.

7Publicly available at: https://github.com/dgrin1/axionCAMB.
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high-mass compared to ΛCDM. As can be expected, higher
values ofΩa=Ωd causemore severe suppression in thematter
power spectrum and bigger impact in the halomass function.
The total effect of these changes to the LIM observables

can be seen in Fig. 4 where we plot the CO monopole and
temperature PDF without the mean subtracted for the same
variations in axion mass and density fraction. As was the
case with the phenomenological nCDM model, the most
noticeable change in the monopole due to axion DM is an
overall suppression of power, due to the net reduction in the
number density of halos. However, for this model each
axion mass exhibits distinct changes to both the clustering
and shot noise terms. To understand these underlying
changes we also show the two-halo clustering term given
by Eq. (3) in the thin solid lines for each choice of ma, see
discussion in the Appendix. With qualitatively similar
changes to the low mass end of the HMF, the heaviest
axion with ma ¼ 10−24 eV has the same overall impact on
the LIM observables as the non-CDM model. The shot
noise given by Eq. (4) starts to dominate over the clustering
term on larger scales than when the suppression of power
due to the axions comes into effect, resulting in the
difference in the ratio of the full monopole with respect
to ΛCDM between large and small scales. Interestingly,
despite changes to the HMF at opposite ends of the mass
spectrum, the lightest axion with ma ¼ 10−32 eV shows a
net effect on the power spectrum monopole and temper-
ature PDF that is very similar to the “DM-like” axion,
however the cause for the changes are substantially differ-
ent. In this case, the shot noise is even smaller than in
ΛCDM due to the fewer number of high mass halos, which
results in a lower value of the second moment of the
luminosity function. Hence, the suppression in clustering
which results from the damping of matter power is more

prominently exhibited in the power spectrum monopole,
than with the heavier axion. The intermediate mass axion
intuitively follows the same qualitative behavior as the light
axion, though the net effect on the monopole and temper-
ature PDF is larger, following the changes to the HMF and
matter power spectrum.

C. Non-Gaussianity

In the local limit, primordial non-Gaussianity can be
modeled in terms of the gauge-invariant Bardeen gravita-
tional potential,

Φ ¼ ϕþ fNLðϕ2 − hϕ2iÞ; ð17Þ

where ϕ is a Gaussian random field, and fNL quantifies the
amount of non-Gaussianity. Note that in our notation Φ ¼
−Ψ where Ψ is the usual Newtonian potential. With this
convention, positive fNL corresponds to a positive skew-
ness of the density probability distribution S3ðMÞ≡ hδ3Mi,
and hence an increased number of overdense regions. As
such, any deviations from Gaussianity will modify both the
halo bias and the halo mass function.
To model the effect of non-Gaussianity on the halo mass

function, we follow Ref. [63] and use the Press-Schecter
formalism [64], which we outline here. For full details of
this derivation refer to Ref. [63].8 In this framework, the
primordial non-Gaussianity introduces a non-Gaussian
correction into the standard halo mass function:

FIG. 4. Power spectrum monopole (left), and temperature PDF (right) for the CO line observed at z ¼ 2.9 with a COMAP-Y5 type
experiment assuming an axion DM cosmology. Different colors represent different choices of the axion mass ma, and different line
styles show different choices of the axion density fraction Ωa=Ωd. On the left plot, the thick solid lines show the total power spectrum
monopole, whereas the thin solid lines give just the two-halo clustering term given by Eq. (3). Instrumental noise is not included in either
observable, and the VID is not mean-subtracted. The ΛCDM model is shown in gray for comparison.

8We note that Ref. [63] introduces a cutoff scale in the
primordial bispectrum, below which the bispectrum vanishes,
in order to limit their analysis to the small-scale primordial non-
Gaussianity. We do not introduce such a cutoff in our analysis.
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This non-Gaussian correction can be written as

ΔHMF ¼
κ3H3ðνcÞ

6
−
H2ðνcÞ

6

κ03
ν0c

; ð19Þ

where primes denote derivatives with respect to halo mass,
νc ¼

ffiffiffiffiffiffiffiffiffiffiffi
0.707

p
δec=σM ¼ 1.42=σM is a rescaling of the criti-

cal matter density for ellipsoidal collapse δec ¼ 1.686, and
HnðνÞ are the Hermite polynomials given by

HnðνÞ ¼ ð−1Þn expðν2=2Þ dn

dνn
expð−ν2=2Þ; ð20Þ

with ν≡ δM=σM. We define a normalized skewness
κ3 ≡ hδ3Mi=σ3M, where

σ2M ¼
Z

d3k
ð2π3ÞWMðkÞT 2

mðk; zÞPΦðkÞ; ð21Þ

is the variance of the linear density field with PΦðkÞ and
T mðk; zÞ being the primordial power spectrum of ΦðkÞ and
the linear matter transfer function, respectively. The density
perturbation δM smoothed over a mass scaleM is written as

δMðzÞ ¼
Z

d3k
ð2πÞ3WMðkÞT mðk; zÞΦðkÞ; ð22Þ

where

WMðkÞ ¼
3 sinðkRÞ
ðkRÞ3 −

3 cosðkRÞ
ðkRÞ2 ð23Þ

is a top-hat window function with comoving radius
RðMÞ ¼ ð3M=ð4πρmÞÞ1=3. In the local non-Gaussian limit,
the skewness of the density probability distribution
becomes

hδ3Mi ¼ 6fNL

Z
d3k1
ð2πÞ3

Z
d3k2
ð2πÞ3WMðjk1jÞWMðjk2jÞ

×WMðjk1 þ k2jÞT mðjk1jÞT mðjk2jÞT mðjk1 þ k2jÞ
× PΦðjk1jÞPΦðjk2jÞ; ð24Þ

which can be calculated numerically. We have only kept
terms to first order in fNL, making the correction to the halo
mass function given in Eq. (19) also linear in fNL. While
higher-order terms exist, we neglect them following the
arguments of Ref. [63].
The effects of this generalized non-Gaussian correction

on the halo mass function can be seen in Fig. 5. As fNL
increases, i.e. more positive skewness, the number of high-
mass halos grows. Conversely, a negative value of fNL

would have the opposite effect, suppressing the formation
of high-mass halos.
The total halo bias appearing in Eq. (3) can be written as

bh ¼ bGh þ Δbh where the effects from primordial non-
Gaussianity are introduced as a correction on the Gaussian
halo bias bGh (see e.g., Refs. [65–68]). In the local limit, the
skewness introduced in the density probability distribution
introduces a scale-dependent correction of the form,

Δbh ¼ ðbGh − 1ÞfNLδec
3ΩmH2

0

c2k2Tðk; zÞ : ð25Þ

Here we assume universality of the halo mass function to
derive the relation between the bias bϕ with respect to the
primordial potential perturbations and the linear halo bias
bh. We acknowledge that universality does not hold, and
that this relationship cannot be predicted a priori. Dropping
universality of the HMF would introduce a complete
degeneracy between fNL and bϕ, forcing constraints to
be framed in terms of fNLbϕ [69], also for the LIM power
spectrum [70]. If the reader prefers not to consider this
assumption, our forecasted uncertainties can be interpreted
as σðfNLÞPk ¼ σðbϕfNLÞPk. However, the constraints on
fNL from the VID are not sensitive to bϕ, so when
combined with the power spectrum, the VID would break
the degeneracy and σðfNLÞPkþVID ∼ σðfNLÞVID. As this
work is a proof-of-concept on constraints from the combi-
nation of the power spectrum and VID, we prefer to assume
universality to avoid confusion and to ease the interpret-
ability of our results.
We show the effect of fNL ≠ 0 on the LIMmeasurements

in Fig. 6. Introducing the corrections to the halo mass
function given in Eq. (19), and the bias given in Eq. (25),
we find that the non-Gaussian initial conditions lead to
large scale enhancement in the CO power spectrum due to
the k−2 dependence of the correction to the halo bias. There

FIG. 5. Halo mass function (top) for different choices of
positive fNL and the ratio with respect to the prediction for
Gaussian initial conditions (bottom).
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is also a small overall increase of power due to the boost in
the first and second moments of the luminosity functions
(affecting the clustering and shot-noise contributions,
respectively) due to the increased abundance of high-mass
emitters; since in any case the abundance of these emitters
is low, this effect is less significant than the effect caused by
the correction in the halo bias. Similarly, we find high-
intensity enhancement in the VID, due to the larger
abundance of bright emitters. In turn, the amplitude of
the VID decreases at low intensities to compensate.

IV. LIM FORECASTING

In this section, we present our forecasts on the models
presented in the previous Section, and the improvement
gained from a joint analysis of the LIM observables. To
compute the LIM observables and all related quantities, we
modify lim9 to account for the changes to the matter-
power spectrum, halo bias, and halo mass function for each
cosmology we consider. We assume efficient foreground
subtraction and line-interloper cleaning, achieved follow-
ing strategies developed in e.g., Refs. [71–77], and neglect
their effects on the forecast.

A. Experimental setup and astrophysical model

We choose to center our analysis on the ground-based
COMAP instrument [15], which targets the CO(1-0)
spectral line observed at a frequency of νobs ¼ 29.6 GHz
(z ¼ 2.9). We follow the expected sensitivities after five
years of observations [29,78], which we delineate as
COMAP-Y5 throughout the text. We assume an effective
system temperature of Tsys ¼ 45=

ffiffiffiffiffiffiffiffiffi
69.4

p
K, where the

factor of
ffiffiffiffiffiffiffiffiffi
69.4

p
accounts for the increase of sensitivity

between the early science sensitivities of COMAP and the

finished five-year survey. The remaining experimental
parameters roughly correspond to the early-science specifi-
cations: a single survey which covers 4 deg2 of sky with 38
effective detectors (19 feeds with double polarization)
observing for a cumulative time of tobs ¼ 1000 hours. We
consider an angular and spectral resolutions of θFWHM ¼
4.5 arcmin and δν ¼ 31.25 MHz, respectively, and a band-
width of Δν ¼ 7.7 GHz corresponding to the redshift range
z∈ 2.4–3.4. To forecast the potential of a survey targeting a
larger volume—and compare a deep-narrow and a wide-
shallow survey—we also consider a hypothetical future CO
survey which covers 200 deg2 with only twice the total
observing time, which we refer to as COMAP-XL. The
corresponding instrumental noise per voxel of COMAP-Y5
and COMAP-XL is 1.45 μK and 5.09 μK, respectively.
We model the relation between the total CO luminosity

and the halo mass using the fiducial COMAP model [29],

LCO

L⊙
ðMÞ ¼ 4.9 × 10−5

C
ðM=M�ÞA þ ðM=M�ÞB

; ð26Þ

with fiducial parameters A ¼ −2.85, B ¼ −0.42,
C ¼ 1010.63, and M� ¼ 1012.3M⊙, obtained from a fit to
results from Universe Machine [79], COLDz [80], and
COPSS [14]. We include a mean-preserving logarithmic
scatter σL ¼ 0.42, and assume a halo mass function and
halo bias from the fits of Refs. [81,82].

B. Fisher formalism

We forecast constraints on the models discussed above
using a Fisher matrix formalism, which assumes a Gaussian
distribution for the parameter likelihoods centered on some
chosen fiducial values. To obtain the joint forecast from the
power spectrum and VID, we construct a vector of our
observables Θ ¼ ½P̃0ðkÞ;Bi�. Then, the total Fisher matrix
element corresponding to parameters pα and pβ is

FIG. 6. The power spectrummonopole (left), and temperature PDF (right) for the CO line observed at z ¼ 2.9with a COMAP-Y5 type
experiment assuming different values of positive fNL. Instrumental noise is not included in either observable, and the VID is not mean-
subtracted.

9Available at: https://github.com/jl-bernal/lim.
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Fαβ ¼
∂ΘT

∂pα
ξ−1

∂Θ
∂pβ

; ð27Þ

where ξ is a block matrix where the diagonal blocks
correspond to the covariance of the power spectrum
monopole and the VID, and off-diagonal blocks, to their
covariance:

ξ ¼
� σ2P0

σP0;Bi

σBi;P0
σ2Bi

	
ð28Þ

where all elements have been defined in Sec. II C.
In our Fisher analyses we vary the parameters of our line

emission model, pα ¼ fA;B; logC; logðM�=M⊙Þg, along
with the different beyond-ΛCDM parameters for each case.
We marginalize over the astrophysical parameters to
produce our final constraints on the cosmological param-
eters of interest.
We compute the Fisher matrix for the power spectrum

monopole, VID, and their combination for both the
COMAP-Y5 and COMAP-XL experimental setups. For
all forecasts we assume a k-range of kmin ¼ 2π=Lk,
representing the minimum k-accessible in the observed
field, and kmax ¼ 1.0 Mpc−1, and a temperature range
T ∈ ½0 μK; Tmax� with Tmax ¼ 20–50 μK for COMAP-
Y5, and Tmax ¼ 200 μK for COMAP-XL. Note that
resolution limits suppress the power spectrum at scales
larger than kmax, so that the specific maximum wave
number used does not affect our results. We choose
Tmax such that the calculation of the VID remains stable
and normalized with respect to the parameter changes
needed for the numerical derivatives, and the signal-to-
noise in each temperature bin remains above unity, mean-
ing the exact value changes for each cosmological model
we consider.10

We acknowledge that the parameter posterior in each of
our models may not be Gaussian. Hence the predictions
from our Fisher forecasts should not be thought of as
restrictive constraints. However, the relative gains and
broken degeneracies from the combination of the power
spectrum and VID should remain approximately the same,
regardless of the Gaussian posterior approximation.

C. Results

A summary results of our Fisher forecasts on all
cosmological parameters for both the COMAP-Y5 and
COMAP-XL configurations are found in Table I where we
give the 68% confidence level forecast marginalized
uncertainties using just the power spectrum, just the
VID, and a combination of the two, labeled P0, Bi, and
P0 þ Bi, respectively. As we can see, a joint analysis leads
to significantly tighter constraints in all cases. The major
factor in this is the ability of the VID to constrain the
astrophysical parameters, allowing for access to cosmo-
logical information that would otherwise be inaccessible
due to strong degeneracies between the astrophysics and
cosmology being tested. The degeneracies can be seen in
the figures of Sec. III, where the main effects on the power
spectrum at the scales probed are similar to those from
changes in the first and second moment of the luminosity
functions.
In Fig. 7, we show the 68% confidence regions around

our fiducial LðMÞ derived in ΛCDM assuming a COMAP-
Y5 experiment, where we see quite how much better the
VID statistic is at measuring the LðMÞ relation. On the
mass and luminosity ranges probed, the power spectrum
provides virtually no constraining power relative to the
VID. This can also be seen looking at the marginalized
forecast constraints on the parameters controling the LðMÞ
relation, shown in Fig. 8: the VID alone improves the
marginalized constraints on these parameters by a factor
ranging from 150 to over 1000. Adding the power spectrum
to the VID slightly improves the constraining power,
especially reducing the degeneracies between the param-
eters. As such when beyond-ΛCDM cosmological

TABLE I. Forecasted 68% (1-σ) parameter constraints for all three BSM cosmologies considered using COMAP-
Y5 and a hypothetical survey with a larger volume COMAP-XL. We compare constraints derived from just the
power spectrum (P0) and VID (Bi) alone, to the constraint from a combined analysis assuming the analytical
covariance derived in Sec. II C (P0 þ Bi).

COMAP-Y5 COMAP-XL

Parameter Fiducial P0 Bi P0 þ Bi P0 Bi P0 þ Bi

kcut [Mpc−1] 0.5 �8.74 �41.93 �2.42 �11.56 �1.48 �1.24
n 0.1 �15.95 �12.16 �0.24 �25.75 �0.15 �0.11
Ωa=Ωd (ma ¼ 10−32 eV) 0.04 �0.76 �0.52 �0.04 �0.17 �0.31 �0.02
Ωa=Ωd (ma ¼ 10−27 eV) 0.04 �0.19 �0.18 �0.02 �0.09 �0.07 �0.01
Ωa=Ωd (ma ¼ 10−24 eV) 0.04 �78.2 �0.14 �0.06 �20.4 �0.06 �0.02
fNL 0 �3140 �71 �3.2 �220 �14.2 �0.38

10For ΛCDM, nCDM, and non-Gaussianity this informs
Tmax ¼ 20 μK, for axion DM Tmax ¼ 50 μK.
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parameters are included, their constraints are limited by the
power spectrum’s ability to distinguish changes to mass-
luminosity relation from changes to the cosmology.
Therefore, once the astrophysical parameters are con-
strained by the VID, the power spectrum adds significantly
more constraining power than the naive combination of the
independent constraints. We discuss these results in the

context of each model in more detail in the subsequent
paragraphs.
For the phenomenological non-CDMmodel presented in

Sec. III, we choose fiducial values of kcut ¼ 0.5 Mpc−1 and
n ¼ 0.1, giving similar small-scale suppression to an axion-
DM model with ma ∼ 10−24 eV, and Ωa=Ωd ∼ 0.025. In
Fig. 9, we show the marginalized forecasted constraints on
the kcut-n plane for the power spectrum monopole (in blue),
VID statistic Bi (in orange), and their combination (in
green), for the COMAP-Y5 and COMAP-XL experimental
configurations. Focusing first on the Y5 scenario, we see
that the VID is not very sensitive to the cutoff scale, but
does provide a stronger constraint on the slope n than the
power spectrum alone. In turn, the joint analysis improves
the Y5 constraint on kcut by a factor of 3.6 over the power
spectrum alone, and improves the constraint on the slope n
by a factor of more than 50 over the VID alone. When we
consider a larger survey, the constraints on the nCDM
parameters from the power spectrum alone actually worsen
compared to the COMAP-Y5 configuration. This is
because the influence of nCDM is limited to small scales,
and there is a higher noise in the COMAP-XL case, which
makes the measured power spectrum less sensitive to the
small-scale changes. The constraint on the VID however
gets considerably better with a larger survey due to the
increase in the total number of voxels, which scales linearly
with Ωfield, and the added sensitivity coming from a larger
Tmax. Overall, this leads to the combined COMAP-XL
constraints on both nCDM parameters improving by ∼50%
when compared with the Y5 constraints.
For the axion DM model, we choose to include only the

axion density fraction Ωa=Ωd alongside the astrophysical
parameters in our Fisher analysis. We follow Refs. [48,83–
85] by forecasting constraints on the axion fraction for
fixed values of ma ∈ ½10−32; 10−24� eV, since a highly
nontrivial degeneracy exists in the ma-Ωa=Ωd plane. We
choose three exemplary cases: first, we assume a very light
axion with ma ¼ 10−32 eV as an example of “DE-like”
axions; second, we choose a heavier axion with ma ¼
10−24 eV as an example of “DM-like” axions; and finally,
we choose an intermediate value of ma ¼ 10−27 eV, to
show the behavior in between these two extremes. We do
not consider cases outside of this range as lighter axions are
indistinguishable from a cosmological constant, and
heavier axions are indistinguishable from cold dark matter
on the scales we probe. We consider a fiducial value of
Ωa=Ωd ¼ 0.04, well within current bounds, and hold Ωd
fixed across all cases.
We show the forecasted marginalized constraints on

Ωa=Ωd for the three different axion masses we consider
in Fig. 10 for COMAP-Y5 and COMAP-XL. Starting with
COMAP-Y5 forecasts, we see that the axions with ma ¼
10−32 eV and ma ¼ 10−27 eV are similarly constrained by
the power spectrum and VID, with the VID being slightly
more sensitive to the axion fraction in both cases.

FIG. 7. 68% confidence regions around our fiducial LðMÞ
obtained from the CO power spectrum monopole (blue) and the
VID (orange) assuming a COMAP-Y5 experimental setup. The
power spectrum alone offers virtually no constraining power on
the mass and luminosity range considered in our analysis, hence
the blue background.

FIG. 8. 68% and 95% forecasted marginalized constraints on
the LðMÞ parameters assuming a COMAP-Y5 setup. We com-
pare the results from the power spectrum monopole (blue), the
VID (orange), and their combination including the analytical
covariance (green).
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Since axions, especially toward the light end, change the
shape of the power spectrum on all scales, the constraints
from the power spectrum alone are comparable to those
from the VID.When the two statistics are combined, we see
the sensitivity increase by a factor of 13 over the VID alone
for the lighter axion, and by a factor of 9 for intermediate
mass axion. The heavier “DM-like” axion, is a different
story. In this case, much like with nCDM, this heavier axion
influences the power spectrum mainly on small scales that
are dominated by shot noise, giving stronger degeneracies
with astrophysical parameters, hence the VID contributes
way more constraining power than the power spectrum
alone. Combining both statistics results in a 2.3 times
improvement in sensitivity over the VID alone for the
heaviest axion. When we size up to the COMAP-XL
scenario, the power spectrum constraints do not get worse
as they did for the nCDM case because the DM-like axions
still introduce small changes in the shape of the power
spectrum at all scales. For each axion mass, the XL
combined constraints on Ωa=Ωd improve by ∼50% when
compared with the Y5 combined constraints.
Finally, for our forecast on fNL we assume a fiducial

value of fNL ¼ 0. We can see from Table I that the power
spectrum alone is not very sensitive to deviations from
Gaussianity, especially using COMAP-Y5. This is due to
the limited COMAP-Y5 survey volume cutting off the
scales accessible by the power spectrum. As we see in
Fig. 6, nonzero fNL mostly affects the largest scales
(moreover, all-scale effects are degenerate with changes
in the moments of the luminosity function), but the
minimum k-value accessible by the power spectrum for
COMAP-Y5 is kmin ∼ 0.006=Mpc. As such, small devia-
tions from Gaussianity are hard to distinguish with the
scales available in this forecast. When we consider a larger
volume with the COMAP-XL configuration, the minimum
accessible scale is pushed to kmin ∼ 0.004=Mpc and we see
the constraint from the power spectrum alone improves by

over an order of magnitude. The VID captures the effect of
primordial non-Gaussianity in the abundance of massive
emitters, hence providing some more constraining power.
The power of a joint analysis becomes particularly clear in
the case of non-Gaussianity where the combined constraint
from the power spectrum and VID represents more than an
order of magnitude of improvement over the individual
constraints.
In summary, our Fisher forecasts demonstrate that a joint

analysis utilizing both the power spectrum and VID
significantly enhances constraints on beyond-ΛCDM cos-
mologies compared to individual analyses. The combina-
tion of these statistics provides tighter constraints by
breaking degeneracies between astrophysical parameters,
and cosmological parameters, which we show for the cases
of nCDM, axion dark matter, and non-Gaussianity.

FIG. 9. 68% and 95% forecasted marginalized constraints on the nCDM parameters assuming fiducial values of kcut ¼ 0.5 Mpc−1 and
n ¼ 0.1. We compare the results from the power spectrum monopole (blue), the VID (orange), and their combination including the
analytical covariance (green). Constraints derived assuming a COMAP-Y5 setup are shown on the left, whereas constraints our
hypothetical larger COMAP-XL setup are shown on the right.

FIG. 10. 68% marginalized errors on the axion density fraction
assuming a fiducial value of Ωa=Ωd ¼ 0.04 for the three different
axion masses considered. We compare the results of the power
spectrum monopole (blue), the VID (orange), and their combi-
nation including the analytical covariance (green) for the
COMAP-Y5 and COMAP-XL experimental configurations.
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V. DISCUSSION AND CONCLUSION

Line-intensity mapping proposes a novel observational
technique, capable of measuring large cosmological vol-
umes at redshifts beyond the reach of conventional galaxy
surveys. The fluctuations in an observed intensity map
depend on the spatial distribution of galaxies and the
luminosity function of the spectral line of interest. The
LIM power spectrum carries the bulk of cosmological
information available in intensity maps, but their sensitivity
to the astrophysics is limited and degenerate with some of
the cosmological parameters. On the other hand, the VID,
which depends directly on the full luminosity function,
carries non-Gaussian information, and is sensitive to the
clustering at very small scales through its impact in the halo
mass function. As such, analyses which combine these two
summary statistics should significantly improve constraints
breaking degeneracies between astrophysical uncertainties
and cosmological features.
The benefits of combining the power spectrum and the

VID to constrain the line-luminosity function had been
shown previously [28]. The potential of the VID to
constrain changes in the matter power spectrum at small
scales was also highlighted [33,34]. In this work, we take
advantage of the analytical covariance between the power
spectrum and VID (derived for the first time in Ref. [31]
and updated in this work) to explore the improvement in
sensitivity to beyond-ΛCDM physics due to their combi-
nation. We focus on cosmological models beyond ΛCDM
which alter the halo-mass function at light and heavy
masses, where the combination of the VID and the power
spectrum shows the biggest improvement in comparison to
an analysis using only the power spectrum. In all cases, the
VID’s ability to constrain the astrophysical parameters
allows the power spectrum to greatly constrain the cos-
mological parameters, such that their combination reaches
a constraining power beyond a naive addition of the
individual marginalized constraints. We forecast constraints
assuming a COMAP mission measuring the CO line at
redshifts 2.4 < z < 3.4, as an example of near-term obser-
vational capabilities (COMAP-Y5), as well as a shallower
but wider hypothetical iteration for comparison (COMAP-
XL). In all cases, the shallower but wider version obtains
better constraints on the cosmological parameters once the
VID and the power spectrum are combined. However, we
note that for models which only change the shape of the
power spectrum at small scales, a deeper and narrower
survey, which has a lower instrumental noise, is preferred
for analyses using only the power spectrum.
Our phenomenological non-CDM model introduces two

new cosmological parameters, the scale at which clustering
begins to be suppressed kcut, and the slope of the sup-
pression n. We find that a joint Fisher analysis using the
LIM power spectrum monopole and VID can lead to an
increase in precision, with respect to the better single
observable, on the estimation of kcut by a factor of 3.6(1.2),

and an increase by a factor of 50(1.4) for n using COMAP-
Y5(COMAP-XL). The increased sensitivity is a direct result
of the different kcut-n degeneracy directions in the power
spectrum monopole and VID, making their combination
break the degeneracy and yield much tighter constraints.
We consider three cases of axion dark matter with

varying masses of the axion. First, we consider a “DE-
like” axion with ma ¼ 10−32 eV which thaws from the
Hubble friction after matter-radiation equality, making its
effect on the matter power spectrum similar to that of dark
energy or massive neutrinos. In this case we find that a joint
analysis increases precision on the estimation of the axion
density fraction Ωa=Ωd by a factor of 13(8.5) with respect
to an analysis using only one observable for COMAP-Y5
(XL). Secondly, we consider a heavy “DM-like” axion with
ma ¼ 10−24 eV, which becomes dynamical during the
radiation era. As such, its effect on the matter power
spectrum is similar to CDM, and we only see changes at
very small scales which are nearly out of reach of the LIM
power spectrum. For this reason, the inclusion of the VID,
which is more sensitive to these small scale changes,
increases precision on Ωa=Ωd by two orders of magnitude
when compared with constraints from the power spectrum
alone. The final axion we consider exists somewhere in
between DE and DM with ma ¼ 10−27 eV. This case is
overall the most constrained of the three we consider as it
has the greatest effect on both the power spectrum and VID
affecting all accessible scales and intensities. Here the
inclusion of the VID results in 9(7) times greater sensitivity
to the axion density for COMAP-Y5(XL).
Finally, we consider deviations from Gaussianity in the

primordial perturbations by introducing first-order local
type non-Gaussian corrections to the halo-mass function
and halo bias. The changes to the LIM observables only
appear on large scales, leading to our derived constraints on
fNL being driven by VID’s access to a wider range of scales
when compared to the power spectrum. We find that our
joint analysis increases sensitivity to fNL by a factor of 22
(37) for a COMAP-Y5(XL) experiment. Furthermore,
information from the VID, which does not depend on
the halo bias, may help to break the degeneracy between bϕ
and fNL that limits the constraining power of the power
spectrum on primordial non Gaussianity. We note that
although we consider scale-independent non-Gaussianity,
the VID would also be sensitive to scale-dependent local
primordial non-Gaussianity [86].
While we focus our forecast on a single experiment and

spectral line, it can be generalized for others. With accurate
models of the correlation between different emission lines,
multiple lines could be added together to boost sensitivity
to cosmological parameters even more. Furthermore, the
joint analysis could be extended to other observables such
as the velocity field reconstruction using the kinetic
Sunyaev Zeldovic tomography with LIM [87], among
many others.
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This work aims to highlight the raw potential of the VID
and its complementarity to the power spectrum to constrain
fundamental physics with LIM. As such, it makes some
simplifying assumptions that affect the exact value of the
forecast sensitivities. First, we assume that foregrounds and
line interlopers are under control and do not reduce the
sensitivity of the LIM observables. Employing variations of
the VID which are more robust against observational
systematics, as the conditional VID [88] or the deconvolved
density estimator [89,90] are expected to return similar
qualitative improvements, although likely resulting in a
decline in the overall sensitivity which respect to the VID.
Second, while we introduce new cosmological parameters,
our analysis assumes the standard model parameters are
given by the Planck best-fit ΛCDM cosmology. We hope
that improvements in the modeling of the contaminants and
the strategies to reduce their impact, as well as combina-
tions of observations from different experiments, different
spectral lines and different observables can return robust
line-intensity maps without much information loss. The
purpose of this work is to show the increased precision
obtained in a joint analysis, not an accurate estimation of
parameter values. Hence, we leave a full, more realistic
forecast to future work.
In summary, we demonstrate how the combination of the

LIM power spectrum monopole and voxel intensity dis-
tribution can boost the sensitivity in LIM surveys to
beyond-standard-model physics by a factor ∼2–50 in our
examples. This gain is due to breaking the degeneracies
between the astrophysical and cosmological parameters in
the power spectrum, but also due to the different degen-
eracies between the actual cosmological parameters in the
VID and the power spectrum.
Many LIM pathfinder experiments are already observing

and many others will come in the near future. With this
experimental effort, a variety of emission lines sourced at
redshifts reaching back to cosmic dawn will be targeted.
We hope this work provides a useful framework to
maximize the sensitivity of these experiments for probing
beyond-ΛCDM cosmologies.
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APPENDIX: NOISE AND SURVEY
SPECIFICATIONS

Due to the limited resolution and finite observed volume
of LIM experiments, the observed power spectrum will
differ from the one predicted by Eqs. (3) and (4), mainly by
limiting the minimum and maximum accessible scales,
respectively. Following Ref. [31], we model these exper-
imental limitations by applying window functions to our
predicted power spectrum:

P̃ðk; μÞ ¼
Z

d3q
ð2πÞ3W

2
volðkÞW2

resðq − kÞPðq − kÞ; ðA1Þ

where Wvol and Wres model the limited survey volume and
voxel resolution, respectively, and the tilde denotes an
observed quantity. AsWres captures the loss of information
on scales smaller than the size of the voxel, it is applied as a
convolution in real space, and a product in Fourier space.
Conversely,Wvol cuts off certain spatial positions, thus it is
applied as a product in real space, and a convolution in
Fourier space.
The spectral and angular resolutions of the spectrometer

and the telescope define the resolution limits in the radial
and transverse directions, respectively, and correspond to
spatial scales

σk ¼
cδνð1þ zÞ
HðzÞνobs

; σ⊥ ¼ DMðzÞθFWHM; ðA2Þ

where DMðzÞ is the comoving angular diameter distance.
As in Ref. [53], we assume a Gaussian function in Fourier
space to model the resolution window as

Wresðk; μÞ ¼ expf−k2½σ2kμ2 þ σ2⊥ð1 − μ2Þ�g: ðA3Þ

We assume that the surveyed volume corresponds to a
cylindrical volume aligned along the line of sight, with
side length Lk ¼ cΔνð1þ zÞ=HðzÞνobs and radius R⊥ ¼
DMðzÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωfield=π

p
. Assuming that all spatial positions in the

survey are observed with the same efficiency we model the
volume window as a top hat in configuration space with
values of 1 and 0 for points within and outside this volume
respectively. In cylindrical coordinates this becomes,

Wvolðkk;k⊥Þ¼
1

Vfield

2πR⊥Lk
k⊥

J1ðk⊥R⊥Þsinc
�
kkLk
2

	
; ðA4Þ

where Vfield ¼ LkπR2⊥ is the comoving volume of the

observed field, kk ¼ kμ, k⊥ ¼ k
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − μ2

p
, and J1 is the

Bessel function of the first kind.
The total observed LIM power spectrum will also

include a component due to instrumental noise giving a
final expression
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P̃totðk; μÞ ¼ P̃clustðk; μ; zÞ þ P̃shotðk; μ; zÞ þ PNðzÞ: ðA5Þ

Assuming a spatially uniform, Gaussian-distributed instru-
mental noise, the noise power spectrum PN is given by

PN ¼ Vvoxσ
2
N; ðA6Þ

where σN is the standard deviation of the instrumental noise
per voxel, given by

σN ¼ Tsysffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NfeedsδνFWHMtpix

p ; ðA7Þ

whereNfeeds is the total effective number of detectors, tpix is
the observing time per pixel, and δνFWHM ¼ δν

ffiffiffiffiffiffiffiffiffiffiffiffiffi
8 log 2

p
.

Values for Tsys are presented in Sec. IVA.
Lastly, in our analysis we consider only the monopole of

the power spectrum, which can be simply computed from
Eq. (A5) as

P̃0ðkÞ ¼
1

2

Z
dμP̃totðk; μÞ: ðA8Þ

The inclusion of higher-order multipoles would lead to a
minimal increase in precision compared with the precision
gained from the combinationof themonopole andVID, hence
for simplicity we consider only the monopole in this work.

[1] E. D. Kovetz et al., Line-intensity mapping: 2017 status
report, arXiv:1709.09066.

[2] E. D. Kovetz et al., Astrophysics and cosmology with line-
intensity mapping, Bull. Am. Astron. Soc. 51, 101 (2020),
arXiv:1903.04496.

[3] J. L. Bernal and E. D. Kovetz, Line-intensity mapping:
Theory review with a focus on star-formation lines, Astron.
Astrophys. Rev. 30, 5 (2022).

[4] Y.-T. Cheng, R. de Putter, T.-C. Chang, and O. Dore,
Optimally mapping large-scale structures with luminous
sources, Astrophys. J. 877, 86 (2019).

[5] E. Schaan and M. White, Astrophysics & cosmology from
line intensity mapping vs galaxy surveys, J. Cosmol.
Astropart. Phys. 05 (2021) 067.

[6] T.-C. Chang, U.-L. Pen, J. B. Peterson, and P. McDonald,
Baryon acoustic oscillation intensity mapping as a test of
dark energy, Phys. Rev. Lett. 100, 091303 (2008).

[7] A. Loeb and S. Wyithe, Precise measurement of the cosmo-
logical power spectrum with a dedicated 21 cm survey after
reionization, Phys. Rev. Lett. 100, 161301 (2008).

[8] E. Visbal, A. Loeb, and J. S. B. Wyithe, Cosmological
constraints from 21 cm surveys after reionization, J.
Cosmol. Astropart. Phys. 10 (2009) 030.

[9] M. P. van Haarlem et al., LOFAR: The LOw-Frequency
ARray, Astron. Astrophys. 556, A2 (2013).

[10] K. Bandura et al., Canadian Hydrogen Intensity Mapping
Experiment (CHIME) pathfinder, Proc. SPIE Int. Soc. Opt.
Eng. 9145, 22 (2014).

[11] D. R. DeBoer et al., Hydrogen Epoch of Reionization Array
(HERA), Publ. Astron. Soc. Pac. 129, 045001 (2017).

[12] M. G. Santos et al. (MeerKLASS Collaboration), Meer-
KLASS: MeerKAT large area synoptic survey, in MeerKAT
Science: On the Pathway to the SKA (Proceedings of
Science, Stellensbosch, South Africa, 2017).

[13] G. K. Keating, D. P. Marrone, G. C. Bower, and R. P.
Keenan, An intensity mapping detection of aggregate CO
line emission at 3 mm, Astrophys. J. 901, 141 (2020).

[14] G. K. Keating, D. P. Marrone, G. C. Bower, E. Leitch, J. E.
Carlstrom, and D. R. DeBoer, COPSS II: The molecular gas

content of ten million cubic megaparsecs at redshift z ∼ 3,
Astrophys. J. 830, 34 (2016).

[15] K. A. Cleary et al., COMAP early science: I. Overview,
Astrophys. J. 933, 182 (2022).

[16] P. Ade et al. (CONCERTO Collaboration), Awide field-of-
view low-resolution spectrometer at APEX: Instrument
design and scientific forecast, Astron. Astrophys. 642,
A60 (2020).

[17] K. Gebhardt et al., The Hobby–Eberly Telescope Dark
Energy Experiment (HETDEX) survey design, reductions,
and detections*, Astrophys. J. 923, 217 (2021).

[18] M. Aravena et al. (CCAT-Prime Collaboration), CCAT-
Prime Collaboration: Science goals and forecasts with
prime-Cam on the Fred Young Submillimeter Telescope,
Astrophys. J. Suppl. Ser. 264, 7 (2023).

[19] G. Sun et al., Probing cosmic reionization and molecular gas
growth with TIME, Astrophys. J. 915, 33 (2021).

[20] E. R. Switzer et al., Experiment for cryogenic large-aperture
intensity mapping: Instrument design, J. Astron. Telesc.
Instrum. Syst. 7, 044004 (2021).

[21] J. Vieira et al., The Terahertz Intensity Mapper (TIM): A
next-generation experiment for galaxy evolution studies,
arXiv:2009.14340.
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