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Abstract

Line intensity mapping (LIM) is an emerging technique in measuring galaxy evolution
and the large-scale structure of the universe. LIM surveys measure the cumulative emission
from all galaxies emitting a given line at a particular redshift, which trace the distribution of
dark matter throughout the universe. In this proceeding, we provide an introduction to LIM
modeling, focusing on power spectrum calculation. Beyond these calculations, we describe how
these power spectra may be used to constrain properties of galaxy evolution and large-scale
structure cosmology. Throughout, we use the anticipated EXCLAIM signal of ionized carbon
([CII]) at redshift z = 3 as a case study. Our goal is to provide a starting point to non-experts,
e.g. upper-level undergraduate and graduate students familiar with the basics of cosmology,
with the tools necessary to understand the literature and generate LIM power spectrum models
themselves, while also describing a wide array of literature for continued studies.

Introduction

Line intensity mapping is an emerging technique in large-scale structure cosmology and the
physics of galaxy evolution. A line intensity map traces the cumulative emission of a given
emission line from all galaxies in a target region. The target galaxies trace the matter
overdensity, allowing for an inference of the large-scale structure of dark matter. The target
intensity (or rather, its overdensity) is therefore a biased tracer of the matter overdensity,
with a multiplicative bias proportional to the mean intensity of the target line. Furthermore,
by comparing the observed frequency νobs to the rest-frame frequency νrest of the target line,
we are able to obtain precise redshift information through the relation z = νrest/νobs − 1.
This allows for unambiguous spectroscopy, while also determining the mean intensity from all
galaxies emitting at the observed redshift, as demonstrated in Figure 1. By providing a three-
dimensional tomographic datacube, line intensity maps are a treasure trove for cosmological
and astrophysical studies.

∗TMO would like thank Dr. Eric Switzer and Prof. Peter Timbie for useful comments on the draft and
for contributions to his understanding of LIM. He also gratefully acknowleges support from the Wisconsin
Space Grant Consortium Graduate & Professional Research Fellowship for generous support enabling this
research, as well as other projects referenced in this proceeding.



Figure 1: Overview of the line intensity mapping technique. Plot obtained from the NASA-
LAMBDA archive.

From a cosmological standpoint, intensity mapping surveys may access much of the same
information as traditional galaxy redshift surveys such as SDSS (York et al., 2000), DES
(Abbott et al., 2016), BOSS (Dawson et al., 2012), etc. This information includes structure
growth through the measurement of large-scale redshift-space distortions. Intensity mapping
surveys may also be used to measure baryon acoustic oscillations (Chang et al., 2008),
allowing for inference of the dark energy equation of state and cosmological parameters.
Furthermore, they may also be used to measure signatures beyond the standard cosmological
model, including primordial non-Gaussianity (Liu & Breysse, 2021) and signatures of dark
matter annihilation (Bernal et al., 2021).

Intensity mapping surveys may also be used to unlock mysteries of galaxy formation and
evolution, as well as the cosmic star formation history. Target emission lines, such as neutral
hydrogen (HI), singly-ionized carbon ([CII]), and carbon monoxide lines (CO) trace different
properties of galaxies. HI and [CII] trace the signatures of star formation, and the latter is an
effective proxy for the total infrared galaxy luminosities. Furthermore, the lower transition
levels of CO trace cold gas, the fuel for star formation (Bolatto et al., 2013). Numerous
other lines including Lyman-alpha, [OIII], Hα, and Hβ may be used to trace other galaxy
properties, even into the epoch of reionization (Cheng & Chang, 2021).

Most techniques to measuring these target emission lines involve measuring spectra of in-
dividually resolved galaxies, making them subject to selection effects including confusion
and instrument noise. Confusion occurs when undetected galaxies provide noise to the sig-
nal, particularly affecting telescopes with large aperture sizes or low frequency resolution.



Instrument noise prevents astronomers from detecting galaxies much fainter than the lev-
els of signal fluctuations in the instrument without unlimited integration time per pixel.
Furthermore, time-intensive spectroscopy limits many surveys to smaller volumes, therefore
undersampling the rarer, brighter objects. As a result, direct-detection surveys only detect a
subset of the total galaxy population given a finite survey time. More nefariously, this may
lead to biases in the inference of properties of galaxy evolution. This includes, for example, a
bias of directly-measurable bright high-redshift galaxies (z & 2) toward toward those hosting
active galactic nuclei.

Intensity mapping may complement these studies by performing a measurement of the mean
line intensity at a given redshift. Here, the large-scale clustering power spectrum is pro-
portional to the first moment of the luminosity function 〈L〉, whereas the shot noise power
spectrum is proportional to the second moment 〈L2〉. We stress that both of these statistics
include the entire galaxy population, including the faint-end not detected by direct-detection
surveys. These first- and second-moment statistics complement direct-detection surveys by
sampling the entire population, and featuring unique parameter degeneracies in the line
luminosity function.

A number of challenges remain in our ability to construct intensity maps. Light the solar
system and galaxy provide a bright foreground signal, which may be many orders of magni-
tude larger than the target intensity. Fortunately, however, most of these foreground signals
vary smoothly with frequency, while the target intensity varies sharply due to matter fluctu-
ations along the line of sight. Given sufficient stability of the instrument passband response
and knowledge of the telescope beam, the smooth modes can be effectively removed from
the map, negating nearly the entire foreground population. Another challenge is contami-
nation from interloping lines, though this may be more straightforwardly addressed through
appropriate masking, modeling, or cross-correlation studies.

Line intensity mapping is a young, but rapidly-growing field. The HI intensity has been
detected through cross-correlations between radio telescopes and existing galaxy redshift
surveys (Chang et al., 2010; Masui et al., 2013; Switzer et al., 2013; Anderson et al., 2018;
Wolz et al., 2021). Similar studies were then performed with other lines, and preliminary
detections have been made of [CII] (Pullen et al., 2018; Yang et al., 2019), CO (Keating
et al., 2020; Keenan et al., 2021), and Lyα (Croft et al., 2018). These first-generation
detections have inspired confidence in our ability to overcome challenging systematics, while
also providing novel information constraining galaxy evolution models.

In this proceeding, we will model [CII] maps obtained by the EXperiment for Cryogenic
Large-aperture Intensity Mapping (EXCLAIM) (Cataldo et al., 2020). EXCLAIM is a sub-
orbital mission led by NASA-Goddard Space Flight Center, and is both a technological and
scientific pathfinder for intensity mapping aiming to follow up tentative [CII] detections by
Pullen et al. (2018); Yang et al. (2019) with a definitive measurement. Various other tele-
scopes are being built targeting [CII] at other redshifts, including CCAT-prime (Stacey et
al., 2018), Concerto (Ade et al., 2020), TIM (Vieira et al., 2019), and TIME (Sun et al.,
2021). Future space telescopes, including the proposed Galaxy Evolution Probe (Glenn et



0.0 0.5 1.0 1.5 2.0
Angle (deg.)

0

1
10

5
m

0.0 0.5 1.0 1.5 2.0
Angle (deg.)

200

400

600

10
5

I
(k

Jy
/s

r)

Figure 2: Demonstration of the 1-dimensional CII overdensity at z = 3. (Left) matter power
spectrum; (right) CII intensity calculated by Equation 1 with (blue) and without (orange)
noise. We construct the matter overdensity through the superposition of 10 randomly-
selected modes with random phase, with magnitudes determined by the power spectrum.
We nominally take the noise amplitude to be 30% of the bias times the intensity.

al., 2018) and Origins Space Telescope (Leisawitz et al., 2021) may also utilize the intensity
mapping technique to map [CII] and various other lines.

We begin by describing the line intensity overdensity, a biased tracer of the matter overden-
sity, and its calculation based on models of line luminosity functions. We then describe the
power spectrum, the primary statistic for LIM, as well as other probes of large-scale struc-
ture. Finally, we describe next steps for study, including inferring cosmology and galaxy
evolution properties, the effects of foregrounds, and cross-correlation methods.

Tracing the Matter Overdensity

The primary observable in an intensity map is the intensity field δI , which traces large-scale
matter fluctuations δm as

δI(r, z) = Ī(z)b(z)δm(r, z) +N(z), (1)

where r represents spatial location and b is the linear clustering bias of the observed galaxies
relative to the underlying matter overdensity δm. Ī is the intensity at mean density, rep-
resenting the cumulative emission from all galaxies in the survey region. N describes map
noise, which we assume is Gaussian and random at a given frequency/redshift.

The intensity I is related to the first moment of the galaxy luminosity function, and its
dependence on z probes galaxy evolution. The specific intensity, which we will simply refer
to as the intensity, of a single galaxy is given by (Carilli & Walter, 2013)

I1 gal =
L

4πd2L

1

δνΩbeam

, (2)

where L/(4πd2Lδν) provides a specific flux (units of W m−2 Hz−1), and 1/Ωbeam converts
from flux to intensity. Here, dL is the luminosity distance. We define all the terms except L
by

dI

dL
≡ 1

4πd2LδνΩbeam

. (3)



An intensity map provides an integral over all galaxies in a given region, resulting in

Ī =

∫
L

4πd2LΩbeam

∂Vco
∂ν

dn

=

∫
L

4πd2LΩbeam

∂Vco
∂z

∂z

∂ν
dn

=
λrest

4πH(z)

∫
Ldn, (4)

where ∂Vco/∂z = d2A(1 + z)2Ωbeamc/H(z) (Hogg, 1999) and ∂z/∂ν = (1 + z)2λrest/c. Here,
dn is the differential number of line-emitting galaxies per comoving volume Vco, λrest is the
rest-frame wavelength of the target line, and dA = dL/(1+z)2 the comoving angular diameter
distance.

The number density of galaxies can be calculated in a number of ways, including

Ldn = L
dn

dL
(L)dL (Luminosity approach)

= L(M)
dn

dM
(M)dM (Halo mass approach)

= L(LIR)
dn

dLIR

(LIR)dLIR (IR luminosity approach).

In the luminosity approach, the primary model parameter is the conditional luminosity
function dn/dL, describing the differential number density of galaxies per luminosity, in
units of Mpc−3L−1� . Multiplying by a differential luminosity (in practice, a luminosity bin),
we obtain the number density of galaxies at the given luminosity.

In the halo mass approach, we relate galaxy luminosities to an underlying dark matter halo
model (Cooray & Sheth, 2002). Here, we assume a one-to-one relationship (potentially
including scatter) between halo mass M and the luminosity associated with the halo L(M).
The differential number density of halos per mass dn/dM is known as the halo mass function,
and is well-constrained by N-body simulations and analytical calculations (Sheth & Tormen,
2002). The halo mass approach is particularly advantageous in its relation to cosmology,
where dn/dM is closely related to linear structure formation and L(M) is well-connected to
the cosmic star and galaxy formation history, as well as the connection between dark and
luminous matter.

In the infrared luminosity approach, the line luminosity is related to the bolometric infrared
luminosity LIR, typically defined as the integral of all galaxy spectral energy distributions
between the rest frequencies 8− 1000 GHz. Here, the infrared luminosity function dn/dLIR

describes the differential number density of galaxies per infrared luminosities and tends to
be better-constrained than line luminosity functions. A relation between line luminosity
and infrared luminosity is needed, and is typically modeled by observation by a power law
(Spinoglio et al., 2012). The infrared luminosity approach is advantageous in deriving bulk



galaxy properties without direct considerations of the underlying dark matter halo distribu-
tion. For example, the cosmic star formation rate is thought to be related to the bolometric
infrared luminosity function through a constant of proportionality known as a Kennicutt-
Schmidt Relation (Kennicutt Jr, 1998).

For the rest of this section we will apply the halo mass function approach (Cooray & Sheth,
2002). Here,

Ī(z) =
λrest

4πH(z)

∫ ∞
Mmin

L(M, z)
dn

dM
(M, z)dM, (5)

where we have re-instated the z-dependence in all terms.

The clustering bias b between the intensity field and the underlying matter density field
provides another observable that may be used to infer the mass-luminosity function. We
calculate b as a weighted mean over the mass-luminosity function,

b(z) =

∫
Mmin

bh(M, z)L(M, z)dn/dM(M, z)dM∫
Mmin

L(M, z)dn/dM(M, z)dM
(6)

where bh(M, z) is the bias of a given halo against the underlying matter power spectrum
(Sheth & Tormen, 2002; Tinker et al., 2010).

While the mean intensity Ī is proportional to the first moment of the luminosity function,
it is also useful to define the second moment of the luminosity function, which we denote by
L2, as

L2(z) =

∫ ∞
Mmin

L2(M, z)
dn

dM
(M, z)dM, (7)

given in units of L2
�Mpc−3.

Power Spectrum Statistics

Typically, the intensity field δI in Equation 1 is described through its Fourier Transform,

δ̃I(k, z) =
1

(2π)3/2

∫
d3rδI(r, z)e

ik·r, (8)

where k is the wavenumber of the spatial fluctuations described by coordinates r.

Statistically, the matter fluctuations δ̃I are described by the intensity power spectrum PI(k, z),
given by

〈δI(k, z)δI(k′, z)〉 = (2π)3PI(k, z)δ(k− k′), (9)

where 〈〉 denotes an expectation value. Here, δ denotes the Dirac delta function.

The intensity power spectrum features three primary contributions: a 2-halo (clustering)
term P clust

I , a 1-halo term P 1h
I , and a shot noise term P shot

I , i.e.

PI(k, z) = P clust
I (k, z) + P shot

I (z) (10)
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Figure 3: CII power spectrum at redshift z = 3. Here, the (upper) orange curve shows the
total power spectrum, the blue curve shows the clustering power spectrum, and the dotted
line shows the shot power.

The clustering term describes linear fluctuations tracing the matter power spectrum, on
scales larger than individual dark matter halos. Here,

P clust
I (k, z) = Ī2(z)b2(z)F 2

RSD(k, z)Pm(k, z), (11)

where Pm is the power spectrum of the matter overdensity δm, defined analogously to Equa-
tion 9.

FRSD(k, z) =

(
1 +

f

b
µ2

)
exp

[
−1

2
µ2k2σ2

k

]
, (12)

where σk =, µ ≡ k||/k. Here, the first term represents the Kaiser Effect (Kaiser, 1987),
representing redshift-space distortions due to the peculiar velocity of galaxy-hosting halos,
i.e. their velocities relative to the Hubble flow. The exponential term describes Fingers of
God distortions due to velocity dispersion of line-emitting galaxies within host halos.

The shot power term describes Poisson errors due to the fact that line-emitting galaxies
follow discrete statistics, given by (see Appendix A of (Breysse & Alexandroff, 2019) for a
derivation)

P shot
I (z) =

(
λrest

4πH(z)

)2

I2(z), (13)

with L2 given by Equation 7.

Figure 3 shows the power spectrum calculated by the methods described here. We model
dn/dM through COLOSSUS software (Diemer, 2018), and use the [CII] mass-luminosity
function from Padmanabhan (2019), resulting in Ī(z = 3) = 15.7 kJy sr−1 and b(z = 3) =
3.48. The orange (upper) shaded curve shows the total power spectrum, including both
clustering and shot power spectra, the dark blue (lower) shaded curve describes the clustering



power spectrum, and the flat dotted curve shows the shot power. The shaded regions describe
the range of µ values, where the lower limits describe the case where we only obtain modes
perpendicular to the line of sight, i.e. µ = 0, whereas the upper limit describe modes parallel
to the line of sight, where µ = 1.

Next Steps: Noise, Foregrounds and Cross-Correlations

We note that Equations 1 and 10 are simplifications compared to realistic signals. Fore-
grounds present a principal challenge; here, they add additive terms to Equation 1 and
9 representing the foreground intensity F and power spectrum PF , respectively. Zodiacal
light tends to dominate near-infrared observations, milky way Cirrus emission and the cos-
mic microwave background dominate the mid-to-far infrared relevant to [CII], while galactic
synchrotron radiation and point sources dominate the radio. In all of these cases, the fore-
grounds are expected to vary much more smoothly than the target LIM signal, while spatial
fluctuations are still strong on all scales. Therefore, in k-space, the foregrounds are expected
to dominate lower-k|| modes. Given a sufficiently stable passband, the foregrounds can be
filtered by removing the brightest k|| modes, without a strong loss of the target power spec-
trum. Methods for single-dish observations can be found in Switzer et al. (2013); Anderson
et al. (2018).

Instrument noise presents an additional term that adds variance to the intensity map. While
this calculation depends on the specifics of the target line and instrument and is beyond the
scope of the current proceeding, we refer the reader to Bernal et al. (2019); Oxholm &
Switzer (2021) for equations and background. These references also describe the formalism
for cosmological forecasts with LIM experiments, relying on the Fisher matrix (Tegmark et
al., 1997).

Foregrounds and instrument noise present additive biases to the intensity mapping signal δI
which can be removed through cross-correlation with a second large-scale structure survey.
Here, the second survey must trace the same matter density field δm, i.e. it must occupy
the same volume as the intensity mapping survey. For example, a galaxy redshift can be
described through a galaxy density field δg(r, z) = bg(z)δm(r, z). Here, cross-correlation with
the intensity mapping field yields

〈δI(r, z)δg(r′, z)〉 = 〈
(
Ī(z)b(z)δm(r, z) +N(z) + F (r, νz)

)
bgδm(r′, z)〉

= Ī(z)b(z)bg(z)〈δm(r, z)δm(r′, z)〉, (14)

where the N and F terms are canceled because they do not correlate with the density
field. We note, however, that the other terms are still present in the variance of the cross-
power spectrum. Other sources of noise in an intensity map, including contamination from
interloping lines at other redshifts (Lidz & Taylor, 2016; Gong et al., 2020), may also be
mitigated through cross-correlation. Further details on intensity mapping cross-correlations,
including their power spectra and their ability to cancel cosmic variance, are also described
in Oxholm & Switzer (2021).



Conclusion

We have described the formalism necessary to model intensity mapping power spectra. We
modeled a power spectrum plot for the [CII] intensity map at redshift z = 3, representing
a target emission for EXCLAIM, a first-generation dedicated intensity mapping instrument.
Furthermore, we described crucial next steps of implementing instrument noise and fore-
grounds, the principal sources of variance in LIM measurements. Once these systematics
are overcome, LIM power spectra may be used to dramatically increase our understanding
of galaxy evolution and cosmology from present day and into the dark ages.
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