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Abstract Line-intensity mapping (LIM) is an emerging approach to survey
the Universe, using relatively low-aperture instruments to scan large portions
of the sky and collect the total spectral-line emission from galaxies and the
intergalactic medium. Mapping the intensity fluctuations of an array of lines
offers a unique opportunity to probe redshifts well beyond the reach of other
cosmological observations, access regimes that cannot be explored otherwise,
and exploit the enormous potential of cross-correlations with other measure-
ments. This promises to deepen our understanding of various questions related
to galaxy formation and evolution, cosmology, and fundamental physics.

Here we focus on lines ranging from microwave to optical frequencies, the
emission of which is related to star formation in galaxies across cosmic history.
Over the next decade, LIM will transition from a pathfinder era of first de-
tections to an early-science era where data from more than a dozen missions
will be harvested to yield new insights and discoveries. This review discusses
the primary target lines for these missions, describes the different approaches
to modeling their intensities and fluctuations, surveys the scientific prospects
of their measurement, presents the formalism behind the statistical methods
to analyze the data, and motivates the opportunities for synergy with other
observables. Our goal is to provide a pedagogical introduction to the field for
non-experts, as well as to serve as a comprehensive reference for specialists.
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1 Introduction

In the past couple of decades, cosmology has become a precision science,
with increasingly detailed measurements of the cosmic microwave background
(CMB) and ever-larger surveys of galaxies yielding percent-level constraints
on the parameters of the standard model of cosmology, ΛCDM, and inform-
ing sophisticated models of galaxy formation and evolution. In spite of this
success, the nature of key theoretical pillars of ΛCDM remains elusive, the evo-
lution of galaxy properties is largely unconstrained and several experimental
tensions that have arisen warrant explanation. Looking forward, novel cosmo-
logical observables will be crucial to making progress in this quest to deepen
our understanding of the cosmos.

Line-intensity mapping (LIM) [1–9] measures the integrated emission of
spectral lines originating from many individually unresolved galaxies and the
diffuse intergalactic medium (IGM). It tracks the makeup and growth of cosmic
structure as well as the history of the astrophysical processes controlling galaxy
formation and evolution. Unlike galaxy surveys, LIM does not require resolved
high-significance detections but uses all incoming photons from any source
within the field of view, obtaining tomographic line-of-sight information from
targeting a known spectral line at different frequencies. This enables the use of
smaller low-aperture instruments with modest experimental budgets to rapidly
survey large areas of sky for studying cosmology and large-scale astrophysics.
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Through its intrinsic dependence on cosmology and astrophysics, LIM connects
the smallest and largest scales in the Universe as no other observable can do.

There has been a flurry of interest in LIM in recent years with an impres-
sive lineup of experimental projects pursuing an array of atomic and molecular
spectral lines across the electromagnetic spectrum, from the radio to the ul-
traviolet. Simultaneously, the theoretical framework of the modeling of line
intensities and the study of the line-intensity maps have vastly developed.

The focus of this review will be on spectral lines associated with gas cooling
and star formation in galaxies, ranging from the rotational carbon-monoxide
(CO) transitions observed in the sub-mm, through bright fine-structure lines
such as [CII] in the far-infrared, to the hydrogen Hα and Lyα lines in the op-
tical and ultraviolet. The HI 21-cm line originating from the neutral hydrogen
permeating the intergalactic medium in the early-Universe and from pockets
within galaxies post-reionization has been reviewed in Refs. [10–13].

As this review will advocate, LIM holds promise to become a cornerstone
for our future understanding of cosmology and astrophysics, as the CMB and
galaxy surveys have been so far. With just a handful of preliminary detections
to date, this declaration may seem premature, but several properties such as its
unprecedented reach, unique access, and extended overlap, suggest that LIM
offers unique advantages in mapping the large-scale structure in the Universe.

Circumventing the requirement of individual source detection, LIM avoids
the intrinsic depth limitation of surveys of galaxies, which are increasingly faint
and sparse at high redshift. There are proposals to extend galaxy surveys to
high redshifts (e.g. Ref. [14]), but in such regimes LIM may yield more efficient
mapping of cosmological perturbations [15–17], with markedly lower budgets.

Figure 1 demonstrates the power of LIM in terms of reach. In a simulated
volume spanning 1 deg2 on the sky and a redshift slice z = [4.9, 5.1], we
compare the total distribution of galaxies with those that could be realistically
observed by a galaxy survey, and show the corresponding emission that would
be detected by LIM experiments targeting CO(1-0) and [CII], respectively (not
including instrumental noise nor contaminants, to ease the comparison). We
see that each LIM experiment, with its own resolution limits, has the potential
to detect fluctuations even where the galaxy survey would observe a void, with
independent line emissions exhibiting different fluctuation amplitudes. While
this example helps uncover the potential of LIM to augment and reach beyond
existing techniques, it merely brushes the tip of the iceberg.

In terms of access, LIM is uniquely poised to probe crucial epochs in the
history of our Universe, as illustrated in Fig. 2. Collecting all incoming photons,
LIM directly probes the epoch of reionization (EoR), the IGM, the interstellar
medium (ISM) and the formation and makeup of stars, granting access to
astrophysical and cosmological information inaccessible otherwise since it is
sensitive to the whole population of emitters instead of only the brightest ones.
This also makes LIM more robust against selection effects and misestimation of
line-emission and luminosity ratios whenever one line has extended emission.
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Fig. 1 A 1 deg2 field at z ∈ [4.9, 5.1] showing (from left to right) all the galaxies, “ob-
servable” galaxies (assuming an arbitrary cut off in the stellar masses ≥ 109.5M� as a
theoretical proxy for detection threshold), and maps of the CO and [CII] intensity fluctu-
ations from this field. Characteristic angular resolutions of instruments targeting each line
(4’ and 0.5’ for CO and CII, respectively) are applied. Results obtained using the approach
of Ref. [18], assuming parameterizations from Ref. [19] and Ref. [20].

Fig. 2 Intensity mapping of multiple line emissions provides rich access to redshift volumes
otherwise inaccessible, enabling detailed study of various important epochs in cosmic history.
Above the arrow of time on the left, MD=RD and DE=MD denote the redshifts of matter-
radiation, and dark energy-matter equality, respectively, and kNL is a rough estimation of
the scale at which matter clustering becomes non linear, specified in units of Mpc−1.

Furthermore, extending the reach of a survey to higher redshifts increases
the volume observed dramatically. This allows us to probe larger scales, poten-
tially reaching scales of the order of the horizon, where signatures of inflation
may be present. Moreover, as redshift grows, non-linear matter clustering is
confined to ever-smaller scales, facilitating the theoretical interpretation. Al-
though the access to small scales depends on the experimental resolution and
the growing contribution of non-linear bias terms may hinder the ability to
extract robust information from them [21,22], exploring small scales will signif-
icantly increase the constraining power of LIM surveys. Considering different
science targets introduces a tradeoff between deeper and wider surveys.

In terms of overlap, there is tremendous potential for LIM cross correla-
tions. First, multi-line analyses allow for a multi-phase and multi-scale study
of galaxy properties [23], but also for a statistically more powerful study of
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large-scale structure to probe deviations from ΛCDM. Line-intensity maps
can also be cross-correlated with galaxy surveys, with CMB observations—to
study CMB secondary anisotropies such as weak gravitational lensing and the
Sunyaev-Zel’dovich effect—and with catalogs of astrophysical transients such
as gravitational waves from merging black holes and fast radio bursts.

The vast range of targeted wavelengths necessitates the use of different LIM
instruments. Hence, instrumental and observational challenges and sources of
contamination are not shared by all experiments, which renders the joint scope
of LIM observations cleaner. Over the coming decade, more than a dozen
ground-based, balloon-borne and space satellite experiments are expected to
deliver line-intensity maps spanning the full history of the Universe from the
present day to the EoR. As shown in Fig. 3, LIM surveys will gradually
cover larger sky areas, as the field transitions from the current pathfinder
era of first detections, to an early science era where they can be used to aug-
ment other measurements—particularly exploiting cross-correlation opportu-
nities with other observables—and make advances in a plethora of areas in
astrophysics and cosmology. Representatives of these eras include ongoing and
funded experiments such as: COPSS [24, 25], mmIME [26], COMAP [27, 28],
FYST [29] and SPT-SLIM [30], targeting CO; CONCERTO [31], TIME [32,
33], FYST and the balloon-borne EXCLAIM [34] and TIM [35], targeting [CII];
HETDEX [36,37], which will map Lyα; and the SPHEREx satellite [38], which
will measure [OII], [OIII], Hα and Lyα. Figure 3 also shows the smallest scales
accessible by this group of experiments, including their redshift dependence.

Eventually, a third generation of LIM experiments will map huge volumes
by either covering large sky fractions, like one of the proposed surveys for At-
LAST [39], using high-sensitivity wide-bandwidth instruments (e.g. CDIM [40,
41], COMAP-ERA [28]), or both (see ESA Voyage-2050 proposal [42,43]). Such
flagship missions will truly unravel the potential of LIM [44].

We hope these optimistic arguments about the prospects of LIM provide
ample motivation for the reader to indulge further in this review as it goes into
more detail. However, it is important to bear in mind that LIM also presents a
different set of challenges compared to other observables, including limitations
due to thermal detector noise, contamination from continuum emission or
interloper lines (spectral lines redshifted to the observed frequencies from other
cosmological volumes than that of the target lines), and degeneracies between
astrophysics and cosmology. These various traits and the methods proposed to
address them will be covered in depth in the following sections of this review.

The outline of the review is as follows. We present an introduction to the
primary emission lines targeted by LIM experiments in Sec. 2, and discuss
different strategies to model their intensities in Sec. 3. After fully introducing
LIM, we survey the prospects of this technique to improve our understanding
of astrophysics and cosmology in Sec. 4. We then lay out the formalism for de-
scribing the statistical properties of line-intensity maps as well as the potential
of cross-correlations with external observables in Secs. 5 and 6, respectively.
We close the review with brief concluding remarks in Sec. 7.
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Fig. 3 Current experimental landscape of LIM, including a representative list of ongoing
and funded LIM surveys, denoting the targeted (thick) and interloper (thin, semitranspar-
ent) lines with different colors. Top: redshift range and total sky coverage (summing different
observed patches when required) probed by each experiment. In some cases, the nominal sky
coverage is slightly modified to ease the reading of the figure. Bottom: maximal line-of-sight
and transverse wavenumbers accessible by each experiment with their main target emission
lines, given the spectral and angular resolutions. We show values for the minimum, mean
and maximum redshifts (marked by increasing size of the marker). The separate bottom
panel contains experiments with significantly higher angular resolution.

2 Lines

A variety of galactic emission lines ranging from the microwave to the ultra-
violet (UV) bands can be used to probe different phases of the IGM and ISM,
and to study the various astrophysical processes shaping the host galaxies [23].
Line-intensity maps are connected to the emission from stars in different ways.
Stellar emission ionizes and heats the ISM, which absorbs part of the UV ra-
diation and re-emits it in the infrared [45, 46]. Thus, as we discuss in Sec. 3,
the relation between the UV and infrared luminosities is empirically related to
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the stellar mass or the UV-continuum spectral index [47–49]. The stellar emis-
sion and infrared re-emission determine the ionization and photo-dissociation
structure of the galaxy, triggering (directly or through cascades of events) the
luminosity of the lines that LIM experiments target, as we detail below.

In this Section, we briefly introduce the main target lines for LIM following
an increasing order in frequency, starting in the sub-millimeter range. In Fig. 4
we show examples of galactic spectra from the sub-millimeter to the near-UV.

Fig. 4 Left: M82 emission spectrum, at rest-frame wavelengths. Adapted from Ref. [50].
Right: A model spectral energy distribution from the BEAGLE simulation [51], at the ob-
served wavelengths, of a star-forming galaxy at redshift z=6.6. Adapted from Ref. [52]. We
highlight some of the main lines targeted by LIM experiments, from CO(1-0) to Lyα.

2.1 Carbon Monoxide (CO)

CO is the most common molecule in the Universe besides diatomic molecular
hydrogen (H2) and is the most widely-used tracer of molecular gas [53–58]. Its
rotational line emissions, at a ladder of frequencies νJ→J−1 = J × 115.27 GHz
(or wavelengths λ = 2.6/J mm) for (J → J − 1) transitions, are among the
brightest in galactic spectra and can be efficiently observed by terrestrial tele-
scopes targeting the sub-mm wavelength range (including the higher rotational
lines that originate from high-redshift sources).

In principle, the CO(1-0) luminosity from virialized molecular clouds is
linearly related to the cloud H2 mass [45,59–61] (provided the volume covered
by molecular clouds is small enough so that the emission from one cloud is
not absorbed by another [60, 62]), which can be used to estimate the amount
of stellar mass and the star-formation rate in galaxies [63]. However, the CO
emission is very sensitive to the environment [64], depending on various factors
such as metallicity [65–67], gas temperature and density [68], the existence of
a starburst phase [69,70], and the destruction of CO by cosmic rays [71,72].

All this makes the interpretation of CO LIM observations as a proxy for cos-
mic molecular abundance challenging [73], although there are ways to tighten
this relationship. For example, luminosity ratios between different CO lines
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provide useful constraints on the physical conditions in the gas [74]. There
is also potential to scrutinize the CO to H2 relation directly using LIM of
hydrogen deuteride, which may be observable during reionization with fu-
ture instruments [75]. Another interesting target is the 13CO isotopologue at
νrest = 110 GHz [76]; cross-correlating 13CO and 12CO from the same sources
provides an estimate of the gas density, as the former saturates at a much
higher column density. Finally, due to similar critical densities, fine-structure
lines of CI are highly correlated with CO lines independently of the environ-
ment, providing an alternative tracer of the molecular gas [77–80], which can
also be targeted by LIM [33, 81, 82] and used to break degeneracies related
with gas temperatures, excitation states and column densities.

As it has the lowest frequency among bright emission lines and is quite far
from the HI line, observations of the CO(1-0) line are not prone to contami-
nation from foreground interloper lines. The main culprit, HCN [83], is quite
weak in comparison [84] (see Fig. 4). However, higher CO rotational lines can
be mixed with lower ones, and many of them are strong interlopers for [CII]
measurements at high-redshift.

2.2 Ionized Carbon [CII]

Atomic and ionic fine-structure lines in the infrared are important drivers of
the cooling process of interstellar gas [58]. The [CII] 158µm fine-structure
line, mostly emitted from dense photo-dissociation regions in the outer layer
of molecular clouds [85], is the brightest among them [86–88] (see Fig. 4).
There are studies indicating that the [CII] emission can also trace molecular
gas [89], even outperforming CO(1-0) for high-redshift low-metallicity galax-
ies [90], and recent works suggest that a small but non-negligible fraction of
the [CII] radiation may be emitted from ionized gas phases [91–93].

Assuming that galactic dust converts the vast majority of the UV and op-
tical radiation it absorbs into infrared luminosity, and that only a remainder
fraction is applied to photo-electric heating, the [CII] luminosity is propor-
tional to the heating rate and to the fraction of atomic gas.1 Thus, [CII] pro-
vides a very natural target for LIM experiments to trace the star-formation
history [2, 98, 99], and due to its brightness, it is especially targeted at high
redshifts. However, the tight relationship between the [CII] line and infrared
luminosities yields a much larger scatter at high redshifts compared to what
is observed at lower redshifts. Possible explanations [100, 101] include a large
population of galaxies undergoing starbursts [102], low metallicities [102–104],
and intense radiation fields in compact galaxies that photo-evaporate molec-
ular clouds [105–107], regulating the [CII] luminosity [108].2 The effects of
these processes are degenerate in the [CII] luminosity, but cross-correlating

1 This simplified description ignores the role of fainter cooling lines [86,94], the dependence
of the photo-electric efficiency of dust grains on their charge [95], and the saturation of the
[CII] line at high temperatures and radiation intensities [96,97].

2 This has also been invoked to explain the [CII] deficit in some local galaxies [109–111].
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[CII] maps with observations of other far-infrared, CO, optical or UV lines, or
with the cosmic infrared background (CIB), will help break the degeneracies.

The frequency of the [CII] line lies just above the ladder of CO lines, hence
it suffers from their contamination as foreground line-interlopers [83]. Other
atomic fine-structure lines (such as ionized oxygen and nitrogen or neutral car-
bon) also contaminate the [CII] line-intensity maps, but typically less severely.

2.3 Other Atomic Fine-Structure lines

Besides the carbon lines, other far–infrared fine-structure lines that can be used
to probe ISM physics include silicon [SIII] 18µm and 33µm, oxygen [OI] 63µm,
[OIII] 52µm and 88µm, and nitrogen [NII] 122µm and 205µm. These lines
and the ratios between them and other lines such as [CII] provide additional
means to measure the electron density, excitation temperatures, gas pressure,
metallicity, ionization parameter, the hardness of the ionizing radiation and
the properties of both the neutral and ionized gas phases [23,112–117].

For example, although [OIII] requires hard ionizing radiation and is typi-
cally weaker than [CII], in certain environments such as AGN and early galax-
ies it can in fact be brighter [58] (see Fig. 4). High [OIII]/[CII] ratios can hint
at a [CII] deficit [118], but can also result from underestimation of [CII] emis-
sion in targeted observations as its emission tends to be more extended than
[OIII] [119]. Another example involves [NII], a tracer of regions of ionized hy-
drogen; the [NII] line luminosities depend on the electron density, the ionized-
gas temperature, and the nitrogen-to-hydrogen abundance ratios [120,121].

2.4 Optical and ultraviolet hydrogen lines

Several key hydrogen lines such as Lyα, Hα and Hβ, emitted in the UV and
optical and redshifted to wavelengths down to the infrared (see Fig. 4), provide
another set of important targets of multiple LIM experiments.

Hydrogen recombinations following ionization by young stars and AGN,
as well as collisional excitations from shock heating and cold accretion, can
result in Lyα line emission, the most energetic line emission from star-forming
galaxies [122]. As they traverse the ISM and IGM, Lyα photons get repeat-
edly absorbed and re-emitted by neutral hydrogen. This multiple scattering
disperses their directions and frequencies [123] and increases the probability
that they get absorbed by galactic dust. Thus, galaxy metallicity and dust
content both have a direct impact on the observed Lyα emission [122]. In gen-
eral, the escape fraction of Lyα photons decreases with higher star-formation
rate (which is associated with higher dust abundance [124]), and increases, for
high-redshift galaxies, with their redshift. As higher redshifts are probed, Lyα
emission, especially through its escape fraction, provides an effective tracer of
the neutral gas abundance. This is especially true for the dimmer emission
from neutral circumgalactic and intergalactic media, which eventually become
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the tail of the EoR, and are more accessible with LIM [125,126]. Hence, inten-
sity maps of localized and extended Lyα emissions correlate with star-forming
lines at the center of the ionizing sources, e.g. CO and [CII] [127,128], as well
as with the HI line from regions surrounding the bubbles [129].

The lower frequency hydrogen lines Hα and Hβ are emitted from the same
sources as Lyα as a result of the ensuing radiative cascade of Lyα excitations.
They are also susceptible to dust extinction, but much less than Lyα [130].
Roughly three times brighter than Hβ [131], Hα provides a fairly direct probe
of star formation [132–134] and can also be used in cross-correlation. For ex-
ample, using LIM to measure the ratio between HeII (1640 Å) and Hα towards
cosmic dawn redshifts, z . 20, can constrain the initial mass function of Pop
III stars [135, 136], as these produce more HeII ionizing photons than metal
enriched stars [137].

Although the UV hydrogen lines have a series of interlopers [8, 138] (see
Fig. 4), the resolution required for these high-frequency observations typically
allows separating between the target and interloper lines [83, 130, 139]. Some
of these metal interlopers, such as [OII] 373.7 nm, [OIII] 495.9 nm and 500.7
nm, and [NII] 655.0 nm, provide faithful tracers of the star formation rate at
low redshifts [132,133,140]. Moreover, the [OII] doublet in particular can yield
precise redshifts for galaxies observed with low integration times as is critical
for the emission-line galaxy samples of eBOSS [141] and DESI [142].

2.5 Preliminary detections

Risking a subsection that will quickly become obsolete, we briefly summarize
the preliminary detections of LIM to date, to provide context for what follows.

CO(1-0) at redshifts 1<z<5 has been the target line for several pathfinder
LIM experiments. The first ∼2σ detection of its shot-noise power at redshift
z ∼ 3 was achieved by the COPSS survey using data from the Sunyaev-
Zel’dovich Array [24, 25]. This was followed by a stronger ∼ 4σ detection
by mmIME [26], using data from ALMA [143, 144] and ACA [145]. Recent
work [146] showed the promise of cross-correlating CO(1-0) with galaxy sur-
veys (and obtained preliminary upper limits at z ∼ 3).

The first [CII] LIM measurement, at 2σ confidence-level, was obtained via
cross correlation between maps from the Planck High Frequency Instrument
and high-redshift catalogs of quasars and luminous red galaxies (LRGs) [147],
with an improved methodology yielding a ∼ 4σ detection [148]. The detected
excess above the CIB, stellar radiation reprocessed as infrared continuum emis-
sion by the dust [149–151], appears to be consistent with collisional excitation
models of [CII] emission, where the intensity is proportional to the collisional
rate, which depends on the gas density and temperature.

The Lyα LIM signal has been searched for using stacking [152] and cross
correlation between source redshift catalogs and maps expected to include
residual Lyα emission from the same sources. First attempts to cross correlate
BOSS quasar catalogs with BOSS LRG spectra proved challenging [153–155].
More recently, a ∼ 3σ detection was reported using stacking of Subaru/HSC
narrow-band images at z ∼ 6 around resolved bright Lyα emitters [156].
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3 Modeling

LIM experiments measure the specific intensity I per unit of observed fre-
quency νobs,

3 which can be derived from the line-luminosity density ρL per
comoving volume. We can transform ρL into flux volume density dividing by
4πD2

L, which is in turn converted to specific intensity by transforming the
comoving volume element to solid angle and observed frequency elements as
dA/dΩ = D2

M and dχ/dνobs = c(1 + z)/Hνobs, respectively. In the expla-
nation above, DL is the luminosity distance, DM is the comoving angular
diameter distance, χ is the comoving radial distance, c is the speed of light
and H(z) is the Hubble expansion rate. However, experiments covering fre-
quencies below some tens of GHz usually employ the brightness temperature
T = c2I/(2kBν

2
obs) using the Rayleigh-Jeans relation. Therefore, we can use

I(z) =
c

4πνH(z)
ρL(z) , or T (z) =

c3(1 + z)2

8πkBν3H(z)
ρL(z) , (1)

where ν is the line rest-frame frequency, and kB is the Boltzmann constant.
Contrary to the HI emission before reionization, the spectral lines we focus

on in this review originate in galaxies and the IGM within dark matter halos,
given their relation to emission from young, bright stars. Therefore, it is fair
to identify the line sources with galaxies, although in some cases, especially for
the Lyα line, radiative transfer extends the emission profile far beyond the size
of the halo [152,157–159]. ρL can be obtained using either a luminosity function
or a direct relation L(M, z) between the halo mass and the line luminosity at
each redshift. For instance, the mean luminosity density can be obtained as

〈ρL〉(z) =

∫
dML(M, z)

dn

dM
(M, z) =

∫
dLL

dn

dL
(z) , (2)

where dn/dM and dn/dL are the halo-mass and line-luminosity functions.
From expressions like this and through the connection to the halo distribu-
tion, it is possible to derive summary statistics to describe line-intensity maps
and extract astrophysical and cosmological information. In Sec. 5 we will fo-
cus on one- and two-point statistics (the voxel-intensity distribution (VID)
and the power spectrum, respectively). We will use L(M) in what follows un-
less otherwise stated, since it allows for more direct physical modeling of the
line intensity, although all of our expressions can be easily adapted to the lu-
minosity function. To model the line intensity, we need to relate it with the
galaxy properties (this can be compressed in the L(M) relation thereafter).

There are two main approaches to estimating the line intensity in con-
nection to the galaxy properties. One possibility relies on empirical scaling
relations fit to observations. Another involves theory-motivated relations, that
may range from analytic derivations to semi-analytic models to fully-fledged

3 The specific intensity is sometimes denoted with Iν to distinguish it from the integrated
intensity Iνdν. To simplify the notation, we do not follow this convention and use I to refer
to specific intensities throughout this review.
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hydrodynamic simulations. For the sake of usability, empirical relations can
also be calibrated on the results of these simulations rather than observations.
Each approach has its own benefits and flaws, and a robust understanding of
the astrophysical dependence of LIM will likely require a combination of both.

In Fig. 5 we show the results of using empirical scaling relations to model
the intensities as a function of redshift for the LIM target lines discussed above.
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Fig. 5 Bottom: Microwave, infrared, optical and UV spectral lines (rest-frame frequencies
marked with vertical bars in the colorbar) mean intensity as function of redshift, obtained
using scaling relations from the infrared luminosity and star formation rates [19,20,132,160–
162]. We use star-formation rates and quenching fractions from Refs. [163, 164] assuming
a mean-preserving logarithmic scatter of 0.3 dex in the star-formation rate to halo mass
relation. Top: Star-formation rate density [46,164]. Line-intensity ratios evolve with redshift;
current observational constraints apply at specific redshifts and are uncertain by up to one
order of magnitude.
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3.1 Empirical Scaling relations

Scaling relations are most useful when they connect line luminosities to quan-
tities that are relatively easy to observe, such as the infrared luminosity, or
to general galaxy properties that can be inferred from observations, like the
star-formation rate. For instance, since optical hydrogen and oxygen lines are
good star-formation tracers, their luminosities are in tight linear relations with
the star-formation rate, as shown in observations [132,133,140,165], and based
on stellar evolutionary tracks, ionizing emissivity and recombination rates.

Meanwhile, the emission of the [CII] line correlates with both the far-
infrared emission from dust [166,167] and with star formation [20,87,168]. Low-
redshift [20,99] and high-redshift [119,169,170] observational studies obtained
a nearly linear correlation between [CII] luminosity and the star-formation
rate, without redshift dependence, while numerical simulations [102, 103, 171,
172] and semi-analytic models [104,173] predict a weak dependence on redshift.
Observational correlations between the [CII] luminosity and star-formation
rates in the local Universe [20] are found to still apply at high redshifts [169,
174–176]. This is surprising, since massive high-redshift galaxies correspond to
a much higher [CII] surface brightness regime than the populations observed
at low-redshift [100,177,178], and may change with more observations.

Fine-structure lines, as dust-cooling emission lines, are correlated to the
infrared luminosity [109, 160]. The situation is very similar for the ladder of
CO rotational lines, with the subtle difference of observational results being
reported in terms of the L′ pseudo luminosity, expressed in K km/s pc2 units.
There is rich literature on relations for the ground transition [58, 179–182].
The intensity of the other CO rotational transitions is determined by the
spectral line energy distribution, which shows large variety between different
studies [19,183–188]. The spectral-line energy distribution depends largely on
the galaxy type [19], with the CO to infrared-luminosity relations typically
lower in starburst galaxies compared to main-sequence galaxies [179,189–191],
mainly due to differences in star-formation to molecular mass ratios.

As an example, let us briefly describe the procedure to obtain L(M) for the
CO lines.4 The first step is to assign a star-formation rate SFR(M, z) to any
halo of mass M at redshift z. The mean SFR(M, z) is often parameterized with
a double power law [8,161,193], or using more involved fitting functions [164].
As empirical relations are not ubiquitous and there is significant variability
in the populations considered, it is quite common to add a characteristic log-
normal scatter5. A typical value is σSFR ∼0.3 dex [163]. In the second step, we
assume that the infrared luminosity and the star-formation rate are correlated,
and adopt an ansatz LIR = 1.72 × 10−10SFR/M�yr−1L−1

� [132]. Finally, we

4 A detailed discussion of a popular model for the CO line can be found in Ref. [192].
5 A log-normal scatter may not describe the whole population distribution accurately.

For instance, star-forming and quenched galaxy populations can each introduce their own
scatter, typically resulting in a bimodal distribution [164].
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use a power-law relation between infrared and CO luminosities

logLIR = αJ logL′CO(J→J−1) + βJ , (3)

where αJ and βJ depend on the transition and the data used to calibrate the
correlation, and LCO(J→J−1)/L� = 4.9× 10−5J3(L′CO(J→J−1)/K km s−1 pc2).
We then add another log-normal scatter σL ∼0.3 dex. To summarize, we assign

LCO(J→J−1)

(
LIR

(
SFR(M, z), σSFR

)
, αJ , βJ , σL

)
(4)

to any halo of mass M at redshift z. We note that this relation can be made
more accurate if the stellar mass M∗ in the halo can be estimated. In this
case we can use the observed infrared-to-ultraviolet excess (IRX≡ LIR/LUV)
to account for the stellar light that is not reprocessed into infrared photons

SFR = KUVLUV +KIRLIR , IRX =

(
M∗
Ms

)x
, (5)

where KUV = 2.5× 10−10 M�yr−1L−1
� and KIR = 1.73× 10−10 M�yr−1L−1

�
(following Ref. [46]),6 and x = 0.97+0.17

−0.17, log10(Ms/M�) = 9.15+0.18
−0.16, and a

log-normal scatter of σIRX = 0.2 dex [49] is included.7 This improved relation
downweights the contribution from halos with low star-formation rate [151].

Lyα emission involves more complicated radiative transfer, including dust
absorption without photo-ionization, recombination line emission absorbed by
dust, and ionizing photons escaping the galaxy without any ionization events or
being absorbed by HI regions without triggering recombination line emission.
For the purposes of Lyα intensity mapping, these processes can be merged and
modeled as an escape fraction, which depends significantly on the environment
and is all but unconstrained observationally. However, current measurements
show two general trends [162]: the escape fraction increases monotonically with
redshift, and it decreases with higher star-formation rate. One can then use a
general function depending on redshift and star-formation rate satisfying these
limiting trends [162], or other parameterizations based on constraints to the
escape fraction and other contributions to the Lyα intensity [8, 194].

Using empirical relations provides a fast method to predict the line inten-
sities, taking into consideration observational constraints and without relying
on theoretical priors, hence involving a more agnostic prediction accounting
for potentially unknown astrophysics. Empirical approaches can be very pow-
erful in resolving occasional discrepancies between theory-based estimates. On
the other hand, the observations used to calibrate these scaling relations span
a very specific redshift interval, which either limits their application to LIM

6 These values correspond to a Salpeter initial mass function and must be multiplied by
0.63 to convert them to the Chabrier initial mass function.

7 Fitting formulae relating IRX to the spectral index of the UV-continuum emission are
also available.
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analyses or forces to extrapolate the results to other redshifts. The latter op-
tion may result in very inaccurate estimations. One example of this is the
ground transition of CO [195], as highlighted in Ref. [196]. Using low-redshift
data [19, 58] one finds best-fit values around α1 ≈ 0.1β1 + 1.19 [192] for the
relationship between the parameters in Eq. (3), while using high-redshift ob-
servations, such as the COLDz luminosity functions at z ∼ 2.4 [197], yields
α1 = 0.67 and β1 = 4.90 [18].

3.2 Theory-motivated approaches

There are three main types of theory-motivated approaches to model line
intensities, which can be distinguished by their numerical complexity: analytic
models, semi-analytic models and hydrodynamic simulations.

Analytic models aim to relate line luminosities to the ISM properties, which
requires modeling the phases of the galaxy and the relative abundances of each
of its main components. There are many ways to achieve this goal, but all of
them start with modeling the stellar radiation. Some options [113] use CIB
models [198] and relations between star-formation rate and infrared luminosi-
ties [132]. The gas-to-dust mass ratios can be obtained from the dust model
using observation-based calibrations of the dust-grain emission [199], in addi-
tion to the total hydrogen mass, which is distributed between neutral, ionized
and molecular hydrogen [200]. Finally, the metallicity is obtained from the hy-
drogen and dust masses, assuming a constant dust-to-metal ratio (which can
be obtained from hydrodynamic galaxy formation simulations [201]). Other
options [100,202] model the ionization and photo-dissociation structure prop-
erties of a galaxy to determine its ionized and neutral regions as a function of
the galaxy’s stellar emission and ionization field. From this point, it is possible
to estimate line luminosities in a general way that can be applied to both low
and high redshift galaxies.

Analytic models are forced to make simplifying assumptions about the
processes involved in the line emission for the sake simplicity. Concrete inter-
stellar conditions can be taken into account with photo-ionization simulation
codes [203–205], but in order to fully track galaxy properties, numerical hy-
drodynamic simulations are required. These simulations evolve astrophysical
properties self-consistently in each simulation cell, according to specific robust
underlying physical baryonic models. However, the increased complexity sets
an upper limit on the volume of the simulation as a tradeoff; if the simulation
volume is too large, more of the baryonic physics implemented may rely on
sub-grid models. The results of these simulations (see e.g., [102, 103, 171, 172,
206–209]) can be post-processed to consistently predict the intensity of sev-
eral lines [210]. Furthermore, the THESAN project [211] has recently modeled
several emission lines at reionization using a radiation-magneto-hydrodynamic
simulation that self-consistently models hydrogen reionization and the prop-
erties of the galaxies and active galactic nuclei [212]. In practice this relies on
several ad-hoc assumptions, such as a fixed ionization parameter, for instance.
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Nonetheless, hydrodynamic simulations are computationally very expen-
sive, which imposes significant limitations on their use and flexibility. Semi-
analytic models, in turn, offer a compromise between analytic approaches and
hydrodynamic simulations [213]. This approach dynamically evolves dark mat-
ter and baryons in a cosmological context, using motivated approximations
relying on sub-grid physics to treat star formation and baryonic feedback (see
e.g., Refs. [214–220]). The free parameters of these recipes are calibrated to
match global observational quantities to observations or numerical simulations.
Then, the results can be used to simulate multiple line luminosities for each
galaxy [104,173,221–224], and match it with a halo catalog within a lightcone
from N-body simulations to build a mock LIM observation [225].

It has been shown that hydrodynamic simulations and semi-analytic mod-
els are generally in good agreement [213],8 which motivates the use of semi-
analytic models to generate simulated line-intensity maps. Finally, the results
obtained from hydrodynamic simulations or semi-analytic models can be em-
pirically summarized in scaling relations of the same form as the ones discussed
in the previous subsection to facilitate their use [104,224,228].

4 Prospects

From the discussion in the two previous sections, it is evident that LIM serves
both as a means of gathering statistical information about the Universe at
high redshifts, and as a statistical probe of astrophysical evolution throughout
the history of the Universe. As such, its prospects are unique and far-reaching.
While current preliminary detections and upper limits have limited constrain-
ing power, forthcoming LIM observations will be able to yield invaluable in-
formation about galaxy formation and evolution, cosmology and fundamental
physics. Here we describe some of the most motivated proposals to fulfill these
goals, discussing the inherent sensitivity of LIM to the relevant signatures.

4.1 Astrophysics

As emission from all sources is aggregated in line-intensity maps, component
separation and information extraction become challenging and highly model-
dependent. However, there is hope to mitigate this limitation by improving our
understanding of the processes triggering different line emissions through line
cross-correlations and combinations with external observables, as well as by
comparing with targeted detailed observations of selected samples (see Sec. 6).
The prospects for LIM to deepen our knowledge about astrophysics are mostly
based on improving our understanding of the connection between the IGM and
ISM properties and the line intensities, discussed in Sec. 3. Below we (some-
what artificially) distinguish between the potential of LIM to probe the star-
formation history, the properties of the ISM, and the process of reionization.

8 Although there are still significant discrepancies among the gas properties and star-
formation efficiencies (see e.g. Refs. [226,227]).
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4.1.1 Star-formation history

Star-formation rates are a proxy for the stellar emission of young stars, which
are one of the main drivers of galaxy evolution, as well as for determining
its chemical evolution and gas reservoirs (in a circular, self-regulated, pro-
cess [58, 229, 230]). Most of our current understanding of the high-redshift
star-formation rate comes from optical and UV observations of stellar light
and emission lines from the hot ionized gas in the ISM, but around half of the
starlight is re-processed by dust [231] and only the brightest galaxies can be
detected by galaxy surveys [181, 232, 233], which leads to great uncertainties.
Observations and analytic studies support a universal, power-law relation be-
tween the star-formation rate and gas content of the galaxy [132,179,234–239],
depending on stellar feedback and other astrophysical processes [240], but its
potential redshift evolution is unknown [124,239]. LIM can trace: (i) the cold
molecular gas where stars form using CO lines [76, 192, 241–244] (with iso-
topologue line ratios sensitive to the initial mass function [245]); (ii) the ac-
tual instantaneous star formation with optical hydrogen and oxygen lines [161,
246, 247]; (iii) the impact of star formation on the surrounding gas with fine-
structure lines [193, 248]; (iv) and the redshifted radiation from Pop III stars
with helium and hydrogen lines [135, 136, 249]. All this, while surveying large
enough volumes to provide ample statistics.

Finally, Ref. [250] proposes to constrain the global star-formation law from
the amplitude of a scale-dependent bias sourced by baryon fluctuations on
baryon acoustic oscillations (BAO) scales [251–254] (still to be detected in
galaxy clustering [254, 255]). The bias depends on the line luminosity (see
Sec. 5), hence the target contribution can be isolated from the ratio of the
power spectra of two lines. Non-linear clustering, which affects the BAO am-
plitude and the bias terms (see Ref. [256]), makes this approach challenging.

4.1.2 The properties of the ISM

The general properties of the ISM are expected to evolve substantially with
redshift. The first galaxies are thought to be small, compact, both metal and
dust poor, with a young stellar population, undergoing frequent mergers, ex-
posed to a much weaker background radiation, etc. Moreover, early-galaxy
populations are expected to be significantly less homogeneous, requiring larger
samples to study global quantities.

As stated above, LIM can probe many different scales and phases in the
ISM and IGM thanks to its access to multiple emission lines and the sensi-
tivity to all emitters. Molecular gas can be probed with the CO lines, espe-
cially combining CO isotopologues to obtain a better picture of high-density
clouds [76, 257], and potentially using rotational transitions of hydrogen deu-
teride to target the earliest, ultra-low-metallicity galaxies [258]. Since the to-
tal gas mass is indirectly constrained by CIB measurements, combining HI
(to separate between neutral and molecular gas abundances) and CO reduces
the uncertainties in the molecular gas mass to CO luminosity relation, though
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uncertainties dependent on gas temperature and metallicity remain [113,259].
These degeneracies are further reduced by adding [CII] intensity maps to the
analysis, due to their indirect dependence on the abundance of molecular gas.

Meanwhile, the HII regions can be studied with the [NII] lines and their ra-
tios, which are sensitive to the electron density and temperature [109,113,120].
At the same time, Lyα can probe the circumgalactic medium, especially its
ionization state and the gas density distribution [246,260,261], with improved
sensitivity if cross-correlated with [CII] [262].

LIM excels in probing the properties of the ISM and IGM in two more
aspects. First, it is possible to study the ISM and IGM of specific galaxy
populations by cross-correlating line-intensity maps with the corresponding
sub-sample of galaxies under consideration [263]. Secondly, most of the baryon
content in the Universe is spread throughout warm low density gas regions [264,
265]; while this gas is undetectable by galaxy surveys, it can be probed with
LIM, complementing other techniques such as the Sunyaev-Zel’dovich effect [266,
267], as we discuss in Sec. 6.

4.1.3 The process of reionization

Reionization is the last phase transition the Universe has undergone, yet the
EoR remains mostly unexplored by direct observations. This is when the first
stars and galaxies formed, and together with accreting black holes, gradually
ionized the neutral gas surrounding them [268–270]. A simplistic view of the
epoch of reionization depicts the IGM as a two-phase fluid, with ‘bubbles’ of
ionized gas growing around the first luminous sources with neutral gas filling
the space in-between. Hence, the discussion of the previous subsection also
applies to the study of reionization, when framed for lower metallicities and
younger galaxies.

Star-formation and IGM models are very sensitive to assumptions related
to the ISM and the whole population of star-forming galaxies [229]. This pop-
ulation can be efficiently probed with intensity maps of emission lines related
to star formation [271, 272]. In turn, Lyα probes some combination of the
sources and the IGM [246, 260, 273]. Thus, cross-correlation between these
lines or with HI, which traces the neutral gas, will significantly improve our
ability to map and understand reionization and the interplay between ioniz-
ing sources and the IGM [116, 223, 271, 274–276], mitigating limitations due
to foregrounds [275] and assumptions about escape fractions for ionizing pho-
tons [277]. Finally, to probe the evolution of reionization, one can use the
anti-symmetric cross-correlations of HI and other lines [278–280], which evolve
oppositely as reionization progresses.

4.2 Cosmology

It is important to place the discussion of the prospects for cosmology with LIM
experiments targeting emission lines related with star formation in the suitable
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context. LIM, especially for these lines, is still in the pathfinder stage, with
current-generation experiments probing small volumes, as shown in Fig. 3.
Hence, it is evident that LIM needs the time to evolve and mature before it
can be competitive with flagship CMB experiments such as CMB-S4 [281] and
galaxy surveys such as Euclid [282] and DESI [283].

Nevertheless, even if cosmology continues to be dominated by the CMB and
galaxy surveys for the near future, LIM observations grant access to regimes
and scales that are out of reach for other observables; examples include access
to redshifts in-between volumes probed by galaxy surveys and CMB experi-
ments, and the sensitivity to the integrated emission from the faintest astro-
physical sources in the Universe, which form in less massive collapsed objects
than those traced by galaxy surveys. This is what makes LIM a unique and
complementary cosmological probe with great promise to constrain physics
beyond ΛCDM. In addition, combining multi-line observations over the same
redshift volumes and using cross-correlations with other observables can be
used to mitigate cosmic variance via the multi-tracer technique [284,285].

Below we discuss the intrinsic benefits that the LIM particularities offer
for cosmology. While some of the target signatures may be degenerate with
astrophysics, actual line intensities will affect LIM’s potential through their
impact on the signal-to-noise ratio of the measurements. Quantitative forecasts
(under a given set of assumptions) can be found in Ref. [286].

4.2.1 Dark matter

LIM can probe small-scale matter clustering in two ways: through small-scale
clustering measurements and through its dependence on the abundance of col-
lapsed objects. Hence, LIM is sensitive to the effects of dark matter models
that change the statistics of biased tracers of small-scale dark matter fluctua-
tions, such as self-interacting dark matter [287], models of dark matter-baryon
scattering [288], and ultra-light axion dark matter [289]. The high sensitivity
of LIM to models that modify the halo mass function has been demonstrated
for observations before reionization [290–292] and at lower redshifts [293–295].

As it collects all incoming photons, LIM is naturally suitable for searches
of exotic sources of radiation. Furthermore, LIM’s spectral resolution provides
additional information on the spectral energy distribution of this radiation,
allowing to separate between different processes. In the case of dark matter
radiative decays, the resulting radiation effectively produces an emission line
that will show up in LIM experiments as an interloper [296]. Techniques pro-
posed to model and deal with line-interloper contamination (see Sec. 5) can
be adapted to target and maximize the signal from these decays [297,298]. For
example, forecasts indicate that LIM will be one of the most sensitive probes
of a possible coupling between electron-volt-scale axions and photons [299],
which may weigh in on potential explanations [300] for the recent excess mea-
surement of the cosmic optical background [301]. Similar strategies can be
applied to look for neutrino decays [302], the detection of which would hint at
physics beyond the standard model of particle physics.
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4.2.2 Light relics

Neutrinos act like free-streaming particles and cannot be confined to regions
smaller than their free-streaming scale. This scale grows until neutrinos become
non relativistic (z ∼ 100−200), after which it begins to shrink. Thus, neutrinos
suppress matter clustering in a scale- and time-dependent manner [303].

LIM will yield clustering measurements across a very wide redshift range,
complementing those from galaxy surveys at lower redshifts and tracking
the redshift evolution of the neutrino-induced scale-dependent suppression.
Tracking the evolution of this dependence can break parameter degeneracies
between the CMB and large-scale structure probes [304], especially between
the sum of neutrino masses and the amplitude of the primordial power spec-
trum, the CMB optical depth to reionization, and the dark energy equation
of state [305–307]. LIM measurements split into several redshift bins will be
highly sensitive to the neutrino mass [308, 309]. Similar promise can be ex-
pected for other models involving light relics, such as dark matter decaying
into lighter dark matter particles [310]. Finally, LIM can contribute to con-
straining Neff , the number of effective relativistic degrees of freedom in the
early Universe, by extending searches for changes in the BAO phase [311,312]
to higher redshifts and larger volumes.

4.2.3 Dark energy

The cosmic expansion history is strongly constrained at z . 2.5 from type-Ia
supernovae [313] and BAO measurements from galaxy surveys [314]. At earlier
times, we rely on extrapolations of an expansion determined by a matter-
dominated Universe, which reproduce existing measurements [315, 316]. The
lack of direct measurements may hide deviations from ΛCDM predictions that
are degenerate with other parameters, such as “tracking” dynamic dark-energy
models, predicted by certain modified gravity theories (see e.g. Refs. [317,318]).

The tomographic access to z & 2.5 that LIM experiments provide will
allow us to directly measure the expansion history of the Universe through
BAO measurements [3, 319, 320]. While percent-level BAO measurements at
z > 3 will require stage-3 LIM experiments, current-generation experiments
have the potential to return the first robust direct constraints on the expansion
history at such redshifts (although anisotropies produced by line broadening
may hinder the realization of the full potential of this cosmological probe [196]).

LIM BAO measurements will bridge the gap between H(z) constraints
from galaxy surveys and CMB experiments, even for agnostic parameteriza-
tions [321–323], which will weigh in on the Hubble constant tension [324,325].
Moreover, pre-recombination deviations from ΛCDM proposed to solve the
tension (see e.g. Refs. [326–328]) affect the matter clustering also through per-
turbations of the new fields [329]. This significantly impacts the halo mass
function, introducing deviations that increase with redshift [330]. LIM, which
depends on the high-redshift halo mass function, will be especially sensitive
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to this effect. Finally, tomographic growth-rate constraints with LIM clus-
tering measurements [308] will also improve constraints on modified gravity
theories [331].

4.2.4 Inflation

The quintessential smoking gun for inflation is the detection of primordial
gravitational waves, often parameterized by the tensor-to-scalar ratio. Cur-
rently, the most promising venue to detect such signatures is through primary
B-modes in the CMB polarization [332]. However, inflationary features may
lie beyond the description of the tensor-to-scalar ratio [333]; some examples in-
clude primordial non-Gaussianity [334], isocurvature perturbations [335], devi-
ations from the almost scale-independent primordial power spectrum, spectral-
index running [336], power-spectrum oscillations [337], etc., all of which can
be constrained with large-scale structure measurements. Detecting or ruling
out these features will provide invaluable information about inflation. As a
leading example, a sizable local-type primordial non-Gaussianity can only be
produced in scenarios with multi-field inflation [338–340].

Primordial non-Gaussianity generically modifies the abundance of collapsed
objects [341], induces scale dependence to the linear bias [342,343], and mod-
ifies the bispectrum [344–350]. These effects are usually apparent at large
scales and grow with redshift, hence making LIM a very promising way to im-
prove current sensitivities [308,351–355]. Furthermore, the possibility to study
and cross-correlate several lines in tomography up to high redshifts will help
break degeneracies with compensated isocurvature perturbations [356], bias
uncertainties [357], and to reduce the limitations related with cosmic vari-
ance [284,285,358–360].

5 Formalism

LIM fluctuations are a biased tracer of matter density perturbations, but also
depend on various astrophysical processes, which introduces additional non-
Gaussianity in the line-intensity maps with respect to other tracers of the large
scale structure. With the objective of recovering as much information as pos-
sible from line-intensity maps, several summary statistics have been proposed
to exploit LIM observations. Below we will focus on the power spectrum (the
formalism of which can be extended to configuration space or to higher order
statistics), and on the voxel intensity distribution. We refer the reader to more
focused references for other summary statistics such as the mapping of Lyα
polarization [361], or the lensing of line-intensity maps [362,363].

Going back to Eq. (1), we define the conversion factors XLI and XLT be-
tween intensity or temperature to luminosity density as ρL = I/XLI = T/XLT.
Expressions below are valid for both conventions, with the appropriate factor.
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5.1 Power spectrum

5.1.1 Intrinsic signal

The LIM power spectrum has two main components: the clustering part, which
follows the matter power spectrum, and a shot noise contribution due to the
sources of the line not being a continuous field. The simplest formulation of
the anisotropic power spectrum in redshift space is

P (k, µ) =

[
XLI

∫
dM

dn

dM
LbhFrsd(k, µ)

]2

Pm(k) +X2
LI

∫
dM

dn

dM
L2 , (6)

where all quantities also depend on redshift (and halo mass M , with the ex-
ception of XLI), µ ≡ k · k‖/k2 is the cosine of the angle between the Fourier
mode k and its component k‖ along the line of sight, k = |k|, bh is a mass-
dependent linear halo bias relating halo-number and matter perturbations,
Frsd is a factor encoding the effect of redshift-space distortions, Pm(k) is the
linear matter power spectrum, dn/dM is the halo mass function, and we have
assumed Poissonian shot noise. Note that any eventual scatter in the relations
determining the luminosity function L(M) must be taken into account in the
integrals over the halo mass functions above. The clustering and shot noise
terms depend on the first and second moments of the luminosity distribution,
respectively. This means that, although the shot noise power spectrum often
yields a considerably higher detection significance than the clustering com-
ponent (especially for small-volume surveys), a significant detection of both
components is required to break degeneracies in the L(M) relation [364].

The Frsd factor includes the Kaiser effect [365], relevant at large scales, and
a function suppressing the power spectrum at scales below a characteristic scale
related to the halo pairwise velocity dispersion σpv, to empirically reproduce
the fingers-of-God effect [366]. Using for instance a Lorentzian function,

Frsd(k, µ) =
1 + fµ2

bh(M)

1 + 0.5 (kµσpv(M))
2 , (7)

where f is the growth rate.
The linear power spectrum, Eq. (6), does not provide a good prediction of

LIM clustering at small scales. This regime can be better modeled using the
halo model [367]

P (k, µ) =

[(
XLI

∫
dM

dn

dM
LbhFrsd(k, µ)U(k)

)2

Pm(k)+

+ X2
LI

∫
dM

dn

dM
L2U2(k)

]
+ Pshot ,

(8)

where U is the Fourier transform of the density profile (here assumed spherical)
of a halo of mass M , and Pshot is the shot noise power spectrum from Eq. (6).
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The first and second terms in the square brackets correspond to the two-halo
and one-halo terms, respectively. Further non-linearities, in the matter power
spectrum and in the bias expansion, can be accounted for (see Ref. [22] for an
example using effective field theory in the context of CO and [CII] intensity
mapping). Furthermore, the contributions of each of the galaxies within a
halo can be modeled: the halo occupation distribution model [368] can be
generalized to LIM fluctuations rescaling the line luminosity of central and
satellite galaxies accordingly [113]. In this case, the one-halo term includes the
correlations between satellite and central galaxies and an additional shot noise
term related with the number of emitters per halo [369].

So far, we have assumed a Dirac-delta line profile. However, velocity dis-
persion of the gas from which the lines are emitted broadens the emission line.
In practice, this effect is similar to the fingers-of-God, but related to veloc-
ity dispersion within a single halo rather than pairwise velocity dispersion.
In this case, the rotation velocity greatly dominates over thermal velocities.
Assuming a Gaussian line profile, the gas rotation velocity v broadens the
line, resulting in a full-width half maximum of θνFWHM = νv(M)/c. Unless
v(M)/c � 1 (in practice, smaller than the spectral resolving power of the
experiment, see below) the line broadening must be taken into account. The
physical scale corresponding to the standard deviation of the broadened line-
profile is σv(M) = v(M)(1+z)/H(z)

√
8 log 2. The effect of the line broadening

in the power spectrum is similar to the spectral resolution limit, but in this case
the suppression depends on the halo mass and affects differently the clustering
and shot noise contributions [196]:

Pbroad =

[
XLI

∫
dM

dn

dM
LbhFrsde

−k2σ2
v(M)µ2/2

]2

Pm(k)+

+X2
LI

∫
dM

dn

dM
L2e−k

2σ2
v(M)µ2

.

(9)

The power spectrum statistic suffers from degeneracies between the effect
of the cosmological parameters and the dependence on astrophysics, that per-
sist even after optimal reparameterizations [308]. These degeneracies can be
broken to a large degree by using mildly non-linear scales in the LIM power
spectrum [22, 370], combining it with higher order statistics [371, 372], em-
ploying phase statistics [373,374], or using external priors on the astrophysical
parameters [162,210].

5.1.2 Observational effects

LIM observations measure intensities as function of frequencies and angular
positions on the sky, but three-dimensional clustering measurements need spa-
tial distances. This requires interpreting observed frequencies as redshifts (in-
troducing projection effects for interloper lines, see below) and using a fiducial
cosmology to transform these into distances. Assuming a background expan-
sion that differs from the true one adds an artificial anisotropy in the map,
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which is known as the Alcock-Paczynski effect [375]. This effect, in conjunction
with the BAO standard ruler, is used to extract the expansion history of the
Universe from clustering measurements [376–378] with great precision [314] in
a model independent way [379,380].

The observed power spectrum is also limited by the spectral and angular
resolutions of the experiment and the volume probed. Generally, a Gaussian
beam with full-width half maximum θFWHM = 1.22c/νobsD for a dish with
diameter D, is assumed.9 The angular and spectral resolutions correspond to
physical distance scales transverse to and along the line of sight as

σ⊥ = DM
θFWHM√

8 log 2
, σ‖ =

cδν(1 + z)

Hνobs
, (10)

respectively, where δν is the minimum separation in frequency considered.10

The resolution limit results in a smearing of the observed line-intensity map,
which can be modeled with a convolution in configuration space over a window

function Wres. Noting that Wres = W⊥resW
‖
res we have that, in Fourier space,

W⊥res = exp
{
−k2σ2

⊥(1− µ2)
}

and W ‖res =





exp
{
−k2σ2

‖µ
2
}
,

sinc
(
kµσ‖

2

)
,

(11)

depending on whether single Gaussian channels are used or many of them are
stuck for δν not related with spectral resolution.

Similarly, the volume probed is determined by the total area Ωfield of the
sky surveyed and the frequency band of the experiment. We can model the
loss of modes beyond the size of the observed volume and the effect of vari-
able observing conditions with the mask Wvol. The Fourier transform of the
observed intensity fluctuations δI(xxx) is then

δĨ(kkk) =

∫
d3xxxe−ikkkxxxWvol(xxx)

∫
d3xxx′Wres(xxx− xxx′)δI(xxx′) =

=

∫
d3qqq

(2π)3
δI(kkk − qqq)Wres(kkk − qqq)Wvol(qqq) ,

(12)

which results in an observed power spectrum

P̃ (kkk) =

∫
d3qqq

(2π)3
W 2

vol(qqq)W
2
res(kkk − qqq)P (kkk − qqq) , (13)

where the tilde denotes observed quantities. The anisotropic power spectrum
cannot be measured, but it is possible to measure the Legendre multipoles

9 Note that this applies for observations that only use the auto-correlation of each antenna.
The angular resolution for interferometric observations depends instead on the maximum
baseline distance.
10 The minimum frequency division used in an experiment may be determined by its spec-

tral resolution or by choices related with systematic effects of the analysis and map making.
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Fig. 6 CO power spectrum monopole (left) and quadrupole (right) at z = 2.9. We show
the true total power spectrum (dashed), the observed one (solid), and the shot noise power
spectrum (dotted), varying the dispersion σSFR of the star formation rate to halo mass
relation, assuming a beam of θFWHM = 1′, spectral resolution of δν = 31.25 MHz, and a
cylindrical volume corresponding to 200 deg2 and 7.7 GHz (∆z = 1).

directly, using e.g., the Yamamoto estimator [381]. The observed LIM power
spectrum multipoles are [308,382]

P̃`(k) =
2`+ 1

2

∫ 1

−1

dµP̃ (k, µ)L`(µ), (14)

where L` is the Legendre polynomial of degree `. In Fig. 6, we show the
monopole and quadrupole of the intrinsic and observed power spectra, varying
the scatter of the star-formation rate to halo mass relation.

5.1.3 Covariance

Experimental limitations also introduce an instrumental white-noise floor in
the LIM observations. The total noise variance per antenna per observed voxel
when only the autocorrelation between antennas is considered is11

σ2
N,I =

σ2
pix

NfeedsNpoltpix
, σ2

N,T =
T 2

sys

NfeedsNpolδνtpix
, (15)

for intensities and temperatures, respectively, where σpix is the noise equiva-
lent intensity (NEI), Tsys is the instrument system temperature, Nfeeds is the
number of detectors per antenna, Npol = 1, 2 is the number of polarizations
the detectors are sensitive to, and tpix is the observing time per pixel. One can
also include the frequency dependence on the noise per voxel [81].

The noise power spectrum is then PN = σ2
NVvox/Nant, where Vvox is the

volume of the voxel and Nant the number of antennas used. Assuming Gaus-
sianity and neglecting mode coupling, the power spectrum variance per µ and
k bin is

σ̃2(k, µ) ≡
[
P̃ (k, µ) + PN

]2
/Nmodes , (16)

11 The instrumental noise for interferometric experiments with simple configurations can
be found in Ref. [383].
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where Nmodes = Vfieldk
2∆k∆µ/(8π2) is the number of modes observed per

bin in a volume Vfield. Small volumes may be affected by higher cosmic vari-
ance due to limited Poisson sampling from luminosity functions [384]. The
total covariance matrix for the power-spectrum multipoles is composed of the
subcovariance matrices between ` and `′ multipoles [308],

C̃``′(k) =
(2`+ 1) (2`′ + 1)

2
×
∫ 1

−1

dµσ̃2(k, µ)L`(µ)L`′(µ). (17)

5.1.4 Cross correlation

As discussed in previous sections, cross-correlations of different lines reduce
the impact of contaminants and allow for more detailed astrophysical analyses.
Furthermore, the cross-correlations of three lines may be used to reconstruct
their auto-power spectra free of contaminants [385]. The cross-power spectrum
between two lines can be computed following the formalism above, substitut-
ing all quadratic terms by the product of the contribution from each line and
including their correlation coefficient [113, 263, 354, 386, 387]. At large enough
scales, intensity fluctuations are completely correlated. Astrophysical depen-
dence results in different L(M) relations, which changes the line bias and may
affect the correlation coefficient at intermediate and small scales. Thus, the
correlation coefficient between two lines is generally scale dependent.

One effective way to formalize the inter-dependence between line luminosi-
ties and the host halo is through conditional luminosity functions [388], as
proposed in Ref. [369]. The conditional luminosity function models the mean
number of galaxies in a halo of mass M with luminosities L1, . . . , Lp for lines
1, . . . , p. A complete modeling of the conditional luminosity function applied
to the halo model self-consistently returns the one-halo term and shot noise
contributions and accounts for any scale dependence of the correlation coef-
ficient [369]. However, modeling the conditional luminosity function is very
challenging since, as discussed in previous sections, the modeling of each in-
dependent line at this point is already quite uncertain.

The variance per µ and k bin of the cross-power spectrum of two line-
intensity maps is

σ̃2
XY =

1

2

(
P̃ 2
XY

Nmodes
+ σ̃X σ̃Y

)
, (18)

where σ̃X and σ̃Y are computed following Eq. (16) for each of the lines.

5.1.5 Angular power spectrum

The angular power spectrum neglects the line-of-sight information within a
redshift bin, but may be useful in cases with low spectral resolutions or to
cross-correlate signals from different redshifts. Moreover, it is measured in
observed coordinates and directly considers a curved sky, which avoids theo-
retical systematics related with wide-angle effects for wide surveys [389–392].
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Tomographic angular analyses can better model the frequency evolution of the
noise and the telescope beam, and can incorporate the experience from CMB
analyses, such as the pseudo-C` technique [393,394].

The angular power spectrum of maps X and Y as function of harmonic
multipole ` at redshift bins zi and zj is given by

CX,Y` (zi, zj) = 4π

∫
dk

k
∆X,zi
` (k)∆

Y,zj
` (k)Pprim(k) , (19)

where Pprim is the dimensionless primordial matter power spectrum and the
transfer function ∆`, accounting for the angular resolution and ignoring ob-
servational masks, is

∆X,zi
` (k) =

∫
dzWX(z, zi)∆

X
` (k, zi) exp

{
−`(`+ 1)(θXFWHM)2

16 log 2

}
, (20)

where W is a normalized function centered on zi to delimit the redshift bin
and ∆X

` includes all the contributions to the observed perturbations of tracer
X; for instance, the linear intrinsic clustering contribution corresponds to
〈IXbX〉T j`(kχ), where T is the matter transfer function, and j` is the `-th
order spherical Bessel function.12 The corresponding shot noise

CX,Y,shot
` =

∫
dz

χ2
WX(z, zi)WY (z, zj)δ

K
ij

∫
dM

dn

dM
LX(M)LY (M) , (21)

where δK is the Kronecker Delta, must also be included. The observed an-
gular power spectrum C̃X,Y` also includes the contribution from the noise
NX
` = σ2

N,Tδν/(Nant∆iν)δK
XY δ

K
ij = σ2

N,I/(Nant∆iν)δK
XY δ

K
ij , where ∆iν is the

frequency width of the i-th redshift bin. The covariance between the angular
power spectra observed over a fraction fsky of the sky is then

Cov
[
CX,Y`,(i,j), C

X,Y
`,(p,q)

]
=
C̃X,X`,(ip)C̃

Y,Y
`,(jq) + C̃X,Y`,(iq)C̃

X,Y
`,(jp)

(2`+ 1)fsky
, (22)

where the subscripts in brackets denote the redshift bins. The effects of con-
taminants and mode coupling due to incomplete sky coverage can also be
modeled under this framework, following e.g., Ref. [396].

Spherical Fourier-Bessel analyses combine the main benefits of the three-
dimensional and the angular power spectra, at the expense of numerical com-
plexity. Ref. [397] developed a framework to analyze LIM clustering in this
basis, including also observational effects.

12 For other contributions in the context of galaxy positions, see Ref. [395].
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5.2 Voxel intensity distribution

The voxel intensity distribution (VID), which is the histogram of measured
intensities, is an estimator for the probability distribution function (PDF) P(I)
of the line intensity within a voxel. The VID encodes information about the
whole intensity distribution, or luminosity function, providing complementary
information to the power spectrum (which only probes its mean and variance),
as demonstrated in Ref. [294, 398]. The intensity in a voxel is the sum of the
intensities emitted by each of the Ne emitters it contains. If the line broadening
is large enough, the contribution from an emitter may extend beyond the voxel,
which can be accounted for with a window function [399,400].

The PDF of astrophysical sources is the sum of the conditional probabilities
of having a given number of emitters in the voxel contributing to a total
intensity [243]: Pastro(I) =

∑PNe
(I)Pe(Ne), where Pe(Ne) and PNe

(I) are
the PDFs of the number of emitters within a voxel and their total intensity,
respectively. If there is no emitter in a voxel, the astrophysical intensity is null:
P0(I) = δD(I). On the other hand, since the intensity is additive [243], this
can be written as a convolution

PNe(I) = (P1 ∗ . . . ∗ P1︸ ︷︷ ︸
Ne

)(I) , P1(I) =
Vvox

n̄XLI

dn

dL

∣∣∣∣
L=ρL(I)Vvox

, (23)

where n̄ is the mean comoving number density of emitters and ‘∗’ is the con-
volution operator.

The number of emitters in a voxel obeys a Poisson draw with its mean
equal to the expected number of emitters in that specific voxel, which depends
on clustering. Ref. [243] assumes that the emitter number count follows the
matter distribution, approximated with a log-normal distribution [401,402].

Alternatively, P(I) can be explicitly expressed as a conditional probability
depending on the emitter overdensity field δv

e smoothed over a voxel [403]. In
this case, Pe(Ne) is a Poisson distribution with space-dependent mean N(xxx) =
N̄ [1 + δv

e (xxx)]. The average over realizations can be later performed by invoking
the Ergodic hypothesis. Although these two derivations are equivalent under
the same set of assumptions, the latter allows the derivation of an analytic
covariance between the VID and the power spectrum [403], which depends
on the integrated bispectrum [404] of one power of the emitter overdensity
and two of the intensity fluctuations. This analytic covariance is consistent
with simulation-based covariances [398]. In general, the correlation between
the two summary statistics cannot be neglected for low instrumental noises
(achievable by the final stages of current-generation experiments), and it peaks
for low intensities and small scales (until resolution or instrumental noise limits
the measurement).

The observed intensity also includes the contribution from instrumental
noise, with a PDF Pnoise. The PDF for the total measured temperature in a
voxel is then Pobs = (Pastro ∗ Pnoise) (I). In the presence of foregrounds, or in
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Fig. 7 CO temperature PDF for the same cases as in Fig. 6. We show the PDF from the
astrophysical contributions alone (solid), from the instrumental noise alone (dotted), and for
their sum after mean subtraction (dashed); we assume σN = 5µK. The right panel zooms
in on the tail of the PDF, which in practice is the only range from which it is possible to
extract astrophysical information.

case measuring absolute intensities is not possible, the ignorance about the
zero point of the intensity PDF must be accounted for by considering only the
PDF of the intensity perturbations: P∆(∆I) ≡ P(∆I + 〈I〉) [243]. We show
the astrophysical and total PDFs in Fig. 7.

Finally, the predicted PDF must be connected to the observable, the VID
Bi. Using bins of width ∆Ii,

Bi = Nvox

∫ Ii+∆Ii/2

Ii−∆Ii/2
Pobs(I)dI , (24)

where Nvox is the total number of voxels in the survey. To estimate the co-
variance, a first approximation assumes that Bi follows a multinomial dis-
tribution [243], with negligible contributions from cosmic variance in most
cases [403]. However, there is physical covariance between different intensity
bins [398] that needs to be modeled, which requires a different formalism to
compute the two-point PDF [400].

The VID can be useful in a variety of applications, besides direct parameter
inference. For example, an extension of the VID formalism, in which the proba-
bility density distribution is conditioned on the number of detected galaxies in
a voxel, has been proposed as a means to cancel out galactic foregrounds [405].
Splitting the measured intensity into two contributions, I = I1+I2, where only
I1 is correlated with a field y, we can express the conditional PDF as

P(I|y) = P(I1|y) ∗ P(I2|y) = P(I1|y) ∗ P(I2) , (25)

since P(I2|y) ≡ P(I2) by definition. Thus, the contributions from I2 can be
canceled out when comparing conditional PDFs for different values of y. An
efficient way to do this in practice is with the ratio of the Fourier transform for
different values of y. Taking I ≡ 2π/I as the Fourier conjugate of the intensity
and P̆(I|y) as the Fourier transform of the conditional PDF,

P̆(I|y1)

P̆(I|y2)
=
P̆(I1|y1)P̆(I2)

P̆(I1|y2)P̆(I2)
=
P̆(I1|y1)

P̆(I1|y2)
, (26)
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which is completely independent of the contributions of I2. This ratio can be
estimated using the ratio of conditional VIDs [405].

The VID is complementary to the power spectrum beyond its access to
the non-Gaussian information in the map. While the power spectrum is more
sensitive to cosmology, only depending on astrophysics through integrals of
the luminosity function, the VID depends directly on the (convolutions of the)
luminosity function, and is only sensitive to cosmology through the expected
number of galaxies per voxel. Hence, combining the power spectrum and the
VID can help break the degeneracy between cosmology and astrophysics [295,
398,403].

5.3 Continuum emission

Intensity mapping of star-formation lines suffers from different observational
contaminants than HI observations. At higher frequencies, Galactic foregrounds
are less significant and better behaved [406]. The main source of continuum
foregrounds is the CIB. It traces the same objects that LIM targets, but is
subject to different astrophysical processes and blends together all radial in-
formation [198]. This contribution is mixed with the continuum emission of
foreground galaxies. After its removal, residual continuum foreground contam-
ination is mostly contained in the lowest line-of-sight Fourier modes, especially
for experiments with high spectral resolution [24, 407–409], a limitation that
may be partially lifted by applying neural networks [410,411].

Uncorrelated continuum emission (from the Milky Way and foreground
galaxies) cancels in cross-correlations between LIM and galaxy surveys. How-
ever, the correlated continuum emission (from the actual galaxies that LIM
traces) prevails, which enables the reconstruction of the galaxy spectral energy
distribution, combining line and dust emission [112,412].

5.4 Line interlopers

Line-interlopers can be challenging for LIM of star-formation lines, which are
closer to each other in frequency. There are two main approaches to dealing
with line interlopers: cleaning them from the observed maps, or modeling their
contribution to avoid loss of signal and attempting to exploit the astrophysical
and cosmological information encoded in their intensities.

Line-interlopers are usually sourced in different cosmic volumes than the
target signal. Therefore, cross-correlating the map with an alternative tracer
(e.g., galaxy surveys or the intensity of other spectral lines) of the cosmic
volume from which the target signal comes leaves the interloper contribution
out [4,153,162,193,271,274,413–417]. A similar approach can be used for the
VID, using conditional distributions [210,405], as described above. These cross-
correlations can later be used to reconstruct the auto power spectra [385,418].

Another option involves the masking of voxels thought to be dominated by
interloper contamination (including atmospheric lines for ground and balloon



Line-Intensity Mapping: Theory Review 31

experiments). Masking can be either guided or blind. Guided masking [210,419]
involves the use of external observations to identify interloper emitters. This
approach cleans the interloper contribution from both bright and faint sources,
minimizing the loss of information. Blind masking in turn can be used to clean
the map in the absence of external observations. Assuming that the bright-
est voxels are likely dominated by the contribution from foreground interloper
lines, as these typically come from lower redshift where galaxies tend to be
more massive and more clustered, blind masking takes such voxels out to re-
move the brightest interloper contamination [5, 83, 420]. Masking complicates
the survey window and alters the bias and amplitude of the shot noise, since
it downsamples the intrinsic line-luminosity function, which hinders the theo-
retical interpretation of the observations [5].

The frequencies of the interlopers are known, which enables one to iden-
tify and characterize their contamination using spectral templates to fit the
observed spectrum in each pixel map [421]. Knowledge about the interlopers
can also be used to train deep learning models with simulations to separate
components in the observed maps [411,422,423]. Each method can reconstruct
the VID and the power spectrum of each component, respectively, and both
are limited by the instrumental noise, resolution, and size of the survey.

Nevertheless, the contribution from line interlopers contains astrophys-
ical and cosmological information. Together with the problems introduced
by the methods discussed above, this motivates the modeling of the inter-
loper contributions. The misestimation of the line redshift introduces projec-
tion effects: strong, artificial anisotropic distortions in the three-dimensional
cubes [138, 161, 420, 424, 425]. Projection effects in clustering statistics can be
modeled similarly to the Alcock-Paczynski (AP) effect, with a slight modifi-
cation of the rescaling parameters:

q⊥ =
DM (zint)

DM (zt)
, q‖ =

(1 + zint)/H(zint)

(1 + zt)/H(zt)
, (27)

where the subscripts ‘int’ and ‘t’ refer to the interloper and target line, re-
spectively. Thus, the auto-power spectrum of the interloper contribution is
P̃int(k

infer
‖ , kinfer

⊥ ) = P̃int(k
meas
‖ /q‖, k

meas
⊥ /q⊥)/(q‖q

2
⊥), where beam smoothing,

the mask and other filtering effects must be applied at zint. Assuming no over-
lap in the volume probed by each line, the total measured power spectrum
multipoles are

P̃ tot
` (kmeas) = P̃ t

` (kmeas, zt) +
∑

P̃ int,i
` (kinfer, zint) . (28)

Note that the impact of the rescaling due to projection effects is usually signif-
icantly larger than the AP effect. The covariance of the total power spectrum
is computed following Eq. (17) at zt, using P̃ tot

` to calculate σ̃2.
The contribution from interlopers also affects the measured VID, which

can be modeled as an additional contribution to the PDF. In this case, the
total measured intensity is I = It +

∑
Iint,i + Inoise, hence the total VID is

Ptot+χ = (Pt ∗ Pnoise ∗ Pall int) (I) , (29)
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Fig. 8 Simulated noisless intensity fluctuations observed in the frequency range 292-346
GHz, targetting the [CII] line and including the projected contributions from CO(4-3)
and CO(6-5) as interlopers, coming from z = 0.45 and 1.18, respectively, but with three-
dimensional spatial scales “wrongly” interpreted at z = 5 (top panels). We also show the
monopole of the power spectrum (middle panels) and the mean-subtracted VID (bottom
panels). The three columns on the left show individual contributions from each line (CO
lines in red, [CII] in blue), while the last column shows the sum of all contributions (in pur-
ple), with dotted lines showing the [CII]-only case to ease comparison. These results were
obtained using the approach of Ref. [18], assuming empirical relations from Refs. [19, 20].

where Pall int is the multiple convolution of the PDF for each interloper. We
show an example of the contribution of interlopers to the power spectrum
monopole and the VID in Fig. 8.

As mentioned above, the techniques to model known interlopers can also
be used to look for exotic mono-energetic contributions to the intensity maps,
such as radiative decays of dark matter and neutrinos [297,302].

5.5 Mocks

LIM modeling, the improvement of summary statistics to describe the map,
and the development of techniques to deal with contaminants, all benefit from
mock LIM observations. Contrary to analytic studies, mocks allow us to ac-
count for the whole distribution of galaxy properties and the scatter of scaling
relationships. In addition, mocks account more accurately for non-linear clus-
tering and allow for a more realistic inclusion of observational effects. For all
these reasons, mocks are in practice the only way to fully account for the com-
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plexity and highly non-Gaussian nature of LIM, which has promoted their use
as a gold standard in the field.

In most cases, LIM mocks are obtained by post-processing halo catalogs, a
method also known as “painting”: line luminosities are assigned to halos based
on scaling relationships calibrated on observations or theoretical models (see
Sec. 3). The main benefits of this method are its fast application and the ability
to consider any emission line and continuum radiation. The accuracy standards
of the halo clustering (e.g. using approximate or exact cosmological N-body
simulations) vary depending on the number of realizations required. Although
there are examples using coeval boxes (snapshots of a simulation for which
the whole volume is at the exact same redshift), it is important to build LIM
mocks in lightcones in order to capture the evolution of not only the clustering
of matter but also the ISM and IGM properties and their connections to line
luminosities over the wide redshift intervals that LIM experiments often probe.

The simplest approach assigns astrophysical properties to halos using exter-
nal mean relationships [22,162,192,193,196,248,398,422,426]. Star-formation
rates can be obtained from galaxy formation simulations [427–429], post-
processed N-body simulations [430, 431], or empirical models based on abun-
dance matching fit to observations [163,164,432].

Rather than using mean relationships, the halo-luminosity relation can be
tracked more accurately if the halo astrophysical properties are evolved self-
consistently. One option is to embed the abundance-matching results in the
actual halo catalog that is painted [18,82,174]; another involves the matching
of semi-analytic models to halo catalogues within a lightcone from N-body
simulations [225,433]. Ref. [434] includes a comparison between semi-analytic
models and the UniverseMachine empirical forward model [164], which com-
bines abundance-matching and a connection between star formation and halo
accretion histories, yielding consistent results in the context of resolved astro-
physical observations by the CANDELS survey [435, 436]. Hence, LIM mocks
using this combined approach are expected to yield similar results for consis-
tent line models.

Another approach is to extend the 21cmFAST [437, 438], which uses per-
turbation theory and excursion-set formalism to simulate HI LIM. A new code
package, LIMFAST [439,440], builds on 21cmFAST, adding galaxy-formation
models, photoionization and stellar spectral energy distribution templates to
evolve the astrophysics of the ISM and IGM and compute the intensity and
fluctuations of star-formation emission lines from the infrared to the UV.

Due to the numerical complexity and the small survey areas of future
LIM experiments, most of the examples discussed in this sections are limited
to very narrow lightcones. There are some exceptions, such as the simulated
line intensity volume in a coeval box for CO and [CII] presented in Ref. [22].
Furthermore, Ref. [18] presents a flexible pipeline to quickly generate LIM
lightcone mocks for any line or experiment, accounting for line interlopers and
continuum foregrounds, and offering the possibility to embed the resulting
LIM mocks within a simulated sky including external observations such as
radio galaxy surveys, CMB secondary anisotropies, etc. [441].



34 J. L. Bernal, E. D. Kovetz

6 Cross correlations

When LIM surveys overlap with other observables, they can be combined to
boost sensitivity (and likely enable most of the first detections, see Sec. 2.5),
increase robustness against contaminants, reduce the impact of cosmic vari-
ance, and probe physics that individual observables are less sensitive to.

In Fig. 9 we show an overview of the sky areas that will be observed by
ongoing and forthcoming LIM experiments. Most LIM surveys either target
fields around the celestial equator or prioritize existing multi-wavelength deep
fields such as COSMOS (FYST, CONCERTO, mmIME); CDFS, GOODS-S
and the Hubble ultra deep field (FYST, mmIME); and the Stripe-82 region
(COMAP, EXCLAIM, HETDEX). Many LIM surveys will overlap on the sky,
and some of them are part of experiments which also carry out a galaxy survey
(as HETDEX and SPHEREx). Interestingly, all LIM surveys will overlap with
at least one large galaxy survey13, a wide HI LIM survey, and one CMB ex-
periment (e.g. Planck, but many will also overlap with SPT, ACT or Simons
Observatory). This makes line cross-correlations possible, with the benefits
discussed in previous sections, as well as cross-correlations between LIM and
other observables, the potential of which we detail further in this section.

6.1 Galaxy surveys

Line-intensity fluctuations are statistically correlated with other tracers of the
large-scale structure, such as the galaxy distribution measured with galaxy
surveys. Referring to quantities related to the galaxy field with a subscript
‘g’, the linear cross-power spectrum of galaxy number counts and intensity
fluctuations of a line X is

PXg = 〈TXbX〉bgFXRSDF
g
RSDPm +XLT

〈ρXL 〉g
ng

, (30)

where bg is the galaxy bias, F gRSD is defined using bg, 〈ρXL 〉g is the mean
luminosity-density of line X sourced only from galaxies included in the galaxy
catalog considered, ng is the number density of those galaxies, and we have as-
sumed a Poissonian galaxy shot noise [263,387,442]. Note that halo exclusion
and clustering may cause galaxy shot noise to deviate from being Poissonian,
changing its amplitude and even inducing a small scale dependence [443,444].
Since uncorrelated foregrounds and line interlopers come from a different vol-
ume than the galaxy survey, they are not correlated with the galaxy distribu-
tion and their contribution is left out of the cross correlation, as discussed in
Sec. 5.4. Nonetheless, all components of the line-intensity map do contribute
to the cross-correlation covariance, which can be computed adapting Eq. (18).

13 We do not show the Vera Rubin Observatory, which targets the southern hemisphere,
nor Euclid, which will survey the whole sky except for the Milky Way and the Ecliptic.
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Fig. 9 Mollweide projection in equatorial coordinates of the observing fields of a selection
of current and forthcoming LIM surveys, galaxy surveys (HSC, KiDS, DES and DESI), and
CMB experiments (SPT and SO). Bottom panels show zoom-in regions with LIM surveys.
The purple circular regions in the top panel correspond to SPHEREx deep fields (overlapping
with Euclid deep fields). We do not show mmIME and COPSS due to their small footprints,
nor SPT-SLIM and TIME, since they have not finalized their observing fields yet (SPT-
SLIM will observe within the SPT field), nor COSMOS and CDFS fields as they coincide
with FYST fields and have similar areas.

On the other hand, LIM-galaxy cross correlations can also benefit galaxy
surveys. As galaxy surveys extend their reach to higher redshifts, spectro-
scopic surveys become harder and the redshift uncertainties in photomet-
ric and radio-continuum surveys become larger. Therefore, techniques like
clustering-based redshifts [445–447]—which uses a dataset with known red-
shifts to cross-correlate two-dimensional slices along the line of sight with the
unknown dataset in order to retrieve the redshift distribution of the latter—
can be applied using the superior spectral resolution of LIM surveys to im-
prove the redshift determination of photometric galaxy surveys, as has been
demonstrated in the case of HI LIM [448–450]. This also enables tomographic
analyses in radio-continuum surveys [451,452].

In addition, cross correlations with specific galaxy populations can be used
to obtain information about the IGM and ISM properties of such galaxies.
At small scales, the cross-power spectrum depends on the mean line-intensity
from that population of galaxies, which can be connected to the line models
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discussed in Sec. 3.2. Ref. [263] cross-correlated quasar positions with CO LIM
measurements to study the abundance and excitation state of molecular gas
within galaxies hosting active galactic nuclei. This approach, complementary
to stacking analyses, can be extended to any line or galaxy population.

Galaxy surveys also target gravitational weak lensing through cosmic shear
and galaxy shapes. Cross correlating LIM with cosmic shear maps allows us
to connect the intensity fluctuations with the actual matter density fluctua-
tions [362, 369, 453]. The lensing kernel can be considered using the following
transfer function in Eq. (20):

∆κ
` (k, z) =

3H2
0Ωm

2c2
(1 + z)

zmax∫

z

dz′
dng
dz′

χ(z) (χ(z′)− χ(z))

χ(z′)
T (k)j`(kχ) , (31)

where dng/dz is the galaxy redshift distribution normalized to unity. Ref. [81]
presents a systematic study of the prospects of cross correlating LIM and
projected cosmic shear maps, finding that current pathfinder experiments are
expected to yield a marginally significant cross correlation with a survey like
LSST, but future stage-3 experiments conceivably ready by the end of LSST
will yield a high significance detection.

Degeneracies between LIM astrophysical dependence and intrinsic align-
ments may weaken the astrophysical constraints from LIM-shear analyses,
but they will strongly constrain integrated quantities like the cosmic density
of molecular hydrogen or the star-formation rate. Pushing LIM-shear studies
to smaller scales will shed light on the baryonic feedback on matter overden-
sities. Furthermore, LIM-shear correlations provide additional information to
constrain radiative decays of dark matter [298].

Potential improvements of this program include the use of tomographic
cosmic shear, which is already available for shear auto-correlations and cross
correlations with galaxy positions. However, using tomographic binning en-
hances the covariance due to shot noise, shape noise and the contribution
from lines with null correlation with the cosmic shear bin. Finally, standard
3x2 analyses (galaxy clustering, galaxy clustering cross shear, and shear corre-
lations) [454,455] could be extended to 6x2 analyses (galaxy clustering, galaxy
clustering cross shear, galaxy clustering cross LIM, shear, shear cross LIM, and
LIM correlations).

6.2 CMB Secondary Anisotropies

CMB photons are exposed to the effects of cosmological structures that they
encounter along their path as they travel from the last scattering surface to
us. These interactions inflict further perturbations in their temperature and
polarization, known as secondary anisotropies [456], including gravitational ef-
fects such as lensing [457], integrated Sachs-Wolfe effect [458,459], and moving
lens effects [460], as well as photon-electron scattering described by different
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Fig. 10 LIM can be cross correlated with other tracers of the line-of-sight mass distri-
bution, including CMB secondaries such as the kinetic Sunyaev-Zel’dovich effect or weak
gravitational lensing and transients like gravitational waves from binary black hole mergers.

flavors of the Sunyaev-Zel’dovich (SZ) effect [461–464]. Figure 10 illustrates
some of these processes (as well as the overlap with transients, discussed later).

These secondary anisotropies can be detected in the CMB power spectrum,
but are better isolated from the primary anisotropies in cross-correlation anal-
yses with other tracers of large-scale structure. This allows for tomographic
analyses instead of being limited to the integrated effect alone in CMB-only
studies. This approach has been applied using galaxy surveys [465–469]; here
we motivate the use of LIM in this context.

First, LIM-CMB cross correlations enable the extension of CMB secondary
anisotropies tomography to higher redshifts. This is motivated by the wide
support of some CMB secondary kernels in redshift, which goes beyond the
current reach of galaxy surveys. LIM can also be used to remove the contribu-
tion from secondary anisotropies in CMB observations. The main contaminant
is gravitational lensing, but its effect can be partially reversed internally or
using external observations [470,471], which improves cosmological parameter
inference [472–474]. The CIB [475,476] and especially LIM [477] can be used to
improve this procedure. Alternatively, in the same way that CMB lensing can
be used to improve the modeling of the CIB [478], it may be possible to improve
the modeling of the line emission. Furthermore, LIM properties provide access
to intrinsically different information, as is the case of probing reionization with
the cross correlation of high-redshift HI and SZ maps [479–481].

The late-time kinematic-SZ (kSZ) effect, detected both in the CMB tem-
perature power spectrum [482] and in cross correlation with galaxy surveys [469,
483–486], can be used to reconstruct the matter velocity field at large scales.
This reconstruction can be performed as a function of redshift by cross cor-
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relating kSZ maps with large-scale structure tracers [487–489]. Ref. [403] pre-
sented a study of the potential to measure late-time kSZ tomography using
LIM instead of galaxy surveys, with the [CII] emission line as an example.
While a detection is beyond reach for the initial design of FYST, an upgraded
design with higher sensitivity can achieve a ∼ 3σ detection in cross correla-
tion with Simons Observatory at z ∼ 3.7, with substantial improvements for
third-generation LIM surveys, yielding up to ∼ 102−103 detection significance.

The main limitation of CMB and LIM cross correlations is related to the
contamination from continuum foregrounds. CMB secondary anisotropies are
sensitive to quantities integrated along the line of sight, since they affect CMB
photons as they propagate, which means that most of the information in their
cross-correlation with large-scale structure tracers is contained in the long-
wavelength line-of-sight components. As discussed in Sec. 5.4, these are the
most affected by continuum foregrounds, which has been shown to limit the
potential of reionization kSZ-HI cross-correlations [481]. This limitation also
applies, to a lesser degree, to other cross-correlations discussed in this section.
However, using high-order statistics or forward modelling [490] may retrieve
some of the information.

6.3 Transient Catalogs

The recent discovery of gravitational-waves (GWs) from mergers of binary
black holes and neutron stars has kick-started, together with neutrino obser-
vations, the era of multi-messenger astronomy. Over the past few years, the
LIGO-VIRGO-KAGRA collaboration [491] has detected almost 100 merger
events in three observing runs. With planned improvements towards the next
observing runs and the advent of next-generation observatories such as Cos-
mic Explorer [492] and the Einstein Telescope [493], future GW catalogs are
expected to amount to tens of thousands of events or more. As these mergers
are detectable to high redshifts, GWs are destined to become a useful tracer
of large-scale structure [494].

Several other classes of astrophysical transients are within sight of becom-
ing useful standalone tracers of large-scale structure at high-redshifts. These
include gamma-ray bursts, supernovae, tidal disruption events and fast radio
bursts (FRBs). Current catalogs of all these types of transients contain between
dozens to thousand of events, but with ongoing and upcoming experimental
programs we can expect at least a ten-fold increase in number over a ten-year
timescale. For FRBs in particular, due to their extremely high rate [495], we
may expect a few orders of magnitude more events in future catalogs from
CHIME [496] and other instruments.

One of the main drawbacks of transient-event catalogs such as GWs and
FRBs is their poor redshift determination. A promising method to curb this
limitation is clustering-based redshift estimation, mentioned above. Here LIM
has potential for dramatic payoff, as its redshift information is by definition
controllable via the observation frequency and its two-dimensional clustering
can be extracted up to very high redshifts (see Fig. 2). Reconstructed red-
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shift distributions will allow tomography, which enables several cosmological
applications. For example, it can be used to greatly improve parameter esti-
mation [451], to constrain the expansion history of the Universe (when com-
paring redshifts to the luminosity distance or dispersion measure for GWs or
FRBs, respectively) [497, 498], to measure the CMB optical depth to reion-
ization [499], to break the kinetic Sunyaev-Zel’dovich effect optical depth de-
generacy [500] and to constrain the gravitational-slip in modified gravity the-
ories [501], to name a few.

Moreover, as both compact binary mergers and FRBs are expected to be
related to properties of the stellar population, such as the star-formation rate
and stellar mass in the host galaxy [502], the metallicity distribution [503],
etc., there is promising complementarity between LIM and these transients.
Their cross-correlation can help distinguish between GW progenitors [504],
constrain the origins of FRBs [505], infer the delay-time distribution between
binary formation and merger [506], and much more.

7 Conclusions

Here concludes our short review of the theory of LIM. After describing the ba-
sic idea behind LIM and summarizing the current experimental landscape, we
introduced the primary emission lines targeted by these experiments, from the
rotational CO transitions in the sub-mm, through the series of fine-structure
lines such as [CII] in the infrared to hydrogen lines including Hα and Lyα ob-
served in the optical and UV, and discussed different approaches to modeling
their luminosity functions. We then surveyed the prospects to use LIM to ad-
vance our understanding of major topics in astrophysics and cosmology, from
star-formation history, the properties of the ISM and the process of reioniza-
tion, to the search for dark matter and light relics and the study of cosmic
inflation and dark energy. The heart of the review was dedicated to carefully
laying out the modern formalism to describe the statistics of line-intensity
maps, including the power spectrum and voxel-intensity distribution, with
special attention to observational effects and cross-correlation. We also dis-
cussed the problem of interloper foregrounds which uniquely plagues this type
of observation. Finally, we devoted a separate chapter to cross-correlation op-
portunities between LIM and other observables, from galaxy surveys to CMB
secondary anisotropies to astrophysical transients.

We hope that this review successfully demonstrates the bright outlook for
LIM as a burgeoning observable in high-redshift astrophysics and cosmology,
that it provides a useful self-contained description of the theoretical backbone
of the field for experts and newcomers alike, and that it affords the necessary
tools for novices to pick up the gauntlet and join the effort to make LIM
science a prosperous reality. In this spirit, we accompany its release with an
updated online version of the lim14 package, and provide a few tutorial Jupyter
notebooks that can be used to reproduce the main figures above.

14 https://github.com/jl-bernal/lim

https://github.com/jl-bernal/lim
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49. R. Bouwens, J. González-López, M. Aravena, R. Decarli, M. Novak, M. Stefanon,
et al., “The ALMA Spectroscopic Survey Large Program: The Infrared Excess of z =
1.5-10 UV-selected Galaxies and the Implied High-redshift Star Formation History,”
Astrophys. J. 902 no. 2, (Oct., 2020) 112, arXiv:2009.10727.

50. T. L. Wilson and D. Elbaz, “Report by the ESA-ESO Working Group on The
Herschel-ALMA Synergies,” arXiv:astro-ph/0609311.

51. J. Chevallard and S. Charlot, “Modelling and interpreting spectral energy
distributions of galaxies with BEAGLE,” Mon. Not. R. Astron. Soc. 462 no. 2,
(Oct., 2016) 1415–1443, arXiv:1603.03037.

52. Y. Harikane, M. Ouchi, T. Shibuya, T. Kojima, H. Zhang, R. Itoh, et al.,
“SILVERRUSH. V. Census of Lyα, [O III] λ5007, Hα, and [C II] 158 µm Line
Emission with ∼1000 LAEs at z = 4.9-7.0 Revealed with Subaru/HSC,”
Astrophys. J. 859 no. 2, (June, 2018) 84, arXiv:1711.03735.

53. P. M. Solomon, A. R. Rivolo, J. Barrett, and A. Yahil, “Mass, luminosity, and line
width relations of Galactic molecular clouds,” Astrophys. J. 319 (1987) 730–741.

54. T. M. Dame, D. Hartmann, and P. Thaddeus, “The Milky Way in molecular clouds:
A New complete co survey,” Astrophys. J. 547 (2001) 792–813,
arXiv:astro-ph/0009217.

55. F. Walter, F. Bertoldi, C. Carilli, P. Cox, K. Y. Lo, R. Neri, et al., “Molecular gas in
the host galaxy of a quasar at redshift z=6.42,” Nature 424 (2003) 406–408,
arXiv:astro-ph/0307410.

56. R. J. Ivison, P. P. Papadopoulos, I. Smail, T. R. Greve, A. P. Thomson, E. M.
Xilouris, and S. C. Chapman, “Tracing the molecular gas in distant submillimetre
galaxies via CO(1-0) imaging with the EVLA,” Mon. Not. Roy. Astron. Soc. 412
(2011) 1913, arXiv:1009.0749.

57. A. Saintonge, G. Kauffmann, C. Kramer, L. J. Tacconi, C. Buchbender, B. Catinella,
et al., “COLD GASS, an IRAM legacy survey of molecular gas in massive galaxies -
I. Relations between H2, H I, stellar content and structural properties,”
Mon. Not. R. Astron. Soc. 415 no. 1, (July, 2011) 32–60, arXiv:1103.1642.

http://arxiv.org/abs/1412.4872
http://dx.doi.org/10.1117/12.2561315
http://arxiv.org/abs/2011.07974
http://arxiv.org/abs/1602.05178
http://arxiv.org/abs/1903.03144
http://dx.doi.org/10.1007/s10686-021-09755-3
http://arxiv.org/abs/1908.07533
http://dx.doi.org/10.1007/s10686-021-09721-z
http://arxiv.org/abs/1909.01591
http://arxiv.org/abs/1903.04496
http://dx.doi.org/10.1146/annurev-astro-081811-125610
http://arxiv.org/abs/1204.3552
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://arxiv.org/abs/1403.0007
http://dx.doi.org/10.1093/mnras/stt1960
http://dx.doi.org/10.1093/mnras/stt1960
http://arxiv.org/abs/1310.3227
http://dx.doi.org/10.3847/1538-4357/833/1/72
http://arxiv.org/abs/1606.05280
http://dx.doi.org/10.3847/1538-4357/abb830
http://arxiv.org/abs/2009.10727
http://arxiv.org/abs/astro-ph/0609311
http://dx.doi.org/10.1093/mnras/stw1756
http://dx.doi.org/10.1093/mnras/stw1756
http://arxiv.org/abs/1603.03037
http://dx.doi.org/10.3847/1538-4357/aabd80
http://arxiv.org/abs/1711.03735
http://dx.doi.org/10.1086/165493
http://dx.doi.org/10.1086/318388
http://arxiv.org/abs/astro-ph/0009217
http://dx.doi.org/10.1038/nature01821
http://arxiv.org/abs/astro-ph/0307410
http://dx.doi.org/10.1111/j.1365-2966.2010.18028.x
http://dx.doi.org/10.1111/j.1365-2966.2010.18028.x
http://arxiv.org/abs/1009.0749
http://dx.doi.org/10.1111/j.1365-2966.2011.18677.x
http://arxiv.org/abs/1103.1642


Line-Intensity Mapping: Theory Review 43

58. C. Carilli and F. Walter, “Cool Gas in High Redshift Galaxies,” Ann. Rev. Astron.
Astrophys. 51 (2013) 105–161, arXiv:1301.0371.

59. D. Narayanan, M. R. Krumholz, E. C. Ostriker, and L. Hernquist, “A General Model
for the CO-H2 Conversion Factor in Galaxies with Applications to the Star
Formation Law,” Mon. Not. Roy. Astron. Soc. 421 (2012) 3127, arXiv:1110.3791.

60. A. D. Bolatto, M. Wolfire, and A. K. Leroy, “The CO-to-H2 Conversion Factor,”
Ann. Rev. Astron. Astrophys. 51 (2013) 207–268, arXiv:1301.3498.

61. M. Heyer and T. M. Dame, “Molecular Clouds in the Milky Way,”
Annu. Rev. Astron. Astrophys. 53 (Aug., 2015) 583–629.

62. R. L. Dickman, R. L. Snell, and F. P. Schloerb, “Carbon Monoxide as an
Extragalactic Mass Tracer,” Astrophys. J. 309 (Oct., 1986) 326.

63. L. J. Tacconi, R. Genzel, and A. Sternberg, “The Evolution of the Star-Forming
Interstellar Medium Across Cosmic Time,” Ann. Rev. Astron. Astrophys. 58 (2020)
157–203, arXiv:2003.06245.

64. H. S. Liszt and J. Pety, “Imaging diffuse clouds: Bright and dark gas mapped in
CO,” Astron. Astrophys. 541 (2012) A58, arXiv:1202.6523.

65. R. Genzel et al., “The metallicity dependence of the CO \rightarrow H 2 conversion
factor in z>1 star forming galaxies,” Astrophys. J. 746 (2012) 69, arXiv:1106.2098.

66. G. Popping, R. S. Somerville, and S. C. Trager, “Evolution of the atomic and
molecular gas content of galaxies,” Mon. Not. Roy. Astron. Soc. 442 no. 3, (2014)
2398–2418, arXiv:1308.6764.

67. R. L. Sanders, A. E. Shapley, T. Jones, I. Shivaei, G. Popping, N. A. Reddy, et al.,
“CO Emission, Molecular Gas, and Metallicity in Main-Sequence Star-Forming
Galaxies at z ∼ 2.3,” arXiv e-prints (Apr., 2022) arXiv:2204.06937,
arXiv:2204.06937.

68. M. R. Krumholz, A. K. Leroy, and C. F. McKee, “What Phase of the Interstellar
Medium Correlates with the Star Formation Rate?,” Astrophys. J. 731 (2011) 25,
arXiv:1101.1296.

69. D. Downes and P. M. Solomon, “Rotating nuclear rings and extreme starbursts in
ultraluminous galaxies,” Astrophys. J. 507 (1998) 615, arXiv:astro-ph/9806377.

70. D. Narayanan, C. K. Walker, and C. E. Groppi, “Warm-dense molecular gas in the
ISM of starbursts, LIRGs and ULIRGs,” Astrophys. J. 630 (2005) 269–279,
arXiv:astro-ph/0504412. [Erratum: Astrophys.J. 642, 616 (2006), Erratum:
Astrophys.J. 721, 921 (2010)].

71. P. P. Papadopoulos, P. van der Werf, E. M. Xilouris, K. G. Isaak, Y. Gao, and
S. Muehle, “The molecular gas in Luminous Infrared Galaxies I: CO lines, extreme
physical conditions, and their drivers,” Mon. Not. Roy. Astron. Soc. 426 (2012)
2601, arXiv:1109.4176.

72. T. G. Bisbas, P. P. Papadopoulos, and S. Viti, “Effective Destruction of CO by
Cosmic Rays: Implications for Tracing H2 Gas in the Universe,” Astrophys. J. 803
no. 1, (Apr., 2015) 37, arXiv:1502.04198.

73. P. C. Breysse, S. Yang, R. S. Somerville, A. R. Pullen, G. Popping, and A. S.
Maniyar, “On Estimating the Cosmic Molecular Gas Density from CO Line Intensity
Mapping Observations,” Astrophys. J. 929 no. 1, (2022) 30, arXiv:2106.14904.

74. P. M. Solomon and P. A. Vanden Bout, “Molecular gas at high redshift,” Ann. Rev.
Astron. Astrophys. 43 (2005) 677–725, arXiv:astro-ph/0508481.

75. P. C. Breysse, S. Foreman, L. C. Keating, J. Meyers, and N. Murray, “Mapping the
Universe in hydrogen deuteride,” Phys. Rev. D 105 no. 8, (2022) 083009,
arXiv:2104.06422.

76. P. C. Breysse and M. Rahman, “Feeding cosmic star formation: Exploring
high-redshift molecular gas with CO intensity mapping,” Mon. Not. Roy. Astron.
Soc. 468 no. 1, (2017) 741–750, arXiv:1606.07820.

77. F. P. Israel, M. J. F. Rosenberg, and P. van der Werf, “Neutral carbon and CO in 76
(U)LIRGs and starburst galaxy centers. A method to determine molecular gas
properties in luminous galaxies,” Astron. Astrophys. 578 (June, 2015) A95,
arXiv:1504.08005.

78. Q. Jiao, Y. Zhao, M. Zhu, N. Lu, Y. Gao, and Z.-Y. Zhang, “Neutral Carbon
Emission in Luminous Infrared Galaxies: The [C i] Lines as Total Molecular Gas
Tracers,” Astrophys. J. Lett. 840 no. 2, (2017) L18, arXiv:1704.07780.

http://dx.doi.org/10.1146/annurev-astro-082812-140953
http://dx.doi.org/10.1146/annurev-astro-082812-140953
http://arxiv.org/abs/1301.0371
http://dx.doi.org/10.1111/j.1365-2966.2012.20536.x
http://arxiv.org/abs/1110.3791
http://dx.doi.org/10.1146/annurev-astro-082812-140944
http://arxiv.org/abs/1301.3498
http://dx.doi.org/10.1146/annurev-astro-082214-122324
http://dx.doi.org/10.1086/164604
http://dx.doi.org/10.1146/annurev-astro-082812-141034
http://dx.doi.org/10.1146/annurev-astro-082812-141034
http://arxiv.org/abs/2003.06245
http://dx.doi.org/10.1051/0004-6361/201218771
http://arxiv.org/abs/1202.6523
http://dx.doi.org/10.1088/0004-637X/746/1/69
http://arxiv.org/abs/1106.2098
http://dx.doi.org/10.1093/mnras/stu991
http://dx.doi.org/10.1093/mnras/stu991
http://arxiv.org/abs/1308.6764
http://arxiv.org/abs/2204.06937
http://dx.doi.org/10.1088/0004-637X/731/1/25
http://arxiv.org/abs/1101.1296
http://dx.doi.org/10.1086/306339
http://arxiv.org/abs/astro-ph/9806377
http://dx.doi.org/10.1088/0004-637X/721/1/921
http://arxiv.org/abs/astro-ph/0504412
http://dx.doi.org/10.1111/j.1365-2966.2012.21001.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21001.x
http://arxiv.org/abs/1109.4176
http://dx.doi.org/10.1088/0004-637X/803/1/37
http://dx.doi.org/10.1088/0004-637X/803/1/37
http://arxiv.org/abs/1502.04198
http://dx.doi.org/10.3847/1538-4357/ac5a46
http://arxiv.org/abs/2106.14904
http://dx.doi.org/10.1146/annurev.astro.43.051804.102221
http://dx.doi.org/10.1146/annurev.astro.43.051804.102221
http://arxiv.org/abs/astro-ph/0508481
http://dx.doi.org/10.1103/PhysRevD.105.083009
http://arxiv.org/abs/2104.06422
http://dx.doi.org/10.1093/mnras/stx451
http://dx.doi.org/10.1093/mnras/stx451
http://arxiv.org/abs/1606.07820
http://dx.doi.org/10.1051/0004-6361/201425175
http://arxiv.org/abs/1504.08005
http://dx.doi.org/10.3847/2041-8213/aa6f0f
http://arxiv.org/abs/1704.07780


44 J. L. Bernal, E. D. Kovetz

79. F. Valentino, G. E. Magdis, E. Daddi, D. Liu, M. Aravena, F. Bournaud, et al., “A
Survey of Atomic Carbon [C I] in High-redshift Main-sequence Galaxies,”
Astrophys. J. 869 no. 1, (Dec., 2018) 27, arXiv:1810.11029.
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