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the name of the game: map large cosmic volumes

Figure: Robertson+10 (arXiv:1011.0727)

Figure: Planck (IPAC
website gallery)

Figure: Blanton via
SDSS blog
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the name of the game: map large cosmic volumes at high redshift

Figure: Planck (IPAC
website gallery)
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Figure: Blanton via
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line-intensity mapping: spatial-spectral fields, not individual sources

I(x) [or T (x)], not xi
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line-intensity mapping: spatial-spectral fields, not individual sources

I(x)

=⇒

summary statistics
P(k ) (and anisotropic
moments)
voxel intensity
distribution
cross-correlations with
other observables

incorporate clustering of
faint sources

=⇒

astrophysics/cosmology
luminosity functions
cosmic densities of
star-formation rate,
molecular gas, ...
the nature of the
high-z cosmic web
and the processes
that flow through and
illuminate it
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the current LIM experimental landscape
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redshift distributions of their targets, e.g. via clustering-based redshift estimation [52, 53].
Lastly, combining LSS and LIM affords a multi-tracer approach, mitigating cosmic variance.

Ly-α forest. DESI [54] and WEAVE [55] will allow Ly-α forest measurements with improved
spatial resolution, area and data quality. Cross-correlation with Ly-α LIM will help under-
stand the impact of Ly-α emitters on their environment and boost BAO measurements [51].

CMB. LIM-CMB correlations [56] can retrieve redshift information for secondary CMB
anisotropies, such as lensing, as well as hot gas tracers like the thermal and kinetic Sunyaev-
Zel’dovich perturbations, which LIM can complement by mapping the cold gas distribution.

Foreground Rejection. Foreground contamination impacts inferences from intensity mapping
of a single line. Though methods to remove these foregrounds exist [1], cross-correlations
with other large-scale structure tracers will help ensure the robustness of LIM observations.

Discovery space. Since LIM uses new observational approaches and technology that cast a
wide net across the universe, it is also likely to discover or characterize new phenomena. A
recent example is the CHIME detection of fast radio bursts at frequencies & 400 MHz [57].

VI. Outlook and Summary

Currently, there are initial LIM detections at relatively low redshifts in 21 cm (z ∼ 0.8)
[58, 59], [CII] (z ∼ 2.5) [60], and Ly-α (z ∼ 3) [51, 61] through cross-correlations with
traditional galaxy or quasar surveys, as well as a CO auto-spectrum detection (z ∼ 3) in the
shot-noise regime [62]. Early in the coming decade, many efforts are pushing to strengthen
the statistical significance of these detections and to increase the coverage in redshift and
volume. Further efforts are in the planning phases, promising to advance early measurements
beyond the level of mere detections, to achieve detailed characterizations of the LIM signals.
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FIG. 2: Various current, upcoming and future line-intensity mapping instruments [63–88].

In conjunction with the upcoming surveys, it will be important to refine theoretical modeling
efforts. New multi-scale simulation models are required to best capture the enormous range
in spatial scale relevant for line-intensity mapping observations, which involve the interstellar
media of individual dwarf galaxies out to ∼ Gpc cosmological length scales [9, 89]. In
addition, targeted observations of individual galaxies over cosmic time will help in calibrating
scaling relations and aid the interpretation of upcoming LIM measurements.

LIM is uniquely poised to address a broad range of science goals, from the history of star
formation and galaxy evolution, through the details of the epoch of reionization, to deeper
insight into the critical questions of fundamental cosmology. This motivates an active re-
search program over the coming decade, including continued investments in multiple line-
intensity mapping experiments to span overlapping cosmological volumes, along with support
for simulation and modeling efforts.
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scaling relations and aid the interpretation of upcoming LIM measurements.
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search program over the coming decade, including continued investments in multiple line-
intensity mapping experiments to span overlapping cosmological volumes, along with support
for simulation and modeling efforts.
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LIM will probe the same cosmic web with different lines
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the future will see cosmological LIM experiments!

Cosmology with mm-wave line intensity mapping

Spec-
hrs

Example
Time-
scale

σ(fNL)
σ(Mν)
(meV)

σ(Neff) σ(w0)× 102 σ(wa)× 102 FoM

105
TIME, CCAT-p,

SPT-SLIM
2022 5.1 (5.1) 61 (65) 0.1 (0.11) 13 (14) 51 (52) 0.0015

106 TIME-EXT 2025 4.7 (5) 43 (47) 0.082 (0.087) 5.3 (6.3) 21 (26) (0.09-0.1)

107
SPT-like
1 tube

2028 3.1 (4.2) 23 (28) 0.043 (0.051) 2 (2.2) 8.5 (9.7) (1.7-3.1)

108
SPT-like
7 tubes

2031 1.2 (3) 9.7 (13) 0.02 (0.023) 0.93 (1) 3.8 (4.3) (9.5-28)

109
CMB-S4-like

85 tubes
2037 0.48 (2.4) 4.1 (6.8) 0.013 (0.016) 0.61 (0.73) 2.1 (2.8) (21-108)

Planck 5.1 83 0.187 41 100 —

Table 1: Stages of future mm-wave LIM experiments and projected constraints for cosmological
science cases, with optimistic (pessimistic) assumptions about the ability to suppress the impact of
interloper emission. For each stage we provide an approximate example of the class of instrument
required for such a survey. The timescale is a rough estimate of when such a survey could begin
operations. All forecasts include Planck priors.

current CMB surveys.
Table 1 outlines possible experimental stages and forecasts for the science cases in Section 2,

in addition to the primordial physics Figure of Merit. Each stage corresponds to a different ex-
perimental scale and is differentiated by the instrumentation and platform used—while current
experiments employ a wide array of spectrometer technologies, we anticipate that future projects
will converge on high-density on-chip spectrometers deployed at existing CMB facilities. Once the
transition to CMB-style instruments is made, we assume that densely-packed spectrometer wafers
will be deployed in receivers with multiple “optics tubes,” as envisioned for SO, SPT-3G+, and
CMB-S4. An optics tube is assumed to hold an array of 400 on-chip spectrometers on a 6” wafer
in the same formfactor as the SO-LAT optics tubes; note that this requires a significant increase in
packing density over current on-chip spectrometers (see Section 4).

While this program outlines an ambitious scaling up from current-generation experiments, we
note that over the last 10 years similar progress has been made with CMB experiments. Moreover,
this progression is feasible using existing 5–10m class CMB facilities, which are well-suited to the
degree-to-arcminute scales necessary for these LIM science cases. Experimental techniques for ex-
tracting power spectra from extended, low surface brightness emission are mature and large classes
of instrumental systematics relevant to the measurement are well-understood and quantified.

4 Investments Needed

4.1 Technology Developments

While first-generation mm-wave LIM instruments are now being demonstrated, several advances
are still needed to enable the sensitivity required to cross the aforementioned science thresholds.
The following hardware-related investments in detectors, readout, and facilities would leverage the
considerable investment made in CMB experiments over the last few decades:

• On-Chip Spectrometer Packing Density: Current approaches to mm-wave spectroscopy
(diffraction gratings, Fourier Transform or Fabry-Perot spectroscopy, heterodyne detection)

10

Table: from Karkare+22 whitepaper [arXiv:2203.07258]
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While this program outlines an ambitious scaling up from current-generation experiments, we
note that over the last 10 years similar progress has been made with CMB experiments. Moreover,
this progression is feasible using existing 5–10m class CMB facilities, which are well-suited to the
degree-to-arcminute scales necessary for these LIM science cases. Experimental techniques for ex-
tracting power spectra from extended, low surface brightness emission are mature and large classes
of instrumental systematics relevant to the measurement are well-understood and quantified.

4 Investments Needed

4.1 Technology Developments

While first-generation mm-wave LIM instruments are now being demonstrated, several advances
are still needed to enable the sensitivity required to cross the aforementioned science thresholds.
The following hardware-related investments in detectors, readout, and facilities would leverage the
considerable investment made in CMB experiments over the last few decades:
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10

pathfinders targeting initial detections

intermediate stages characterising line-intensity clustering

cosmological LIM

Table: from Karkare+22 whitepaper [arXiv:2203.07258]
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the target for mm-wave LIM: [C II], a bright FIR cooling line

[C II] 158 micron

Observations of LBGs/LAEs at z > 5

FIRE galaxies
z = 4 z = 6 z = 8

FIRE galaxies
z = 4 z = 6 z = 8

Observations of LBGs/LAEs at z > 5
 and dust-detected[CII]
 detected, but no dust-detection[CII]

(SFR converted from  )LUV
 undetected[CII]

REBELS
ALPINE
Others

Herrera-Camus et al. 2015
De Looze et al. 2011
De Looze et al. 2014 (dwarf)

REBELS
ALPINE
Others

Herrera-Camus et al. 2015
De Looze et al. 2011
De Looze et al. 2014 (dwarf)

 and dust-detected[CII]
 detected, but no dust-detection[CII]

(SFR corrected by 3  upper limit of )σ LIR
 undetected[CII]

±1σ

SFR

±1σ

SFR

Figures: (Left) Fischer00
(arXiv:astro-ph/0009395), (Right) Liang+23
(incl DTC, arXiv:2301.04149)
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first steps to cosmological LIM: pathfinders eyeing an initial detection

CONCERTO (2021–) TIME (2023–) EoR-Spec on FYST
(2024?–)

see also: SPT-SLIM, balloon-based experiments at higher frequencies (EXCLAIM, TIM)

(15 / 36) Dongwoo Chung (CITA/Dunlap, Toronto) Cosmic Web @ KITP, 2023/02/07 2023/02/07



the Tomographic Ionised-carbon Mapping Experiment

Abby Crites [PI]
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supported in part by:

[AST 1910598]

conservative(-ish)
instrumentation to ease
development and analysis
initial survey targeting 1.3 deg
× 0.43 arcmin (180× 1 beams)
over 1000 hours
engineering runs at ARO in
winter 2019–20 and 2021–22
expect full science operations
to begin 2023
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Figure 7. Top: the joint posterior distribution of {a, b, σC ii, ξ}
constrained by TIME (red) and TIME-EXT (blue). True values of
parameters in our fiducial model are indicated by the solid lines
in gray, whereas the 68% confidence intervals of marginalized dis-
tributions are shown by the vertical dashed lines. Bottom: con-
straining power of TIME’s HF (low-z) and LF (high-z) bands on
the [C II] power spectrum from a 1.3× 0.007deg2 line scan. The
data points denote TIME (outer) and TIME-EXT (inner) sensitivi-
ties to the binned, observed 2D power spectra P(K), estimated us-
ing the mode counting method described in Section 4.2. The light
and dark shaded bands represent the 68% confidence intervals of
the observed power spectra, inferred from the posterior distribution
constrained by TIME and TIME-EXT, respectively. For reference,
horizontally-hatched regions show the true, 68% confidence inter-
vals of 3D power spectra P(k) constrained by TIME.

S/N) has a similar origin, since a steeper slope a also gives
rise to a flatter [C II] power spectrum with fractionally higher
shot-noise power.

From the joint posterior distribution, we are able to infer
how accurately the [C II] luminosity function can be con-
strained by the measured power spectrum. As shown in Fig-
ure 8, the integral constraints from [C II] power spectrum al-
low us to determine the [C II] luminosity function to within
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Figure 8. Same as Figure 4, but with the light and dark shaded re-
gions indicating the 68% confidence interval reconstructed from the
joint posterior distribution of {a, b, σC ii, ξ} constrained by TIME
and TIME-EXT, respectively.

a factor of a few for TIME and smaller than 50% for TIME-
EXT. Even though the detailed shape determined from in-
tegral constraints is model dependent, such measurements
provide unique information of the aggregate [C II] emission
from galaxies, including the faintest [C II] emitters cannot
be accessed by even the deepest galaxy observation to date.
We can also determine the [C II] luminosity density evolution
during the EoR. Figure 9 shows the level of constraint TIME
is expected to provide on the [C II] luminosity density over
5 < z < 10 assuming our fiducial [C II] model. We note that
overall our fiducial model predicts lower [C II] luminosity
density compared with the mean line brightness temperature
in ALMA 242 GHz band measured by Carilli et al. (2016).
The apparent discrepancy between the measurement and our
model may be understood in two ways. First, the ALMA
observation based on individual, blindly-detected line emit-
ters shall be interpreted as a lower limit because contribu-
tion from galaxies too faint to be blindly detected is not in-
cluded. That said, it may include a substantial contribution
from emission lines such as CO and [C I] at lower redshifts,
which typically requires near-IR counterparts to characterize
(see also Decarli et al. 2020).

Combined with improved measurements of the total SFR
based on both optical/near-IR and mm-wave data, TIME’s
measurements of the distribution and overall density of [C II]
emission help narrow down the uncertainty exists in the con-
nection between [C II] line luminosity and the SFR, partic-
ularly at high z. Physical processes that determine [C II]
luminosity and its scatter in EoR galaxies, including the
ISM properties (e.g., metallicity and the interstellar radiation

Figure: Sun+21 (arXiv:2012.09160)
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from 2022 engineering run w/ partially integrated instrument
we show working spectral imaging using Galactic CO emission
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the Epoch of Reionisation Spectrometer (EoR-Spec) on FYST
part of the CCAT-prime facility

the CCAT-prime observatory
a partnership between American
and German institutions
Cornell, CATC (led by Waterloo),
Köln, Bonn, MPIA, University of
Chile, ...

the Fred Young Submillimetre
Telescope (FYST like ‘feast’)

site on Cerro Chajnantor at 5600 m
elevation (40 m below summit/TAO,
540 m above ALMA/APEX)
extremely stable, low-emissivity,
large-FoV system optimised for fast
mapping speed across broad
frequency range

[C II] LIM at EoR is one of the key
science programmes of CCATp

Figure: courtesy Vertex/CCATp
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the Deep Spectroscopic Survey on FYST
will bring OoM improvements in sensitivity over current surveys (incl. TIME)

4000-hour programme in total
two 4 deg2 fields (E-COSMOS,
E-CDFS)
less conservative instrumentation
allows for large detector counts over
wider observing band
high site and low emissivity aid the
first steps down the path to
wide-field/cosmological LIM
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Figure: adapted from CCATp Collaboration+21
(arXiv:2107.10364)
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my work tries to anticipate and implement LIM analyses
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arXiv:2203.12581: cross-correlating
LIM and WL data to measure
correlated nuisances (incl. IA)

6.250

6.275

6.300

6.325

6.350

C

−2.8 −2.6
A

0.35

0.40

0.45

0.50

σ

6.25 6.30 6.35
C

COMAP-ERA:
P(k) only
WST (shapeless)
WST (full, rescaled)
P(k) + VID

arXiv:2207.06383: exploration of
wavelet scattering transform
applications to LIM
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arXiv:2209.07500: using
covariance-based filtering to improve
linear-scale LIM reconstruction
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... which demands a framework for anticipating the signal
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Figure: adapted from CCATp Collaboration+21 (arXiv:2107.10364)
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the galaxy–halo connection drives LIM design and analysis

I(x)

δI︸︷︷︸
line-intensity
fluctuations

=

bias
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〈Ib〉 δm︸︷︷︸
matter

fluctuations
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the galaxy–halo connection drives LIM design and analysis

I(x)

δI︸︷︷︸
line-intensity
fluctuations

=

bias
(scaled by line intensity)︷︸︸︷

〈Ib〉 δm︸︷︷︸
matter

fluctuations

line-intensity
power spectrum︷ ︸︸ ︷

Pline(k ) = 〈Ib〉2
matter

power spectrum︷ ︸︸ ︷
Pm(k )︸ ︷︷ ︸

clustering

+ Pshot︸ ︷︷ ︸
shot noise
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the galaxy–halo connection drives LIM design and analysis

I(x)

δI︸︷︷︸
line-intensity
fluctuations

=

bias
(scaled by line intensity)︷︸︸︷

〈Ib〉 δm︸︷︷︸
matter

fluctuations

〈Ib〉 ∝
∫

dMh

halo mass function︷︸︸︷
dn

dMh
L(Mh)︸ ︷︷ ︸

the galaxy–halo connection

halo bias︷ ︸︸ ︷
b(Mh)
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[C II]–SFR: empirically observed, tenuous physical connection

Photo: Lichen
Liang (CITA)

Observations of LBGs/LAEs at z > 5

FIRE galaxies
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±1σ

SFR

±1σ

SFR

Figure: Liang+23 (incl DTC, arXiv:2301.04149)
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[C II]–SFR: empirically observed, tenuous physical connection

Photo: Lichen
Liang (CITA)

Observations of galaxies at z > 5FIRE galaxies
z = 4 z = 6 z = 8 REBELS

ALPINE
LBGs/LAEs
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Higher  Teqv

SMGs

±1σ

Figure: Liang+23 (incl DTC, arXiv:2301.04149)
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[C II]–gas mass: physically motivated; known modulating factors

Photo: Lichen
Liang (CITA)
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Figure: Liang+23 (incl DTC, arXiv:2301.04149)
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[C II]–gas mass: physically motivated; known modulating factors

Photo: Patrick
Horlaville
(McGill), Lichen
Liang (CITA)

physical insight grounded on FIRE simulations and
observational data:

L[C II] ∝ f[C II]MgasZgas ∼ MH IZgas

corresponding halo model:

(Mh, z)

MH I(Mh, z)

〈SFR〉 (Mh, z)
〈M∗〉 (Mh, z) (σ dex)

Z /Z�

L[C II]
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[C II]–gas mass: physically motivated; known modulating factors

Photo: Patrick
Horlaville
(McGill), Lichen
Liang (CITA)

Figure: Horlaville+23 in prep (preliminary!)
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[C II]–gas mass: physically motivated; known modulating factors

Photo: Patrick
Horlaville
(McGill), Lichen
Liang (CITA)
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[C II]–gas mass: physically motivated; known modulating factors

Photo: Patrick
Horlaville
(McGill), Lichen
Liang (CITA)

Measuring the H i gas content with [C ii] 5

Figure 2 shows the measured [C ii]-to-H i relative
abundances as a function of gas-phase metallicity, in-

cluding the best-fit scaling relation between the two.
The conversion factor, β[CII] = MHI/L[CII], is found to
be linearly dependent on the metallicity, described by
the following relation

logMHI = (−0.87± 0.09)× log(Z/Z�)+

(1.48± 0.12) + logL[CII]

(1)

where Z/Z� is the relative solar abundance (with 12 +
log(O/H)� = 8.69 for log(Z/Z�) = 0) (Asplund et al.

2009), and MHI and L[CII] are in units of M� and L�,
respectively.

The observed scatter is likely dominated by varia-

tions in the physical properties of the ISM (such as
density and gas pressure) and the intensity of the ul-
traviolet (UV) background field (Popping et al. 2019).

For comparison, we overplot the sample of galaxies at
z ∼ 0 from the Herschel Dwarf Galaxy Survey (Mad-
den et al. 2013), for which [C ii] luminosities and H i
gas masses from direct 21-cm observations have been in-

ferred (see Rémy-Ruyer et al. 2014; Cormier et al. 2015,
and references therein). We here only consider the main-
sequence galaxies from this sample (within 0.5 dex), as

parametrized by Speagle et al. (2014), to be consistent
with the main analysis described in Sect. 3. Addition-
ally, we include the average MHI/L[CII] ratios of a set of

z ∼ 0 simulated galaxies are shown in metallicity bins of
0.25 dex based on the simulations of Pardos Olsen et al.
(2021). These theoretical expectations and the z ∼ 0
galaxy sample are observed to match well with the em-

pirical linear relation of β[CII] as a function of metallic-
ity observed for the GRB sample at z > 2, indicating a
strong universal connection between the two.

The same analysis and results could in principle also
be reproduced for DLAs originating in foreground galax-
ies toward bright background quasars. However, since
quasar-selected DLAs are typically observed at high im-

pact parameters (Péroux et al. 2011; Krogager et al.
2012; Christensen et al. 2014; Rahmani et al. 2016; Kro-
gager et al. 2017), they mostly probe the extended H i

envelope rather than the gas directly responsible for
star formation in their associated galaxies (Neeleman
et al. 2019). At these high impact parameters, the [C ii]

emission may be shock-heated, intergalactic gas (Apple-
ton et al. 2013) rather than excited by star formation.
As a consequence, the observed [C ii*] contribution is
likely to be much lower per unit H i gas mass. Indeed,

our preliminary analysis of quasar-DLAs show on aver-
age a factor of ≈ 10 lower [C ii] “column” luminosity
pr unit H i “column” mass. DLA galaxy counterparts

also show suppressed star formation compared to the
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Figure 2. Absorption-derived metallicity evolution of the
H i gas mass to [C ii] line luminosity. The red symbols
show the measured relative column densities of H i Lyman-
α and [C ii*]λ1335.7 in the line-of-sight, converted to units
of M�/L�, for each GRB. The gas-phase metal abundances
have been measured from absorption lines and are corrected
for dust. The black solid line and grey-shaded region rep-
resent the best-fit linear relation and associated uncertainty.
The blue solid line and shaded region mark the extrapo-
lated [C ii]-to-H i conversion factor β[CII] at solar metallici-
ties, β[CII] = 30+10

−7 M�/L�. For comparison, the gray dots
show the relative [C ii] luminosity to H i gas mass inferred
from 21-cm observations of galaxies at z ∼ 0 and the dark-
gray diamond symbols show the average MHI/L[CII] ratios in
metallicity bins of 0.25 dex for a set of simulated galaxies at
z ∼ 0 (see text).

“main-sequence” of star-forming galaxies at equivalent
redshifts (Rhodin et al. 2018), indicating that quasar-
DLA gas is not typically representative of the gas in

star-forming galaxies.

3. RESULTS

For the [C ii]-to-H i conversion factor to be applicable
to high redshift galaxies, it is important that representa-
tive galaxy samples with high-quality auxiliary data are
surveyed. For this work, we use recent sample compila-

tions of [C ii]-emitting galaxies at two distinct epochs:
z ∼ 2 and z ∼ 4−6. These epochs are mainly defined by
the redshifted frequency of the [C ii]-158µm transition

observable by the available ALMA bands. Starbursts
and quasar host galaxies are excluded in this analy-
sis, such that only main-sequence star-forming galaxies

are considered (see specific references below). Auxil-
iary data for each galaxy are further required; at min-
imum measurements of the star-formation rate (SFR)
and M?. These measurements are used to infer the gas-

phase metallicity of each galaxy from the recent cali-

Figure: Heintz+21 (arXiv:2108.13442)
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[C II]–gas mass: physically motivated; known modulating factors

Photo: Patrick
Horlaville
(McGill), Lichen
Liang (CITA)
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Figure: (preliminary!)
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in summary

line-intensity mapping will observe the multiscale cosmic web, surveying
large-scale structure lit up by small-scale baryonic physics
experimental progress in mm-wave LIM is picking up

TIME commissioning data cause for optimism for 2023 science start date
FYST construction proceeding, EoR-Spec survey and instrument development continuing

getting the galaxy–halo connection right (as much as possible) is key to the
theoretical outlook of [C II] LIM and requires interaction across astrophysicists
working at all scales

pairing small-scale simulations with observational data and physical insights can inform
halo models for even approximate cosmological simulations
cross-correlation between LIM and other LSS/Cosmic Web probes could be vital for
producing interpretable scientific output
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the galaxy–halo connection
is only truly fully probed through multiple tracers
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linear covariance-based filtering
can use cross-correlations to look right through interloper emission
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Figure: DTC23 (arXiv:2209.07500)
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the future of cm/mm-wave LIM
reasons for optimism?

generalising CMB expertise and heritage towards spectroscopy
the work of developing ways to build and read out large focal planes has been done
continuum foregrounds have been mapped to death at these wavelengths
direct involvement and overlap between LIM and CMB

Oslo CMB+CO group on COMAP and (post-)Planck
CCAT-prime cooperation with Simons Observatory

one arm of many reaching towards EoR
cross-correlations or joint analyses with 21 cm, JWST, ALMA, Roman, etc all possible

(39 / 36) Dongwoo Chung (CITA/Dunlap, Toronto) Cosmic Web @ KITP, 2023/02/07 2023/02/07


