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Gas and star formation in galaxies
❖ Large-scale structures (LSS): 

reasonably well understood

❖ Galaxies = complex systems 
(inflows, outflow, AGN and SN 
feedback…)

❖ How is the star formation in 
high-z galaxies fueled by cold 
gas? How this gas is converted 
into stars?

❖ How do the large scale structures 
drive the evolution of the 
galaxies they host?
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Gas and star-forming properties of 
high-z galaxies

What did we learn from galaxy evolution surveys?



How to trace gas in galaxies?
❖ The various sub-mm lines 

probe the various phase of 
the ISM

❖ Main lines for (sub-)mm 
LIM: 
 
- CO: main tracer of the 
molecular gas 
 
- [CII]: brightest far-IR line, 
observable from the 
ground at z>4
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CO: the standard molecular gas tracer
❖ Empirical relation: CO J=1-0 

(ground transition) luminosity is 
proportional to the mass of 
molecular gas 
 
 

❖ Calibrated historically for 
molecular clouds and then 
extended to local spiral galaxies

❖ Frequency of the J=n-(n-1) 
transition = n x 115 GHz
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Solomon et al. 1987
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CO luminosity of the 1-0 transition

Mmol = αCO L’CO 

αCO ~ 4



The limitations of CO
❖ αCO varies with metallicity (can be 

problematic at high z)

❖ αCO is lower in local major mergers 
(~0.8), since the velocity fields are 
disturbed and CO escape easier 
(optically thick)

❖ If other transitions (e.g., 2-1, 3-2) 
are observed, we have to assume 
an excitation, which can vary 
strongly.

6

Sargent et al. 2014

Carilli&Walter+13



[CII]: the new high-z golden tracer (of what exactly?)

❖ Fine-structure line of ionized 
carbon (two-level system)

❖ Brightest emission lines in the 
spectra of galaxies 
(L[CII]/LFIR ~0.1-0.3%)

❖ Originates from both PDRs 
and HII regions, probably 
optically thin

❖ Redshifted into the sub-
millimeter and millimeter 
atmospheric windows at z>4

Genzel et al. 1991



How to probe (sub-)mm lines?
❖ Follow up of known sources: 

interferometric follow up of sources known from 
optical/near-IR 
(e.g., ALPINE, REBELS) 
+ efficient to build samples 
- possibly biased by the selection

❖ Spectral scans: 
full interferometric spectral cubes of small areas 
(e.g., ASPECS) 
+ unbiased 
- small areas only

❖ Line intensity mapping: 
low angular and spectral resolution cubes using 
single dishes (e.g. CONCERTO, TIME, FYST, 
COMAP, SPT-LIM) 
+ probe the large scales and clustering 
- galaxies are not individually detected

Galaxy survey Intensity mapping



[CII]: SFR or/and gas tracer? 

❖ The [CII] luminosity correlates with both SFR and the cold gas mass.

❖ Since SFR and gas mass are connected through the Kennicutt-Schmidt relation, 
it is no surprising.

❖ However, debate ongoing about what it traces primarily.

Schaerer+20

Zannella+18
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[CII] luminosity function

❖ First constraints on the [CII] LF at z~5, but large uncertainties.

❖ Above z=6, mainly upper limits 
(difficult to identify [CII] emitters, e.g. Uzgil+21)

Loiacono+21



CO constraints from blank ALMA surveys

❖ ASPECS: ALMA deep spectral scan of a 4.6 arcmin2 region of the sky.

❖ New constraints on the CO luminosity function.

❖ Other surveys with VLA for high-z CO(1-0) (e.g., COLDz)

Decarli+19



Molecular gas density
❖ Integral of the CO luminosity 

function: estimate of the 
molecular gas density evolution

❖ Peak at z~2, similar to the SFR 
density

❖ Large uncertainties coming 
from the small volume

❖ Impacted by the luminosity cut 
of the integral and the faint-end 
slope extrapolation

Decarli+20



What about intensity mapping?
❖ Intensity mapping probes 

to the total emission of CO 
including faint galaxies.

❖ Correlated signal 
(COMAP): priors have to 
be put on the clustering 
bias (e.g., Chung+23)

❖ Shot-noise (COPSS, 
mmIME): dominated by 
bright objects (see later)

Chung+22



Distribution of the gas and star 
formation into the large-scale structures

From CIB to (sub-)mm line intensity mapping



Linking gas and star-formation to the LSS

Illustris simulation

Dark-matter density Gas density



Various tracers to probe various times

[CII] intensity mapping from 
the ground 

(CONCERTO, TIME, FYST)

z~4
???

z~0.5z~3.5
[CII] intensity mapping 

from balloons  
(TIM, EXCLAIM)

CO intensity mapping from 
the ground (e.g., COMAP)

???



Lessons from the cosmic infrared background

❖ CIB: relic emission of dust 
through cosmic times

❖ Degeneracies between redshift 
(continuum), but can be 
partially broken using several 
wavelengths

❖ 2-halo and 1-halo term: 
constraints on the host halos of 
dust-obscured star formation

❖ Poisson term: constraints on the 
number counts of faint sources

CIB 
anisotropies 
measured by 

Planck

Maniyar+21

Herschel 
measurements from 

Viero+13
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Modeling CIB large-scale anisotropies

CIB anisotropies Matter distribution

Galaxy emissivity

Clustering

Star formation history Mean spectral energy 
distribution of galaxies

Planck collaboration et al. 2014, XXX

At large scale, a linear model is sufficient



What did we learn from CIB modeling?

Maniyar+18

Constraints obtained using the large-scale CIB anisotropies (Maniyar+18)

Star formation history

IR data

Uncorrected UV data

Effective bias



Star formation and dark-matter halos
From far-infrared and CIB modeling 

SFR / baryon accretion rate 
Instantaneous efficiency 

Behroozi+13

From stellar mass function and AM: 
Mstar / Mhalo 

Integrated efficiency 

Derived from the SIDES simulation 
(Béthermin+22)



Modeling the sub millimeter intensity mapping signal

Equations and figures
From Kovetz+17

Power spectrum of the intensity mapping signal 

Shot-noise dominated by bright objects.  
Not very informative on the population 

producing the correlated signal. 
(see Athanasia Gkogkou’s talk)

Mean intensity of the line 
background 

Hard to measure 
(continuum subtraction, 
absolute photometry?)

Linked to the host 
halos

DEGENERACIES BETWEEN 
LINE EMISSION AND 

CLUSTERING



Synergy between galaxies and intensity-mapping survey

How can we break the degeneracies between clustering?

❖ Using the constraints on the line luminosity function as a prior on 
the intensity

❖ Try to constrain the intensity with the Poisson assuming a shape for 
the luminosity function (artificial and likely wrong)

❖ Put priors on the host halos based on physical modeling (strongly 
model dependent)

❖ Using cross-correlations with other probes?

❖ Any other new idea!



Various families of models
❖ Various approaches can be used to model 

the [CII] power spectrum.

❖ Semi-analytical or hydrodynamical 
simulations to calibrate emission versus 
halo mass + HOD approach  
(e.g. Yang+21, Karoumpis+22)

❖ Semi-empirical approach on large-volume 
dark-matter simulations and direct 
computation of the power spectrum  
(e.g., Chung+20, Béthermin+22)

❖ Huge differences between model 
forecasts => observations should be very 
constraining!

Bethermin+22 
(CONCERTO)



The role of the scatter on relations?
❖ Does the scatter on the 

relations between galaxy and 
halo properties matter?

❖ Poisson: strong impact of the 
scatter (more bright outliers)

❖ Clustered signal: smaller 
impact expected if asymmetry 
of the scatter properly taken 
into account 
(see Athanasia Gkogkou’s talk)

Murmu+23



Which halos are we probing?

❖ The [CII] background is dominated by halos around 1012 Msun.

❖ Because of the bias term, the clustered signal favors slightly higher masses.

❖ The Poisson is mainly coming by the brightest objects living in massive halos.

❖ The numerous faint galaxies have a small impact on the signal in the two models 
showed here.

Chung+20 Bethermin+20

Clustering Background Poisson



The problem of the component separation

Silva+ (Voyage-2050 white paper)

❖ At a given frequency, many lines contributes to the signal.

❖ Separating them will be a challenge (see e.g. Mathilde Van Cuyck’s talk)

❖ [CII] dominates around z=2, but CO becomes a problem quickly at 
higher z



Models and component separation
❖ Models/simulations can 

help to figure out the 
contribution of each 
component

❖ Continuum is very high, but 
should be "easy" to remove.

❖ Low-z CO and [CI] can be 
masked using galaxy 
catalogs (e.g. Sun+18), but 
residuals remain high at 
z>6.

❖ Simulation can be used to 
validate the analysis 
methods 
(see Mathilde Van Cuyck’s 
talk)

Béthermin+22 
(CONCERTO)

(Sun+18)

Example of 
masking for the 

TIME experiment



Conclusion
❖ Thanks to interferometers (ALMA, NOEMA, VLA), we have now a better 

understanding of the lines used by (sub-)millimeter intensity mapping

❖ First contraints on the molecular gas content, but not sensitive to faint 
populations contrary to LIM.

❖ Modeling of the sub-mm LIM will have to break the degeneracy between 
clustering and emissivity.

❖ Huge differences between models at z=6 for [CII] and a lot to learn from 
future observations.

❖ Low-z CO will be a problem for z>6 [CII] and new techniques are 
emerging to deal with it.


