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Is CMB “the” CMB?
• CMB is a snapshot of the universe at z ~1100.... plus lots of other things!

• Galactic foreground emissions (dust, synchrotron, free-free, AME)

• Imprint of astrophysical objects / late time physics

2
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Figure 4. Comparison of power spectra of primary and secondary CMB temperature anisotropies and foregrounds at 150 GHz. The
data points are the latest SPT (Reichardt et al. 2011; R12) and ACT (Das et al. 2011) measurements; we simply overplot the various
power spectrum components here rather than performing a fit to these data. The CIB clustering power was reproduced from the
model of Xia et al. (2011; X12), as described in Section 3.1. The tSZ power spectrum was obtained from the model described in
Efstathiou & Migliaccio (2012; EM12), fixed to have !(!+ 1)CtSZ

! /2π|!=3000 = 4 µK2 (see Section 3.2), and the tSZ×CIB power, which
is negative at 150 GHz, was calculated by combining the X12 and EM12 models, as described in Sections 2 and 3. We show the kSZ
power calculated in Sehgal et al. (2010). Radio and CIB point source shot noise levels were taken from R12 and X12 respectively (the
ACT data points have been corrected to account for the difference in radio source shot noise levels due to more sources being masked
by SPT). The primary lensed CMB power was calculated assuming a standard ΛCDM cosmology consistent with WMAP constraints
(Komatsu et al. 2011).

bulk electron motion in galaxy clusters and the intergalactic medium but assumes instantaneous reionization; including the
effect of patchy reionization would increase this signal. Since the tSZ×CIB power is negative for the principal CMB channels

of ACT, SPT and Planck, we would expect uncertainty in the tSZ×CIB power to degrade constraints on the upper limit of

the kSZ.

In principle, the tSZ×CIB and kSZ components could be separated on the basis of their frequency dependence, however,

we find that the frequency dependence is actually very similar across much of the frequency range probed by ACT and SPT.

Figure 5 shows the frequency dependence of the tSZ, clustered CIB, tSZ×CIB and kSZ power. The tSZ and clustered CIB
power are – individually – easily distinguishable from a blackbody, however the tSZ×CIB closely resembles a blackbody

(horizontal line) for ν < 200 GHz. This will further worsen kSZ constraints, and indeed R12 find that the kSZ upper limit

is increased by more than a factor of two when the tSZ×CIB correlation is allowed, despite using data from all three SPT
channels.

To assist in the analysis of small-scale CMB data, we have made the tSZ×CIB curve from Figure 4 available to download1.

1 http://www.physics.ox.ac.uk/users/AddisonG/

Addison et al. 2012
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• tSZ cosmological constraining power depends on accuracy of knowledge of SED 

• CIB is the dominant residual in SZ maps, ~20% correlated due to dusty 
galaxies in clusters

• CIB and tSZxCIB sensitive to properties of different tracers of matter (e.g. mass 
range and physics)

tSZ and CIB importance
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Figure 36. Post-component-separation noise for tSZ reconstruction with SO LAT and Planck, for
a wide survey with fsky = 0.4. The noise curves are derived via the methodology described in
section 2.5.1. The solid black curve shows the expected tSZ power spectrum signal. The solid
blue (orange) curve shows the tSZ reconstruction noise for the baseline (goal) SO LAT noise levels.
The other orange curves show the tSZ reconstruction noise for various assumptions about additional
foreground deprojection in the constrained ILC formalism (see the text for further discussion). The
increase in the noise curves at ` ⇡ 1000–1500 is due to the transition from the Planck -dominated to
SO-dominated regimes (note that atmospheric noise is large for the SO LAT at low-`).

to future work.27 The tSZ power spectrum has long been recognized as a sensitive probe of
cosmological and astrophysical parameters, particularly �8 [47, 150, 158, 183, 264, 273].

Extracting the Compton-y map. With su�cient multi-frequency coverage, it is possible
to apply component separation methods to extract maps of the Compton-y signal over large
sky areas using the known tSZ spectral function, as has been possible recently for the first
time with Planck [152, 178, 264, 273]. In section 2.5.2, we used constrained harmonic-space
ILC methods to obtain component-separated noise curves for Compton-y reconstruction.

In figure 36, we show the post-component-separation tSZ noise for the SO LAT in
combination with Planck (30–353 GHz), analogous to the CMB temperature and E-mode
polarization noise curves shown in figure 5. The figure shows the results for both the baseline
and goal SO LAT noise levels, as well as various foreground-deprojection options in the
constrained harmonic-space ILC used to obtain the noise curves. The standard ILC case
agrees precisely with the CMB-deprojection case at low-`, where the CMB is the dominant
contaminant, and with the CIB-deprojection case at high-`, where the CIB is the dominant
contaminant. The CMB temperature acoustic oscillations can be seen in the tSZ noise for
all cases in which the CMB is not explicitly deprojected. Finally, one can also clearly see the
transition between the regime in which the Planck channels dominate the reconstruction at
low-` and that in which the SO channels dominate at high-` (note that low-` modes in SO
LAT temperature are noisy due to the atmosphere), with a bump in the e↵ective noise at
` ⇡ 1000–1500 between the two.

Cosmological parameter forecast method. We use these noise curves to forecast cos-
mological parameter constraints from the tSZ power spectrum, focusing on ⌃m⌫ . Following

27Also note that as the threshold for individual tSZ detections moves to lower masses and higher redshifts,
the detected cluster catalog will contain progressively more of the information in higher-order statistics.

– 65 –
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• High sensitivity, large sky area: large number of compact sources (~30k radio)

• AT 225 and 280GHz we will measure ~10.000 IR sources (both local and 2<z<4)

• ~10/20 mJy at 220/280GHz, fainter sources achievable with match filters, can 
probe 1e9 Msun halos.

Infrared sources 

5

ACTPolPlanck

Planck ACT+Planck ACT

f0
9
0

f1
5
0

f2
2
0

Figure 1: Comparison of Planck, ACT+Planck and ACT-only in a 3� ⇥ 3� patch centered on RA = 231.5�, dec
= 16.5�. The map of this region includes ACT daytime data. The ACT map depths in this region are 8/8/30
µK-arcmin at f090/f150/f220 (see figure 2 for band definitions). ACT+Planck is a substantial improvement over
Planck alone, both in resolution and depth, and captures the larger scales that ACT alone has trouble measuring.
See figure 22 for an image filtered to emphasize the point sources, clusters and other small-scale features.

3

cluster potential of these maps will be explored in two upcoming papers, but a preliminary search has 4 000
confirmed clusters (Hilton et al., 2020, in prep) and 18 500 point source candidates at > 5�. For comparison,
the largest published point source catalog at these frequencies is Everett et al. (2020) with 4845 point sources
at > 4.5�, and the largest published SZ-detected cluster catalog, PSZ2, has 1203 confirmed clusters (Planck
Collaboration, 2016b).

Figure 22: The ACT f090 day+night map filtered to enhance point sources, clusters and other small-scale features.
The region shown is a 4� ⇥ 4� square centered on RA = 224.5�, dec = 6�. More than 20 clusters are visible as
temperature decrements (dark) through the tSZ e↵ect, and more than 45 point sources are visible as temperature
increments (light). This is one of the deepest ACT regions, with a depth of about 9 µK-arcmin (0.6 mJy) in this
band. The filter used here is approximately matched to the beam profile and atmospheric correlation structure,
and is more optimal for point sources than for clusters.

As seen in figure 15, ACT has partial coverage of the galactic plane. About 1/3 of the disk is covered at
very shallow (> 60 µK-arcmin but still strongly signal-dominated) depth, barely including the galactic center.
Additionally, the area with galactic longitude 190 < ` < 245 (including e.g. the Orion and Rosette nebulae) is
covered at depths of 16–60 µK-arcmin typical of shallow-to-medium CMB areas. Compared to Planck alone,
ACT’s 5⇥ higher resolution reveals much more of the small-scale structure of the dust (see figure 23) without
needing to extrapolate from the much higher frequencies of e.g. WISE (Meisner et al., 2017).

Finally, figure 24 gives some examples of other miscellaneous objects one can find in the maps, including radio
lobes from active galaxy Fornax A, the Helix planetary nebula, resolved nearby galaxies including the Leo Triplet,
NGC 55 and NGC 253, merging clusters detected through their asymmetric tSZ signal, and the individual stars
Mira, Betelgeuse and ⇡1 Gruis. These images suggest the wealth of new information that is present in these new
publicly available maps.
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Few more words on protoclusters

6

Dusty proto-clusters
Present time

(z=0)
12 billion years ago

(z=4)

The clusters core is 
dominated by 

massive ellipticals

z=0 galaxy cluster
850μm SCUBA map of the HDF
[Hughes et al. 1998, Nature, 394, 241]

Oteo et al. 2018, ApJ, 856, 72]

High-z clumps of DSFGs are 
the progenitors of (the core of)

z=0 galaxy clusters

Dusty SF galaxies (DSFGs)
are the progenitors 

of massive ellipticals

z=4 dusty proto-cluster

ALMA (2 mm)

Courtesy M. Negrello
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• Non virialized objects with size comparable to point-sources in CMB maps

• Will select targets for follow-up observations e.g. w/ ALMA)

• Few objects detected/confirmed so far and large modeling uncertainties 
Negrello+2017)

Protoclusters forecasts

7
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• ~8Gpc/h box, 6144^3 DM particles with peak-patch method. Gives halos M>10^12. 

• Power spectrum slope inconsistent with CMB constraints, no S > ~10 mJy at z>0.5. 

• Can we do better? Incorporate more physics to match counts and Cls

A model for the microwave sky 

8

where rb is the mean comoving baryon density, and Yp = 0.24 is the helium mass fraction. Assuming
all hydrogen and helium in gas is fully ionized, then F corresponds to the gas overdensity. Similar to
the pressure profiles, the overall amplitude amplitude, F0, core-scale, xc, and large radius asymptotic
power-law index, b , are fit for as functions of M, and z, while the other power-law parameters, a
and g , are fixed are fixed to 1 and -0.3, respectively. See §3.2.4 for the treatment of kSZ for the field
component in material exterior to halos.

3.2.2 Cosmic Infrared Background

The CIB is produced by star-forming galaxies when stellar radiation is absorbed by dust grains and
re-emitted in the infrared. Star formation is dependent on host halo mass, environment, and redshift,
and is suppressed at low and high masses by supernovae, active galactic nuclei (AGN), and other
kinds of feedback. Since the clustering of halos and the galaxies within them source the observed
intensity fluctuations, the CIB provides important empirical constraints on the connection between
star formation and redshift over wide range of halo masses and redshifts, in particular for the faintest
and most difficult galaxies to detect and study individually.

For this work we use the CIB halo model developed by [89] and used by [17] and [87]. In par-
ticular we adopt the parameters used by [87] to fit CIB power spectrum measurements with Herschel.
We present the main details of the CIB halo model here, in addition to the elements that are unique
to creating mock full-sky observations, but refer the reader to the literature for additional details and
discussion [17, 87, 89]. In this model, the rest-frame SED of a given source depends on the frequency
n of observation, (sub)halo mass M, and the redshift z:

L(1+z)n(M,z) = L0F(z)S(M,z)Q[(1+ z)n ,Td(z)], (3.16)

where:

• The spectral energy distribution, Q[n ,Td ], is a greybody at low frequencies and a power law at
high frequencies,

Q(n ,z) µ
⇢

nb Bn(Td(z)) n < n0;
n�g n � n0.

�
(3.17)

Here Bn denotes the Planck function, and b = 1.6 is dependent on the physical nature of
the dust. The relative normalization of the two components (since the absolute normalization
is already accounted for in L0) are obtained by the requirement that the logarithmic slope is
continuous at n0, dlnQ(n ,z)/dlnn =�g . Finally, the redshift dependencies of the effective dust
temperature is given by Td ⌘ T0(1+z)a , where T0 = 20.7 and a = 0.2. For the simulations used
in this work, z < 4.6, and the frequencies considered, n < 1000, the spectral energy distribution
remains a greybody.

• The redshift dependent global normalization of the L�M relation is of the form

F(z) = (1+ z)dCIB , (3.18)

where dCIB = 2.4.

• A log-normal function S(M,z) is used for the dependence of the galaxy luminosity on halo
mass,

S(M,z) =
M

(2ps2
L/M)1/2 exp

"
�

(log10 M� log10 Me f f )2

2s2
L/M

#
. (3.19)

– 13 –

Figure 7. The power spectrum of the Websky Cosmic Infrared Background maps (orange) at the Planck
HFI channels, and the corresponding Planck measurements (black circles) [17], the Herschel Multi-tiered
Extragalactic Survey (HerMES) measurements of Viero et al. at 857 and 600 GHz (green triangles, downward
and upward, respectively) [87], and the recent dust-cleaned Planck maps of Lenz et al. (gray pentagons) [110].
The Lenz et al. points are not shown at ` > 700 as they are qualitatively identical to Planck at small angular
scales. The overall normalization factor L0 required by the Planck CIB model used to construct the Websky
maps was chosen to match the 545 GHz Planck results at ` = 500.

(model II), and total (model III) as shown here. While the different redshift coverage, model for the
kSZ signal of clusters, radial extent of the cluster profile integration, and cosmological parameters,
make a direct comparison impossible, we find relatively good agreement.

4.4.3 Cosmic Infrared Background
The Cosmic Infrared Background is simulated using the halo occupation distribution model described
in §3.2.2. We populated all ⇠9 ⇥ 108 halos in the mass-Peak Patch catalogue with a number of central
and satellite galaxies, resulting in a total of ⇠ 3⇥109 galaxies projected into the final map. Due to the
mass resolution of the Websky halo catalogue of ⇠ 1�2⇥1012h�1M�, the CIB contribution from
the field was not considered for this study. Maps were produced at the Planck HFI frequencies of 100,
143, 217, 353, 545, and 853 GHz, and a number of additional frequencies corresponding to the bands
of current and future ground-based CMB experiments around this range. The Planck CIB model used
requires the fitting of an overall normalization factor L0, which we determined by requiring the power
spectrum of the 545 GHz Websky map to match the 545 GHz CIB auto-power spectrum at ` = 500,
as measured by the Planck Collaboration [17].

Figure 7 shows the power spectrum of the Websky CIB maps at the Planck frequencies with
available data: 143, 217, 353, 545, and 853 GHz. We also include the 2013 results of the Planck col-
laboration (black circles) with the assumed radio-source shot-noise levels of 6.05±1.47, 3.12±0.79,
3.28±0.82, 2.86±0.7, and 4.28±0.90 subtracted out [17], the Herschel Multi-tiered Extragalactic
Survey (HerMES) measurements of Viero et al. (green triangles) [87], and the recent dust-cleaned
Planck maps of Lenz et al. (gray pentagons) [110]. The HerMES results were obtained using the
SPIRE instrument at 250, 350, and 500 µm (1200, 857, and 600 GHz). Here we include the 857 GHz
results as downward-facing triangles, and the 600 GHz results (note not 545 GHz) as upward-facing
triangles, both using the ‘only extended sources masked’ measurements provided. The Lenz et al.

– 23 –
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• Alternative halo model Maniyar+2021: more SED templates, SFR-M dependency 
 

• Cochrane+2022: radiative transfer on FIRE ~10^12 Sun halos, fit scaling from SED 
fitting.

• Reproduce ALMA and EAGLE results, <0.2dex error. 

• Cheaper, can be applied to large volumes e.g. CAMELS-SAM

• w / F. McCarthy, C. Lovell, R. Cochrane, C. Hayward,  
R. Somerville,  D. Spergel,  A. Young, F.  Villaescusa-Navarro

Beyond the Websky model

9

Fitted to Herschel/
Planck power spectra

Lognormal, suppressed 
ad low/high mass ends. 

A&A proofs: manuscript no. halo_model_cib

lower redshifts (z  1.5 � 2), star formation is quite ine�cient
in massive haloes (typical galaxy cluster environments), that is,
at low redshifts, massive haloes contain mostly passive galax-
ies. In contrast, it has been shown that at high-redshift massive
galaxies (often residing in the proto-clusters, i.e., the progenitors
of the clusters at redshift zero) can have e�cient star formation
(e.g. Miller et al. 2018, Wang et al. 2018). Because the lognor-
mal parametrisation leaves a tail on the high mass end, it might
mimic this e↵ect, and the choice of the this shape is therefore
justified.

Thus we let �Mh
evolve with redshift as

�Mh
(z) = �Mh0 � ⌧ ⇥max(0, zc � z), (8)

where zc is a redshift below which �Mh
evolves with redshift,

�Mh0 is the value of �Mh
above zc, and ⌧ is the parameter driving

this evolution with redshift (⌧ here should not be confused with
the optical depth parameter from the CMB analysis). Following
the reasoning mentioned before, this evolution was applied only
for haloes with masses greater than the mass of maximum e�-
ciency Mmax and below redshift zc , that is, the parametrisation is
not a symmetrical lognormal below redshift zc. The width of the
lognormal is smaller at the side of the curve with haloes higher
in mass than Mmax below redshift zc. However, above redshift zc,
the parametrisation is a symmetrical lognormal with no evolu-
tion in the width of the lognormal �Mh0 . We fixed zc = 1.5. Other
values for zc were tried and gave approximately the same results,
but the model with zc = 1.5 provided the best fit for the SFRD
history.

2.2. SFR for the haloes and subhaloes

For a given value of the halo mass and redshift, we can calculate
⌘ using Eq. 5 and multiply it by the corresponding BAR calcu-
lated using Eq. 6 to obtain the SFR, that is,

SFR(Mh, z) = ⌘(Mh, z) ⇥ BAR(Mh, z) . (9)

This is the procedure with which the SFR can be obtained for the
haloes. To calculate the SFR for the subhaloes residing within
these haloes, the procedure is slightly modified. We first assumed
that for a given halo with mass Mh, the subhalo masses (msub)
range from Mmin to Mh. In this analysis, we fixed Mmin = 105

M�.
A change of the minimum mass between 104

M� and 108
M�

changes the calculation of the power spectra only negligibly. The
SFR for the subhaloes can be estimated in two ways. The first
way is an approach similar to the one for the haloes, which is
calculating the e�ciency ⌘ and then multiplying with the BAR
value to obtain the SFR, that is, replacing Mh by msub in Eq. 9.
This assumes the same lognormal parametrisation of ⌘ for sub-
haloes as of the central haloes. The other way to estimate the
SFR in subhaloes is

SFRsub = SFRc ⇥
msub

Mh

, (10)

that is, the SFR for the subhalo is obtained by weighing the halo
SFR (SFRc) by the ratio of subhalo to halo mass. For every sub-
halo of a given halo, we estimated the SFR with both these ap-
proaches and took the smaller of the two as representative of the
SFR for the subhalo.

The reasoning for this is explained in Fig. 1. We first con-
sider case 1 in the figure. In this case, the main halo has a mass
(⇠ 1012.9

M�) very near to the e�ciency peak of star formation
(for this particular choice of parameters for the lognormal), that
is, the central galaxy forms stars very e�ciently (see Eq. 9). This

Fig. 1. Lognormal parametrisation (Eq. 5) between the halo mass (M�)
and ratio between the SFR and the baryonic accretion rate, ⌘. We show
two extreme cases: haloes near the e�ciency peak contain subhaloes
with very low mass (case 1), and very massive haloes that contain sub-
haloes near the e�ciency peak (case 2). If the same recipe were used
to calculate the satellite galaxy SFR in these two cases, unphysical val-
ues might result within the assumptions of our model, and therefore we
suggest two di↵erent ways to calculate the SFR for satellite galaxies
(Sec. 2.2).

halo has subhaloes ranging from 105
M� �1012.9

M�. We take the
case of a subhalo with mass < 1011

M�. As was pointed out be-
fore, subhaloes with very low mass have a low gravitational po-
tential, and it is hard for them to hold on to the gas inside against
the pressure from supernova feedback, for instance. Thus, they
are expected to have low star formation. This is satisfied in case
1 because at lower masses, the e�ciency is indeed very low and
is not expected contribute significantly to the total SFR of the
halo. In this case, the SFR for the subhaloes can therefore be
directly estimated by substituting the halo mass (Mh) by sub-
halo mass (msub) in Eq. 9. As an example, for a subhalo of mass
1011

M� belonging to a central halo of mass 1012.9
M�, the SFR

calculated using Eq. 9 is 2% of the value that we derive for the
SFR obtained using Eq. 10, and we therefore take the former as
the SFR value.

In the second case, the main halo is quite massive (>
1014

M�) and far away from the e�ciency peak. It therefore does
not have strong star formation. However, in this case, this halo
can contain a subhalo with a mass of about the e�ciency peak
(⇠ 1012.9

M�). According to Eq. 9, when we substitute Mh by
msub , this subhalo will have a significant amount of star for-
mation. Again, as pointed out earlier, the gas inside massive
haloes is quite hot, and there are mechanisms at play (e.g. X-
ray heating and AGN feedback) that suppress the gas cooling
and hence make it di�cult to form stars. Moreover, the central
massive galaxies in these haloes can strip the gas out of the satel-
lite galaxies in the subhaloes and thus decrease star formation.
These subhaloes are therefore not expected to contribute signif-
icantly to the SFR, in contrast to what would be obtained with
Eq. 9. This inherently assumes instantaneous quenching, that is,
the satellite galaxies are quenched at the same time as the central
galaxies in a given parent halo. If we were to explicitly avoid this
assumption, we would need to introduce an additional quenching
parameter as a function of subhalo mass and redshift. This would
result in one or two additional parameters for the model. How-
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ever, as we mentioned earlier, our main purpose here is to build
a very simple halo model of the CIB with as few parameters as
possible. One way to correct for this in these cases therefore is
to weight the SFR of the main halo by the mass fraction of the
corresponding subhalo, that is, use Eq. 10 to obtain the SFR of
the subhalo. The SFR in this case would be lower than the rate
obtained using Eq. 9 (substituting Mh by msub, of course). Again
as an example, for a subhalo of mass 1012.9

M� belonging to a
central halo of mass 1014

M�, the SFR calculated using Eq. 9 is
twice higher than the value we obtain for the SFR with Eq. 10 at
z = 2, and we therefore take the latter as the SFR value.

Although Eq. 9 and Eq. 10 seem useful to estimate the SFR
for subhaloes when we have cases similar to cases 1 and 2, for
every halo we therefore estimate the SFR for the corresponding
subhaloes using both these methods at every redshift and select
the SFR with the lower value. This automatically takes care of
the extreme cases and helps us avoid adding more parameters to
the model.

2.3. SFR to CIB power spectra

The one-halo term for the CIB power spectrum takes the cluster-
ing of the galaxies within a halo of mass Mh into account and was
calculated following Béthermin et al. (2013) (where k = `/�),

C
1h
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Z Z
d�

dz
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(11)

where d
2
N

d log MhdV
= dn

d log Mh

is the halo-mass function, u(k,Mh, z) is
the Fourier transform of the density profile describing the den-
sity distribution inside the halo (here we consider the density
distribution to be a Navarro-Frenk-White (NFW) profile Navarro
et al. 1997), and d j(⌫,z)

d log Mh

is the specific emissivity of the central
and satellite subhaloes at a given frequency and redshift for a
given halo mass as defined in Béthermin et al. (2013). After we
calculate the specific emissivity term for the central and satellite
terms, it is therefore straightforward to calculate the one-halo
power spectrum. For simplicity, we omitted the Mh and z depen-
dence from d j⌫,c

d log Mh

and d j⌫,sub

d log Mh

terms from all the equations.
For the central galaxies, the di↵erential emissivity is calcu-

lated as

d j⌫,c

d log Mh

(Mh, z) =
d

2
N

d log MhdV
⇥ �2(1 + z) ⇥ SFRc

K
⇥ S

e↵
⌫ (z),

(12)

where S
e f f

⌫ (z) is the e↵ective SED of the infrared galaxies
at a given redshift for a given frequency. SFRc is the SFR
for the central galaxies with a given halo mass (Eq. 9). K is
the Kennicutt constant (K = SFR/LIR), which has a value of
1⇥ 10�10

M�yr�1L��1 for a Chabrier IMF, and LIR is the infrared
luminosity (8-1000µm).

For the satellite galaxies in the subhaloes (Béthermin et al.,
2013),

d j⌫,sub

d log Mh

(Mh, z) =
d

2
N

d log MhdV
⇥ �2(1 + z)⇥

Z
dN

d log msub
(msub|Mh)

SFRsub

K
⇥ S

e f f

⌫ (z) ⇥ d log msub, (13)

where dN

d log msub
is the subhalo mass function for the satellite

galaxies with a subhalo mass msub. The e↵ective SEDs S
e f f

⌫ (z)
for the satellite galaxies are assumed to be the same as those of
the central galaxies. The SFRsub is calculated using Eqs. 9 and
10, and the smaller of the two values is taken as the SFR value
for those galaxies.

In our analysis, we assumed the halo mass function from
Tinker et al. (2008) and the subhalo mass function from Tin-
ker & Wetzel (2010). S

e f f

⌫ (z) are the same as we used for the
linear clustering model of the CIB anisotropies from Maniyar
et al. (2018). They were computed using the method presented in
Béthermin et al. (2013), but assuming the new updated SEDs cal-
ibrated with Herschel data presented in Béthermin et al. (2015)
and Béthermin et al. (2017). A stacking analysis was used to
measure the evolution of the average mid-infrared to milimeter
emission of the massive star-forming galaxies up to z = 4. With
this technique, we found that for the main-sequence galaxies we
used in the analysis, the mean intensity of the radiation field,
which is strongly correlated with the dust temperature, rises with
redshift. Thus the dust in these new SED templates is warmer at
z > 2 than in the previous templates used in Béthermin et al.
(2013). We prefer these templates over the other templates (e.g.
from Gispert et al. (2000) using FIRAS measurements) because
they reproduce all recent measurements of galaxy counts from
the mid-IR to the radio wavelength range, including counts per
redshift slice.

The Fourier transform of the NFW profile is given as (e.g.
van den Bosch et al., 2013)

u(k,Mh, z) =
3�200

200c3

✓
cos(µ)

⇥
Ci(µ + µc) � Ci(µ)

⇤

+ sin(µ)
⇥
Si(µ + µc) � Si(µ)

⇤ � sin(µc)
µ + µc

◆
, (14)

where it is to be noted that c is not the speed of light; it is the
so-called halo concentration parameter defined as c(Mh, z) ⌘
r200(Mh, z)/r?(Mh, z), with r?(Mh, z) being a characteristic ra-
dius (see e.g. Navarro et al., 1997) and r200 being the radius
containing the mass giving 200 times the critical density of the
Universe at a redshift (some studies use the average density in-
stead of the critical density; we used the critical density), Ci(x)
and Si(x) are standard cosine and sine integrals, respectively,
µ ⌘ kr? , where �200 is a dimensionless amplitude, which can
be expressed in terms of the halo concentration parameter as

�200 =
200

3
c

3

ln(1 + c) � c

1+c

. (15)

The two-halo term for the power spectrum of the CIB takes the
clustering between galaxies in two di↵erent haloes of mass Mh

and M
0
h

into account and is calculated as (Béthermin et al., 2013)
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Figure 4: The posterior distribution of the parameters U, V and W,
as described in Equation 1, fitted to the FIRE-2 snapshots (using
a corner plot; Foreman-Mackey 2016). Parameter estimates from
Hayward et al. (2011) and Lovell et al. (2021) are overplotted in blue
and green, respectively. Our fits show clear degeneracies between the
fitted parameters, which may help understand discrepancies among
previous fits.

3.2 Comparison with observational data

To validate our power law relation, we apply it to the (system-
atic bias-corrected) dust mass and SFR values predicted by ���-
���� for the AS2UDS galaxies. In Figure 6 (upper panel), we
show observed versus predicted flux densities. The median value
of (870,observed/(870,formula is 1.22 (see middle panel). The standard
deviation in (870,observed/(870,formula is shown in the lower panel and
is fairly constant with observed flux density, remaining at ⇠ 0.1 dex.
This adds confidence that our simulation-derived relations are con-
sistent with those of real observed galaxies.Note that without the
correction for bias in the �������-inferred physical properties, the
(870,observed is systematically higher than predicted by the relation
by ⇠ 0.2 dex.

4 EXTENSION TO OTHER FIR/SUB-MM FLUX
DENSITIES

Following the success of our simple power law scaling between star
formation rate, dust mass and 870 `m flux density, presented in Sec-
tion 3, we attempt to predict the FIR SED at more wavelengths via a
similar parametrisation. We develop a model that may be applied to
the global properties of simulated galaxies to make rapid predictions
for galaxy number counts at various sub-mm wavelengths. These
simulated galaxies could include large box simulations, for which
running radiative transfer would be computationally infeasible; sim-
ulations with lower resolution (and more poorly resolved ISM) for
which the output of radiative transfer may be unreliable; and semi-
analytic models, where detailed spatial distributions of stars and dust
do not exist.

Figure 5: The �����-predicted 870 `m flux density versus the value
predicted by SFR10 and dust mass using our fitted formula, for all
snapshots with (870 > 0.1 mJy, colour-coded by halo. For snapshots
where (870 > 0.1 mJy, the mean (870,SKIRT/(870,formula is 1.017.
The standard deviation in (870,SKIRT/(870,formula (plotted as the grey
shaded region) is 0.21. This indicates that (870 `m can typically be
predicted to within 0.09 dex from the star formation rate and dust
mass of a simulated galaxy alone.

We fit the following relation to SKIRT-predicted observed-frame
flux densities at 345 `m, 462 `m, 652 `m and 870 `m (correspond-
ing to ALMA Bands 10, 9, 8 & 7, respectively), for snapshots in the
redshift range 1 < I < 4:

(a/mJy = U

 
SFR10

100 M�yr�1

!V  
"¢

1010 M�

!W  
"dust

108 M�

! X
(1 + I)[ .

(2)

Redshift is an important added parameter in this extension to other
wavelengths, since we are fitting various observed-frame wave-
lengths and hence cannot rely on the negative  �correction for
redshift-independence. As in Section 3.1, we use the SFR averaged
over the 10 Myr prior to each snapshot. We again use the emcee pack-
age. Our best-fitting parameters are presented in Table 2 and plotted
as a function of wavelength in Figure 7. We note the following trends
in fitted parameters with wavelength. The normalisation factor, U,
decreases with increasing wavelength, in line with the expected de-
crease in flux density with wavelength. V decreases with increasing
wavelength, reflecting the increased role of SFR in determining sub-
mm flux density around the peak of the dust SED. X increases with
wavelength, reflecting the increasing dominance of dust mass in driv-
ing sub-mm flux density as one approaches the Rayleigh-Jeans tail
(see also Cochrane et al. 2022). W is low (⇠ 0.1�0.2 dex) at all wave-
lengths, showing the weak dependence of sub-mm flux density on
stellar mass. [ increases with wavelength, in line with expectations
from the negative  -correction.

Our derived scaling relations recover the �����-derived flux
densities accurately at all four wavelengths. Median values of
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Name TalkName TalkGiulio Fabbian CAMELS workshop 2022

• Limited sky area ~0.5deg2, with all possible recipes starting from same DM subhalos

Light-cones 

10

Normalized to FIRAS monopole! Breaks SFR-M recipe

Great improvement at 
high-z!

We now have 
detectable sources!

PreliminaryPreliminary
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Lightcones and feedback parameters

11
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CIB power spectrum 

12

Common 
normalization

Very different shape 
at small scale

Great agreement with 
data

First estimate of 
feedback effects 

SN != AGN, very 
different quenchingDetectable by CCAT 

PreliminaryPreliminary

Preliminary
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• Strong dependency on cosmology and feedback, need to include this complexity  ?

• Emulators / SBI for future data

What’s next?
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Name TalkName TalkGiulio Fabbian CAMELS workshop 2022

• Strong dependency on cosmology and feedback, need to include this complexity  ?

• Emulators / SBI for future data sets (SO, S4, CCAT…)

What’s next?

14

Common FIRAS 
normalization, shows 

difference in 
monopole

Huge feedback-
induced scatter

Source counts as 
probe of cosmology 
and astrophysics? 

Preliminary
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• Multi-dimensional problem, need to tie variation of observables to the physics of 
the sources

• SN feedback has the strongest effect on a wide range of regimes.

Ongoing
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Name TalkName TalkGiulio Fabbian CAMELS workshop 2022

• Cosmic Infrared background is a blessing and a curse for sub-mm observations

• Hard-to-deal-with foreground for CMB and tSZ. Hard-to-model in simulations

• Rich science for astrophysics and cosmology (and cross-correlation with lensing, delensing) 

• Exciting progress enabled by the right CAMELS data set, 

• Comparison with 2deg2 CANDELS lightcones,  adding SZ mocks for cross-correlations

• Explore similar approach  / synergies with hydro simulations (to avoid SAM limitations)

• Building more informed models for observables and explore SBI or field-level inference

• Improve simulation recipes with the goal of applying them to large DM simulations (with 
SAM or ML-inspired methods) 

• Get in touch if you’re interested!

Conclusions

16


