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The cosmic infrared background (CIB) sourced by infrared emission from dusty star-forming galaxies is
a valuable source of information on the star formation history of the Universe. In measurements of the
millimeter sky at frequencies higher than ~300 GHz, the CIB and thermal emission from Galactic dust
dominate. Insufficient understanding of the CIB contribution at lower frequencies can hinder efforts to
measure the kinetic Sunyaev-Zeldovich spectrum on small scales as well as new physics that affects the
damping tail of the cosmic microwave background (CMB). The Planck satellite has measured with high
fidelity the CIB at 217, 353, 545 and 857 GHz. On very large scales, this measurement is limited by our
ability to separate the CIB from Galactic dust, but on intermediate scales, the measurements are limited by
sample variance in the underlying matter field traced by the CIB. We show how significant improvements
(20-100%) can be obtained on parameters of star formation models by cross-correlating the CIB (as
measured from existing Planck maps or upcoming CCAT-prime maps) with upcoming mass maps inferred
from gravitational lensing of the CMB. This improvement comes from improved knowledge of the redshift
distribution of star-forming galaxies as well as through the use of the unbiased matter density inferred from
CMB lensing mass maps to cancel the sample variance in the CIB field. We also find that further
improvements can be obtained on CIB model parameters if the cross-correlation of the CIB with CMB
lensing is measured over a wider area while restricting the more challenging CIB autospectrum

measurement to the cleanest 5% of the sky.
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I. INTRODUCTION

Star forming galaxies contain particles of dust that
absorb ultraviolet light and emit thermally in the infrared
(IR). This IR emission sources the cosmic infrared back-
ground (CIB), a diffuse, unresolved background that traces
star-forming galaxies. Dust content in galaxies is correlated
with the star formation rate, and the CIB emissivity peaks at
around redshift z ~ 2 where the star formation rate is high.
Anisotropies in the CIB trace anisotropies in the star-
forming galaxy distribution [1] and give insight into the
physics of star formation. The CIB, and the CIB anisot-
ropies, have been detected at numerous wavelengths [2] by
IRIS [3], Herschel [4], SPT [5], Planck [6,7] and ACT
[8,9]. Various theoretically motivated parametric models
have been fit to the data measuring the CIB (e.g., [4,7,
10-12]). Improving these models is not just useful for
understanding star formation history itself, but also because
the CIB appears as a foreground to the cosmic microwave
background (CMB) at lower frequencies.

Gravitational lensing of the CMB offers an unbiased
probe of the total matter content of the universe. While the
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CMB is sourced at very high redshift z ~ 1100, it is well
known that the CMB we detect has been lensed by
intervening matter [13]. The lensing kernel of the CMB
peaks at z ~ 2, close to where the CIB intensity density
peaks (see Fig. 1), and as the galaxies sourcing the CIB
trace the dark matter primarily responsible for CMB
lensing, it is expected (and confirmed empirically e.g.,
[14-16]) that the CMB lensing potential and the CIB are
correlated. This high degree of correlation has been
exploited for improving the science return from CMB
experiments, e.g., by using the CIB as (or as part of) a
template [17] for the lensing signal itself, allowing one to
undo the effect of the lensing signal. Delensing the CMB in
this way [18,19] allows us to more clearly reveal under-
lying cosmological signals of interest, e.g., B-modes from
primordial gravitational waves [20] or new relativistic
species [19].

In this work, we explore the potential for obtaining
improved models of the CIB from cross-correlations of the
CMB lensing signal with existing measurements of the CIB
from Planck and future high-resolution measurements from
CCAT-prime [21,22]. Such improvements will enhance our
understanding of high-redshift star formation and will relax
degeneracies encountered in the damping tail of the CMB
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Left: the redshift distribution of the CMB lensing kernel and the CIB. The redshift distribution of the CIB monopole “* is

shown with all kernels normalized so that [ W(z)dz = 1; the (similarly normalized) CMB lensing efficiency kernel W*(z) is also
shown in black. Right: the parametric CIB SED at fixed redshifts, normalized as in Eq. (38).

temperature power spectrum. As an example of the latter,
inferences of the amplitude of the kinetic Sunyaev-
Zeldovich effect (e.g., [23]) can be affected by model bias
in the CIB contribution.

The CMB lensing potential can be reconstructed from
statistical anisotropies in the CMB [24]: the Planck
collaboration has reconstructed the lensing potential on
about 70% percent of the sky [25] with signal-to-noise per
mode close to unity near the peak of the power spectrum,
but otherwise generally noise dominated. High-resolution
ground-based CMB experiments like ACT and SPT are
now making CMB maps that are significantly signal
dominated over a larger range of scales (albeit currently
on small fractions of the sky) [16,26].

Over the next decade however, the CMB lensing
potential will be imaged with high fidelity to even higher
L than at present over large fractions of the sky [27,28]. We
also expect improvements in CIB measurements in coming
years, with experiments such as CCAT-prime [21,22], and
Simons Observatory in its highest frequency channels [27],
measuring the small-scale CIB to higher accuracy. The
CMB lensing / CIB cross correlation has already been used
to fit large-scale (linear) models of the CIB [11,14,29]; our
work here forecasts the improved parameter constraints on
the parametric halo model for the CIB introduced in [30],
which was fit to Planck +IRIS CIB power spectrum data
in [7]. While the CMB lensing potential does not depend on
the CIB model parameters, we expect improvements due to
the cross-correlation depending on the redshift distribution
of the CIB as well as due to sample-variance cancellation
(see e.g., [31]), where measuring the CMB lensing poten-
tial on the same patch of sky as the CIB intensity can
afford improvements in the CIB model due to their high
correlation.

CIB models have previously been cross-correlated with
CMB lensing maps to infer CIB model parameters [11,14,29]
and also with other external large-scale-structure probes such

as the Sloan Digital Sky Survey (SDSS) galaxies [32]. In this
work we quantify the potential improvements of employing
such external cross-correlations in particular as we get access
to better CMB lensing data.

In all our calculations, we use the cosmology of [33]:
{9Q,,. Q7. Q,h2, 10°A, h,n,} = {0.3175,0.6825,0.022068,
2.2,0.6711,0.9624}. In our halo model, we use the halo
bias, halo mass function, and subhalo mass function of
Tinker [34,35], and we use Navarro—Frenk—White (NFW)
[36] halo profiles truncated at the radius given by 7y,
within which the mean density of the halo is equal to 200
times the mean matter density. We take the halo concen-
tration parameter of [37], in particular the fitting relation
found for the “mean” definition of halo mass. We explore
constraints from subsets of measurements of the CIB made
by Planck at 217,353, 545, 857 GHz, IRIS at 3000 GHz [3]
and future CCAT-prime measurements [21,22] at {220,
280,350,410, 850} GHz, with improvements from CMB
lensing measured by Planck or future Simons Observatory-
like [27] and CMB-S4-like [28] experiments. For all CMB
lensing fields, we impose a maximum multipole of
L = 1000; for Planck +IRIS CIB forecasts we use a
multipole range of 186 < L <2649, and for CCAT-prime
we include L < 10000. Our baseline forecasts are on 2240
square degrees of sky, with the 3000 GHz IRIS field only
included on 183 square degrees, mimicking the analysis of
[7]. CMB lensing reconstruction maps are assumed to have
full overlap with these 2240 square degrees, but we also
explore the possibility of including the CIB / CMB lensing
cross-correlations over larger fractions of the sky without
including the CIB auto-spectrum (which may have larger
systematics due to Galactic dust).

The paper is organized as follows. In Sec. Il we review the
theory of the CIB power spectrum within the halo model,
and we present the specific parametric model we consider in
Sec. III. This formalism follows very closely what has
already been considered in e.g., [4,7,30,38], which we
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reproduce here in detail. In Sec. IV we introduce our Fisher
forecast formalism and present the experimental configu-
rations we consider. In Sec. V we present the results of our
forecast on parameter constraints. We also discuss in Sec. VI
the improvements in constraints of the star formation rate.
We discuss our results and conclude in Sec. VIIL.

II. THE CIB-CIB AND CIB-CMB LENSING
POWER SPECTRA WITHIN THE
HALO MODEL

The halo model (see e.g., [39] for a review) has been
widely used to model the distribution of matter and galaxies
in discrete “halos,” which form from the collapse of initially
overdense regions and evolve nonlinearly with gravity.
Correlations are categorized either as large-scale correla-
tions, between two separate halos (a “2-halo” term); or
small-scale correlations within a single halo (a “1-halo”
term). In [30] a halo model prescription was presented for
the CIB, wherein the CIB power spectrum is modeled as an
emissivity-weighted version of the galaxy power spectrum.
In this section we review the CIB emissivity model and its
halo model prescription.

Within the halo model, all the matter in the universe is
assumed to be in these halos which have undergone
gravitational collapse; the halos can be described by their
total mass M. All galaxies form within halos according to a
halo occupation distribution (HOD); central galaxies at the
center of halos and satellite galaxies in subhalos. The
number of central galaxies hosted by a halo is assumed to
be a function of M (and, more generally, redshift z);
similarly, the number of subhalos of mass M hosted by
a halo is a function of M and the subhalos follow the dark
matter density profile of the halo p(r), where r is the
distance from the center of the halo (for a spherically
symmetric halo). Due to the complex physics of galaxy
formation, the properties of the galaxies (e.g., total stellar
mass, luminosity) are not in general easy to calculate;
however a simplifying assumption is that they are functions
of their host halo mass (and redshift). Following this
assumption, a luminosity L& (M,z) is assigned to each
galaxy according to its host halo (or subhalo) mass M.
Thus the luminosity of a halo is the sum of the luminosities
of all the galaxies it contains, including centrals and
satellites. The total luminosity is weighted by a spectral
energy distribution (SED) to find the luminosity density at
frequency vL,(M, z).

A. CIB emissivity power spectrum

The CIB intensity density /, at frequency v is a line-of-
sight integral of emissivity density j, out to reionization

at Yye:

1,(8) = / * dra(e)i, (. h). (1)

Writing the emissivity as a sum of the average emissivity
Jj(z) and the fluctuation §j(f, z) gives

L@ = [ aati@(1+240) e

which can be written as I, (i) = I, + 6I,(i), with I, the
mean intensity at v. The angular power spectrum of the CIB
intensity anisotropies is defined as

(81701 7,py) = C1' 8110y (3)
Employing the Limber approximation [40] we can write the

angular power spectrum as an integral over the three-
dimensional emmisivity power spectrum

, dy -, .- , L
cy :/azj,, 2)jy (2)P¥ <k:,z> 4
z 2 3D ()P] P (4)

where the power spectrum Pj’/(k,z) of the three-

. . . Si - .
dimensional fluctuations % is given by

(0], (k. 2)3jy (K', 2))
Ju(2)ju(2)

1. Connecting to the halo model

= (2x)3 PW (k,z)8°(k —= k). (5)

The mean emissivity density j, is an integral over
luminosity density

- dN Ly,
Ju(2) :/dL(lJrz)vm 4; (6)

N is the luminosity function such that 4L, 4~ dL, gives

where
the number density of galaxies with luminosity between L,
and L, +dL,. The factor of (1 4+ z) in the frequency
accounts for the redshift of the emitted radiation.
Neglecting scatter between luminosity and halo mass, this
can be written as an integral over halo mass M:

= dNL(1+Z> (M’Z)
Ju(z) = /dMWT (7)

where < dM is the halo mass function.
Equation (7) should be compared to the expression for
the number density of galaxies within the halo model:

_ dN
Ngy = /deM gdl(M) (8)

the number density 714, is equal to an integral over the halo
mass function, weighted by the number of galaxies hosted
in a halo of mass M Ny, (M). We see from comparing
Egs. (7) and (8) that the power spectrum of j within the halo
model can be arrived at from the galaxy power spectrum by
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replacing N,, with the luminosity L), (M,z)/4zx. As
such, it is helpful to state the 1- and 2-halo galaxy power
spectra within the halo model.

where the galaxy density is 71, (z) = figy(2) + 6ngy ().
On large scales, the halos are biased with respect to
the underlying dark matter field, with a scale-dependent
bias. The total galaxy power spectrum is thus often
written on large scales as P%(k,z) ~ b(z)? Py, (k, z), with
Piin(k,z) the linear matter power spectrum and b the
scale-dependent galaxy bias. However, halos of different
masses are biased differently, and this expression is arrived
at from

2. Galaxy power spectra
The galaxy power spectrum is defined as

<5ngal (k ’ Z)éngal (k/’ Z)>

ﬁgal(z)z

= (27)’P¥(k,z)5°(k — k), (9)

, dN N (M, 7) + N“Y(M. 2)u(k, M. 7)
2—halo —
p2halo(f 7) = (/ M e

where b(M, z) is the halo bias, u(k, M, z) is the (normalized) Fourier transform of the halo density profile (equal to 1 on the
large scales where the 2-halo term is dominant), and the galaxies are distinguished by whether they are central galaxies
(which are hosted at the centre of the halo), and satellite galaxies: N°"(M, z) is the number of central galaxies hosted by a
halo of mass M at z and N*(M, z) is the number of satellite galaxies. For the 1-halo power spectrum, the substructure of the
halos is more important; with both central-central and satellite-satellite correlations taken into account the 1-halo galaxy
power spectrum is

b(M,z>)2Pnn<k, ) (10)

(11)

Pt s = [ <2Nsat<M,z>Nce“<M,z>u<k,m,z>+Nsm<M,z>2u<k,M,z>2)
’ 170,74 ’

g dM —— —
99 flgal (Z)2

3. From galaxy power spectra to emissivity power spectra

To write the 2-halo power emissivity power spectrum, we replace galaxy number N, (M,z)/7igy(z) with
Ly(142)/47j,(z). As such we have

jy(z)jy’(Z)Pljy/z_halo(k’ Z) = DU(Z>D1/<Z)Plin(k’ Z) (12)

where D, (z) is the CIB bias weighted by u(k, M, z) (without the u(k, M, z) term the following integral would define the

CIB bias)

dN L, (M. 2) + L), (M. 2)u(k, M, 2)
D,(z,k)= | dM—b(M, ' ' . 13
e = [[amGioon.a)( = (13)
|
where again the luminosity of a halo of mass M j (z)j,(z)P ™"k, 2)
L(142,(M,z) comprises both the luminosity of a central ' AN 1
galaxy and the luminosity of the satellite galaxies in = / dM —— ——5 (L7 ) Lit o u(k. M. 2)
: dM (4r) z z
subhalos:
+ L?Tx-l&-z)v’l‘?elu-&—z)vu(k’ M, Z)
+ L 0 Ly u*(k,M,z)). (15)
L JM,z) =L (M, z)+ L% | (M,z). 14
1+2w(M:2) (iop(M:2) + Ly, (M. 2)- - (14) Note that the auto-correlations (~L¢" . 2) have not

The 2-halo term (12) thus takes into account correlations
between the galaxies of two different halos.

To write the 1-halo correlations, which include both
central-satellite and satellite-satellite correlations within a
single halo, we write

. . (142w .
been included in the 1-halo term; these instead contribute

to a scale-independent shot noise term to be discussed
below.

4. Central and satellite luminosity

As the luminosity of halos is sourced by the galaxies it is
host to, the (central or satellite) luminosity must depend on
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the properties of the (central or satellite) galaxies. A
simplifying assumption is that the luminosity of a galaxy
depends on the mass of its host halo or subhalo in the same
functional form for both central and satellite galaxies:
L (MMt 7). where M is the mass of the galaxy’s host
halo or host subhalo. As such, the central luminosity of a
halo is simply

Lcen

(1+z)v(M’ Z) = NCCH(M’ Z)Lgﬂ-z)y(M’ Z) (16)

(

where N°"(M, z) is the number of central galaxies a halo of
mass M hosts. Then, using the assumption that satellite
galaxy luminosity has the same dependence on host
subhalo mass as central galaxy luminosity on host halo
mass, the entire luminosity of a halo due to the satellite
galaxies is an integral over the subhalos:

dN 1
L3 (M, ) — / A G L, (M) (17
where jWN is the subhalo mass function; note that the

number of satellite galaxies in a halo of mass M is

dN
N¥(M,z) = [ dM, = 18
(.2) = [ am, - (18)

5. Poissonian term: Shot noise

There is also a shot noise component in the power
spectrum, arising from the discrete nature of the sources.
This is present in both the v = v power spectra and the v/
spectra with v # 1/, as the same source can contribute to the
intensity at different frequencies.

The shot noise is scale independent and is given by an
integral over the flux density S, of all sources at frequency
v up to a cutoff frequency at which point sources are
removed Sgy:

Scul dN
C, = s2 das,. 19
L A v dSy v ( )

dN
ds,

the (angular) number density of sources with flux between
S, and S, + AS,.

The shot noise can be calculated from the CIB emissivity
model and Eq. (19). However, as this term is more sensitive
to scatter in the L — M relation, there is more error induced
in the step going between the integration over S, (or
equivalently L)) than for the 1-halo and 2-halo power
spectra. In practice, this can be dealt with by introducing
explicitly a term to describe that scatter (see e.g.,
Appendix A of [41]):

is the distribution of flux densities such that %AS,, is

dN dN
dlns—/dlnMP(lnSHnM) (20)

where P(InS|InM) follows a normal distribution with
dN _, dN

some width ¢; 6 — 0 recovers 9 — 457 o could be chosen
to fit the observed shot noise in a dataset. However, in [7],
due to the increased modelling uncertainty in computing
the shot noise, the values of the shot noise were not
calculated from the halo model prescription and instead
were calculated from the model of [42] and also included
radio point source contributions from [43]. As such, the
calculated shot noise had no dependence on the CIB model
parameters that were being varied in the analysis; more-
over, the shot noise contribution at each frequency pair was
marginalized over by allowing the value to vary in the
analysis. With this in mind, we perform no calculations for
the shot noise, and instead use as our fiducial values for the
shot noise the best-fit values of [7] (see Table II) (although
the values of all shot noises are marginalized over in the
Fisher forecast).

6. Point source removal and S

At current angular resolutions, the CIB is a diffuse,
unresolved emission; however it is composed of discrete
point sources—galaxies. If a single galaxy is bright
enough, it can appear in a map as a point source and be
removed. In each CIB map there is a (frequency-dependent)
threshold flux density S.,; above which the point sources
can be removed. Considering that flux S, can be expressed
in terms of luminosity L, ), by

Loy

= Fias (21)

v

a flux-cut is equivalent to a z-dependent luminosity cut,
which should be imposed in the calculations of C;. We
implement the flux cut by removing all halos with total
luminosity greater than that corresponding to the flux limit
in Equation (21) where S* is replaced by the flux cut of the
experiment in question.

B. The CIB-CMB Lensing cross power spectrum

The angular power spectrum of the CMB lensing
potential ¢ is given in the Limber approximation by (see

e.g., [13])
4 [dy L
ot = [ Gwmaerm(k=2) @)
oLty X
with the lensing efficiency kernel W, () given by

wan =3 (2) (1)

where yg is the comoving distance of the source of the
CMB at z~ 1100 and P,(k,z) is the matter power

(23)
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spectrum. The matter power spectrum can be computed
within the halo model by

dn M b
P (he2) = ([ ant g bt 2yt 2) ) P2

(24)

(with p,, the matter density today), where the “dark matter
bias” is constrained to obey the consistency relation that it
is unbiased with respect to itself

dn M
dM ——b(M,z) = 1; 25
[ am b2 (25)

the 1-halo term can also be written:

Pt (k. 2) = / de—A’; (ﬂu(k,M,z)>2. (26)

m

The cross power between ¢ and the CIB is given by a
Limber integration over the emissivity-matter cross-power
spectrum P}, ;(k, z)

P 2 d)( K v L
ot =5 [ Hwimaton e, (k=7.2). @)

where
F(@)P (k. 22 e

=D,(z) (/ de—A’;/% b(M, z)u(k, M, z)) Piin (k. 2)

(28)
and

F v 1—-halo
J(2)P,;(k.2)

dn M
—/dM—n—u(k,M,z)
dMp,,

1
X i (Lf‘f‘lzw + L?Tﬂrz)yu(k, M,z)). (29)
In all our lensing forecasts, we restrict the L range to be
186 < L < 1000, where the lensing power spectrum is in
the linear regime, and so we take only the linearized 2-halo
terms of the matter and matter cross emissivity spectra. It is
worth noting, however, that the higher CIB frequencies—
which are sourced at lower redshift—may have some
contribution from the 1-halo term even at these scales;
however we leave this issue to future modeling.

III. A PARAMETRIC L-M RELATION

To model the CIB power spectra one needs to specify the
details of the halo model, and a luminosity-mass relation.

For the halo model, we use the halo bias, halo mass
function, and subhalo mass function of Tinker [34,35]. We
use M to refer to the mass contained within a sphere of
radius 0, within which the mean density of the halo is
200 times the mean matter density at the appropriate
redshift. We assume NFW halo profiles when calculating
u(k, m), truncated at ry,,, with the concentration relation
of [37].

The number of central galaxies N°*(M, z) hosted by a
halo of mass M is modeled as

cen 0 M<Mmin
N (M, z) = LM M (30)

where M, the minimum halo mass to host a galaxy, is
one of the parameters of the model; in the fiducial model,
we use M, = 1010 M.

The luminosity-mass relation we consider was intro-
duced in [30], where—along with [7]—we refer the reader
interested in the motivations behind the specific parametric
form of the relation. This parametric model has been fit to
several data sets with various subsets of the parameters
allowed to vary; for fits to SPIRE data see [4] and for fits to
Planck data see [7].

The L — M relation is parametrized by making the
simplifying assumption that its dependence on mass and
redshift can be separated and specifying

gal
L(H—z)y

= Ly®(2)Z(M)O((1 4 2)v); (31)
L is an overall normalization factor which can be allowed
to vary as a parameter in the model; ®(z) determines the
redshift evolution of the L — M relation; (M) determines
the mass dependence; and © is the spectral energy
distribution (SED). We will discuss these functions below.
The fiducial values we quote for the CIB model parameters
are the best-fit ones of [7].1 These values are summarized in
Sec. I D and Table L.

A. Redshift evolution: ®(z)

®(z) controls the redshift dependence of the normali-
zation of the L — M relation and should be increasing with
redshift, motivated by observations that the star formation
rate increases with redshift. It is parametrized as

®(z) = (1 +2)°. (32)

We use 6 = 3.6 for our fiducial model.

Various implementations [4,30] of this parametric model
also consider another parameter z, at which the L — M
relation plateaus; in such a case

"The value of Ly is not listed in [7] and so we choose a value
that reproduces the amplitude of the CIB power spectra and
intensities therein.
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TABLE I. Best-fit parameters of [7].

Parameter Parameter description Value

a Redshift evolution of dust temperature 0.36 +0.05
T Dust temperature at z = 0 244+£19K
p Emissivity index of SED 1.75 £0.06
4 Power law index of SED at high frequency 1.7£0.2

0 Redshift evolution of L — M normalization 3.6+0.2
logo Mo/ Mg Most efficient halo mass 12.6 £ 0.1
logo Myin/Mg Minimum halo mass to host a galaxy Unconstrained

Ly Normalization of L — M relation
Size of halo masses sourcing CIB emission

2
OL/m

6.4 x 1078 JyMPc? /M,
0.5 (not varied)

7<2,

S
o(z) = { (1+2) (33)

(1+z,)° z>zg,

This break is motivated by observational evidence of such a
plateau in the L — M relation, at z ~ 2. However, the model
we consider does not include such a plateau.

B. Mass dependence: (M)

%(M) controls the dependence of luminosity on halo
mass. Motivated by observations that star formation is
suppressed at low and high masses, and taking the
simplifying assumption that L/M takes a log-normal form,
%(M) is given by

Z(M) _ M e_(l()glo M-log;o Meff)z/Z”i/M' (34)

1/27:6%/M

(M) is specified by two parameters: M, the peak of the
specific IR emissivity (L/M); and o% M which controls the
range of halo masses that produce the emissivity. In our
fiducial model, we use M = 10'*° Mg and o7 ), = 0.5.

Note that o-% /m Was not varied in the analysis of [7] and is
considered fixed in our forecasts.

C. IR SEDs: O(v,z)

Finally, the SED O is a modified black body, tempered
by a power-law tail at high frequencies

0 {142

v’ V2

<
14 IZ0) (35)

where B,(T) is the Planck function at temperature 7 and
T,(z) is the dust temperature at redshift z. v, is the
(z-dependent) frequency satisfying the continuous deriva-
tive relation

din®(v, z)

= —7. 36
dlnv 4 (36)

U=Lgy

We take = 1.75 and y = 1.7 in our fiducial model. The
power-law tail accounts for the gray-body emission from
dust at higher temperatures than 7'; [5,44].

The dust temperature is parametrized as

T, = To(1 +2)°. (37)

In the fiducial model, Tj = 24.4 K and a = 0.36.

Thus there are four parameters that control the SED: the
gray-body emissivity factor f, the high-frequency power-
law exponent y, the dust temperature today 7y, and a,
which controls the redshift evolution of the temperature.
Note that SEDs are normalized such that ©(vy) =1,
i.e., such that

<L>ﬂ B,(T4(2)
vw) By (T4(2)
ol

Yo

Plots of the SEDs at various fixed redshifts are shown
in Fig. 1.

(38)

D. Values of the parameters

We consider the model of [7], which was fit to the CIB
power spectra at {217,353,545,857,3000} GHz. In this
model, the parameters 6, 3, T, v, a, 109 M nin, 10g10 M o5y,
and L, were varied; a% /m Was fixed at 0.5. There is no

plateauin the L — M relation: ®(z) behaves as (1 + z)° atall
redshifts. The parameters are summarized and their values
are given in Table I. The values of the shot noises in the
power spectra were also allowed vary as parameters, and
marginalized over; their best-fit values are given in Table II.
With the SED normalized as in Eq. (38), the fiducial
value we use for Ly is Ly = 6.4 x 1078 JyMPc?/M =
1.49 x 107 5Ly /M,

IV. FISHER FORECASTS

We perform various Fisher forecasts to investigate whether
inclusion of CIB/CMB lensing data has power to improve
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TABLE II.  Shot noise values of [7], in Jy?/st. The frequencies
are in GHz and are the frequencies for which the CIB power
spectra were measured and used to fit the model.

v,V 217 353 545 857 3000
217 21 54 121 181 95
353 262 626 953 411
545 1690 2702 1449
857 5364 4158
3000 9585

constraints on CIB models. We consider two experimental
configurations for the CIB: one corresponding to the Planck
+IRIS experiments, at {217, 353, 545, 857,3000} GHz, and
one corresponding to the upcoming CCAT-prime [22]
survey, which will measure the CIB on small angular scales
at {220, 280, 350,410, 850} GHz.

We are considering improvements in only the parameters
of the CIB model; the CMB lensing power spectrum is not
dependent on any of the parameters we are including in our
forecast.” However, the CMB lensing power spectrum and

the CIB power spectra are correlated; see Fig. 2 for plots of
v
the correlation coefficients r; = CfLC(/”/’ Due to the high
e

correlation coefficient, measuring these two fields on the
same patch of sky can yield improvements in a model
describing one field even if the other is not dependent on
this model through the cancellation of sample-variance
shared by the two fields [31]. Additionally, knowledge of
the redshift distribution of the CIB is contained in the
correlation or lack thereof [45] with the CMB lensing
matter distribution, whose redshift dependence is precisely
known. Due to this, we expect the inclusion of CMB
lensing in the CIB analysis to yield improvements in the
CIB parameters.

A. Fisher matrix formalism

We consider at each L an (N + 1) x (N + 1) covariance
matrix, where N is the number of frequency channels at
which the CIB is measured:

Cuz/ CW/'
C, = ( Lok ) (39)

¢ b
CZL{) C(L)()

A . .
C}¥ is an N x N covariance matrix of the auto- and cross-

power spectra of the CIB, C”L¢ is an N-dimensional vector
of the cross power spectra between the CIB and CMB

lensing, and C”Lﬁ‘f’ is the CMB lensing power spectrum.

’In particular, we assume cosmological parameters are
known to much better precision than the CIB model parameters
considered here.

1.0 1 T r
—-=- SO —— 217 GHz
===-54 —— 353 GHz |
0.8 F —— Perfect Reconstruction —— 545 GHz -
—— 857 GHz
—— 3000 GHz |

0.6
0.4

02T = — .

N m—=—-—

T T

0.0 = .
102 103

FIG. 2. The correlation coefficients between the CIB maps from
Planck +IRIS with CMB lensing maps from various experiments.
The calculation includes instrumental and foreground noise in the
CIB maps. The perfect reconstruction case corresponds to no
noise on the CMB lensing reconstruction.

We consider a vector of parameters

' = (a,Ty,$,7,6,10210 Mest/ Mo, 10210 Mnin/ Mo, Lo, S )

(40)
where §*¥ denotes the w shot noise parameters. The
Fisher matrix for the parameters is defined as

L+ _,0C, __,9C,
F,j—XLijskyTr Clog Gl ol (4D

where f, is the sky fraction covered by the experiment.
C;! includes both signal and noise. Within this setup, the
fully marginalized forecast 1o error on a parameter i is
given by \/(F71);,.

At times, we refer to forecasts where we remove the CIB
auto power spectra from our forecasts, and consider only
the cross power spectra Cf” and the lensing auto-power

Cf¢. We do this by instead employing the bandpower
Fisher formalism, where the Fisher matrix is computed
from the covariance of the power spectra; in this case the
data is considered to be the power spectra (as opposed to
the fields themselves) and we consider the data vector

C, = (¢, et e (42)

with covariance matrix

rap » 1
Cy.CY) =
( g g ) (ZL + l)fsky

+ (CP + N@)(CY + N); (43)

[(C +NT)(C) +NT)
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F;j is now given by

 «oct__ac,
Fi= EL: 0 C; Evi (44)

(where C{ denotes the transpose of C;). This Fisher
formalism is equivalent to the one that results in Eq. (41);
however, it allows us to explicitly remove power spectra
from the analysis by taking only the entries we are
interested in (42), something is not possible when we
are computing Eq. (41).

B. The CIB power spectra and CMB lensing:
Signal and noise

1. CIB noise specifications

There is instrumental noise in the v = v/ power spectra
which we include as

2
L(L+1 )QFWHM

Ny =N(L)e wm2 (45)

where N(L) is the value of the noise and Oryyy is the
beam full width at half maximum in radians. For Planck
and IRIS we use only white noise N(L) = Nypie- The
values of Ny and Oy are given in Table III. For
CCAT-prime we consider both large-scale frequency
dependent “red” noise and white noise corresponding to
the specifications given in [22]:

L knee
N(L) = Nred <L > + Nhites (46)

knee

TABLEIIl. Noise levels and beam sizes for the Planck [48], IRIS
[3], and one of many possible CCAT-prime [22] configurations.
Beam Noise
Frequency (arcmin) Jy?/sr puK-arcmin
217 GHz 5.01 72 60.12
353 GHz 4.86 305 208.98
545 GHz 4.84 369 1137
857 GHz 4.63 369 29075
3000 GHz 4.3 305 6.7 x 10'8
White noise “Red” noise
Beam

Frequency (arcmin) Jy?/sr pK-arcmin Jy?>/sr  uK-arcmin
220 GHz 57 4.2 146  3.7x10° 435
280 GHz 45 11.8 27.5 2.0 x 10* 1140
350 GHz 35 85.1 105 25x 100  5648.8
410 GHz 30 468 377 6.6 x10° 14174
850 GHz 14 69483 575000 1.5x 107 8.5x 10°

where Ly is 1000 and ay,. is 3.5. We emphasize that just
as with Simons Observatory and CMB-S4 configurations
considered below, the noise specifications correspond to
one of many possible configurations that CCAT-prime
could observe in. The values of N .4, Nypie, and Opwhm
are given in Table I (note that we consider the noise
levels corresponding to the configuration in which CCAT-
prime observes 15,000 sq. deg., but we only use 2240
sq. deg. of these). We show in Fig. 3 the signal and noise at
the frequencies measured by Planck. We show in Fig. 4 a
summary of the signal and noise at all of the CCAT-prime
frequencies.

2. CMB lensing noise specifications

The lensing potential can be reconstructed from
CMB temperature and polarization maps [24]; we
consider various reconstruction noise scenarios including
reconstruction noise in line with that of Planck, with a
Simons Observatory-like scenario (specifically the ‘goal’
configuration from [27]), and a Stage-4 (S4) like scenario
such as [28]. Additionally, we also compare to the case
when there is no noise on the lensing reconstruction out to
L = 1000. The signal and noise for the various lensing
scenarios are plotted on the right of Fig. 4. In all cases we
assume that the CMB lensing potential is measured reliably
in the multipole region 186 < L < 1000.

With the signal and noise expected from these experi-
ments, we can calculate the forecast errors on the meas-
urement of the CIB/lensing cross correlation. The
error-bars on Cf” can be calculated from the bandpower
covariance matrix of Eq. (43) with a=y =« and
0 = f = v. Assuming independence of the L-modes mea-
sured (which may be slightly optimistic due to mode-
coupling induced by partial-sky effects) we can calculate

the covariance of the C?*

acky
— 1 v w ¢P bd VN2
= RLOLT Dy (CE PNONCT N+ (G ]
(47)

where AL is the width of the bins over which C** is
measured; in [14] are given in bins of width AL = 126. See
Fig. 5 for plots of the predicted errors, the fiducial model,
and the data of [14].

C. Foregrounds

We include contributions from foregrounds as noise in
the covariance matrices. The dominant foreground at high
frequencies is emission from Galactic dust; however by

3At Planck frequencies, we change between K and Jy using
the conversion factors in [46]. See Appendix for more details.
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—-= CCAT-prime instrumental noise = —-- Shot noise
----- CMB + other foregrounds
FIG. 3. The predicted CIB signal at Planck frequencies is shown here in solid blue along with beam-deconvolved instrumental noise

(orange dashed) and total foreground power (red dotted). Also shown in purple are the power spectra of the CIB maps of [47] (for 353,
545 and 857 GHz), corrected for the beam and partial sky coverage. When available at a nearby frequency, the beam-deconvolved
CCAT-prime instrumental noise (one of many possible configurations) is also shown. This figure shows that our signal and noise power

spectra account fairly well for the observed CIB power in [47].

restricting our baseline analysis to the cleanest 2240 sq. deg.
used in [7] and to angular scales with L > 186, we
substantially reduce the noise contribution from dust,
and therefore do not include it in our forecasts. The main
contaminant at low frequencies is the CMB, which is
dominant over the CIB at 217 and 353 GHz. Note,
however, that for the analysis in [7] the CMB was
subtracted from these maps, using a template of the
CMB measured at 143 GHz.

We include the entire CMB power (computed with
CAMB) in our forecasts at all frequencies, and find this
has little effect on our forecast except for the predicted

errors on the measured cross-power at CMB-dominated
frequencies (see Fig. 5). We also include the early- and late-
time kinetic Sunyaev—Zeldovich (kSZ) effect, the thermal
Sunyaev—Zeldovich (tSZ) effect, and radio point sources as
foregrounds [8,27,49].

V. FORECAST RESULTS

A. Constraints on CIB model parameters

First we consider only Planck +IRIS-like CIB data:
v ={217,353,545,857,3000} GHz, with noise specifica-
tions corresponding to those in Table III. For the CIB power
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FIG. 4. Left: the CIB signal at CCAT-prime frequencies (solid) shown against the beam-deconvolved instrument noise for one of many possible
configurations of CCAT-prime, corresponding to the values in Table III. Right: the CMB lensing convergence power spectrum shown against
various reconstruction noise levels from the Planck satellite, a Simons Observatory-like configuration and a CMB-S4-like configuration (note that

we plot the lensing convergence power spectrum which is related to the lensing potential power spectrum through C}* = M C¢L’¢).
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FIG. 5. The cross-power spectrum between CMB lensing and the CIB measured by Planck at various frequencies. The model prediction
for L3 Cz’” is plotted in black. The data points show the measurements using Planck lensing from [14]. The predicted 1-¢ uncertainty lensing
reconstruction noise and our CIB model is shown in orange for Planck, in bins of width AL = 126; in red for a Simons Observatory-like
lensing reconstruction, and in green for a CMB-S4-like lensing reconstruction. Note that the error bars on the Planck data points are smaller
than predicted at low frequency, as our analysis (conservatively) does not assume that the CMB is cleaned using lower frequency data.
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TABLEIV. Constraints and improvement factors o /o on this model when only incorporating Planck data. In the columns labelled
‘Percentage’ we report the size of the constraint as a percentage of the fiducial parameter value.

CIB-only: N ILD,Planck

Forecast improvement

Reported constraint Forecast constraint N planck N0 N, N =0
Parameter Value Percentage ocIB oc/0 ocm/oc  ocm/o  Percentage oc/0
a 0.05 13.89% 0.03 1.11 1.63 2.47 2.96% 3.34
To[K] 1.9 7.79% 1.04 1.22 1.89 2.46 1.73% 2.88
p 0.06 3.43% 0.02 1.03 1.14 1.25 1.04% 1.34
4 0.2 11.76% 0.06 1.04 1.1 1.14 2.86% 1.18
1) 0.2 5.56% 0.29 1.17 1.59 1.85 4.42% 2.02
10g10(Mer) 0.1 0.79% 0.17 1.08 1.2 1.28 1.05% 1.37
% None 0.23 1.19 1.62 1.87 12.45% 2.04

0

log;o(Myin)  unconstrained 47.81 1.06 1.38 1.87 255.99% 2.36

spectra, we sum over all multipoles 186 < L < 2649,
corresponding to the multipoles used to fit the data in
[7]; for the CMB lensing power spectra we sum only
over 186 < L < 1000. We consider a sky fraction of 2240
square degrees for the Planck frequencies v = {217,
353,545,857} GHz, and 183 square degrees for the
3000 GHz IRIS data, corresponding to the sky areas used
in the Planck analysis [7]. We assume full overlap between
all maps, and the CMB lensing potential reconstruction.
Motivated by the priors used in [7], we include Gaussian
priors in the Fisher matrix with widths of 20 K for 7, and
0.5 for f; we also include Gaussian priors on the shot noise
parameters with widths given by the 1o errors in Tables 6
and 7 of [7]. We assume the flux cuts in Table 1 of [7].

The forecast constraints on the parameters, and improve-
ments upon including the different lensing scenarios, are
given in Table I'V. A bar graph of the improvement factors is
also presented in Fig. 6. Triangle plots of the covariances of
the parameters are given in Fig. 7.

Second we consider CCAT-prime+IRIS-like data. As
CCAT-prime is noise dominated at low L, we include the
low-L data from Planck in this forecast as well. Thus we

consider a forecast at v = {220,280, 350,410, 545, 850,
3000} GHz, although the 545 and 3000 GHz data is only
signal-dominated at low L, and the 410 and 280 GHz data
are only signal dominated at high L. At 220, 350, and
850 GHz respectively we consider Planck noise levels
appropriate to 217, 353, and 857 GHz.

We must also include shot noise values in the CCAT-
prime forecast. We consider flux cuts similar to the Planck
experiment; as the flux cuts could be smaller and the shot
noises lower, our forecast is conservative in this regard. We
choose the shot noise parameters from those in Table II,
where we have in every case rounded up the relevant
CCAT-prime frequency if it does not appear in the table.
Forecast 1o constraints are shown in Table V.

B. Impact of the high-frequency data

The forecasts in Sec. V included 3000 GHz data on
around 8% of the sky area on which the low-frequency
fields are measured. The 3000 GHz field is qualitatively
different to the low frequency fields: it probes the high-
frequency end of the SED (35) and as such informs the
parameter y while the lower frequency fields do not. It is

0
Planck CCAT-prime Planck

0
CCAT-prime

10g10(Merr)

0.0%
Planck CCAT-prime Planck

0.0%
CCAT-prime

Planck CCAT-prime 0.0% Planck CCAT-prime
I I mm CIB
I CIB + Planck lensing
m CIB + SO
I CIB + S4

Planck CCAT-prime

FIG. 6. Percentage constraints on various CIB halo model parameters and their improvement with the incorporation of CMB lensing,
for the CIB as measured by Planck and by CCAT-prime. We show improvements when including lensing reconstruction from Planck
itself or from a future Simons Observatory-like or CMB-S4-like survey configuration.
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FIG. 7. Forecast 1-o confidence ellipses for various parameters of the CIB model, with and without CMB lensing information: in blue
solid, we show constraints when only including Planck CIB measurements. In orange dashed, we show constraints when including
Planck lensing reconstruction in addition. In green (dot-dashed) and red (dashed), the constraints when adding a Simons Observatory-
like and CMB-S4-like lensing reconstruction are shown respectively. In purple dot-dashed, we show constraints when adding a noiseless

CMB lensing reconstruction.

also sourced at lower redshift (see Fig. 1) and thus is less
correlated with the rest of the CIB and can provide more
independent information. As well as providing all the
information on y, including the 3000 GHz field on even
this small sky fraction provides significant constraining
power on the parameters relating to the dust temperature
(a, Ty), improving the constraints on these parameters by

up to 100%. Because of this, it is important to include the
high-frequency information in any CIB model fitting.

C. Galaxies as an external tracer

The Rubin Observatory [50] will measure the clustering
of billions of galaxies and their photometric redshifts in their
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TABLE V. 1o constraints and improvement factors on the parameters when including both Planck and CCAT-prime data.
CIB-only: NZ”ICCAT—prime Forecast improvement
KK KK KK KK
Forecast constraint NE planci Ni'so Ni'sa NE=0
Parameter OCIB ocB/0 oc/0 oc/0 Percentage ocB/0
a 0.02 1.06 1.38 1.99 2.66% 2.75
To[K] 0.72 1.1 1.54 2.06 1.42% 2.52
p 0.02 1.01 1.08 1.14 0.78% 1.18
14 0.05 1.01 1.06 1.09 2.61% 1.12
o 0.22 1.1 1.52 1.96 3.12% 2.29
log (M) 0.13 1.08 1.34 1.55 0.67% 1.69
Ly 0.17 1.1 1.53 1.95 8.84% 2.26
log (M pin) 37.67 1.05 1.33 1.88 200.05% 2.58

LSST (Legacy Survey of Space and Time) survey. While the
CMB lensing kernel is highly correlated with the CIB, both
peaking at redshift z ~ 2, it is interesting to see what low-
redshift information can add to the CIB, particularly as
the 3000 GHz field (which is sourced at lower redshift)
helps significantly with some parameters (as discussed in
Sec. V B). In this section we consider how a low-redshift
galaxy sample from the Rubin Observatory can help
improve parameter constraints. A similar analysis was done
in [32] where a CIB halo model was fit to the cross power
spectra of the CIB and SDSS galaxies in a narrow redshift
bin, in order to isolate redshift behaviour of the CIB.

The angular galaxy clustering power-spectrum for a
photometric redshift bin between redshifts z; and z;
(comoving distances y; and y)

1 [rrdy L
cW=— ["Zp (k——,z), 48
L A)(Z g )(2 99 ¥ ( )

where Ay = y; — x; is the extent of the bin in comoving
distance and PY is the galaxy power spectrum. We choose
to consider only one photometric redshift bin, from z =0
to z = 1, and use only the two-halo galaxy power spectrum
[Eq. (10)], which can be written as

POk, z) = b} Py, (k. 2), (49)

99

where the galaxy bias b, is defined as

dN N#'(M, 7)
by(z) = | dM ———""">
g(Z) / aM ﬁgal<z)

For the galaxy density field predicted for the LSST Gold
sample [50]

b(M,z). (50)

dn 5 z
an _ = 51
e ° exP( 0.5) 51

with a total number density of 40 arcmin~2. This can be
used to compute the total angular number density of

galaxies and can be related to the number density of
galaxies in the halo model given in (8). Equation (8) gives
the total number density of galaxies at z; only the most
luminous (or massive) are seen by the galaxy survey and so
specifying a galaxy distribution (51) is equivalent to
specifying a z-dependent minimum mass in the integral (8).

As we do not wish to focus on uncertainties in the
nonlinear galaxy HOD, we restrict our galaxy clustering
information to scales where only the two-halo term is
relevant by using an L ,,, of 500 for the galaxy survey and
neglecting the 1-halo terms.

We can write the two-halo cross-power spectrum
between galaxies and the CIB emissivity as

J@)P2M0(k, 2) = by(2)D, (2) Py (k.2)  (52)

with D, (z) the CIB bias. The angular power spectra can be
computed from the Limber approximation

1 X d){ L
v =— "Ly (k==z7). 53
L A)( » )(2 J(Z) ]g< 7 Z> ( )

We perform a forecast with the same formalism as in
Sec. IV A where we now consider a covariance matrix with
galaxy clustering included:

sz/ CZ(/J ClI:(]
alocp oo . (54)
cyocpocy

CL:

The cross-power spectra between lensing and galaxies
c¥ is

ot = 5o | Hatomomitr(k=2.2). (59

To account for the uncertainties in the modeling of our
galaxy power spectra, when we include galaxies in the
forecast we marginalise over the galaxy bias by introducing
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a parameter A such that C% = A2CY, C3¥ = ACY, and
C}' = ACY with A =1 in the fiducial case.

We assume full overlap between the galaxy field, the
CIB fields, and the CMB lensing field (although we restrict
the 3000 GHz field to 183 square degrees as before). We
find that some CIB model parameters can be constrained
much more strongly when including galaxies; similarly to
when the 3000 GHz field was included, the CIB dust
temperature parameters @ and T are improved signifi-
cantly, as well as the parameter controlling the redshift
evolution of the L — M normalization 0, indicating that the
low-redshift information helps to inform these parameters.

VI. CONSTRAINTS ON STAR
FORMATION HISTORY

The source of the energy of the dust particles emitting the
CIB is irradiation by ultraviolet (UV) light emitted by the
star-forming galaxies. The star formation rate (SFR) can be
measured directly with UV detections; however these
measurements must be corrected for the dust attenuation,
as much of the UV emission is indeed absorbed and re-
emitted in the IR (see [51] for a review of cosmic star
formation history). In [52], UV measurements are used to
constrain the SFRD at redshifts up to z = 4.5. Direct
measurements of total IR emission of galaxies are also
used to constrain SFR [53,54]. As the CIB emission traces
all galaxies (not just those luminous enough to be resolved
as sources), it can provide a complementary probe of the
SFR, particularly at high redshift.

The star formation rate (SFR) can be related very simply
to the total infrared luminosity of galaxies through the
Kennicutt relation [55]:

with K the Kennicutt constant K = 1.7 x 10710 M yr=!.

The total infrared luminosity is simply the luminosity
density integrated over its entire IR emission spectrum:

LIR :/dl/Ll/

—as the only v-dependence is in the SED this can be
written equivalently as

(57)

LD = ®1/LIR (58)

with the SED ©(v) normalized such that [dv®(v) = 1.*
The definition of emissivity (6) can then be written

“Note that this is a different normalization to the SED in
Sec. III C.

Ju(z) = ®(1+z)1//dLlR—

AL dn (59)

with -2~ the IR luminosity function such that -4 dLy
IR IR

gives the number density of halos with total IR luminosity

between Lg and L1z + dLr. Due to the Kennicutt relation,

the integral in (59) gives the mean star formation rate
density (SFRD) pggr:

]y(z) _ ®(]+Z>U pSFR(Z) .

4 K (60)

This can be written in terms of the effective SED s, ., the
flux density from a halo with luminosity of 1L

1L,
Syeff = @(1+z)ym (61)
such that
2
v (1
i(2) = pser(2)Sy e (1 + Z)' (62)

K

In modeling the star formation rate, an alternative approach
to using a parametric SED is to use for s, . externally
measured SEDs such as those of [42]. Indeed, in [11] CIB
and CMB lensing data are used to constrain the pggg in this
way. This approach has the advantages of being able to
incorporate different types of galaxies with different SEDs
[56] such as those undergoing a starburst phase or the more
common main sequence galaxies.

We can use the parametric halo model to compute
pser(z) by using for the parametric SED of Eq. (38) in
(61) to compute s, (note it must be normalized to
integrate to 1 over all frequencies). We can then forecast
the constraints on pgpg (z) by drawing parameters from the
covariance matrix defined by F~!, the inverse of the Fisher
matrices discussed above. We show in Fig. 8 how the
inclusion of lensing data improve constraints on psggr
through this model; as it is difficult to see the improvements
on a logarithmic scale we include a linear of the constraints
divided by the fiducial value of pgpr. We define the lo
errors as the area within which 68% of 1000 realizations
fell, centered on the median value.

VII. DISCUSSION

In this work, we explored the possibility of using cross-
correlations of CMB lensing mass maps with maps of the
CIB to improve physical models of the latter. We have
shown that inclusion of CMB lensing data can lead to up to
2x improvement in constraints on the dust temperature and
its redshift evolution, and on the redshift evolution of the
relation between CIB galaxy luminosity and mass, in
particular. Since cosmological parameters like the ampli-
tude of matter fluctuations are known to much better
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precision than the astrophysical parameters of interest here,
we have not varied them in our forecasts (although see [38]
for a CIB-only forecast which varies the cosmological
parameters along with the CIB parameters). Therefore, the
CMB lensing potential does not depend on the parameters
in consideration. Due to this, improvements in parameter
constraints will come from either the redshift overlap or
cancellation of sample variance, as described below.

We have calculated explicitly the constraints for a CIB-
only scenario with zero foregrounds and instrumental
noise, and we find that in the realistic forecast, while
not all of the parameters have reached their sample variance
limit, for many of them the inclusion of SO- or S4-like
lensing improves the constraint to such an extent that they
are better than the “perfect” sample-variance limited CIB-
only case. However, we note that this effect might not be
due solely to sample variance cancellation, but that the
well-understood redshift kernel of the CMB lensing field
may be helping to constrain the redshift dependence of the
CIB fields by breaking parameter degeneracies.

In order to be conservative and facilitate comparisons
with earlier work, the improvements we have presented are
calculated for the small sky areas (~5%) used for the
analysis in [7]. It is possible to consider larger sky areas for
the CIB maps than was done here; [47] produced maps with
improved treatment of galactic dust using HI data and
recommended sky fractions of {18.7%, 16.3%, 14.4%} at
{353,545,857} GHz for auto-power spectrum analysis.
Accounting for the partial sky covered by typical ground-
based surveys however reduces the area available for cross-
correlation (necessary for improvements from sample
variance cancellation) to {6.4%, 8.4%,9.8%}, respectively.

The requirements on foreground cleaning for the CIB
maps are more stringent for an auto-power-spectrum
analysis than for a cross-correlation with CMB lensing.

Much of the foreground contamination is sourced by
Galactic dust, which will introduce spurious correlations
in the auto-spectrum from the spatially dependent two-
point correlation of Galactic emission, which can be
significantly brighter than the CIB. In a cross-correlation
of CMB lensing (calculated through quadratic estimators of
the form (7T130715%), where T'% is the CMB temperature
field as measured at 150 GHz that dominates near-term
experiments) with the CIB, on the other hand, biases enter
through bispectra of the form (T2OT0TEEY) where T is
the Galactic dust emission at 150 GHz and T}C’;gh is the
Galactic emission at high frequencies used for CIB maps.
These are suppressed relative to the biases in the CIB auto-
spectrum for several reasons that include (1) the SED of
dust being such that T3 is significantly smaller than The"
and (2) contributions from Galactic dust blobs being further
reduced in the high-resolution CMB map through miti-
gation techniques like point source bias hardening [57]
(similar considerations apply for the bispectrum bias from
the residual CIB itself in the CMB map). As such, the sky
area available for the cross-correlation between the CIB and
CMB lensing is larger; the largest maps of [47] have a total
sky area of 34.2% with roughly 20% overlap with typical
wide-area ground based high-resolution CMB experiments
from which CMB lensing maps will be available. To
understand the impact of sky area, we show in Fig. 9
the improvement in the constraints as the lensing field is
added on top of the baseline forecast. The area on which the
CIB auto power spectrum is measured is not changed in
Fig. 9, and the lensing field is added first on the IRIS+
Planck fields, then on the Planck fields, and then on extra
sky but without any CIB auto-power spectrum measured
beyond the baseline 2240 sq. deg. We find that for some
parameters like the SED emissivity index f, substantial
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improvements can be obtained by including CIB/lensing
cross-correlations in larger fractions of the sky, without
having to measure the CIB auto-spectrum beyond 2240
sq. deg. We note however that our forecasts do not include
the increased scatter on large scales from Galactic dust
contamination that is encountered when including larger
sky areas [47].

We have checked that forecasts with the auto-spectrum
of the CMB lensing map removed—i.e., with only C%* and

7< as data—and have found that there is negligible
degradation in the forecast parameter improvements. As
such, one will not need to measure the auto-spectrum of the
lensing potential to achieve model improvements.

We find that the inclusion of the 3000 GHz field, even on
a small fraction of the sky area, is key for constraining the
CIB model. This is not only due to the fact that it is the only
field which informs the high-frequency part of the SED, but
also because it is the only low-redshift tracer included in the
survey, as evidenced in Fig. 1. As such, it provides
information that is independent of the low-frequency fields.
We have also demonstrated that the inclusion of another
low-redshift tracer (such as galaxy clustering out to z ~ 1,
say from the Rubin Observatory [50,58]) can improve
parameters even further. As in the case for when lensing is
included, the galaxy density must be measured on the same
patch of sky to provide improvement. This is an interesting
possibility, however we note that we have presented rough
optimistic forecasts as an illustrative example of the power
of correlating the CIB with other low z tracers to improve
the CIB model.

For robustness, our baseline forecasts have restricted
analyses mostly to the mostly two-halo regime by using
the multipole range 186 < L < 2649. We have however also
considered improvements to a CIB model made with CIB
maps of higher angular resolution exploring the one-halo
regime, in particular those that will be made by CCAT-prime.

While the HOD we use is not expected to be very accurate on
such small scales, it is interesting that there is still improve-
ment factors up to ~2 for the S4 case in these forecasts when
the large-scale lensing cross-correlation is included.
Studying the CIB is interesting for a variety of reasons.
First, from an astrophysical perspective, it contains inter-
esting information about star formation history. We have
shown what improvements there can be made to measure-
ments of the star formation rate density through including
lensing data in Sec. VI. While the model we use as our
fiducial model may not reproduce very accurately other
measurements of the star formation rate (perhaps due to the
crude parametric SED used), it is possible that alternative
models of the CIB, such as the simpler single-parameter
halo model used in [12] (which uses externally measured
SEDs) will be improved similarly by including lensing
data. The CIB is also an interesting cosmological signal: as
a tracer of large scale structure, the CIB carries interesting
information [59,60] and having a more accurate model can
allow us to exploit further its cosmological information.
Second, the CIB is important to understand as a fore-
ground to other signals of interest. The CIB is a significant
foreground to the CMB at small angular scales and its
accurate modeling is necessary to make unbiased mea-
surements of signals that are relevant to the small-scale
CMB such as the kSZ power-spectrum [23], as well as
extensions to the ACDM model deriving significant infor-
mation from the damping tail.” We leave detailed explora-
tion of the potential improvements to physics in the

°It should be noted that as the polarization sensitivity of
ground-based experiments improves, parameters like the number
of relativistic species N4 will increasingly derive their informa-
tion from the polarization TE and EE spectra. Thus, CIB-related
model bias to extensions of the ACDM model (like N.g) will
likely be less of an issue, since the CIB is not significantly
polarized.
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temperature damping tail to future work. The tSZ effect is
also a significant foreground to the CMB at small angular
resolution, and must also be mitigated or modeled; as
discussed in [12], the tSZ/CIB correlations can be con-
sistently modeled with the halo model approach presented
in Sec. II. As we find that significantly more accurate
models of the CIB can be built by including external
tracers, in particular the CMB lensing potential, in the data
analysis, this method of constraining models of the CIB
will be of great use in improving our knowledge of star
formation as well as potentially physics in the damping tail.
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APPENDIX: CONVERSION BETWEEN
uK AND Jy

In this paper we have presented the CIB power spectra in
Jy, a unit of surface intensity commonly used for CIB
measurements and in radio astronomy. However, we quote
the CMB lensing power spectra in uKcyp; additionally,
some of the instrumental noise levels we quote are in uK.
Thus, as it is convenient to have a formula to convert between
these units Jy and uKcyp, we present one in this Appendix.

TABLE VI. Conversion factors between Jy and uKcyg,
from [46].

v [Ghz] U (Jy uKcrg)

217 483.69

353 287.45

545 58.04

857 2.27

The surface brightness of a black body is given by the
Planck formula

2h3 1
By(T) =T 2 (Al)
c” et — 1
To convert from brightness to temperature we use
2h2 el
dB,(T) = ————dT. A2
@) kT2 (et — 1)? (A2)
Defining
h GH
x=tv __vGH (A3)
kTCMB 56.233 GHz
and using the definition of a Jansky Jy = 10720 —%— we
can write
x(l/[GHZ])4
dB,[ly] = 968 —190 = 4K. (A4)
(e =1)

While this formula is useful, in general a more accurate
conversion between the units is dependent on the specifi-
cations (spectral response, etc.) of the instrument used and
so for Planck frequencies we use the units quoted in [46];
see Table VI.
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