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The thermal Sunyaev-Zel’dovich (tSZ) effect is the distortion generated in the cosmic
microwave background (CMB) spectrum by the inverse-Compton scattering of CMB photons
off free, energetic electrons, primarily located in the intracluster medium. Cosmic infrared
background (CIB) photons from thermal dust emission in star-forming galaxies are expected to
undergo the same process. In this work, we perform the first calculation of the resulting tSZ-like
distortion in the CIB. Focusing on the CIB monopole, we use a halo model approach to calculate both
the CIB signal and the Compton-y field that generates the distortion. We self-consistently account for
the redshift coevolution of the CIB and Compton-y fields: they are (partially) sourced by the same dark
matter halos, which introduces new aspects to the calculation as compared to the CMB case. We find
that the inverse-Compton distortion to the CIB monopole spectrum has a positive (negative) peak
amplitude of ≈4 Jy=sr (≈ − 5 Jy=sr) at 2260 GHz (940 GHz). In contrast to the usual tSZ effect, the
distortion to the CIB spectrum has two null frequencies, at approximately 196 and 1490 GHz. We
perform a Fisher matrix calculation to forecast the detectability of this new distortion signal by future
experiments. PIXIE would have sufficient instrumental sensitivity to detect the signal at 4σ, but
foreground contamination reduces the projected signal-to-noise by a factor of ≈70. A future
ESA Voyage 2050 spectrometer could detect the CIB distortion at ≈5σ significance, even after
marginalizing over foregrounds. A measurement of this signal would provide new information on the
star formation history of the Universe, and the distortion anisotropies may be accessible by near-future
ground-based experiments.

DOI: 10.1103/PhysRevD.106.023529

I. INTRODUCTION

As cosmic microwave background (CMB) photons travel
through the Universe from the surface of last scattering, they
undergo inverse-Compton scattering off of hot, free elec-
trons, located primarily in the intracluster medium (ICM) of
galaxy groups and clusters. This physical process in the late-
time Universe causes a distortion in the energy spectrum of
the CMB, resulting in an increase (decrease) in the higher
(lower) frequency range of the spectrum, and is known
as the thermal Sunyaev-Zel’dovich (tSZ) effect [1,2].
The spectral dependence of the tSZ effect has a null at
≈ 218 GHz, where the CMB blackbody photon occupation
number is unchanged by the scattering process (the location
of this null is altered slightly by relativistic corrections when
the scattering electrons are at high temperatures [3–7]). The
tSZ effect has now become a routine probe with which to
detect galaxy clusters (e.g., Refs. [8–10]) and study the
thermal electron pressure distribution in the late-time

Universe using component-separated tSZ maps (e.g.,
Refs. [11–13]). For reviews of the tSZ effect and some
of its cosmological and astrophysical applications, see
Ref. [14–20].
While the tSZ effect refers to the spectral distortion in the

CMB spectrum, it is generally the case that any photon
distribution will undergo Comptonization upon scattering
with free electrons [21,22], e.g., as seen in x-ray sources
(e.g., Refs. [23,24]), synchrotron emission from active
galactic nuclei (e.g., Refs. [25,26]), or in the lobes of radio
galaxies (e.g., Refs. [27–29]). In the context of cosmology,
inverse-Compton scattering of the CMB (i.e., the tSZ effect)
has received the most study, but other photon backgrounds
are also expected to undergo the same scattering process,
including the cosmic radio background [30,31], cosmic
21-cm radiation [32], and the cosmic infrared background
(CIB), the latter of which we focus on here. Like the CMB,
the photons in the radio and infrared backgrounds are at
much lower energies than typical electrons in the ICM
(Tγ ≪ Te ∼ keV), and thus Comptonization leads to the
photons being upscattered to higher energies. However, the*as6131@columbia.edu
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exact shape of the inverse-Compton-induced distortion
will differ in each case, as the incoming photon spectral
energy distribution (SED) is different for the CMB, CIB,
or radio photons. For the CMB, the blackbody nature of
the incoming photons significantly simplifies the calcu-
lation [1,2], while results for a power-law radio SED have
recently been presented in Refs. [30,31]. In this work, we
consider the case of a realistic dusty galaxy SED for the
incoming photons, modeled as a modified blackbody at
low frequencies combined with a power-law decay at high
frequencies, as appropriate for the star-forming galaxies
that generate the CIB. We also treat in detail the coevo-
lution of the Compton-y (scattering electrons) and CIB
(incoming photons) fields. Although the CIB distortion
has been qualitatively discussed [30,31] and estimated
previously using a different CIB model [33], no calcu-
lation using a halo model approach was performed.
The CIB is a diffuse radiation field originating from dust

in star-forming galaxies, which reemit the absorbed ultra-
violet light from stars in the infrared [34,35]. For this
reason, the CIB is a valuable probe of both large-scale
structure and the star formation history of the Universe
[36–40]. It was first observed by the Cosmic Background
Explorer (COBE) mission [35,41,42] and has since been
measured at high precision by many experiments including
IRIS [43,44], Herschel [45,46], Planck [47], ACT [48],
and SPT [49].
One important distinction between the CIB and the

CMB is that the latter is truly a background photon field, in
the sense that it was produced at very high redshift (during
or shortly after post-inflationary reheating); thus, new
CMB photons are not produced at the redshifts where
galaxy groups and clusters are forming (z≲ 3). Therefore,
the scattering electrons in the ICM of each cluster all
see the same monopole CMB blackbody SED, with the
temperature simply scaling as ∝ ð1þ zÞ. The scattered
photons cool adiabatically in the same fashion as the
unscattered photons, which leads to the famous redshift
independence of the tSZ effect: the tSZ spectral depend-
ence is the same for a cluster at z ¼ 1 as for a cluster at
z ¼ 0.001.1 In contrast, the photons that comprise the CIB
are produced at cosmologically late times (z≲ 6; see
Fig. 1), which overlap (partially) with the epoch at which
groups and clusters are forming. Thus, the monopole CIB
SED seen by ICM electrons in a cluster at z ¼ 1 is different
than that seen by ICM electrons in a cluster at z ¼ 0.001,
which renders the calculation of the inverse-Compton

effect on the CIB somewhat more complicated than that
for the CMB.2

In this work, we treat this effect in detail (for the first
time, to our knowledge) by making use of a complete halo
model formalism for both the CIB and Compton-y fields.
We focus solely on the monopole sky signal, leaving the
calculation of anisotropies to future work (apart from a
brief estimate of the power spectrum in Appendix C). We
compute the CIB monopole using a standard halo model
prescription, in which infrared galaxies with a specified
SED (a modified blackbody at low frequencies combined
with a declining power law at high frequencies) are
assigned to dark matter halos as a function of halo mass
and redshift. The Compton-y field is constructed simulta-
neously using a prescription for the thermal electron
pressure profile as a function of halo mass and redshift.
We then compute the CIB monopole that is scattered by the
ICM electrons in halos at each redshift, and use this in the
Kompaneets equation to compute the differential contri-
bution to the total inverse-Compton distortion. Taking the
integral over all redshifts, we obtain the total inverse-
Compton distortion to the observed CIB monopole at
z ¼ 0, accounting self-consistently for the coevolution of
the CIB and Compton-y fields. As is already well known,
the CIB monopole at z ¼ 0 is well approximated at low to
mid frequencies by a simple modified blackbody SED,
which we use as a toy model to compare to our detailed
numerical calculations using the halo model. The toy
model captures the order of magnitude of the distortion
signal, but the detailed shape of the spectral distortion is
only described correctly by the full halo model calculation.
We consider only the lowest-order distortion to the CIB
monopole here (the analogue of the tSZ effect in the
CMB), leaving a full treatment of kinematic and relativistic
effects (along the lines of e.g., Refs. [7,31]) to future work.
The resulting inverse-Compton CIB distortion repre-

sents a new signal that can be detected by monopole
experiments (e.g., PIXIE [52]) or by anisotropy experi-
ments (e.g., CCAT-p [53]), although further theoretical
calculations are needed to compute the latter observables
(we provide a first estimate of the power spectrum in
Appendix C.) In addition, separating the inverse-Compton

1The only redshift dependence of the tSZ effect comes from
the changes in the properties of the clusters at different redshifts
(e.g., typical mass and size). As a result, for example, the catalogs
of clusters detected through the tSZ signal are not redshift
independent, particularly for experiments with relatively large
beams (e.g., Ref. [8]).

2Previous work on the CIB included the redshift dependence of
the CIB but not of the Compton-y field [33]. The same issue will
be present for inverse-Compton scattering of the cosmic radio
background. Approximating the cosmic radio background as a
“true background” may be more valid than for the CIB, as the
origin of the radio background is much less well understood
[50,51]. Nevertheless, some fraction of the radio background
must be generated by radio sources at late times, which will
overlap in redshift with the groups and clusters that comprise the
Compton-y field. Previous works on the distortion in the radio
background emphasized the importance of this redshift depend-
ence, and although detailed modeling was neglected, included an
overall fðzÞ factor to illustrate some of the possible effects of the
redshift dependence [30,31].
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CIB distortion anisotropies from other signals in the small-
scale far-infrared sky will require dedicated analysis. A
detection of the monopole signal considered here would
yield new information about the redshift kernel of the CIB,
as well as the SED properties of the CIB sources. This
signal is also potentially a new “foreground” for CMB
spectral distortions, such as the all-sky relativistic tSZ
distortion [54–56]. As we show below, the impact on
forecasts for CMB spectral distortions’ signal-to-noise is
fortunately small.
The remainder of this paper is organized as follows. In

Sec. II, we present the theory underlying our calculations,
including the inverse-Compton scattering of a toy-model
modified blackbody SED, the halo model formalism for the
CIB and Compton-y fields, and the full, self-consistent
calculation of the CIB monopole and its inverse-Compton-
induced distortion. In Sec. III, we present detailed numerical
results for the expected monopole distortion signal, includ-
ing its dependence on physical CIB parameters, and
determine its detectability in near-future experiments and
its impact on CMB spectral distortion forecasts. We discuss
our results and conclude in Sec. IV.
We assume a flat ΛCDM cosmology with para-

meters consistent with those from Planck [57]:
Ωm¼0.316, Ωb ¼ 0.049, σ8¼0.811, ns¼0.966, and
H0¼67.3 km=s=Mpc.

II. THEORY

In this section, we compute the thermal SZ distortion of
the sky-averaged CIB, in the nonrelativistic approximation.
We consider two different models for the CIB monopole:
(i) a simple modified blackbody SED (Sec. II A), which we
use as a toy model to gain intuition for the expected
distortion signal, and (ii) a complete halo model calcu-
lation, including simultaneous treatment of the Compton-y
field (Secs. II B and II C).

A. Toy model: Modified blackbody SED

In the toy model calculation, we treat the CIB as a “true
background” and assume that all the Compton-y sources are
concentrated at z ¼ 0. With these approximations, we are
able to compute the distortion generated by all scatterers on
the full past light cone in a single operation. In the full, halo
model calculation approach described later in Sec. II B,
however, we account for the simultaneous redshift evolution
of both the CIB and Compton-y fields.
The CIB monopole emission for photon frequencies

100≲ ν≲ 1000 GHz is described relatively well by a
modified blackbody (MBB) spectrum [47]. Therefore,
for an initial toy model calculation of the inverse-
Compton effect in the CIB, we adopt an MBB photon
occupation distribution,

FIG. 1. Left: CIB monopole signal as a function of different minimum source redshifts zmin, integrated up to zmax ¼ 12 (with
darker shades corresponding to lower zmin values). The intensity of the full signal at z ¼ 0 peaks at ICIB ≈ 1.1 × 106 Jy=sr near
ν ≈ 1265 GHz. The grey dash-dotted curves show the CIB monopole as seen by an observer at z ¼ 0 while the solid blue lines show
the signal seen by an observer at zmin. As expected, the latter are shifted to higher frequencies in the plot, but the two curves coincide
for zmin ¼ 0. Right: normalized CIB redshift kernels at different frequencies (purple, with darker shades corresponding to higher
frequencies) compared to the redshift kernel of the Compton-y field (dotted). The CIB emission primarily originates between
z ∼ 1–6, depending on the frequency under consideration, while the contributions to Compton-y are dominated by z ≲ 2. The partial
overlap of the Compton-y and CIB source kernels implies that their coevolution needs to be taken into account when calculating the
inverse-Compton distortion in the CIB.
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NMBBðνÞ ¼ AMBB

�
ν

ν0

�
β 1

e
hν

kBTMBB − 1
ð1Þ

with a corresponding specific intensity

IMBBðνÞ ¼
2hν3

c2
NMBBðνÞ; ð2Þ

where NMBBðνÞ is the photon occupation number at photon
frequency ν, AMBB is an overall amplitude parameter, β is
the emissivity index, ν0 is the normalization frequency,
TMBB is an effective temperature, kB is Boltzmann’s
constant, and h is Planck’s constant. We note that TMBB,
β, and ν0 are not physical quantities of any photon source,
but simply free parameters of this function, generally
determined via a fit to data. In this initial toy model
calculation, we approximate the CIB monopole at z ¼ 0
using Eq. (2) (the numerical values of the free parameters
will be discussed below). Using the Kompaneets equation,
we then compute the inverse-Compton-induced distortion
that arises from CIB photons obeying this SED scattering
off free electrons in a cluster at z ¼ 0.
Multiplying the resulting distortion template by the

total Compton-y value expected in our Hubble volume,
y ≈ 1–2 × 10−6 [54,56,58,59], then gives a rough estimate
of the observable CIB distortion signal. (Our fiducial model,
described in the next subsection, yields y ¼ 1.58 × 10−6).
The correct, complete calculation of the inverse-Compton
CIB distortion, which we perform in the next subsection,
computes the CIB monopole SED seen by clusters at each
redshift along our past light cone, and computes the
distortion induced by the Compton-y field at that redshift.
In the nonrelativistic limit (kBTe ≪ mec2), the interac-

tion between photons and electrons can be described by the
Kompaneets equation [60], which in the limit that Tγ ≪ Te

reduces to

∂N
∂y

≈
1

ν2
∂

∂ν

�
ν4

∂N
∂ν

�
: ð3Þ

Here, y is the dimensionless Compton-y parameter, which
determines the strength of the Comptonization, and the
derivative is understood to be taken along the photon path,
i.e., the equation expresses the change in the photon
occupation number as the photons traverse a free electron
gas, as a function of the Compton-y distribution along the
photon path. The y parameter is defined as

yðn̂Þ ¼ σT
mec2

Z
dl neðn̂; lÞkBTeðn̂; lÞ

¼ σT
mec2

Z
dl Peðn̂; lÞ ð4Þ

where σT is the Thomson cross section,mec2 is the electron
rest-mass energy, ne, Te, and Pe are respectively the

electron number density, temperature, and pressure, n̂ is
the position on the sky, and l is the distance along the line of
sight. (Our computation of y within the halo model is
presented in Sec. II B.)
Let us first recall the resulting distortion in the case of

the CMB, in which the initial photon occupation number
follows the blackbody form. Assuming y ≪ 1 (i.e., the
single scattering limit for an optically thin cloud of
electrons), using a blackbody photon distribution in the
Kompaneets equation yields the well-known thermal SZ
distortion [1]:

ΔNCMBðxCMBÞ ¼ yGðxCMBÞ with xCMB ≡ hν
kBTCMB

and GðxÞ≡ xex

ðex − 1Þ2
�
x coth

�
x
2

�
− 4

�
ð5Þ

where the approximation ∂N=∂y ≈ ΔN=y, valid for small
Compton-y, was used.
Now turning to the CIB, using Eq. (1) in the Kompaneets

equation, we obtain the change in photon occupation
number for the toy model MBB CIB SED:

ΔNMBBðxÞ ¼ yAMBB

�
x
x0

�
β
�
βðβ þ 3Þ
ex − 1

−
xð2β þ 4þ xÞex

ðex − 1Þ2

þ 2x2e2x

ðex − 1Þ3
�

with x≡ hν
kBTMBB

: ð6Þ

Note that the relevant temperature in the dimensionless
frequency x is now TMBB rather than TCMB, and we have
implicitly assumed that TMBB scales like (1þ z) in the
same way that TCMB does. Equation (6) can also be
rewritten in terms of the blackbody tSZ distortion function
GðxÞ as

ΔNMBBðxÞ ¼ yAMBB

�
x
x0

�
β

×

�
GðxÞ þ β

ex − 1

�
β þ 3 −

2xex

ex − 1

��
: ð7Þ

When β ¼ 0, we recover the spectral distortion for a
blackbody spectrum found in Eq. (5), as expected. We also
note that the limits of ν4NðνÞ and ν4dNðνÞ=dν need to
vanish as ν → 0 and ν → ∞ so that the total number
density of photons is conserved over time [61]. Requiring
that the limit of ν4NMBBðνÞ vanishes as ν → 0 sets a
constraint that β > −3 and requiring that ν4dNMBBðνÞ=dν
vanishes as ν → 0 sets the constraint β > −2.3 This
mathematical constraint for no production or destruction

3In practice, setting constraints on β using these limits is more
complicated. For example, free-free absorption as ν → 0 means
that there will be a finite number of photons regardless of what
value β is.
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of photons during scattering is consistent with the positive
power-law indices for modified blackbody SEDs due to
infrared sources in the literature, e.g., β ≈ 1.75 [47].
Converting from photon occupation number to the
observable CIB spectrum, our toy model spectral distor-
tion is thus

ΔIMBBðνÞ ¼
2hν3

c2
ΔNMBBðxÞ; ð8Þ

with ΔNMBBðxÞ given by Eq. (6).
To set the numerical values of the parameters appearing in

Eqs. (1) and (2), we compare the simple MBB SED to the
results of our detailed halo model calculation of the CIB
monopole (see Sec. II B). From our halo model implemen-
tation we find that the CIB monopole peak amplitude is
≈1.1 × 106 Jy=sr at frequency ≈1290 GHz (see Fig. 1). We
show the best-fit MBB SED to the halo model-computed
CIB monopole in Fig. 2. To perform the fit, we fix
ν0 ¼ 353 GHz and use the curve_fit function from
the SciPy library [62] to find the best-fit values of the
parameters. Fitting the monopole SED between 100 GHz
and 1 THz, we obtain TMBB ¼ 12.74 K, β ¼ 1.49, and
AMBB ¼ 6.1 × 10−6 sr−1. We note that there is a significant
degeneracy between β and TMBB in the fit. In addition, as
seen in Fig. 2, the MBB toy model fails to describe the true
CIB monopole at ν ≫ 1 THz. Nevertheless, it is still useful
to gain intuition for the expected distortion signal, and it is
quite accurate at ν < 1 THz.
Figure 3 (left panel) shows the toy model calculation for

the CIB distortion signal, computed using Eq. (8) with the

best-fit MBB parameters discussed in the previous para-
graph. To obtain the amplitude of the distortion, we use the
total y value obtained in our halo model calculation in the
next subsection, y ¼ 1.58 × 10−6 (Fig. 1). Thus, making
the simplifying assumption that the entire distortion signal
is generated at z ¼ 0, i.e., that the distortion signal is
proportional to the total Compton-y multiplied by the
change in the MBB photon distribution [Eq. (6)], we
obtain the black curve in the left panel of Fig. 3. The
amplitude of the distortion agrees with a back-of-the-
envelope estimate: since the CIB monopole amplitude is
∼106 Jy=sr and y ∼ 10−6 we expect that the distortion has
an amplitude of ∼ few Jy=sr.
We can use the results of the toy model calculation to

determine the approximate null frequencies of the inverse-
Compton CIB distortion, analogous to the null frequency of
the usual tSZ effect at 218 GHz. The null frequencies occur
where Eq. (6) vanishes, which yields

xβ

ðex − 1Þ3 ½ βðβ þ 3Þðex − 1Þ2 − xexð2β þ 4þ xÞ

× ðex − 1Þ þ 2e2xx2� ¼ 0: ð9Þ

In the limit that x ≫ 1, such that ex − 1 ≈ ex, this yields

xnull ≈ 2þ β �
ffiffiffiffiffiffiffiffiffiffiffi
4þ β

p
; ð10Þ

while in the limit of x ≪ 1, writing ex¼1þxþ x2
2
þOðx3Þ,

we find the roots

xnull ≈
3β2 þ 9β �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
96þ 72β − 3β2 − 18β3 − 3β4

p
4þ 5β þ β2

: ð11Þ

For our fiducial value of β ¼ 1.49, the null frequencies
in these limits are xnull ∈ f1.15; 5.83g and xnull ∈
f0.66; 2.28g, respectively. However, in the first case it is
clear that the assumption x ≫ 1 only holds for the root
xnull ≈ 5.83. Manifestly, the approximate physical root is
thus xnull ≈ 2þ β þ ffiffiffiffiffiffiffiffiffiffiffi

4þ β
p

. Similarly, in the second case,
the assumption x ≪ 1 holds only for xnull ≈ 0.66, which is
the negative branch of the quadratic solution. We thus
anticipate two physical null frequencies, and we expect that
the exact numerical values of the null frequencies should be
near these approximate results. Indeed, by directly solving
Eq. (9) numerically, we find the roots xnull ≃ 0.65 and
xnull ≃ 5.79, which confirms our expectation.
Equations (10) and (11) demonstrate that the null

frequencies are determined by the emissivity index β
(and of course the temperature TMBB that converts from
x to physical frequency). The special case of β ¼ 0,
corresponding to a pure blackbody SED, yields approxi-
mate null frequencies in the x ≫ 1 and x ≪ 1 limits at
xnull ≈ 4 and xnull ≈ −2.45, respectively, with the latter
clearly being unphysical. The former, however, is indeed

FIG. 2. MBB spectrum (dashed black) compared to the halo
model-computed CIB monopole (solid blue). The MBB spec-
trum here is fit to the halo model CIB monopole over the
frequency range 100 GHz–1 THz, fixing ν0 ¼ 353 GHz
and finding the best-fit values for the other MBB parameters
in Eq. (1): TMBB ¼ 12.74 K, β ¼ 1.49, and amplitude
AMBB ¼ 6.1 × 10−6 sr−1. Note that these spectra do not include
the inverse-Compton CIB distortion. The CIB monopole in-
tensity determined from Planck HFIþ IRAS [47] (orange filled
circles) and COBE=FIRASþ Planck HFI observations [63]
(green open diamonds) is also shown.
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the classic tSZ null frequency at ν ≈ 220 GHz (the
detailed numerical solution in this case yields xnull≃
3.83, i.e., νnull ≃ 218 GHz for TCMB ¼ 2.726 K.) For our
fiducial value of TMBB ¼ 12.74 K, the roots xnull ≃ 0.65
and xnull ≃ 5.79 correspond to νnull ≃ 174 and 1540 GHz,
respectively.
The null frequencies can be seen in Fig. 3. It is interesting

to note that unlike in the standard CMB case, we find that
there are two null frequencies in the CIB inverse-Compton
distortion. The higher null frequency (1540 GHz) arises
near the peak of the CIB monopole, analogous to the usual
zero crossing in the blackbody CMB tSZ effect at
ν ≃ 218 GHz. At this null, lower-frequency photons below
the SED peak are upscattered to higher frequencies above
the peak. The unique lower null frequency at 174 GHz
arises due to the steepness of the CIB monopole SED at low
frequencies and the “tilt” in the spectrum due to broadening
of the SED generated by Compton scattering. In fact, using
the results of Eq. (11), we can determine a condition on β for
the existence of this lower null frequency. Requiring the root
in this limit to be physical (xnull > 0) dictates that we must
have β > 1 in order for this null frequency to exist. This can
also be validated in detail by numerically solving Eq. (9) for
various β values (note that we consider only β ≥ 0 through-
out this discussion, as this is the case relevant for dust
emission and the CMB.) If the SED is too shallow
(0 ≤ β ≤ 1), such as in the case of the CMB blackbody,

then the upscattering does not generate a sufficient tilt in the
distorted SED to obtain a null frequency. In Sec. III A, we
discuss the null frequencies for the detailed halo model
calculation of the inverse-Compton CIB distortion, which
are close to (but slightly different from) the approximate
results for the toy model MBB SED found here.

B. CIB and Compton-y within the halo model

The toy model of the previous subsection uses a single-
temperature MBB SED to approximate the CIB monopole
at z ¼ 0. However, this is clearly not a fully realistic model,
as we have not actually calculated the thermal emission
from star-forming galaxies in detail. Thus, in this subsection
we implement more sophisticated models that provide a
good fit to observed dusty galaxy SEDs (see Ref. [64] and
references therein). Here, for our implementation of the CIB
in the halo model (see Ref. [65] for a review of the halo
model), we use the CIB model introduced in Ref. [66] (and
reviewed in detail in Ref. [67]) and parameters from Planck
fits [47], which are enumerated in Table I. We briefly
discuss alternative CIB models in Sec. IV.
In our halo model of the CIB, the galaxy SEDs as

functions of galaxy rest-frame frequency ν and redshift z
are represented by a MBB at low frequencies and a power
law at high frequencies, and are normalized according to
Θðν̃Þ ¼ 1, where

FIG. 3. Left: inverse-Compton CIB distortion calculated using the toy model MBB SED (black) and the complete halo model for the
monopole and Compton-y field (red). Negative values are plotted with dashed curves. The distortion calculations match fairly well
between 200 GHz and 2 THz, as expected from their respective CIB monopole spectra shown in Fig. 2, but the more accurate halo model
calculation has a much larger high-frequency tail. The maximum amplitudes are similar but lower for the halo model distortion
(≈4 Jy=sr vs ≈10 Jy=sr), since it properly accounts for the fact that CIB photons generated at low redshifts are only scattered by the
lower-redshift Compton-y field. The null frequencies are also slightly closer together for the halo model calculation (196 and 1490 GHz)
than for the MBB toy model (174 and 1540 GHz). Right: undistorted (solid blue) and distorted (dotted red) CIB monopoles, with the
distortion enhanced by a factor of 104.8 for illustrative purposes. Here both the monopole and distortion are computed with the full halo
model (rather than the MBB toy model). The two curves cross twice: at a low frequency where the CIB signal is steep (≈196 GHz) and
near the peak (≈1490 GHz).
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Θðν; zÞ ¼
(
ðνν̃Þβ BνðTdðzÞÞ

Bν̃ðTdðzÞÞ for ν < ν̃;

ðνν̃Þ−γ for ν ≥ ν̃;
ð12Þ

where BνðTdÞ ¼ 2hν3

c2 ðe hν
kBTd − 1Þ−1 is the blackbody SED at

temperature TdðzÞ parametrized as

TdðzÞ ¼ T0ð1þ zÞα; ð13Þ

with α ¼ 0.36 and T0 ¼ 24.4 K in our fiducial model. The
pivot frequency ν̃ is defined via the continuity condition
ðd lnΘ=d ln νÞjν̃ ¼ −γ, yielding

ν̃ðzÞ ¼ kBTdðzÞ
h

ð3þ β þ γ þW0ðλÞÞ with

λ ¼ −ð3þ β þ γÞe−ð3þβþγÞ; ð14Þ

where W0 is the Lambert function, and with β ¼ 1.75 and
γ ¼ 1.7 in our fiducial model.
Given these SEDs, we compute a galaxy luminosity by

making the assumption that it depends simply on the mass
M and redshift z of its host dark matter halo, via the
functional form

Lgal
ν ðM; zÞ ¼ L0ΦðzÞΣðMÞΘðν; zÞ; ð15Þ

where L0 ¼ 6.4 × 10−8 JyMpc2=M⊙ is a normalization
factor [67], ΦðzÞ ¼ ð1þ zÞδ with δ ¼ 3.6 specifies the
redshift dependence of the mass-luminosity relation, and
ΣðMÞ is a log-normal distribution

ΣðMÞ ¼ Mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πσ2L=M

q e−ðlog10ðM=M⊙Þ−log10ðMeff=M⊙ÞÞ2=2σ2L=M ð16Þ

with dispersion σ2L=M ¼ 0.5 and mean log10Meff=M⊙ ¼
12.61. The latter parameters control the mass dependence,
i.e., they determine the range of halo masses responsible for
the IR emission. This mass-luminosity relation was intro-
duced in Ref. [66] to account for the suppression of star
formation at low and high halo masses due to astrophysical
processes such as feedback.
Assuming that the luminosity of a galaxy is described

by the same function [Lgal
ν of Eq. (15)] for both central

and satellite galaxies, the central galaxy luminosity can be
written as

Lcen
ν ðM; zÞ ¼ NcenðM; zÞLgal

ν ðM; zÞ ð17Þ

where Ncen is the expectation value for the number of
central galaxies residing in a halo of mass M, represented
by a step function

NcenðM; zÞ ¼
�
0 for M < MHOD

min ;

1 for M ≥ MHOD
min ;

ð18Þ

withMHOD
min ¼ 1010 M⊙, the minimum halo mass to contain

a galaxy. The satellite galaxy luminosity is

Lsat
ν ðM; zÞ ¼

Z
M

MHOD
min

dMs
dN
dMs

Lgal
ν ðMs; zÞ ð19Þ

where dN=dMs is the subhalo mass function given in
Eq. (12) of Ref. [68]. For computational efficiency, we
pretabulate this integral on a mass and redshift grid. Now,
taking into account the contribution from both centrals and
satellites, the total halo luminosity is

LνðM; zÞ ¼ Lcen
ν ðM; zÞ þ Lsat

ν ðM; zÞ: ð20Þ

Finally, the comoving (denoted with a tilde) CIB monop-
ole intensity at redshift z is obtained by integrating the
halo luminosity over all halos beyond this redshift (see
Appendix A for a detailed derivation):

ĨCIBνz ðzÞ ¼
Z

zmax

z
dz0

cj̃νzðz0Þ
ð1þ z0ÞHðz0Þ with

j̃νzðz0Þ ¼
Z

Mmax

Mmin

dM
dN
dM

Lð1þz0Þ
ð1þzÞνz

ðM; z0Þ
4π

; ð21Þ

where we use zmax ¼ 12 (i.e., the highest redshift where
the CIB is sourced in our model) in the redshift integral
and HðzÞ is the Hubble parameter. We have checked that
contributions to the CIB monopole at higher z are
negligible. The frequency νz is the photon frequency as

TABLE I. Fiducial CIB halo model parameters, adopted from
Refs. [47,67]. The top six parameter values are from fits to Planck
spectra, while the bottom two are unconstrained, fixed values
(also marked with *).

Parameter Parameter description Value

α
Redshift evolution of dust
temperature

0.36

T0 Dust temperature at z ¼ 0 24.4 K
β Emissivity index of SED 1.75

γ
Power law index of SED at
high frequency

1.7

δ
Redshift evolution of L–M
normalization

3.6

Meff Most efficient halo mass 1012.6 M⊙

L0
Normalization of L–M
relation 6.4 × 10−8 JyMpc2=M⊙

MHOD�
min

Minimum halo mass to
host a galaxy 1010 M⊙

σ2�L=M L=M dispersion 0.5
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seen by an observer at redshift z: a photon of frequency νz
at redshift z would appear at frequency νz=ð1þ zÞ today,
and was at frequency ð1þ z0Þνz=ð1þ zÞ at z0 [which is the
frequency that enters in the evaluation of the galaxy SED
in Eq. (12)]. For the halo abundance, dN=dM, we use the
halo mass function from Ref. [69] (i.e., a normalized
version of the formula from Ref. [70])4 and integrate
between Mmin ¼ 1010 M⊙ and Mmax ¼ 1016 M⊙. Note
that we define the halo mass by the boundary enclosing
an overdensity that is 200 times the mean matter density,
i.e., M200m, for the halo mass function and the CIB SED
and luminosity functions.
As we saw in Sec. II A, the Compton-y parameter

determines the amplitude of the inverse-Compton CIB
distortion. However, our simple model in the previous
section assumed that all of the scattering takes place at
z ¼ 0, whereas in reality the scattering takes place
throughout the history of the Universe, after the first
groups and clusters form. As seen in Fig. 1, the redshift
kernel of the CIB and the Compton-y fields has nontrivial
overlap, i.e., CIB photons are being produced during the
epoch in which hot electrons are virializing in the potential
wells of galaxy clusters. Therefore, in order to accurately
predict the inverse-Compton CIB distortion, we also
need to compute the halo model Compton-y monopole
and its redshift evolution in a self-consistent manner.
The Compton-y parameter is the line-of-sight integral of
the electron pressure, Pe. Within the halo model, the
Compton-y monopole hyi is given by (e.g., Refs. [54,59])

hyi ¼
Z

zmax;y

zmin;y

dz
cχ2ðzÞ
HðzÞ

dy
dz

with

dy
dz

≡
Z

Mmax

Mmin

dM
dN
dM

y0ðMΔ; zÞ; ð22Þ

where

y0ðMΔ;zÞ≡ σT
mec2

4πr3Δ
dAðzÞ2

Z
xmax

xmin

dxx2PeðxÞ with

x≡r=rΔ and rΔ¼½3MΔ=ð4πΔρcritðzÞÞ�1=3: ð23Þ

Here, χðzÞ ¼ ð1þ zÞdAðzÞ is the comoving distance where
dA is the angular diameter distance to redshift z, ρcritðzÞ is the
critical density of the Universe at z, and we use the fitting
function for the electron pressure profile from Ref. [71],
which is defined forM200c, i.e., with respect to 200 times the
critical density (Δ ¼ 200). (See Appendix B for details on

the pressure profile formula.) To convert between M200m
[i.e., Δ ¼ 200 ΩmðzÞ] used for the halo mass function
and M200c, we use the concentration-mass relation from
Ref. [72]. In our implementation, the radial profile is
integrated between xmin ¼ 10−5 and xmax ¼ 4 (i.e., the
pressure profile is truncated at four times the radius r200c
as in Ref. [73]) while the mass integral is computed between
the same mass limits as for the IR emission of Eq. (21). The
pressure profile parameters from Ref. [71] used in our
calculations are listed in Table III in Appendix B. For the
total Compton-y used in our toy model distortion and quoted
throughout this paper (y ¼ 1.58 × 10−6; Sec. II A), we use
redshift bounds zmin;y ¼ 0.005 and zmax;y ¼ 6. We have
checked that Compton-y contributions from sources at
higher redshifts are negligible.5

We implement the CIB and Compton-y monopole
computations in the halo model code CLASS_SZ [19],6

which performs a fast and accurate evaluation of the
redshift and mass integrals using an adaptive Patterson
scheme imported from CosmoTherm [74], and is built on
the underlying structure of the Boltzmann code CLASS

[75].7 The left panel of Fig. 1 shows the CIB monopole
computed by integrating between various zmin and
zmax ¼ 12. The darkest curve (zmin ¼ 0) corresponds to
the total CIB signal, which peaks at ICIB ≈ 106 Jy=sr, while
the faintest one shows the contribution to the CIB monop-
ole between zmin ¼ 6 and zmax ¼ 12, which has a maxi-
mum value 2 orders of magnitude lower at ≈104 Jy=sr.
The grey dash-dotted curves correspond to the CIB signal
observed at z ¼ 0 (as sourced by contributions between
zmin and zmax), while the solid blue curves correspond to
the signal seen by an observer at zmin. Accordingly, the
latter are shifted to higher frequencies, but the curves
coincide for the calculations with zmin ¼ 0.
The right panel of Fig. 1 shows the CIB redshift kernels

for various observational frequencies, normalized such that
the total integral is unity in each case. At the highest
frequency considered (3000 GHz), most of the CIB
emission originates between 0≲ z≲ 3, while for the lowest
frequency (217 GHz), the kernel is dominated by higher
redshifts (2≲ z≲ 6). We also plot the normalized
Compton-y redshift kernel [Eq. (23)], which peaks near
z ≈ 0 and is dominated by contributions from z≲ 2. The
evident and nontrivial overlap of the CIB and Compton-y
redshift kernels, which is larger at higher CIB frequencies,
shows the need to account for their coevolution in order to

4We use a redshift-dependent normalization, i.e., the normali-
zation factor αðzÞ is chosen such that

R
νmax
νmin

dν fðν; zÞbðν; zÞ ¼ 1

with νmin ≪ 1 and νmax ≫ 1, where fðν; zÞ is the halo multi-
plicity function. In practice, we interpolate the table originally
provided in https://github.com/simonsobs/hmvec/blob/master/
data/alpha_consistency.txt.

5Note that this value includes only the Compton-y signal from
the ICM, neglecting the intergalactic medium and reionization
contributions, each of which contributes roughly hyi ≈ 10−7

[54,56].
6https://github.com/asabyr/class_sz/tree/cib, commit number

32c5f852619cf3fe488631074f2d9a5a16144603.
7https://github.com/lesgourg/class_public, version v2.9.4 last

updated 20 July, 2020.
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accurately predict the inverse-Compton scattering effect
in the CIB spectrum. We describe this calculation in the
next subsection.

C. Integrated CIB spectral distortion:
Accounting for coevolution

In our toy model calculation in Sec. II A, we predicted
the distortion of the CIB spectrum assuming a simple MBB
CIB monopole undergoing inverse-Compton scattering off
ICM electrons at z ¼ 0. However, the CIB emission and the
Compton-y field are sourced at overlapping redshifts, as
shown in Fig. 1 and described in detail in Sec. II B.
Therefore, in order to account for their coevolution and
calculate a more realistic signal using the halo model
framework, we need to compute the differential distortion
due to Compton-y sources at each redshift, and then
integrate over all redshifts to get the total distortion.
To do this, we begin by expressing the Kompaneets

equation [Eq. (3)] in terms of specific intensity, in our case
applied to the CIB monopole signal, using the relation
between photon occupation number and specific intensity
introduced in Eq. (2):

∂ĨCIBνz ðzÞ
∂y

¼ νz
∂

∂νz

�
ν4z

∂

∂νz
ðĨCIBνz ðzÞν−3z Þ

�
ð24Þ

where ĨCIBνz ðzÞ is the comoving CIB monopole intensity
observed at redshift z as defined earlier in Eq. (21) and νz is
the frequency of the photons at that redshift. This version of
the Kompaneets equation allows us to calculate the dis-
tortion directly using the numerically implemented CIB
model. Note that by taking the same single-scattering
approximation (y ≪ 1) as in Sec. II A, we are able to
assume that the CIB monopole at redshift z is the total
undistorted CIB emission produced at all redshifts higher
than z. Then the differential distortion at z as seen at that
redshift is given by

dðΔĨCIBνz ðzÞÞ
dz

¼ dy
dz

νz
∂

∂νz

�
ν4z

∂

∂νz
ðĨCIBνz ðzÞν−3z Þ

�
ð25Þ

where dy
dz has been defined earlier in Eq. (22). To find the

total distortion as observed at z ¼ 0 at frequency ν0, we
then integrate each differential distortion evaluated at
νz ¼ ν0ð1þ zÞ over redshift:

ΔICIBν0 ðz ¼ 0Þ ¼
Z

zf

zi

dz
cχ2ðzÞ
HðzÞ

dðΔĨCIBνz Þ
dz

: ð26Þ

Note that we convert our final comoving distortion into proper
units using ΔICIBν0 ¼ ΔĨCIBν0 =a30, where a0 ¼ 1=ð1þ zÞ ¼ 1.
In practice, the multiplicative redshift factors entering the
frequency terms effectively cancel out in Eq. (24), so it does
not make a difference whether differentiation due to inverse-
Compton scattering occurs before or after the effect of CIB

redshifting is included. In other words, the total distortion can
be calculated following the previous steps or directly using
Eq. (26) and the CIB spectrum computed between z and
zmax ¼ 12, as seen at z ¼ 0. For our total halo model CIB
distortion, shown in Fig. 3, we numerically integrate Eq. (26)
from zi ¼ 0.005 up to zf ¼ 6, since the Compton-y contri-
bution is small at very high redshifts, as seen in Fig. 1. We
sample each differential CIB monopole contribution at 100
logarithmically spaced frequencies between 5 GHz and
50 THz and use the cubic spline interpolating function from
PYTHON’s SciPy library [62] to calculate the differential dis-
tortion at 1000 logarithmically spaced frequencies in that
range. We verify that our results are converged with these
choices, and that our discretization of the integral (with
Δz ¼ 0.005) is also converged.

III. RESULTS

A. Comparison between toy model MBB and full
halo model distortion calculations

Figure 3 shows the total CIB distortion due to inverse-
Compton scattering, calculated using both our analytical toy
model MBB SED described in Sec. II A and using the
complete halo model prescription described in Secs. II B
and II C. As we anticipated based on the peak amplitude of
the halo model CIB spectrum and the total Compton-y
parameter, the maximum positive (negative) amplitudes for
our toy model and full halo model distortions are ≈10 Jy=sr
(≈ − 8 Jy=sr) and ≈4 Jy=sr (≈ − 5 Jy=sr), respectively.
The positive (negative) peak amplitude in the halo model
calculation is located at 2260 GHz (940 GHz). As expected,
our halo model distortion has lower amplitude than that
computed using the MBB toy model, since our integration
accounts for the fact that less CIB emission undergoes
scattering at higher redshift, i.e., CIB photons generated at
low redshifts are only scattered by Compton-y sources at
even lower redshifts.
The shapes of the toy-model and full halo model

distortions also differ. In particular, the null frequencies
for the halo model distortion shift slightly closer together
than those in the toy model (i.e., the lower null frequency
increases, while the higher null frequency decreases). The
analytic toy-model null frequencies are at 174 and
1540 GHz, as calculated in Sec. II A, while those in the
halo model calculation are located at 196 and 1490 GHz
(see Fig. 3). Moreover, Fig. 3 shows that the distortion
calculations differ the most at low (≲200 GHz) and high
(≳2 THz) frequencies where the MBB SED no longer
describes the CIB monopole well, as seen in Fig. 2. Using
our halo model formalism, we show the differential dis-
tortion at several example redshifts in Fig. 4, both as seen at
each redshift z (blue solid curves) and at z ¼ 0 (dot-dashed
curves). Here, the null frequencies for the observer at z ¼ 0
shift as a function of the dust temperature parameter in our
halo model SED [TdðzÞ ¼ T0ð1þ zÞ0.36] and for the
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observer at z by an additional factor of (1þ z). The sum of
the differential distortion contributions over all redshifts
yields the total distortion signal shown in red in the left
panel of Fig. 3.
We now briefly investigate some of the novel astro-

physical information that can be extracted from a meas-
urement of the inverse-Compton CIB distortion. Both the
CIB distortion computed here and the usual tSZ effect in
the CMB are generated by the same Compton-y sources.
However, as demonstrated in Fig. 3, where distortions
computed using the toy-model MBB and full halo model
approaches are shown, the shape and the amplitude of the
CIB distortion contain information about the CIB monop-
ole and its redshift kernel. In Fig. 5, we show the effects
of varying several parameters in our CIB halo model on
the inverse-Compton CIB distortion. It is interesting to
note that changing each of the parameters affects the
distortion differently. For example, in the first row, when
we decrease the mass of the most efficient halo mass for
star formation (Meff ), we effectively increase the total
number of halos sourcing the CIB, so as expected the
amplitude of the CIB monopole increases (more steeply
at low frequencies). The amplitude of the distortion
therefore also increases and the second null frequency
shifts upward due to an uneven increase of CIB emission
across frequencies. In the second row, we see that by
changing the temperature of the dust at z ¼ 0 (T0), we get
an opposite effect on frequencies above and below the
peak of the CIB emission, but the peak amplitude of the
CIB monopole is unchanged. Thus, the resulting CIB
distortion has a shift in null frequency to higher (lower)
frequency when the temperature is increased (decreased),

but the amplitude of the distortion stays the same. On the
other hand, varying the redshift evolution of the dust
temperature parameter (α) affects both the amplitude and
the null frequencies, but to a lesser extent. Increasing the
power-law index that controls the redshift evolution of the
L −M normalization (δ) leads to a nearly frequency-
independent increase in the CIB monopole signal, and
thus a corresponding coherent increase in the distortion
amplitude. The amplitude of the distortion increases, but
the second null frequency does not shift.
In Fig. 5, we thus see the effect of varying some of the

CIB model parameters in the particular CIB model con-
sidered here. However, the distortion calculation can be
applied to other CIB models and thus used as an additional
tool in understanding the origin of the CIB. Moreover,
since the integration of the halo model CIB distortion
across redshift is coupled to our implementation of the CIB
monopole, it can be used to study the redshift kernel of the
CIB and provide information about the redshift distribution
of star-forming galaxies that power the CIB emission.
In particular, as empirical knowledge of the Compton-y
redshift kernel dy=dz improves from dedicated tSZ cross-
correlation studies [59], a measurement of the inverse-
Compton CIB distortion serves as a nontrivial validation of
our understanding of the CIB redshift kernel and its overlap
with the Compton-y kernel.

B. Fisher forecast

To assess the detectability of the inverse-Compton CIB
distortion in upcoming all-sky monopole measurements,
we perform a Fisher matrix calculation for the proposed
Primordial Inflation Explorer (PIXIE) mission [52] and a
future ESA Voyage 2050 mission [76], using the setup in
Ref. [55].8 In these forecasts, we set ΔIν to be the sky-
averaged total distortion signal defined with respect to an
assumed CMB blackbody SED at T ¼ 2.726 K:

ΔIν ¼ ICIBν þ ΔICIBν þ ΔICMB
ν þ Ifgν ; ð27Þ

where the first two terms on the rhs are the CIB monopole,
ICIBν , and its inverse-Compton distortion, ΔICIBν . Note that
we use an MBB spectrum for the CIB monopole signal
from Ref. [55] for simplicity and consistency with that
work, in particular the choice of free parameters varied
in the Fisher forecast. The third term in Eq. (27), ΔICMB

ν ,
is the sum of the CMB spectral distortion signals, and Ifgν
is the sum of all foreground contributions. In total we have
17 free parameters with the following definitions, fiducial
values, and abbreviated labels used in tables and figures:
(1) CIB: ACIB ¼ 3.46 × 105 Jy=sr, MBB amplitude;

βCIB ¼ 0.86, MBB spectral index; TCIB ¼ 18.8 K,

FIG. 4. Differential halo model CIB distortion at several
example redshifts. The blue solid curves show the distortion
as seen by an observer at z, while the black dot-dashed curves
show that seen at zobs ¼ 0. As expected from the Compton-y
redshift kernel, the differential distortion contribution is larger at
lower redshift, since more of the Compton-y signal is located
there. We note here that the null frequencies shift as a function of
redshift. The null frequencies of the dot-dashed curves move due
to redshift evolution of the CIB SED [mainly because of the dust
temperature redshift evolution TðzÞ ¼ T0ð1þ zÞ0.36].

8https://github.com/mabitbol/sd_foregrounds.
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MBB temperature; AΔCIB ¼ 1, dimensionless over-
all amplitude of our halo model CIB distortion.

(2) CMB spectral distortions [CMB]:
(a) Blackbody temperature deviation: ΔT ¼

1.2 × 10−4, fractional temperature difference.
(b) tSZ distortion: y¼1.58×10−6, total Compton-y.
(c) Relativistic correction to tSZ: kBTSZ

e ¼
1.245 keV, y-weighted electron temperature.

(d) Primordial μ-distortion: μ ¼ 2 × 10−8, chemi-
cal potential distortion amplitude.

(3) Foregrounds:
(a) Galactic thermal dust [Dust]: AD ¼ 1.36×

106 Jy=sr, MBB amplitude; βD ¼ 1.53, MBB
spectral index; TD ¼ 21 K, MBB temperature.

(b) Galactic synchrotron [Sync]:AS ¼ 288.0 Jy=sr,
overall amplitude; aS ¼ −0.82, power-law

FIG. 5. CIB monopole (left) and the corresponding inverse-Compton distortion (right) as a function of four CIB halo model
parameters. Each of the parameters (labeled in the plot legends and titles) has a different impact on the amplitude and the null
frequencies of the distortion, as seen in the right panels. Their effects can largely be understood by looking at how the input CIB
monopole emission changes (left panel). See the text for further discussion.
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spectral index; ωS ¼ 0.2, logarithmic curva-
ture index.

(c) Free-free [FF]: AFF ¼ 300 Jy=sr, overall am-
plitude of the spectrum derived from Ref. [77].

(d) Integrated CO [CO]: ACO ¼ 1, dimensionless
overall amplitude of the integrated CO template
calculated using the spectra from Ref. [78].

(e) Spinning dust [AME]: AAME ¼ 1, dimension-
less overall amplitude of a template signal
calculated using the model in Ref. [79].

The foreground and CMB spectral distortion models
and parameters are described in detail in Ref. [55]. As in
Ref. [55], we set 10% priors on the synchrotron amplitude
and spectral index. We use the same PIXIE instrument
configuration with 86.4 months of spectral distortion
integration time assuming 70% of the sky is used in the
analysis. We set the lowest frequency bin edge at 7.5 GHz
and the highest at 6 THz. (Note that Ref. [55] used a highest
bin cutoff at 3 THz; in our case it is advantageous to push to
higher frequencies due to the non-negligible CIB distortion
signal there.) Each of the frequency bins is 15 GHz wide,
which gives us a total of 400 frequency channels. The
parameter covariance matrix is the inverse of the Fisher
information matrix, which is calculated as

Fij ¼
X
a;b

∂ðΔIνÞa
∂pi

C−1
ab

∂ðΔIνÞb
∂pj

; ð28Þ

where indices a, b denote frequency bins, Cab is a diagonal
PIXIE noise covariance matrix (using the noise model from
Ref. [52]) and pi and pj are distortion and foreground
parameters indexed by i, j that we let vary (listed above).
Figure 6 shows a comparison of the inverse-Compton

CIB distortion signal to the CMB spectral distortions, total
foreground contribution, cosmological recombination radi-
ation (CRR), and PIXIE and ESAVoyage 2050 noise levels.
The CIB distortion peaks roughly at ≈4 Jy=sr (≈ − 5 Jy=sr,
dashed curve), while the CMB y-distortion peaks at
≈3 × 103 Jy=sr. The relative amplitudes follow expect-
ations based on their relative monopole signals, which peak
at ≈1 MJy=sr (see Fig. 3) and ≈400 MJy=sr, respectively.
In other words, the standard CMB monopole tSZ distortion
is a few hundred times larger than the CIB monopole
inverse-Compton distortion.
We compute the detection significance, i.e., the fiducial

parameter value divided by the forecast 1σ error, of the CIB
distortion for a series of sky models to determine its
detectability in the presence of each of the foregrounds.
Table II summarizes our results. In the presence of the CIB
alone, the inverse-Compton CIB distortion is measured at
3.6σ in an extended PIXIE mission. However, including all
foregrounds in the sky model decreases the detection
significance to 0.05σ, i.e., the signal is not detected. As
expected from the frequency ranges and amplitudes shown
in Figs. 6 and 7, the CMB distortions and Galactic dust
have the largest effect on the detectability of the CIB

FIG. 6. Inverse-Compton CIB spectral distortion signal (red curve) compared to CMB spectral distortions (ΔTCMB, Compton-y, μ, and
relativistic SZ), cosmological recombination radiation (CRR) and total foreground emission (dotted magenta). Here, we have used
y ¼ 1.58 × 10−6 (our fiducial halo model value) and μ ¼ 2 × 10−8 for the CMB distortions. Also shown are the noise levels for both an
extended PIXIE mission with 86.4 months of integration time and a Voyage 2050 mission with lower and upper noise limits set at 0.01
and 0.05 times the PIXIE noise, respectively. For the spectral distortions, negative (positive) values are indicated by dashed (solid)
curves.
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distortion. The CMB signals are important at lower
frequencies, while dust dominates at high frequencies
(see Fig. 7). Synchrotron emission, on the other hand,
has little effect on our forecasts and therefore eliminating
synchrotron priors in our analysis only decreases the
forecast signal-to-noise by ≈12% (still at ∼0.05σ).
Although detecting the inverse-Compton CIB distortion

would be challenging for a PIXIE-like mission due to
foregrounds, we also extend our forecasts to a higher-
sensitivity mission such as the ESAVoyage 2050 program
[76]. To do this, we scale the PIXIE noise level in our
calculation by a factor of 0.05 or 0.01, which correspond to
the upper and lower limits of the projected Voyage 2050
noise levels [76]. Even in the presence of all foregrounds,
we achieve a CIB distortion detection at 0.9σ and 4.6σ
significance for Voyage 2050, as shown in Table II. Thus,

this signal should be taken into account in forecasting for
future CMB spectral distortion missions.
Finally, we note that although the inverse-Compton CIB

distortion visibly overlaps at lower frequencies with the
CMB spectral distortion signals, including the CIB dis-
tortion signal in the Fisher forecast does not have any
significant effect on their signal-to-noise. The CIB dis-
tortion is a relatively small signal in comparison to the sum
of the foregrounds at those frequencies, which have a much
larger impact on the forecast signal-to-noise for the CMB
distortions.

IV. DISCUSSION AND CONCLUSION

In this work we have calculated the spectral distortion of
the CIB monopole due to inverse-Compton scattering for

TABLE II. Detection significance forecasts for the inverse-Compton CIB distortion using Fisher information matrix calculations.
We consider different sky models and list the CIB distortion detection significance for an extended PIXIE mission (86.4 months with
70% of the sky used for analysis) and a future Voyage 2050 spectrometer mission. To determine the lower and upper limit forecasts for
the latter, we scale the PIXIE noise down by factors of 20 and 100, following Ref. [76]. Here, we also assume 10% priors on the
synchrotron emission amplitude and spectral index as in Ref. [55], but excluding these priors does not have a significant effect on the
CIB distortion forecasts.

Components in sky model CIB CIB, CMB
CIB, CMB,

AME
CIB, CMB,
AME, CO

CIB, CMB,
AME, CO,

Sync

CIB, CMB,
AME, CO,
Sync, FF

CIB, CMB, AME
CO, Sync, FF,

Dust

PIXIE 3.6σ 1.3σ 1.3σ 1.3σ 1.2σ 1.2σ 0.05σ
Voyage 2050 (lower) 73σ 26σ 26σ 26σ 24σ 20σ 0.9σ
Voyage 2050 (upper) 364σ 129σ 129σ 128σ 121σ 95σ 4.6σ

FIG. 7. Inverse-Compton CIB spectral distortion signal (red) compared to each of the foregrounds, and extended PIXIE (86.4 months)
and Voyage 2050 noise levels. Foregrounds are based on the models used in Ref. [55]. The Galactic dust emission (dotted green) is the
dominant foreground at the high frequencies where the CIB distortion signal is largest.
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the first time. We considered both a simplified toy model in
which the CIB monopole is assumed to be a modified
blackbody and all of the scattering takes place at z ¼ 0, as
well as a full halo model computation in which the
coevolution of the CIB monopole and Compton-y signals
are explicitly treated. We found that the halo model CIB
distortion has maximum positive and negative amplitudes
of 4 Jy=sr and −5 Jy=sr at 2260 and 940 GHz, respectively,
and null frequencies at 196 GHz and 1490 GHz (see Fig. 3).
Using Fisher information matrix methods, we forecast

the detectability of this new inverse-Compton CIB dis-
tortion signal for an extended PIXIE (86.4 months) mis-
sion. We found that PIXIE has sufficient statistical
sensitivity to detect this signal at 3.6σ significance in
the absence of foregrounds or other sky components.
However, when realistic foreground models are included
in the calculation, the forecast signal-to-noise is negligible
(0.05σ). This is similar to the results found for the CMB μ
distortion in Ref. [55]. Improving our current knowledge
of foregrounds is therefore crucial in order to observe this
distortion in the near future. Looking further ahead, scaling
the noise level to ESA Voyage 2050, we found more
promising results with a 0.9 − 4.6σ detection significance
for the CIB distortion in the presence of the CMB and all
foreground components (see Table II).
Varying some of the halo model parameters in our CIB

monopole implementation has different effects on the shape
and amplitude of the distortion, which suggests that the
distortion can be used as an additional tool to constrain
models of the CIB. While in our work we used the CIB halo
model from Refs. [66,67], there are other models that would
be interesting to explore. These include the physically
motivated CIB model in Ref. [80], which connects matter
accretion onto dark matter halos to the star formation rate
and thus the emissivity described in Sec. II B. Therefore it
would be interesting to study this in future work as it would
connect the CIB distortion more directly to the star
formation history.
Additionally, we note that our results depend on the

electron pressure profile used in the model of the
Compton-y field, which is not currently fully constrained
(see, e.g., Fig. 1 in Ref. [56] for the range of Compton-y
monopole predictions from hydrodynamical simulations
and Ref. [59] for a range of measurements of the
Compton-y monopole redshift kernel). Other than the
pressure profile from Ref. [71] that we used here (assum-
ing the original fiducial parameter values reported in
Table III), another common choice in the literature is
the pressure profile from Ref. [81], whose normalization
depends on the hydrostatic equilibrium (HSE) mass bias.
Using the latter profile, we find that the value of hyi can be
up to ∼50% lower than that found in our fiducial model,
depending on the choice of the HSE mass bias, which
remains uncertain both from theory [82–85] and data (e.g.,
Refs. [19,86,87]). The determination of the correct model

to adopt will be possible with near-future measurements
of the thermal SZ effect in the CMB, such as direct
measurement of the sky-averaged Compton-y distortion
with a spectrometer mission (e.g., Ref. [88]), the tSZ
power spectrum (e.g., Refs. [16,18,19]), or cross corre-
lations between tSZ and large-scale structure tracers (e.g.,
Refs. [59,86,89,90]). In addition to this astrophysical
modeling uncertainty, our calculation has some depend-
ence on cosmological parameters, primarily σ8 and Ωm.
However, the numerous astrophysical inputs entering our
calculation of both the CIB and Compton-y fields are
much more uncertain than our knowledge of the cosmo-
logical parameters.
In this paper, we have focused on the inverse-Compton

distortion in the CIB monopole, as a first step in inves-
tigating this new signal. However, it is of interest to
compute the distortion anisotropies in future work, as these
may be observable by near-future experiments observing
from the ground. As a first step in this direction, we provide
an estimate of the inverse-Compton CIB distortion power
spectra in Appendix C. We perform this calculation by
taking the product of the halo model Compton-y power
spectrum, Cyy

l , calculated with CLASS_SZ [19] (see
Appendix C for further details), and the square of our
toy model MBB SED distortion as written in Eq. (8) (but
without the Compton-y parameter there, as this has been
replaced by the y power spectrum). We then estimate the
signal-to-noise for detecting this power spectrum using
expected sensitivity levels for the upcoming CCAT-p
experiment [53]. Figure 8 in Appendix C shows the noise
power spectra for five CCAT-p observing frequency bands,
along with our estimated signal. While the signal-to-noise
that we find for the CCAT-p frequency channels is low
(≪ 1σ), the CIB distortion signal peaks at higher frequen-
cies than those observed by CCAT-p. Therefore, the
forecast may be more promising at a higher frequency
closer to 1 THz. Nevertheless, higher sensitivity is clearly
needed to detect the diffuse distortion signal. We note that
the cross correlation between the standard tSZ signal and
the inverse-Compton CIB distortion would be easier to
detect than the auto-power spectrum of the latter. However,
taking into consideration the low signal-to-noise that we
calculated for the CIB distortion power spectra, we most
likely still need a different approach for near-term meas-
urement of this new signal.
A more promising route to a first detection of the

inverse-Compton CIB distortion signal using current
technology may be to observe a known massive galaxy
cluster, such as the Coma cluster at z ¼ 0.023, which has a
large Compton-y value y ≈ 6 × 10−4 [91], or perhaps a
more distant cluster that is compact in angular extent but
still possesses a large y signal. This approach is analogous
to the first detections of the tSZ effect in the CMB
[92–96], which were made using large radio telescopes
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(e.g., OVRO) pointed at the location of massive known
clusters. As an example, for Coma we would expect the
inverse-Compton CIB distortion to have a maximum
positive amplitude around ≈2200 Jy=sr near 2.7 THz
and a maximum negative amplitude of −2700 Jy=sr near
1 THz. One could also perform a stacking analysis on
clusters observed at similar redshifts, for which the CIB
distortion SED would be similar. The inverse-Compton
CIB signal should be included in theoretical modeling for
multifrequency cluster stacking measurements, such as
those aiming to detect the relativistic tSZ signal. While
this effect is likely negligible in analyses using Planck
data (e.g., Ref. [97]), it may become important in analyses
using, for example, CCAT-p [53] and Simons Observatory
data [98]. Overall, stacking methods are likely to be more
promising than a detection of the diffuse power spectrum
signal considered above (similar again to the case of the
standard tSZ effect, for which the power spectrum was not
detected until decades after the first observations of
individual objects). We leave to future work a detailed
forecast of the detectability of such signals for upcoming
infrared observatories.
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APPENDIX A: FLUX AND COSMOLOGICAL
EXPANSION

The proper flux Smeasured by an observer at scale factor
aobs due to a source of bolometric luminosity L at scale
factor aem, with comoving distance χ between emission and
observation, is given by (e.g., Refs. [61,103])

S ¼ Lðaem=aobsÞ2
4πχ2a2obs

: ðA1Þ

Here, one factor of (aem=aobs) is due to cosmological
expansion, i.e., the dilution of the surface density or rate of
photons as the scale factor grows with time; the second
factor of (aem=aobs) arises from the redshifting of photons
(i.e., also due to cosmological expansion), which reduces
their energy. The factor of 4πχ2a2obs is the surface area of a
spherical shell around the source, crossing the observer

at aobs. Radiation energy density scales as ∝ a4 so we can
write the following expression for the comoving flux S̃:

S̃ ¼ a4obsS ¼ La2em
4πχ2

: ðA2Þ

If we now define the flux density Sν via S ¼ R
Sνdν and

the luminosity density Lν via L ¼ R
Lνdν, then we can

rewrite Eq. (A2) as

S̃ν ¼ a3obsSν ¼
Lð1þzemÞ

ð1þzobsÞν
aem

4πχ2
; ðA3Þ

where one power of both aem and aobs have now been
absorbed into the redshifting of the photon frequency
appearing in the source luminosity density.
Specific intensity is the flux density per unit solid angle

(Sν ¼
R
Iν cos θ dΩ ≈

R
Iν dΩ). The comoving CIB spe-

cific intensity measured at frequency νz by an observer at
redshift z is then obtained by summing the specific
intensity over the contributions from all sources on the
past light cone:

ĨCIBνz ðzÞ ¼
X
i

1

4π

Li
ð1þziÞ
ð1þzÞ νz

aðziÞ
4πχ2z;zi

; ðA4Þ

where we have defined the comoving distance between
z and zi, χz;zi ¼

R
zi
z dz0 c=Hðz0Þ, and i indexes each source.

We now must take the continuous limit of this result, which
involves replacing the discrete sum over sources with an
integral over the comoving volume element and the halo
mass function:

ĨCIBνz ðzÞ ¼
Z

∞

z
dz0

dV
dz0

Z
dM

dN
dM

1

4π

Lð1þz0Þ
ð1þzÞνz

ðM; z0Þaðz0Þ
4πχ2z;z0

¼
Z

∞

χ
dχ0

Z
dM

dN
dM

1

4π

Lð1þz0Þ
ð1þzÞνz

ðM; z0Þ
ð1þ z0Þ ; ðA5Þ

where we have used the fact that dV=dz0 here is the
comoving volume element for expansion from z0 to z (not
to z ¼ 0 as usual), and thus dV=dz0 ¼ 4πχ2z;z0dχ0=dz0,
which leads to the second line. Also, note that LνðM; zÞ
is the luminosity density of a halo of mass M at redshift z.
We then obtain the result in Eq. (21):

ĨCIBνz ðzÞ ¼ a3ðzÞICIBνz ðzÞ ¼
Z

∞

z
dz0

c
ð1þ z0ÞHðz0Þ

×
Z

dM
dN
dM

Lð1þz0Þ
ð1þzÞνz

ðM; z0Þ
4π

: ðA6Þ
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The comoving specific intensity is related to proper specific
intensity as ĨCIBνz ðzÞ ¼ a3ðzÞICIBνz ðzÞ as in the case of flux
density. Our results are consistent with those in Ref. [104].

APPENDIX B: PRESSURE PROFILE

In Table III we report the parameter values used in the
electron pressure profile in this work. The pressure profile
is parametrized as [71]

PeðrÞ ¼ CP0

�
x
xc

�
γ
�
1þ

�
x
xc

�
α
�

−β
ðB1Þ

with the dimensionful prefactor9 C ¼ ð2.61051 × 10−18fb
M200cH2ðzÞ=r200cÞ eV=cm3, where fb ≡Ωb=Ωm is the
cosmic baryon fraction, HðzÞ is in km=s=Mpc, M200c is
in Msun=h, and r200c is in Mpc=h. The other parameters
depend on halo mass and redshift according to p ¼
A0ðM200c=1014 M⊙Þαmð1þ zÞαz for a generic parameter p,
with A0, αm and αz given in the table below. Note that α ¼ 1

and γ ¼ −0.3 in Eq. (B1), with no mass or redshift
dependences [71].

APPENDIX C: ESTIMATE OF ANISOTROPIC
DISTORTION SIGNAL

In Fig. 8 we show a first estimate of the anisotropy power
spectrum of the inverse-Compton CIB distortion, making
use of the toy-model MBB distortion SED computed in
Sec. II A. Our computation of the Compton-y angular power
spectrum, Cyy

l , is identical to that of the Compton-y
monopole in Eq. (22), except that y0 is replaced by the
multipole-dependent profile yl given by [16]

ylðMΔ; zÞ≡ σT
mec2

4πr3Δ
d2A

Z
xmax

xmin

dx x2sincðklarÞPeðxÞ with

kl ≡ ðlþ 1=2Þ=χ and r ¼ xrΔ: ðC1Þ

In CLASS_SZ, the integral over x, which is the Hankel
transform of the pressure profile, is evaluated using GSL’s
QAWO scheme. We include both the one-halo and two-
halo contributions to Cyy

l (see, e.g., Refs. [16,18,96]).
To obtain the frequency-dependent inverse-Compton CIB
distortion power spectrum, we then multiply Cyy

l by the
square of the toy-model MBB distortion SED computed in
Sec. II A, i.e., the SED in Eq. (8) with y set to unity. This
approach is not correct in detail, as we are implicitly
assuming that the CIB is a true primordial background
field like the CMB. A correct, complete calculation would
involve a detailed treatment of the coevolution of the CIB
and Compton-y fields, as done for the CIB monopole
distortion via the halo model in Secs. II B and II C.
Nevertheless, the approximate treatment here is useful
to get a sense of the expected order of magnitude of the
signal, which can be compared to noise levels for upcom-
ing anisotropy measurements in the THz range (e.g.,
CCAT-p). We leave a full calculation of the anisotropy
signal to future work.

FIG. 8. Estimated CIB distortion power spectra (solid red/
orange) compared to CCAT-p noise power spectra (dashed blue/
magenta). The inverse-Compton CIB distortion power spectra
are computed using the square of our toy-model MBB SED (see
Sec. II A for details and parameter values; note that the SED is
now computed without the Compton-y prefactor in Eq. (8), which
is then multiplied by the Compton-y power spectrum computed
with standard halo model methods. This method is only approxi-
mate, but provides a first estimate of the order of magnitude of the
signal (shown at various frequencies in red). We compare the
signal power spectra to expected CCAT-p noise power spectra
(dashed blue). While the distortion power spectra will be difficult
to detect, dedicated observations of a few massive clusters in the
THz band may yield a detection of the CIB distortion signal,
similar to the early detections of the standard tSZ effect in the
CMB at much lower frequencies.

TABLE III. Pressure profile parameters from Ref. [71] for their
AGN feedback model and Δ ¼ 200, implemented in our halo
model for the Compton-y field via Eq. (B1).

Parameter A0 αm αz

P0 18.1 0.154 −0.758
xc 0.497 −0.00865 0.731
β 4.35 0.0393 0.415

9The numerical prefactor in C is obtained by converting units
of H, M200c, and r200c into eV=cm3, multiplying by 3Δ=16π
(with Δ ¼ 200) and dividing by 1.932 to convert the thermal
pressure Pth to the electron pressure Pe (see Secs. 3 and 4 of
Ref. [71] for details).
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