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Diffusion damping of the cosmic microwave background (CMB) power spectrum results from imperfect
photon-baryon coupling in the pre-recombination plasma. Energy release at redshifts 5 x 10* < z <
2 x 10° can create u-type spectral distortions of the CMB. These u distortions trace the underlying photon
density fluctuations, probing the primordial power spectrum in short-wavelength modes kg over the range
50 Mpc™!' < k < 10* Mpc™'. Small-scale power modulated by long-wavelength modes k; from squeezed-
limit non-Gaussianities introduces cross correlations between CMB temperature anisotropies and p
distortions. Under single-field inflation models, u x T correlations measured from an observer in an inertial
frame should vanish up to a factor of (ki /kg)? < 1. Thus, any measurable correlation rules out single-field
inflation models. We forecast how well the next-generation ground-based CMB experiment CMB-S4 will
be able to constrain primordial squeezed-limit non-Gaussianity, parametrized by fy;, using measurements
of C’;T as well as C’}E from CMB E modes. Using current experimental specifications and foreground
modeling, we expect o(fnr.) < 1000. This is roughly 4 times better than the current limit on fy; using
uxT and u x E correlations from Planck and is comparable to what is achievable with LiteBIRD,
demonstrating the power of the CMB-S4 experiment. This measurement is at an effective scale of k ~
740 Mpc~! and is thus highly complementary to measurements at larger scales from primary CMB and
large-scale structure.
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I. INTRODUCTION

The paradigm of cosmic inflation presents arguably the
most compelling and plausible scenario for the earliest
moments of the existence of our Universe and provides a
mechanism for creating the density perturbations that have
grown under the influence of gravity to form all the
structure we see in the Universe today. (For an overview
of the theoretical background and observational evidence
for inflation, see, e.g., the review by Ellis and Wands in
Chapter 23 in Ref. [1].) If a period of inflation did occur,
observations of the cosmic microwave background (CMB)
and tracers of the density field can give us clues about the
nature of the fields involved in inflation and their dynamics.
By extension, these observations can probe physics at the
energy scale of the inflationary potential, far beyond the
energy reach of any terrestrial experiment. The CMB has
most famously been used to constrain inflation models
through measurements of the power spectrum of density
fluctuations and constraints on the imprint of inflationary
gravitational-wave background on the polarization of the
CMB (e.g., [2]), but CMB observations can also shed light
on inflationary dynamics through searches for signatures of
primordial non-Gaussianity (PNG, e.g., [3-15]).

The most well-studied form of PNG is the so-called
squeezed-limit bispectrum (or Fourier-domain three-point
function), which describes a configuration of triangles in
Fourier space in which two of the kX modes have a much
larger value than the third. This corresponds to a real-
space configuration in which a long-wavelength mode
modulates the amplitude of small-scale fluctuation power.
Mathematically, this is usually expressed in terms of the
relationship of the bispectrum of curvature perturbations to
the curvature power spectrum (e.g., [16]):

12
Be(ky, ko k3) sk, = ?fNLPQ‘(kl)PC(]@)v (1)

where fy; parametrizes the amplitude of local non-
Gaussianity and is defined explicitly through the first-order
expression for real-space local PNG,

() = £y 2 G~ {B)) @

where {, is a random Gaussian field. One of the reasons the
squeezed-limit configuration is so well studied is that
models of inflation with a single scalar field whose kinetic
energy is always much less than its potential energy
(“single-field, slow-roll inflation”) produce vanishingly
small amounts of PNG of the squeezed-limit type [17].
A detection of this type of PNG at levels of fy; = 0.01
would thus rule out large classes of inflation models,
including many of the most popular and viable models

(e.g., [18]).

The best current limits on the value of fy, in the squeezed
limit come from analyses of the primary CMB from
the Planck satellite [19]: frn, = —0.9 £5.1 (68% C.L.).
Even cosmic-variance-limited maps of the CMB temper-
ature and polarization out to £ = 4000 would only improve
these limits by roughly a factor of 5 [20]. Interest is thus high
in other methods of determining fy; . From a pure mode-
counting perspective, there is much more information in the
distribution of matter in the local and moderate-redshift
Universe, but the non-Gaussianity caused by nonlinear
growth complicates bispectrum measurements of the galaxy
distribution significantly. Previous work has shown that
squeezed-limit PNG causes a unique scale-dependent bias in
the galaxy distribution [21], and this signature is a target of
upcoming galaxy surveys (e.g., [22]), as is a direct meas-
urement of the matter bispectrum supplanted with careful
modeling (e.g., [23]).

Another promising avenue for detecting or constraining
local PNG involves distortions to the blackbody spectrum
of the CMB [24-27]. The injection of energy into the
primordial plasma will distort the spectrum of the CMB,
and a known source of energy release in the early Universe
is the dissipation of small-scale acoustic waves [28-31]
from photon diffusion or Silk damping [32]. The authors of
Refs. [33,34] pointed out that a modulation of small-scale
power by long-wavelength modes that underlie squeezed-
limit PNG would result in anisotropy in the u distortion
and that a cosmic-variance-limited measurement of the
cross-spectrum between u distortions and the CMB
temperature (u x T) could in principle limit local-type
PNG to fy. < 1073. Furthermore, because the y-distortion
signal is created by perturbations with wave numbers
k =~ 50-10* Mpc~!, scales that are inaccessible by other
cosmological probes [28,35,36], constraints on fy; from
u x T are highly complementary to constraints on large-
scale PNG from primary CMB or even large-scale structure.

In Refs. [37,38], the authors performed realistic
forecasting for the limits on fy; using u-distortion
anisotropy measurements from proposed space missions,
including the effects of foreground contamination. Similar
methods have also been used to derive limits on PNG
from Planck [39,40] and COBE/FIRAS [41], with the most
stringent limit, fy;, <6800 (95% C.L.), coming from
Ref. [40].

In this work we consider the potential of measuring
u-distortion anisotropy from the ground. Ground-based
measurements have not been considered in previous works,
mainly because the calibration and stability requirements
for measuring the global y signal are so stringent that it has
been assumed that only in the exquisitely stable environ-
ment of space, with no intervening atmosphere, would such
a measurement be possible. Following Ref. [33], we point
out in this work that measuring the y-distortion anisotropy
is a fundamentally different task. Since anisotropy mea-
surements can be made with a differencing radiometer,
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most of the stability and calibration requirements are
converted to requirements on instantaneous sensitivity.

In this work we focus on the potential of the up-
coming CMB-S4 experiment [42] to measure p-distortion
anisotropy—specifically, the correlation between p and
CMB temperature and polarization anisotropies. We cal-
culate the constraints on fy; from CMB-S4 u x T and
1 x E measurements, first considering raw sensitivity alone
and then adding the effects of atmospheric contamination
and foregrounds.

The paper is organized as follows. We discuss the
theoretical background in Sec. II; we describe the methods
we use for forecasting in Sec. III; we present the survey
configuration for CMB-S4 in Sec. IV; we present our
results in Sec. V; and we conclude in Sec. VI.

II. BACKGROUND

In this section, we review some of the key theoretical
concepts in calculating and forecasting the ¢ x T and u x E
correlation arising from squeezed-limit non-Gaussianity.

A. Power spectrum and bispectrum

In the limit of purely Gaussian-distributed primordial
curvature perturbations {(k), the autocorrelation of these
perturbations is given by

(.62,) = Cops(ki+ ko) Pe(k). (3)

The power spectrum P(k) of these perturbations from
single-field inflation models is given by

272

Pi(k) = =5 A3(K), Ag(k)EAs(kfy‘_l. 4)
P

Here we use best-fit numbers from the Planck 2018 data
release [43], A, = 2.1 x 107, and n, = 0.965, reported for
a pivot scale k, = 0.05 Mpc™'.

In the squeezed limit, where the correlation between two
small-scale modes with wave number kg is modulated by a
large-scale mode with wave number ki, local non-
Gaussianity is generated, and the small-scale power spec-
trum becomes position dependent,

dlnpé‘(ks)

Pg(ks,x) = Pc(ks) 1 + dCL

Gl 6

One common measure of the level of non-Gaussianity in
the curvature distribution is the Fourier-domain statistic
known as the curvature bispectrum Bg(k;, ks, k3).
Analogous to the power spectrum and the autocorrelation,
the bispectrum is defined through its relationship to the
three-point correlation function:

(G&ete ) = @ns(ki+ ko + K ) Belki ko ks). (6)

In the squeezed limit, k;/k; — 0, the bispectrum can be
expressed as in Eq. (1), with fy; parametrizing the amount
of local non-Gaussianity coupling the power spectrum at
long and short wavelengths. In the squeezed limit, fyy,
obeys a consistency relationship with the primordial power
spectrum [44]:

dIn A%(ks)

. 12
lim — fno(kp, ks, ks) = — dinks (7)

ki /ks—0 5

For slow-roll single-field inflation, the consistency relation-
ship becomes

12
lim — =1-n,
kL/lkrsn_’O 5 Ie(ke, ks, ks) s (8)

For the specific observable u x T, however, the type of
PNG produced in single-field inflation results in a vanish-
ingly small signal, far below what is predicted by the
consistency relation [34,45]. This means any measurable
signal of y x T would rule out single-field inflation models.
We review the reasoning behind this result in Sec. I1C 1.

B. u distortions

In the early Universe, energy injected into the plasma
will efficiently thermalize through double Compton scat-
tering and bremsstrahlung, producing a blackbody distri-
bution with a new temperature. These two processes are
highly efficient until a redshift z; ~ 2 x 10, at which point
the Universe has expanded enough that the density neces-
sary for double Compton and bremsstrahlung to frequently
occur becomes too low [26].l This leaves elastic Compton
scattering, which conserves photon number, as the primary
method for the photon-baryon bath to reach thermal
equilibrium. The inefficient thermalization introduces a
chemical potential, where the mixing of different black-
body spectra at different temperatures produces a
Bose-Einstein rather than Planckian distribution [47]. At
small chemical potentials, the Bose-Einstein distribution
can be approximated as a distorted blackbody spectrum in
which

n(v) = [/ k) — 171 - [/ (kaT)tn _

1= 9)

'In reality, double Compton and bremsstrahlung processes will
always be efficient at sufficiently low frequencies, restoring a full
blackbody spectrum in equilibrium with the electrons deep into
the Rayleigh-Jeans tail. However, at z; <2 x 10°, the low-
frequency photons produced are neither efficiently transported
towards higher frequencies (where the main distortion signals are
present) nor do they give the required total photon injection to
restore equilibrium [46].
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where /1 is Planck’s constant and ky is Boltzmann’s
constant. This distortion of the CMB spectrum from a
typical blackbody is known as a p-type distortion. It occurs
until a redshift z; & 5 x 10%, where even thermalization
through single Compton becomes inefficient and distor-
tions of the y-type start being produced [48].

u distortions can be generated from a variety of mech-
anisms. The primary contribution we consider in this work
is from diffusion damping of small-scale power. The u
distortions produced by diffusion damping can be related to
the primordial curvature perturbations via

ﬂ(x ﬁ] kzé“ 1

where W(Izl , I_c;) the window function, captures the
weighted amount of dissipated modes with wave number
k [45,49,50]. To relate the amount of y distortions to the
primordial power spectrum, we take the ensemble average
of u(x) and k; = k,

(klka) ik o) % (10)

() zz—:tz / dkP (k)W (k). (11)

Assuming that u distortions are generated from subhorizon
modes at the time of dissipation, the window function is

d k— 2k2

W(k)z—4.54k2£ dz—Dj() D9, (12)

where kp, is the damping scale for energy injection from
diffusion damping,

kp(z)

and J, is the time window function for x distortions
[45,49,50]. The time window function is well approximated
by an analytical Green’s function given in Ref. [51]

~ 4.1 x 107%(1 + 2)3/2 Mpc™!, (13)

0= 1= (~55rie] )]

x e~/ (14)

where z; & 2 x 10° is defined above as the beginning of the
u-distortion era. For single-field, slow-roll inflation, the
average amount of y distortions is roughly (u(x)) =2 x
1078 [28,48,52]. We find that u distortions are tracers of
primordial perturbations in the range 50 Mpc~! < k, <1x
10* Mpc™' [28,48,52].

C. u cross correlations

Anisotropies of the CMB probe the primordial curvature
perturbations of inflation. CMB anisotropies are typically
decomposed into spherical harmonics. For example, the

real-space temperature anisotropy field ®(2) = 6T(a)/T,
can be decomposed into spherical harmonics (7)) =
> sm b, Y om(#t). The spherical harmonic coefficients of
the various CMB anisotropy fields are related to (Fourier-
space) primordial curvature perturbations through

o, = it / DAY (R)Y, (), (15)

where X denotes the type of CMB anisotropy field (we are
considering only T and E here), and AX (k) is the transfer
function connecting primordial perturbations to CMB
anisotropies. The coefficients can then be correlated with
each other:

<(a§n‘1)*a;’m’> 5ff’5mm Cf ’ (16)

where CXY is the angular cross-power spectrum of CMB
anisotropy fields X and Y. Observations of p-distortion
anisotropies can also be decomposed into spherical har-
monics:

at, = dmi~t / RO AR Y, (). (17)

where A% (k) is the transfer function capturing the leading-
order evolution of u distortion anisotropies [45,49,53,54],

AL (k) e len)) j (k). (18)
where g, p(2rec) ~ 0.11 Mpc~! [49] is the diffusion damp-
ing scale of the y anisotropies, and Ay = 1y — 1., Where
no and 7. are the conformal times corresponding to
redshifts z = 0 and recombination, respectively.

A few words about the p-distortion transfer function
approximation in Eq. (18) are in order. First, so far no self-
consistent treatment of the distortion sourcing or evolution
in the context of PNG has been carried out. The framework
for formulating this problem is now in principle
available [55-57], but a detailed solution and discussion
is beyond the scope of the present work. Second, from
previous works [49,53] and also recently [56], it is clear
that the distortion transfer functions behave differently than
temperature modes. The former undergo spectral and
spatial evolution (akin to a rotation in spectral parameters
under each scattering event), while the latter (at first order
in perturbation theory) evolve purely spatially. As such, the
propagation of distortion modes and the related distortion
damping process differs. The quoted damping scale
4,.0(Zrec) #0.11 Mpc™! is based on p-distortion evolution
in the tight-coupling limit where no Doppler terms appear
in the distortion dipole [49,53]. As such, no standing waves
form, and distortion damping occurs directly in the dipole.
This is in stark contrast to CMB temperature perturbations,
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which damp primarily in the quadrupole [58], implying
q10(2Zrec) ~ 0.14 Mpc™!. However, even if a self-consistent
treatment of the problem should certainly be carried out in
the future using the formalism of Refs. [55-57], overall the
precise value of the damping scale does not affect our
conclusions at a significant level. We demonstrate this
explicitly in the Appendix. Furthermore, we anticipate
other effects related to the sourcing of the distortion
anisotropies, window-function approximations and other
simplifications to be more significant [49,57].

While CAMB includes damping of CMB anisotropies
from the finite width of the surface of last scattering (SLS),
we also do not include this effect for u anisotropies.
Properly accounting for the effect would again require
performing a full spectrospatial calculation of the pu
thermalization history [55-57], which is beyond the scope
of this paper. We estimate how the additional damping,
along with other possible modifications to y damping,
would change our results in the Appendix. We find that our
constraints on fy;. are within 15% of our fiducial results in
all cases, suggesting the effect of the additional damping
will be minor for u anisotropies.

The angular correlation of u distortions with CMB
anisotropies is given by

<a/z;m (a};’m’)*> = 5ff’6mm’C/;X

:(47[)21-4%’% % pilks—ky)-¥
ks J ki

x (1 (ks ) (kL) )l (ks)
x AX(R)Y S, (k)Y e (R). (19)

where we have explicitly indicated here that, because of the
very different transfer functions, this correlation probes the
connection of the curvature power on very small scales

through u(%s) with the large-scale curvature ¢ (l_c'L) In other
words, this measurement is sensitive to the correlation
of a large-scale mode with two extremely small-scale
modes, i.e., the bispectrum in the ultra-squeezed limit.
The non-Gaussianities being probed are at scales of
50 Mpc™! <k, $1x10* Mpc™', much smaller than
scales probed by Planck measurements of the primary
CMB [19]. R R
The ensemble average of (u(kg){(—ky)) is

(n(8s)6CR0) = G0 Pthk) T (20)

We use this to reexpress C’;X as

24{u)
Sn

X =W e A " kP (ORALR)AY(K).  (21)

10! 102 103
{

FIG. 1. Angular cross-power spectrum of y x T and p x E for
{u) =2 x 1078 and fy; = 1. Solid lines correspond to positive
values while dashed lines correspond to negative values.

The angular power spectra C%" and C%* for (u) = 2 x 1078
and fy = 1 are plotted in Fig. 1.2

1. u x T in single-field inflation

As discussed in Sec. II A, even in single-field inflation,
squeezed-limit non-Gaussianity can be generated at the
level of fyi, ~ 1 — ny, where n; is the spectral index of the
curvature power spectrum [44]. The mechanism that
produces this squeezed-limit non-Gaussianity, however,
produces vanishingly small amounts (far smaller than the
level of fyni, =1—n,) of uxT correlations. For this
reason, y x T measurements have the potential to rule
out single-field inflation more stringently than other
probes. This was recognized by the authors of Ref. [45];
we briefly summarize their argument here.

In single-field inflation, squeezed-limit non-Gaussianity
is produced by long-wavelength modes that are outside of
the Hubble radius modulating the global small-scale power
spectrum by acting as a modulation of the global scale, or a
coordinate transformation, as seen in Eq. (5). For pu
distortions, this results in a shift in the observed value
of u in direction 7 of the form

/’t(ﬁ) = /"(Zf’)_érec) + CL(va)_érec)ﬁ : vﬁﬂ(zfv}rec)’ (22)

where X... = (19 — 1ec). However, the value of u dis-
tortion at a given position is a local phenomenon and only
traces the amount of power dissipated, which in turn
depends on the value of the local small-scale power
spectrum, which is invariant in the case of no other form
of modulation. Thus, u(X) = (u), and, relating the long-
wavelength mode {; to the large-scale temperature

*This value for (u) includes the small negative p distortion,
Ueool & —0.3 x 1078 caused by the adiabatic cooling of baryons
[25]. Since this contribution does not partake in the PNG
evolution [49], our quoted results are somewhat conservative.
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anisotropy via {; = —%@L, in the Sachs-Wolfe approxi-
mation [45], we can write

u(i) ~ () +Opit- Vi (u),
= (u) +0. (23)

This makes it clear that p distortions from diffusion
damping cannot correlate with a long-wavelength temper-
ature mode via this mechanism:

(WT) ~ (O1) () + (OF)V5(u) = (O) () = 0. (24)
This means that g x T is vanishingly small from non-
Gaussianity in single-field inflation, and the only terms that
survive are ones with (k; /kg)? suppression [45]. Therefore,

any measurable signal of y x T would rule out single-field
models. This similarly applies to y X E.

III. METHODS

Our aim is to forecast constraints on fy;, using a joint
analysis of u x T and p x E correlations from CMB-S4. In
this section, we describe the key techniques we use to
forecast sensitivity. First we describe the Fisher-matrix
formalism used to convert u, T, and E power spectra to
constraints on fyr. We then describe the component-
separation technique that allows us to predict p and
T or E power spectra given the total signal 4 noise +
foreground covariance matrix for a particular experimental
configuration. Finally, we describe how we model the noise
and foreground contributions to the band-band covariance
matrix.

A. Fisher matrix

If we would like to know how accurately we can measure
a given parameter p; in a data set, we can assume the
likelihood £ of measuring the parameter follows a
Gaussian distribution:

1 . .
L o exp _E(pi_pi)Fij(pj_pj) ) (25)

where p; is a fiducial value of the parameter and p; is the
measured value. F;; is the Fisher matrix, which captures the
covariance of measured parameters. We discuss the validity
of the assumption of Gaussian likelihood in Sec. III B.

We make the approximation that the amplitude of the
uxT and p x E spectra are controlled by a single free
parameter fy; and write

Y = et (26)

Sa=1

The Fisher “matrix” in this case is a scalar,

?InL
apiapj
?InL

- IS —F, (27)
of

ij

and the 1o uncertainty on fyy, is

1
:ﬁ'

The expected noise at a given multipole £ is given by
()= (e
_CFCE 1 ()
(2£ + l)fsky ’

o(fxe) (28)

(29)

where f, is the fraction of the full sky observed in the
survey. Our fiducial model for forecasting is C** = 0, and

we neglect the contribution of the noise part of C’;X to the
variance, as it will always be much smaller than the product
of C% and C%¥X. The likelihood is thus

Cinax (f NLC;X B 1) ’
—2InL= Y (20+1)fyy CWCQN;‘ (30)
£=Cmin ¢ 4

For the C’;;X cross spectrum (the numerator or signal
part of the Fisher matrix calculation), we use the formu-
lation in Eq. (21). For our fiducial forecasts, we adopt
{(u) =2 x 1078, For the denominator or noise part of the
Fisher calculation, we note that the auto-power spectra CXX
and C%' can be separated into signal and noise terms

C,=CS+CV, 31)

where S and N denote signal and noise, respectively. At
CMB-S4 noise levels, measurements of both CI” and CEF
are signal dominated for # <2000 (at which point our
constraints on fy are well saturated; see Fig. 6). Therefore,
we neglect the effects of noise and foregrounds on our
temperature and E-mode anisotropy maps, and can make
the approximation C¥X ~ C5*%. On the other hand, mea-
surements of C/* will be noise dominated for the foresee-
able future, such that C/ = C}* N Calculations for C;X‘S
are taken from CAMB? [59], while C;”'N is dependent on
instrument and observation parameters, including instru-
mental and atmospheric noise levels. We describe how we
obtain C% N from noise and foreground models in the
following sections.

*http://camb.info.
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The constraining powers of C’;T and C’LLE for measuring
Jn1, are comparable to each other. Rather than having
independent constraints on fy; from C’;T or C’}E, we can
use the fact that they both probe the same underlying
correlator (1) and perform a joint analysis. The authors of
Ref. [54] and Ref. [38] demonstrated that the differing
behavior of C’;T and C’}E with £ provides a better constraint
on fyr than an independent analysis. We follow their
method and modify the likelihood function to include the
correlations between 7 and E in both the signal and the
covariance. The final likelihood is then

4
max 2/ 1 S
—2InL~ Y N( = Dfso
.o ctresE— (et

2 2
X [ I (P CE )+ CEE (i L)

T E
~2CTE R O 1 Ol (32)

B. Component separation

For the purposes of our forecasting, observed maps of
the total intensity of the sky in direction 72 and frequency v;,
I;(71), can be described as a linear combination of the CMB
w1 and T signals and a noise contribution:

1;() = a,;s,(7) + arscvp () + (), (33)

where a,; and ar; are the u and temperature spectral
energy distributions (SEDs) at different frequency bands i,
and s,(77) and scyp(72) are the true underlying x and
temperature anisotropy maps. We treat all astrophysical
signals that are not CMB y or T as noise and include them
in n. We can choose to work in spherical harmonic space,
defining 1,,, such that I(72) = >, >, LzmY s (). We can
then rewrite Eq. (33) as

Ifm,i = Ay iStmpu + ar iS¢, CMB + gy (34)

Traditionally, data from CMB experiments are calibrated
such that maps in all frequency bands have the same
response to primary CMB temperature anisotropy, i.e., the
maps are in units of CMB fluctuation temperature AT or
fractional CMB fluctuation AT/T. In the latter case, the
CMB temperature SED ar; is given by

ar; = Tewme (35)

for all bands. We follow Ref. [37] and approximate the
u-distortion SED at frequencies of 20 GHz and above as

1 1
a,; = Tcms <2—19 - ;) , (36)

where

hv

~ kgTems

(37)

We can obtain a temperature-free 4 map or its spherical
harmonic transform through component separation using a
constrained internal linear combination method (CILC) [60].
This method takes advantage of the known SEDs of temper-
ature and u-distortion anisotropies and calculates weights w
that, when applied to observed frequency maps, result in
a T-free u map and a u-free T map. For example, if we assign
the u weights to the i = 0 component of w; ;, then the T-free u
map is given by

~T-free __
Py = E Woil i
F

=1x%s,+0xscup + Zwolnfm,i. (38)
i

j°

It was shown in Ref. [37] that the weights that enforce unit
response to u distortions and zero response to temperature
anisotropy, and minimize total variance, are given by

wl = el (ATC1A)TATC! (39)

where
A= (a, acys), (40)
el =(1 0), (41)

C =C}/ is the frequency-frequency Z-space covariance
matrix, and 7 denotes transpose. The above weights can
be generalized to null additional components b,, by general-
izing A — (a, acyp by ... b,,)ande” — (100 ... 0). We
note that the weights depend on multipole number 7, i.e.,
w — w,. For simplicity of notation, we leave the £ depend-
ence implicit and continue to use w. . N
The reduction of the full C/ , = (I, I, ) to C/
rests on the assumption that all sources of variance in the
maps are isotropic, stationary, and Gaussian. With detector
noise only and assuming no correlations between detector
noise at different frequencies, the covariance matrix is
diagonal (C} = Clig, ). Including foregrounds and atmos-
phere introduces correlated fluctuations between frequency
bands and requires the full frequency-frequency matrix.
The assumption of Gaussianity and statistical isotropy is
reasonably satisfied by detector noise, atmospheric emis-
sion, and extragalactic foregrounds, but not especially well
by Galactic foregrounds. The CMB-S4 “ultra-deep” survey,
which is the main survey we present forecasts for in this
work (see Sec. IV) is located in an area of the sky with very
low Galactic foreground emission. Furthermore, non-
Gaussianity in the true foreground emission not accounted

103536-7



DAVID ZEGEYE et al.

PHYS. REV. D 108, 103536 (2023)

for in the covariance will not bias the component separa-
tion; it will only make it slightly suboptimal. We note that
the Gaussianity of the likelihood [Eq. (33)] depends on the
power spectrum of the noise sources being Gaussian, not
the pixel values or modes of the noise sources themselves,
which is a lighter burden owing to the central limit theorem.
We can then obtain C/ by applying the p-distortion
weights to the frequency-frequency covariance matrix:

C =" woClwy;. (42)

ij

We discuss the various contributions to the frequency-
frequency covariance matrix CJ} in the following sections.

C. Instrument noise

Assuming detector noise that is white (uncorrelated
between time samples), uniform sky coverage, and a
Gaussian instrument beam or point-spread function, the
statistics of the map noise for frequency band i in spherical
harmonic or £ space are given by

l/l; — Niefzﬂf/(16ln(2))’ (43)

where N; and 6; are the white noise level in the map and the
angular resolution (beam FWHM) for frequency band i.
The contribution to the frequency-frequency covariance
matrix from this source will be

CE’N = (n'n/)
— NiNjeKZH,H,-/(Sln(Z)) (44)
and, for detector noise that is uncorrelated between bands,
ij,N i 2
C; _ (N )2€f2.912/(8ln(2))5[_j_7 (45)

where §;; is the Kronecker delta. For white detector noise
only, the u-distortion power spectrum reduces to

Y = Zwéi( Ni)2f°6/81n(2)) (46)

D. Atmosphere

A major source of noise that must be considered in
ground-based observations of the CMB is the emission
from blobs of poorly mixed water vapor in the Earth’s
atmosphere (i.e., clouds). For detailed discussions of this
effect and measurements of the impact at various sites, see,
e.g., Refs. [61-63]. The spectrum of cloud sizes is such that
the noise power from this source is much larger at large
angular scales, and it is often modeled as a power law in ¢
(e.g., Ref. [64]). The total detector + atmosphere noise
power in frequency band i can then be parametrized with

three numbers, namely the white noise level N;, the
multipole value at which the detector and atmosphere noise
levels are equal £y ;, and the power-law index of the
atmosphere noise @M,

CEN _ |:1 T (fkn;w)(l ‘:|(Ni)zeﬂa,?/(Sln(Z))(sij‘ (47)

Implicit in the formulation of Eq. (47) is the assumption
that the atmospheric noise is uncorrelated between bands.
In fact, nearly the opposite is the case, at least for detectors
for which the beam patterns mostly overlap at the height of
the atmospheric emission. For example, internal CMB-S4
analysis of data from the SPT-3G receiver on the South Pole
Telescope (SPT) [65,66] found that for detectors in differ-
ent frequency bands but colocated in a focal-plane
pixel, the long-time-scale fluctuations in the time-
ordered data were over 99% correlated. To model this,
we can introduce an atmospheric correlation parameter 7
and rewrite the noise + atmosphere contribution to the
frequency-frequency covariance matrix as

. f . a,a\[mu.i
CU.N -1 knee,i
G

% (Ni)zeﬂaf/(s ln(2))5ij

+ % Amo.i /2 % QAtmo.j /2
‘ Z

% NiNi 200,/ (81n(2)) 1 (48)

ijs

where 7;; = n(1 — §;;). In Sec. V, we show forecasts using
values of 5 ranging from O to 1. As the correlation 7
increases, the component separation algorithm defined in
Sec. III B is more effective in reducing the atmospheric
contribution to the final C% covariance.

E. Foregrounds

In our forecasting pipeline, we also consider the effects
of foregrounds. Foregrounds contribute to the frequency-
frequency covariance matrix as linear additions (because
they are not correlated with the other sources of covariance)
such that

Cl =N 4 i, (49)

For this work, we approximate all foregrounds as 100%
correlated across frequency bands (though we approxi-
mate each foreground source as uncorrelated with the
others), such that for a given foreground type (call it
“type X)
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FIG. 2. Spectral shape of CMB anisotropy, u distortions, and
various Galactic and extragalactic foregrounds, all divided by the
CMB anisotropy SED and scaled by an arbitrary amplitude. For
frequencies v < 100 GHz, we see that Galactic synchrotron
sharply rises, even relative to u distortions. At frequencies
v > 100 GHz, Galactic dust and the thermal SZ effect start
growing as the p-distortion spectrum starts leveling off.

C* =\ /cixci*x. (50)

Foreground sources can be separated into Galactic and
extragalactic sources, and we treat each of these in turn
below. Often in the literature, foreground amplitudes and
¢-space behavior are quoted in D, = ﬂi—;l) C,. When we
adopt such parametrizations, we keep the description in D,
but convert to C, when actually implementing the model.
We show the SEDs of the primary foreground sources,

along with the 7" and y SEDs, in Fig. 2.

1. Galactic sources

The primary sources of Galactic contamination at CMB
observing frequencies are thermal dust emission and
synchrotron emission. Interstellar dust heated by starlight
emits as a quasithermal modified blackbody. We follow
Ref. [64] and parametrize the frequency behavior and
¢-space shape of thermal dust emission as

d
Uiln \ @
d _ nd 172
Df.ul,uz - DSO.DOSUI,V2< 2 )
Lo

—0.4
. By (;Zd)Buz(Td) (ﬁ) ’ (51)
I/O(Td) 80

where B is Planck’s law, Dgo,pu is the value of D at £ = 80
and the reference frequency v, T4 is the dust temperature,
and o is the dust spectral index. Following Ref. [67],
we define DY, =3.253 uK?, a9 =1.6, Ty =19.6, and
vy = 145 GHz. Finally, €, ,, relates the brightness of
CMB fluctuations at vy, v, and vy:

dB(vo.Tews) | 2
daTr
Cn = dB(vy.Tems) dB(vy.Tevs)
dT dT

(52)

Because we have defined our ¢ and 7 SEDs assuming that
the input maps are calibrated to CMB fluctuation ampli-
tudes, we must also account for this in the foreground
modeling. The ratio 1/(dB/dT|, r,,.) converts the source
radiance of a given foreground at frequency v to an
equivalent CMB temperature anisotropy.

We use a similar parametrization for Galactic synchro-
tron, again following Ref. [64]

sync —
pYe  _ psne vivp \* é 04 (53)
Cwivy T80y V1 l/% 80 ’

and we again adopt values from Ref. [67]:
D' = 0.005 puK?, o™ =-1.10, and v, =93 GHz.
We note that both the synchrotron and dust amplitudes
used here are estimated for the CMB-S4 “ultra-deep”
Sy = 0.03 survey (see next section for details).

Because of the shape of the u-distortion SED, lower-
frequency channels are particularly important for recover-
ing the signal, and it is possible that other Galactic
foregrounds such as free-free emission and “anomalous
microwave emission” (AME) could be important contam-
inants. We investigate the behavior of these additional
foregrounds in the CMB-S4 3% sky region using
PySM [68], which is based on the Planck Sky Model [69].
We find that the AME SED has a double-peaked shape,
which we parametrize as

e_[ln(u)_ln<”al )]2/20§| +Ae_[ln(y)_ln(l/ﬂ)]z/zo'(z,z

f%\ME(U) = ., (54)

1 +Ae_[]n<"al)_]n<”z¢2)]2/2521
with v, =10 GHz, o, =043 GHz, v, =22 GHz,
6, = 0.35 GHz, and A = 0.0065. We assume similar
¢-space behavior as the thermal dust and write

0.4

DA, = DR s ele)(55) (59)
with Dg’t = 1.0 x 10* uK* at vy = 10 GHz. The free-
free emission in the CMB-S4 3% sky region appears to be
dominated by point-like sources (either residual contribu-
tions from extragalactic radio sources or emission from
compact HII regions). Because CMB-S4 will have the
sensitivity and resolution to find and mask such sources, we
neglect the contribution of free-free emission in this
analysis.

2. Extragalactic foregrounds

In addition to emission from our Galaxy, we also need to
consider foreground emission from extragalactic sources.
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We treat four independent types of extragalactic fore-
grounds: the thermal Sunyaev-Zel’dovich (tSZ) effect,
the clustered cosmic infrared background (CIB), the
unclustered (“shot-noise” or ‘“Poisson”) component of
the CIB, and synchrotron-emitting active galactic nuclei
(or “radio sources”), the clustering of which is assumed to
be negligible. We neglect the contribution from the kinetic
Sunyaev-Zel’dovich effect, which has the same frequency
spectrum as the CMB and will be nulled by the CILC.

The tSZ effect, a type of y distortion, arises from CMB
photons scattering off electrons in the intracluster medium
of galaxy clusters and other collapsed structures. This shifts
the reemitted photons to higher frequencies compared to
the CMB spectrum. We parametrize the tSZ as

DtSZ — D[SZ T f f(l/l)f(l/z) , 56
(2202 3000,z ( ) fz(VO) ( )
where
Fo)=xS 1y (57)
e =1 7
hv
X = kB—T y (58)

and T(7) is the tSZ template used in Ref. [70]. Following
Ref. [71], we adopt DY, , = 3.4 uK?* at vy = 150 GHz.

Again following Ref. [71], we parametrize the clustered
CIB as

VUs 4

aP 0.8
DS, . = DSoo(t0)€s, s <U—%) <m> . (59)

where  DSg0(vo) =3.46 uK?,  a? =427,  and
vy = 150 GHz. And we parametrize the Poisson compo-
nent of the CIB as

121%) a 4 2
D;Vl,l/z = DI3)000(V0)€V1!V2 (V—(z)) (W) ’ (60)

with D%, = 9.16 uK?, a? =3.27, v, = 150 GHz. For
this initial work, we do not consider spatial correlation
between the tSZ and CIB. This does not cause any direct
bias to our final result, as we explicitly null any signal with
a tSZ spectrum in our final constraints (see Sec. V for
details). For more discussion of the effects of tSZ-CIB
correlation on y x T measurements, see Ref. [40].
Finally, we parametrize radio source power as

T r Vv, @ f 2
D/.bl,v2:D3OOO(U0)€v1.1/2 <u—(2)) <m> ., (61)

with D%y00(vp) = 0.02 uK?, o = —0.7, v, = 150 GHz.
This is significantly lower than amplitudes quoted in,

e.g., Ref. [71]. This is because the radio Poisson power
is dominated by the brightest individual sources in the map,
and masking and removing the brightest radio sources will
reduce the Poisson term. For an experiment similar to
CMB-S4, which will achieve roughly 1 yK-arcmin map
noise, radio sources can be cleaned down to roughly
0.2 mly, which reduces their Poisson amplitude to
D00 (v0) = 0.02 uK2.

F. Calibration

Historically, measurements of absolute brightness or
temperature at microwave/millimeter-wave frequencies
have been successfully carried out only by space-
or balloon-borne telescopes, because of the stringent
requirements on calibration accuracy and stability (e.g.,
Refs. [72,73]). Proposed measurements of the absolute
u-distortion amplitude, such as with the PIXIE satellite
[74], are designed with similar constraints in mind. It was
pointed out, however, in Ref. [33] that measuring the
anisotropy of p distortions, and particularly the correlated
anisotropy of u and temperature, effectively converts the
absolute calibration requirement to a relative calibration
requirement, and the bias on the absolute measurement to an
uncertainty on the measurement of anisotropy.

A calibration error in CMB-S4-like data will result
primarily in leakage of the much larger temperature signal
(or foregrounds) into the component-separated p map,
resulting in a component of 7 x T in the u x T cross
spectrum. The 7 x T spectrum does not have the same
shape as u x T (which crosses zero many times over the £
range we consider), so there will be on average no bias from
this leakage, just excess variance. We have investigated the
level to which the relative calibration must be known for this
variance not to dominate the error on fy, but a simple
scaling argument tells us that, because the relative calibra-
tion will come from enforcing equal response to the CMB
temperature in every frequency band, the calibration pre-
cision in any one band will be equal to the signal-to-noise (S/
N) on the CMB temperature anisotropy in that band. Thus,
the contribution to uncertainty on fy; from calibration
errors will be on the order of the contribution from noise
divided by the square root of the number of bands. For this
reason, we ignore calibration uncertainty in our main results.

A related concern is the knowledge of the instrumental
bandpasses. Even in the limit of perfect relative calibration off
the CMB, imperfect knowledge of the instrument bandpasses
could lead to a different level of foreground contamination in
the y map than the component-separation algorithm predicts.
As with CMB T leakage, this will not generally have the same
shape as the ¢ x T spectrum and will thus not cause bias on
average. Furthermore, as we are not explicitly projecting out
foregrounds in the component separation, the extra leakage of
foregrounds into the y map from bandpass uncertainty is
likely to be small. Nevertheless, we will update the forecasting
machinery to include this effect in a future paper.
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TABLE I. Survey configuration for the LAT in the CMB-S4 ultra-deep survey.

Frequency (GHz) 20 27 39 93 145 225 278
Angular resolution (arcmin) 11 8.4 5.8 2.5 1.6 1.1 1.0
White noise level in temperature (yK-arcmin) 9.31 4.6 2.94 0.45 0.41 1.29 3.07
Cynee for TT 400 400 400 1200 1900 2100 2100
a for TT 4.2 4.2 4.2 4.2 4.1 4.1 39

IV. SURVEY CONFIGURATION

In this work, we are forecasting o(fy;) using the
parameters of the upcoming CMB-S4 experiment [42].
There are two major surveys planned for CMB-S4: an
“ultra-deep” survey of roughly 3% of the Southern sky,
conducted from the South Pole with both small-aperture
telescopes (SATs) and a large-aperture telescope (LAT),
and a “deep and wide” survey of roughly 60% of the sky,
conducted from Chile with LATs only.

Our fiducial forecasting is for the fg, = 0.03 survey.
The f 4, = 0.6 survey involves a similar investment of total
detector number and observing time, but spread across a
sky patch that is 20 times larger. In the limit of detector
noise only, this introduces a factor f, into the covariance
matrix, leading to

ij, ij fs
CH(fay) = CN (fay = 003) 5%

(62)

Because incomplete sky surveys also observe fewer total
sky modes and hence have fewer samples of the various
power spectra, the Fisher matrix calculations also include
an fg, term, as in Eq. (29).

As discussed in the previous section, we can make the
approximation that C/* is noise dominated, while CZ7 is
signal dominated for £ < 2000. This means that C%* is the
only term in the denominator of the y x T' Fisher calcu-
lation that has an f, dependence:

fmax

—2InL = 0.032¢ +1) Sty
=2

0.03

2
(mls)
(fsky/0-03)C;ﬂTN|fsky:0.03 C;T '

(63)

In this limit, fgq, cancels out, leaving our Fisher matrix
independent of fg, in the detector-noise-only case. We
note that this will be true for any measurement that depends
on correlating a very small signal (that is below the
detection threshold for a given experiment) with a much
larger one (that is measured at high S/N).* When we add

*One caveat to this is that the survey needs to be big enough to
resolve the largest scale that is important for measuring the signal.

atmosphere and foregrounds, the situation becomes more
complicated, because the statistics of the atmospheric noise
are different at the two CMB-S4 sites, and because it is
more difficult to avoid bright parts of our Galaxy when
more sky is observed.

The parameters of the high-resolution (LAT) part of the
ultra-deep (fgy = 0.03) survey, including band centers,
angular resolutions, and noise levels, are given in Table I.
The corresponding values for the degree-scale (SAT) ultra-
deep survey are shown in Table II.

The fgy, = 0.03 ultra-deep survey for CMB-S4 will be
conducted from the South Pole. In terms of atmospheric
emission at CMB frequencies, the South Pole is the best
large, developed site on Earth [75]. In Tables I and II, we
show the expected values of ¢},.. and a [see Eq. (47)] for
the CMB-S4 bands at the South Pole, derived from CMB-
S4 internal analysis of SPT-3G data. We note that the Deep
Survey LAT value for 7},. for bands below 40 GHz in
official CMB-S4 documents is 1200, while we use 400
here. The value of 1200 is a conservative choice made
assuming no improvement in atmospheric noise from the
lowest SPT band of 95 GHz. The . values for the Wide
Survey LAT low-frequency bands, which were derived by
scaling the atmospheric noise power with levels of precip-
itable water vapor, are close to 400, and thus we adopt that
value for the Deep Survey here. We discuss the impact of
this choice in Sec. V.

In addition to reducing raw noise levels, the authors of
Ref. [37] suggested expanding detector frequency cover-
age, in order to lower C*N. To increase the upper
frequency range of CMB-S4 measurements, we include
Planck 2018 data in the forecast, which extends up to
857 GHz. This should provide valuable complementary
information that can help mitigate foregrounds at frequen-
cies that CMB-S4 is unable to observe. We implement
Planck bands in our forecasting pipeline in the same
way as CMB-S4 (as independent frequency channels, over
the same 3% of the sky as CMB-S4 Deep), using the
parameters shown in Table IIl. In Fig. 3, we show the
components of w for the T-free ;¢ map contributed from
each individual CMB-S4 or Planck band, assuming 99%
atmospheric correlation and the foregrounds described in
the previous section.

In Fig. 4, we show the expected noise power in the y map

from CMB-S4 (CY M) for various values of atmospheric
correlation among frequency bands. In the scenario where
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TABLE II. Survey configuration for the SATs in the CMB-S4 ultra-deep survey.

Frequency (GHz) 30 40 85 95 145 155 220 270
Angular resolution (arcmin) 72.8 72.8 25.5 22.7 25.5 22.7 13.0 13.0
White noise level in polarization (uK-arcmin) 3.53 4.46 0.88 0.78 1.23 1.34 3.48 5.97
White noise level in temperature (uK-arcmin) 2.50 3.15 0.62 0.55 0.87 0.95 2.46 4.22
Cnee for TT 400 400 1200 1200 1900 1900 2100 2100
a for TT 4.2 4.2 4.2 4.2 4.1 4.1 4.1 3.9
TABLE III.  Angular resolution and noise levels assumed for Planck (reproduced from Table 4 of Ref. [76]). Note that we assume
Planck noise is white down to the ¢;, of our forecasting.

Frequency (GHz) 30 44 70 100 143 217 353 545 857
Angular resolution (arcmin) 324 27.1 13.3 9.69 7.30 5.02 4.94 4.83 4.64
White noise level for 7T (uK-arcmin) 150 162 210 77.4 33.0 46.8 154 815 2.98 x 10*

frequency bands are fully correlated and the atmosphere
can be fully subtracted out, the associated noise curve
closely matches the scenario with no atmosphere. However,
even minimal decorrelation among detectors significantly

worsens C/' N at low multipoles. Residual atmosphere acts
as an effective 7,;, when summing over multiple obser-
vation bands to constrain fyy .

We note that currently fielded experiments such as
Advanced ACTPol [77] and SPT-3G, as well as the
upcoming Simons Observatory (SO) experiment [78] can
be approximated in this forecasting framework as versions
of either the CMB-S4 Deep or Wide surveys, but with
higher noise and (in the case of currently fielded experi-
ments) reduced frequency coverage. In particular, the SO
LAT “goal” survey is similar to the CMB-S4 Wide survey
with 2-3 times higher noise and slightly less sky area, and
thus we would expect to forecast roughly 2-3 times worse
constraints on fy; for SO compared to CMB-S4.

V. RESULTS

Using the noise, atmosphere, and foreground paramet-
rizations described in the previous sections, we forecast
o(fni) from the combination of y x T and u x E for the
CMB-S4 experiment, combined with data from the Planck
satellite [76]. For our results, we assume a fiducial value of
fnL = 1. We generally show the cumulative constraint on
fnL as a function of &, the highest multipole value
considered in the calculation. In all cases, we assume
€ min = 10, though our final results are not sensitive to this
exact choice.

We first show, in Fig. 5, the S/N as a function of multipole
¢. The solid lines include detector and atmospheric noise
and foreground residual, with color differentiating the
amount of assumed atmospheric correlation between fre-
quency bands. The dashed lines correspond to detector and
atmospheric noise only, with no foreground residuals.

For the scenario where atmosphere is perfectly correlated
between frequency bands we see that most of our signal is
at the lowest # modes. The addition of foregrounds reduces
our overall signal by about an order of magnitude, agreeing
with previous results [37] that foregrounds are a primary
obstacle for experiments constraining u distortions.

The main foregrounds that impact our constraints are
from Galactic sources, such as dust, synchrotron radiation,
and AME. Galactic foregrounds have a larger effect on
reducing sensitivities to u, compared to extragalactic
sources [38]. Even though several Galactic and extraga-
lactic foregrounds are brighter at lower frequencies, the
shape of the 4 SED becomes more distinct for these
frequency bands. This suggests for optimal detection of
u distortions, future experiments should concentrate on
improving observations with lower frequency bands rather
than higher frequency ones. In spite of foreground resid-
uals, in the limit of 100% atmospheric correlation between
bands, we find that the lowest # modes provide the best
leverage for constraining fr.

However, when we introduce any atmospheric decorre-
lation, residual atmosphere has a more significant impact
on our y maps than residual foregrounds. While fore-
grounds reduce the S/N across the entire £ range, atmos-
phere suppresses the S/N primarily at low £, where the raw
S/N is highest. This means that we lose significant leverage
in constraining fy7 from atmospheric contamination.

Another potential contamination to measurements of y x
T correlations are y-type spectral distortions. In our default
component-separation algorithm, y distortions are treated
as noise and not explicitly projected out of the y or T map.
However, the authors of Ref. [54] showed that there are
y x T correlations induced from late integrated Sachs-
Wolfe effects. This means that y x T correlations will leak
into 4 x T and potentially result in a bias on f, unless the
y-distortion signal is deprojected explicitly from the y map.
This is easily accomplished in the algorithm by adding the
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FIG. 3. Weights used to construct the 7-free u-distortion map
(i.e., the 4 component of w) for the CMB-S4 ultra-deep patch
from different frequency channels, including foregrounds and
assuming 99% correlated atmosphere.

y-distortion SED as one of the components in the matrix A
in Eq. (39), but we pay some noise penalty for this.

Figure 6 shows our constraints on fy; (including
projecting out a y component) after summing over all
multipoles up to .. We consider different values of
atmospheric correlation and the presence of foregrounds.
We see that at £, = 2000, we have effectively saturated
our constraints on fy, for all configurations. Therefore, in
Tables IV and V, we report o(fni) for £ = 2000.

In the ideal case in which we can ignore atmosphere,
foregrounds, and y distortions, we find o(fy;) = 48. The

10716 4 —— No atmosphere
—— 100% corr
—— 99% corr
10717 4 —— 90% corr
= —— 50% corr
§:_ — 0% corr
-18
; ” | X/
10—19 4
10! 102 103

{

FIG. 4. C¥ N for the CMB-S4 ultra-deep survey and various
assumptions for the degree of atmospheric correlation between
bands. Full correlation among bands closely matches the nominal
case of no atmosphere. However, even minimal decorrelation

among detectors significantly worsens C’}”’N at low multipoles.

addition of foregrounds worsens our constraints to
o(fnr) = 461, or 462 if we project out y. This is better
than forecasts for LiteBIRD, which is forecasted to achieve
o(fnr) = 825 [38]. Adding atmosphere and assuming
some level of decorrelation across frequency bands, we
find our constraints on fy; noticeably degrade even in the
absence of foregrounds. For 1% decorrelation (7 = 99%)
we find o(fxn;) = 165, or 231 with projecting out y. The
addition of foregrounds further reduces constraints, with
o(fnr) =738 or 750 in the case of 1% atmospheric
decorrelation, comparable to the forecast for LiteBIRD.
We note that, because of the effect of atmosphere on
CMB-S4 constraints and the low angular resolution of
LiteBIRD, it is likely that the fy; constraints from the two
experiments will come primarily from independent regions
of ¢ space, in which case we will be able to improve the
individual constraints by nearly a factor of v/2 by combin-
ing them.

Foreground residuals can in principle be reduced through
expanded frequency coverage. If the foreground SEDs are
smooth and require minimal degrees of freedom to model,
with enough observations across unique frequency bands,
one can constrain the foreground and CMB SEDs. Pairing
CMB-S4 with additional surveys that aim to accurately
model CMB foregrounds can greatly improve our
constraints on fy;. However, even with reduced fore-
ground residuals, CMB-S4 will be limited by atmospheric
noise to o(fn) > 100, unless the correlation between
bands is >99%.

VI. DISCUSSION

In this work, we have presented forecasted constraints on
fnL» at effective scales of k ~ 740 Mpc~!, with CMB-S4
using correlations of u-distortion anisotropies with CMB
temperature and E-mode polarization. We found that with
this ground-based experiment we are able to achieve
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comparable results to forecasts for the LiteBIRD
satellite [38], depending on the amount of atmospheric
correlation among frequency bands. CMB-S4 will not have
prior knowledge of the amount of atmospheric correlation,
which is expected to depend on the optical design and
observing strategy. Colocated detectors will likely be more
correlated, since they will observe along the same incident
angle and will observe similar parts of the atmosphere.
Conversely, detectors located further from each other
will observe through slightly different columns of the

atmosphere and are expected to be less correlated.
Understanding the correlation properties of atmospheric
emission between frequency bands is therefore vital for
producing realistic forecasts of o(fy; ) from p-distortion
anisotropies.

Independent of the details of atmospheric correlation, we
have demonstrated that CMB-S4 has the potential to
constrain small-scale Gaussianities down to o(fny) S
1000 with u x T and u x E. We note that correlations
between p-distortion and primary CMB anisotropies
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TABLE IV. Constraints on fy;, from the CMB-S4 ultra-deep
survey and Planck, considering the effects of atmosphere and
foregrounds. In the case where neither are present, o(fy;,) = 48.
Including atmosphere and foregrounds worsens this constraint by
at least an order of magnitude.

o(fnL)s S4-Deep + Planck

Cmax = 2000 (no foregrounds) S4-Deep + Planck
No atmosphere 48 461

100% correlated 54 463

99% correlated 165 738

90% correlated 236 883

70% correlated 292 1002

TABLE V. Constraints on fy; when projecting out the y SED,
from the CMB-S4 ultra-deep survey and Planck. We see in the
case of no foregrounds that constraints on f; are worse than the
ones given in Table IV. Including foregrounds, we see that
constraints are very similar to those obtained if we did not project
out the y SED.

o(fe), “null-y”

S4-Deep + Planck

max = 2000 (no foregrounds) S4-Deep + Planck
No atmosphere 68 462
100% correlated 72 465
99% correlated 231 750
90% correlated 332 912
70% correlated 411 1050

represent one of our only probes for understanding non-
Gaussianities on extremely small scales or, equivalently,
the ultra-squeezed limit of the bispectrum. This presents an
opportunity to constrain inflationary models that predict
specific behavior at very small scales. One such area that
can be constrained with small-scale non-Gaussianities are
inflationary models that contain additional fields. Certain
curvaton models can naturally generate fy; > 1 on small
scales while preserving current upper limits on
fn1.(0.05 Mpc™!) from Planck [79]. If massive fields have
direct couplings to the inflaton, they can also induce
oscillatory features in the squeezed-limit bispectrum at
small scales [6]. Modified (non-Bunch-Davies) initial
vacuum states can also produce enhanced small-scale
non-Gaussianity [33] and can be constrained with y x T
and u x E correlations. Finally, 4 x T and y x E correla-
tions can place stringent constraints on the running of the
spectral index n, and general scale-dependent non-
Gaussianities [80], such as have been proposed to explain
recent discoveries from JWST [81].

It is also worth noting that the constraint on fy; from
u x T and u x E is linearly proportional to the mean value
of p [cf. Egs. (27) and (21)], so any nonstandard model that
boosts (u) will correspondingly improve the forecasted

constraints on fy;. [49]. One example of such a model is
given in Ref. [82], in which the authors used y x T to
constrain primordial black hole (PBH) models. PBH
models generically have a rising slope for the power
spectrum at small scales, preceded by a region with lower
power. For scales close to the ones y distortions probe, the
rising power can enhance (u), while the dip can generate
non-Gaussianities larger than slow-roll predictions. These
combined effects mean that upcoming CMB experiments
can potentially rule out some PBH models. Work in
Ref. [50] has shown that the main signal PBH models
imprint on g x T is from local modulation of acoustic
dissipation by long-wavelength modes, which induce a bias
in p distortions. We will examine this potential signal in
future work.

Our analysis probed non-Gaussianities from scalar
perturbations ({{¢). Distortions of the y type should also
be generated by primordial gravitational waves (GWs)
injecting energy into the photon-baryon fluid. This
allows p to probe the primordial tensor power spectrum.
Since GWs are free streaming throughout the radiation-
dominated era, tensor ,u(’) distortions probe scales in the
range 1 Mpc™! < k < 10° Mpc~!, complementing the gap
between CMB scales and the scales probed by upcoming
GW interferometers [83]. Recent work in Ref. [84] has
demonstrated that 4 x B correlations can probe tensor and
mixed tensor-scalar non-Gaussianities. Using FIRAS data,
Ref. [41] attempted the first measurement of x x B, which
they found was consistent with zero at existing noise levels.

The forecasts presented here are not the last word on fy,
from 4 x T and u x E. As shown in Ref. [45], a cosmic-
variance limited experiment can in principle constrain
o(fn) to <1073 with u x T, although this will also
require a significantly improved limit on the average
u-distortion amplitude to break the degeneracy between
fnr and (u) [49] and ensure that no other source of
distortion anisotropies is present [56]. Putting this in
context, the best constraints a cosmic-variance limited
CMB experiment could place on squeezed-limit non-
Gaussianity with (TTT) is o(fx.) ~ 1. One promising
avenue for improvement on the constraints presented here
was suggested in Ref. [37], namely expanding coverage to
lower frequency ranges where the relative amplitude of the
u-distortion SED is higher. In particular, the addition of
bands at and below 10 GHz would significantly improve
detection. One possibility is to combine CMB-S4 with
upcoming low-frequency radio surveys such as the Square
Kilometer Array [85] to improve constraints on fyp, an
aspect we will explore in future work.
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APPENDIX: DAMPING

To understand how different effects of damping impact
the angular power spectrum C,, we see that the spectrum
scales as

+00
Coo [T akPORAMP. (A1
0
where the transfer function A, (k) is
As(k) = Dy x jo(kAn), (A2)

and D, is the damping factor of anisotropies. For tempera-
ture anisotropies, the formulation that accounts for both
diffusion damping and the finite width of the SLS is given
by Ref. [58], which can by approximated by their Eq. (16).

For p anisotropies, since we can only reliably calculate
the effects of diffusion damping, we approximate the
damping factor as D, = e/ WiD), where g, p is the
damping scale of u-distortion anisotropies. For the diffu-
sion damping scale of i anisotropies, we use the value from
Ref. [49], ¢, p = 0.11 Mpc~!. This can be compared to the
diffusion-only damping scale for temperature anisotro-
pies, grp = 0.14 Mpc~'.

We show the effect of the two damping functions (the
diffusion-only p-anisotropy damping function and the
temperature anisotropy damping function from Ref. [58])
on an undamped spectrum in Fig. 7. At £ = 200 we see that

6x 1074 -

4x 1074 1

3x 1074 1

2x 10741
—— Undamped

L(£ + 1)C,/2m [arbitrary units]

—— Qup=0.11 Mpc~?!

1074

—— Hu & White (1996)

10!

FIG. 7.

10? 103

/)

Change in the angular power spectrum C, depending on the damping factor. For illustrative purposes, we choose an undamped

spectrum that is nearly scale invariant, with a slight spectral tilt. The spectrum with a damping scale ¢, , = 0.11 Mpc~! corresponds to
our treatment of the damping of u anisotropies. The spectrum using the damping factor from Ref. [58] has more severe damping at
¢ = 200, but has a slightly less steep slope compared to the y-anisotropy damping scale. The black line corresponding to £ = 200 is a

reference scale for the reader.
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the damping corresponding to temperature anisotropies is
more severe than the damping corresponding to x anisot-
ropies. However, damping due to the finite width of the
surface of last scattering makes the slope of the damping
less steep [58]. This results in the p anisotropy spectrum
being more severely damped than the temperature
anisotropy spectrum at £ = 1000.

Table VI shows our constraints on fy; when using the
damping factor from Ref. [58]. We find a degradation
of our constraints on fy; of 15% or less compared to
our nominal results in Table V. This change is much smaller
than the effects of foregrounds and the atmosphere.

TABLE VI. Percent degradation relative to our baseline con-
straints on fy (shown in Table V) when using the damping scale
from Ref. [58] instead of the fiducial value of 0.11 Mpc~'. The
degradation in the constraints is less than 15% in all cases.

o(fx). “null-y”

S4-Deep + Planck

€ max = 2000 (no foregrounds) S4-Deep + Planck
No atmosphere 3% 6%
100% correlated 3% 6%
99% correlated 12% 12%
90% correlated 14% 13%
70% correlated 15% 14%
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