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Compensated isocurvature perturbations (CIPs) are primordial fluctuations that balance baryon and
dark-matter isocurvature to leave the total matter density unperturbed. The effects of CIPs on the cosmic
microwave background (CMB) anisotropies are similar to those produced by weak lensing of the CMB:
smoothing of the power spectrum and generation of non-Gaussian features. Here, an entirely new CIP
contribution to the standard estimator for the lensing-potential power spectrum is derived. Planck
measurements of the temperature and polarization power spectrum, as well as estimates of CMB lensing,
are used to place limits on the variance of the CIP fluctuations on CMB scales, AZ ((Rcyg ). The resulting
constraint of A2 (Reyp) < 4.3 x 1073 at 95% confidence level (CL) using this new technique improves
on past work by a factor of ~3. We find that for Planck data our constraints almost reach the sensitivity of
the optimal CIP estimator. The method presented here is currently the most sensitive probe of the amplitude
of a scale-invariant CIP power spectrum, Acpp, placing an upper limit of Acp < 0.017 at 95% CL. Future
measurements of the large-scale CMB lensing-potential power spectrum could probe CIP amplitudes as

low as A2 ((Rems) = 8 x 1073 at 95% CL (corresponding to Acp = 3.2 x 1074).
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I. INTRODUCTION

The standard cosmological model has been established
using a wide range of observations: estimates of the
primordial light element abundances predicted by standard
big bang nucleosynthesis (BBN) [1,2], the observed isot-
ropy and structure of the acoustic peaks in the cosmic
microwave background (CMB) [3-7], increasingly restric-
tive upper limits to the level of non-Gaussianity in the CMB
[8], the large-scale clustering of galaxies [9], and upper
limits to nonstandard initial conditions [10,11]—just to
name a few. In addition to these successes, there are some
inconsistencies that have been pointed out, such as the
current mismatch between supernovae and CMB determi-
nations of the Hubble constant [12], a slight hemispherical
power asymmetry in the CMB [13], tension between low-
redshift weak lensing measurements from the CFHTLenS
and CMB estimates of the current matter density, ,,, and
density fluctuations on 8 h~! Mpc scales, g [14]. These
examples are not meant to be exhaustive but instead to
make the point that it is by looking for deviations from the
standard cosmological model that we increase our knowl-
edge of, and focus our questions about, the physical nature
of the universe.

In this work we search for compensated isocurvature
perturbations (CIPs) using observations of the CMB made
by the Planck satellite [15]. The standard cosmological
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model predicts that the initial perturbations in the early
universe are adiabatic (i.e., isentropic). Several other types
of initial perturbations may be established by nonstandard
processes (such as axion physics [16], or alternatives to
single-field slow-roll inflation such as the curvaton scenario
[17-19]). The most general set of these nonstandard
perturbations, called isocurvature perturbations, describe
the “normal modes” of the early universe and as such
evolve independently from each other and the standard
adiabatic perturbations. Most previous studies have placed
constraints on the amplitude of pure isocurvature modes,
finding that their amplitude cannot be larger than a few
percentage points of that of the standard adiabatic pertur-
bations [11]. On the other hand, CIPs are not pure modes,
but are instead composed of a linear combination of baryon
and cold dark matter (CDM) isocurvature. The amplitudes
of these two modes are set so as to leave the total matter
perturbation unchanged. CIPs are only weakly constrained
by current data since the effects of CIPs on scales k <
200 Mpc~! appear at second order in the CIP amplitude
[20-22]. This makes the search for CIPs in current
data sets, which probe scales k < 10 Mpc~!, particularly
challenging.

Previous studies have placed constraints on CIPs. A CIP
leads to fluctuations of the baryon-to-dark-matter ratio
which may be observed in the baryon fraction of galaxies
[23] or in the detailed structure of the baryon acoustic
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oscillations [24]. It also generically leads to fluctuations in
the primordial light element abundances [23]. These effects
can be used to place constraints on CIPs for a variety of
length scales, from ~1-100 Mpc.

In the CMB, CIPs cause a modulation of the photon-
baryon sound speed leading to second-order effects in both
the CMB power spectrum and trispectrum. Given that both
CIPs and the weak lensing of the CMB higher-order effects
[25], it is unsurprising that the mathematical expressions
for their effect on the CMB are structurally similar. In
particular, both cause smoothing of the small-scale CMB
power spectrum [26,27], and generate a (non-Gaussian)
connected CMB trispectrum [21,22].

An optimal estimator of CIPs using the CMB trispectrum
was derived in Refs. [18,21,22]. To evaluate this estimator on
the Planck data would be computationally intensive, requir-
ing careful treatment of sky cuts and many simulations of
mock CMB maps to obtain the relevant covariance matrices.
Instead, in this work we note that the standard estimator for
the lensing-potential power spectrum [28], already imple-
mented in the publicly available data products from Planck
[29], has sensitivity to the CIP field on large angular scales.
We thus use current estimates of the lensing-potential power
spectrum from Planck to search for CIPs and obtain limits to
a scale-invariant CIP spectrum that are a factor of ~3 better
than the limit from the CMB power spectrum alone: the CIP
variance on CMB scales is A2 (Remp) S 4.3 x 1073 at
95% confidence level (CL). Using standard forecasting
techniques, we find that we have extracted nearly all the
information on CIPs that can be extracted from Planck maps.
For a future nearly cosmic variance-limited experiment like
the CMB Stage 4 (CMB-S4), we find that an optimal analysis
of the full trispectrum improves on the lensing-potential +
CMB power spectrum analysis by a factor of ~4, driven
mainly by polarization measurements.

Throughout this paper we use a fiducial cosmology that is
spatially flat with parameters [7]: Q,h>=0.0222, Q h’>=
0.1203, Q, k> = 0.00064 (corresponding to two massless
neutrinos and one massive neutrino with m =0.06¢eV),
Hy=67.12kms™'Mpc~!, A, =2.09x107°, n, = 0.96,
and 7 = 0.065. We begin with a summary of the physics
of compensated isocurvature perturbations in Sec. II, and then
review the effects of CIPs on the observed CMB fluctuations
in Sec. III. Previous constraints to CIPs are summarized and
explained in Sec. IV. Our new CIP constraints, using a
combination of the observed Planck lensing potential and
CMB primary spectra, are presented in Sec. V. We discuss the
promise of more optimal estimators and future experiments in
Sec. VI, and conclude in Sec. VII. We also include several
appendices that present the details of our calculations.

II. COMPENSATED ISOCURVATURE
PERTURBATIONS

Solutions to the linearized Einstein and Boltzmann
equations, which describe perturbations to an otherwise
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isotropic and homogeneous universe, can be divided up
into a set of normal modes, each of which evolve
independently (see, e.g., Ref. [30]). For example, a given
Fourier mode of the density contrast (5; = ép;/p;) of a
species i can be written as

8k, 1) =Y &, (l)A, TI (k. 7),

: b,i i
:5;[d+5i,150+6(;150+___’ (1)
where n denotes the type of initial conditions (i.e., adiabatic
would be n = 0, baryon isocurvature n = 1, and so forth),

-

A, gives the relative amplitude of the modes, &,(k) is a
stochastic amplitude with zero mean, and 77 (k,7) is the
transfer function for each species and each type of initial

-

condition. As is standard, we further assume that £, (k) is
pulled from a Gaussian probability distribution and is
statistically isotropic with some primordial power spec-
trum, (&,(K)&, (k")) = (27)3 P,y (k)55 (k — k). Similar
equations can be written for the other perturbed moments
of the stress-energy tensor of each species. The linearized
Einstein and Boltzmann equations determine the behavior
of the transfer functions 7% (k, 7).

For any set of initial conditions the relative entropy
perturbation between any species and photons is given by

op; O
si=36-6) =22 @

i 14

where (; is the curvature perturbation in a gauge where that
species, i, is uniform, H = a’/a, and the prime indicates a
derivative with respect to conformal time, z. We can
simplify this expression by noting that the continuity
equation applied to the background density is

pi = =3Hpi(1 + wi), (3)
SO
1 3
S;=—8-26,. 4
4w 4T “)

We consider a universe filled with photons (y), neutrinos
(v), baryons (), and cold dark matter (¢) (we also consider
a cosmological constant, A, which does not cluster). The
total matter (m) is the sum of the baryons and CDM. The
standard adiabatic initial conditions have §; = 0 for all
species; initial conditions which have §; # 0 for some
species, as well as leave the Ricci scalar curvature of the
universe unperturbed, are called isocurvature perturbations
and are set independently of the adiabatic mode [31-33].

A compensated isocurvature perturbation is a linear
combination of baryon and CDM isocurvature which
has S, = S,, = 0. The evolution of the perturbations is
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then determined by the initial values of the linear
combinations [33]

5, = o4, (5)

8, = &, (6)

5, = &4 + 5CTP, (7)

8y = &3 + 55, (8)

Sm = RS, + R.S. = 6%, (9)

where
Ro=—L (10)
Pe T Po
Pb
R, = P (11)

As first pointed out in Ref. [20] on scales larger than the
baryon sound horizon, k <200 Mpc~', the CIP modes do
not evolve in time and can be treated as a function of
position only. On these scales, we define the stochastic CIP
field as A(k) = 8SP(k) so that 5P (k) = —A(K)Q,/Q.
Since the CIP modes do not evolve in time, the baryon and
CDM densities are spatially modulated by A as follows:

(D) = 1 + A, (12)
P
ol =p|1 -2 a7, (13)

where p,/p. = Q,/Q. =0.2 is the unperturbed (homo-
geneous) ratio of the baryon to cold dark matter density.

The CIP field can have an arbitrary correlation with
the primordial curvature perturbation [18,20]. Most of the
previous work on CIPs has assumed A is uncorrelated
with the primordial curvature perturbation (e.g.,
Refs. [21,22,26,34]). This assumption greatly simplifies
the effects of a CIP since in this case only autocorrelations
of A are nonzero. On the other hand, fully correlated CIPs
are a natural prediction of the curvaton scenario [18,19].
The additional correlations present in this case lead to a
greater sensitivity to the CIP field [18,35], and in future
work we will leverage this sensitivity to obtain forecasts
and constraints to curvaton-inspired CIPs. For the rest of
this paper, we consider only CIPs which are uncorrelated
with the primordial curvature perturbation.

II1. CIPS AND THE CMB

The main effect of CIPs on the CMB is the spatial
modulation in the photon/baryon sound speed [18]. In
particular, in the presence of a CIP the acoustic waves that
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generate the structure of the observed CMB anisotropies
propagate through an inhomogeneous medium with a
sound speed that varies as

am =31 +§p[l+piw>

_ 3P
= (2,)*|1 - —2—A(x)]. 14
O ] B
Additionally, the modulation of p, leads to a spatial
variation in the visibility function at decoupling. For CIP
scales smaller than the acoustic horizon at decoupling
(L Z 100), the effects of the CIP modulation are suppressed
[18], and so we only include CIP multipoles at scales larger

than the acoustic horizon. Writing the Fourier transform of
the CIP field as

A0 = [ S5 Aot (15)
X)= | —= e,

(2m)?
its power spectrum is given by

(AK)A* (k")) = 27)35y) (kK = K')Pan (k). (16)

and we can compute the CIP variance over some length
scale R as

Nius(R) = 5 [ kB (R (RROPPas (). (17

assuming a spherical top-hat window function (of radius R)
for density fluctuations in real space. Finally, the CIP
angular distribution at the last-scattering surface will be
given by

Mo = s [ RO ) Vi) (18)

which gives rise to an angular power spectrum

2 .
Crt = (ApyAfy) = ;/ k*dkP ya (k) j7 (k).

A
- nL(LCIi ) (19)

if we assume that the CIP power spectrum is scale invariant:
Paa(k) = Acpp/k>. This allows us to write

100
2L + 1
2 _
Arms (RCMB) - Z Ax

L=1

A
Cpr == (20)

where we have truncated the sum at L = 100 since, as
stated before, the CIP modulation damps away on scales
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smaller than the acoustic horizon at decoupling. Finally, we
find the expression

_ 482 (Revn)

CAA
L L(L+1)

(21)

The effects of a CIP modulation on the anisotropies of
the CMB are most clearly understood using a flat-sky
approximation. For the discussion here we only present
results for the temperature anisotropies. When searching for
CIPs, we use both temperature and polarization with the
full-sky expressions found in Appendix B.

Weak gravitational lensing and CIPs can be thought of as
a modulation of a “background” CMB anisotropy 7'(71)
yielding an observed anisotropy Ty, (7). In the presence of
both weak gravitational lensing and CIPs the temperature
anisotropies are given by

NI>—‘

2
5 (VTR0 L )
)

where the terms proportional to derivatives of ¢(71) are
standard lensing contributions as first derived in
Refs. [36,37] and described in Ref. [38]. Additionally,
one must include a noise term, so then the total observed
temperature at each point on the sky can be written
T' () = Typs() + TVN(72), where we assume that we are
using beam-deconvolved maps. This leads to an estimated
power spectrum for the beam-deconvolved map

CTT Wt CTT obs

+ct, (23)

where the inverse variance—weighted sum over all channels
i gives

CIN = <Z wile zﬂir)_], (24)

where ¢,; =6,/v/8In2, 6; is the full-width half-maxi-
mum, and wy; is the weight per solid angle for each
channel.

Taking the Fourier transform of the temperature map we
have

= T(1) + 6TV (1) + T (1), (25)

where the first- and second-order terms are given by
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@y
agAl) (-1, (26)
oL f (‘;l); éﬂl) T0)p(T")
xp(I=T =T"LPTT,T")
210 AMAT-T =T, (@)

and for simpler notation we define

= =

y=—[1-1)-T (28)

-, -, -, -, -, - =

LY@T Ty =-[I"- 0" +1 =1)- 1. (29)

~

L)

The observed power spectrum is found by

-

(Tows (D Tars (') = (22)%8 (T4 )€™, (30)
From these expressions it is straightforward to show that in
the presence of both lensing and a CIP the observed power
spectrum becomes

obs - dzL dh 7
e i [ £ ]

&L _arar
cita CAA
- / (27)? I-L) Tk

op [ dPL
+ci ! / T (31)

=Cl" +sc™? 4+ 504, (32)

where E‘ZTT is the primordial CMB temperature power
spectrum (without the CIP modulation and gravitational
lensing) and we have defined

-

DD = apclsy) (+1).  (33)
<38T_A)agx )> = QPRI+ 1), (34)
(167 = apep s i), )
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sCTT = L Ctrc[(I-L)-L]?
= (271.)2 |i=L| ~L

- d’L N

-7 [ G (36)
d*L
TT.A _ dT.dT ~AA
= / (2n)2cﬁ—i| L
d*L

crer / Ccha, 37
+ 1 (271_)2 L ( )

Since the CIP field modulates the baryon density, it follows
that CfT’dT is only significant on scales smaller than the
acoustic horizon, / = 100. Furthermore, for a scale-invariant
power spectrum C24 o 1/L?, which peaks at small L. This
separation in scales allows us to write the CIP contribution to
the observed CMB power spectrum as
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1 orcl’

5C;T.A =3 A%ms(RCMB) OA2 ’ (38)
A=0

2

where in the flat-sky approximation A2 (Rcyg)=
[i®d?L/(27)C}A. The last approximation is still good
for the full-sky expressions, as discussed in Appendix B.

Both weak lensing and the CIP modulation cause a
smoothing of the CMB power spectra on scales smaller
than the acoustic horizon [26]. We show the residual of the
fiducial ACDM power spectrum with the CIP-modulated
CMB power spectra, ADYX = 1(1+ 1)ACKX'/(27) with
X = {T, E}, along with the Planck measurements in Fig. 1.
This figure makes it clear how the measurements of the
CMB power spectrum are sensitive to the presence of a CIP
mode. In the residuals the additional smoothing of the
peaks leads to an oscillatory structure, which is most
apparent in the temperature power spectrum.
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FIG. 1.

1500

A comparison between the difference between the standard ACDM CMB power spectra and one which has been modulated by

a CIP mode. Each panel shows the binned residuals AD{X = I(I + 1)AC}X' /(2x) from the Planck satellite (see Ref. [7] for details on
the binning procedure). Two CIP-mode amplitudes are shown: the red curve shows the CIP mode which saturates the 95% CL upper
limit using both the Planck measurements of the temperature and polarization CMB power spectra, A2 (Reymg) = 1.4 x 1072; the cyan
curve (only visible in the top panel) shows the CIP mode which saturates the 95% CL upper limit using both the Planck measurements of
the CMB power spectra as well as the lensing-potential power spectrum, A2, (Rcyp) = 4.3 x 1073, Note that the horizontal scale is
logarithmic up to [ = 29 and then is linear; the vertical scale on the left- and right-hand sides are different.

083508-5



SMITH, MUNOZ, SMITH, YEE, and GRIN

The CIP modulation also produces a contribution to
correlations beyond the CMB power spectrum. In particu-
lar, Refs. [18,21,22,34] construct an optimal estimator for
Ay from the connected part of the CMB four-point
correlation, the trispectrum. The analysis of the CMB
trispectrum is far from trivial, so here we utilize the fact
that estimates of the lensing-potential power spectrum, ¢,
are also built out of the connected part of the CMB
trispectrum [28,29,39]. In the presence of CIPs, the
estimator used to reconstruct the lensing-potential power

T(ih 72’ Z3, Z‘-) =

+C% (DL 5) frr(l, 1) + C

|1 +15]

¢¢
+C \l +l|

where the lensing and CIP 7'T response functions are given,
respectively, by

-~

Frr(huB)=[(L+50)-LICIT + (1 +h)-LICIT,  (41)

her(h. ) = € + ¢l (42)

and we have defined CT AT through the correlation

< (Bagi/)>s(2n)2c{”5g>(7 +7).  (43)

Related expressions for the other correlated CMB maps
using the flat-sky approximation are given in Appendix A.

We can construct an estimator for the lensing-potential
power spectrum, CL , out of the four-point correlation
function of the temperature, E- and B-mode polarization of
the CMB. A nearly optimal, inverse variance—weighted,
estimator has been derived in Ref. [28] and applied to the
Planck CMB maps in Ref. [29]. As shown in Eq. (40), in
the presence of a CIP modulation this estimator includes
contributions from the CIP field.

In the flat-sky approximation, a minimum-variance
estimator for the weak-lensing deflection field, d(L) =

L (L) can be built out of off-diagonal correlations of the
CMB temperature fluctuations, and is given by [28,29,41]

w e Ap(L) [ &l -
(D) =208 [T @ (D). @
where

Cd)j) 7 fTT(i17 TZ)fTT(ZS’ Zt) + CA*
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spectrum gains an additional contribution proportional

to A%ms (RCMB)'
Both weak gravitational lensing and CIPs introduce a

non-Gaussian connected trispectrum
(T()T(L)T(B)T(1L)).
=T (L.l )6 + L+ B+ 1) (39)

The dominant contributions to the connected trispectrum
are given by [40]

&, hrr(lh, L) hrr (L, Iy)

‘hTTUl’ l3>hTT(ZZ’ l4)

Frr(l, L) frr(l, ) + C~ 7 hTT(llv L) hr (D, 1), (40)

fTT(Z)lv 72)

Frr(ly, 1) 2T CTT
I8 15

(40)

Arp(L) = L2 [ / (d ’)‘zfnal, DF@ D). @)

The lensing-potential power spectrum is estimated from the
power spectrum of the deflection field estimator in Eq. (44),

R 1 (27 dpr(L)dir (L)
P = — [ I G- — B(L 4
Cr erA 2 do; —B(L), (48)

where ¢ is the angular coordinate of L and B(L) (the bias)
is a sum of the standard Gaussian and non-Gaussian
contributions to the full four-point correlation [29,39,40].
Given that the estimator is inverse variance—weighted, the
Gaussian variance is given by its normalization [41],
N (L) = Agr(L) (49)
TT.TT rr(L).

In addition to this, Ref. [40] showed that there is a “non-
Gaussian” bias, N (TIT)’TT(L), arising from additional corre-
lations between the lensing potential when computing the
expectation value of Eq. (48).

In the presence of a CIP modulation, the expectation
value of Eq. (48) gains another, CIP-induced, bias,

() =t + (e (L)
)CIP

+ NOGH(L) /L2 + NYS(L) /L2, (50)

where the last two terms are the CIP-induced Gaussian and
non-Gaussian bias, and
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rr(l1. 1)

L)Frr(ly )

&?
f( l)l hyr (L, L) F
2
fdl]szT(

QM (L) = (51)

The factors of L2 in Eq. (50) arise due to the conversion
from the deflection field to the lensing potential [40].
Since the total temperature power spectrum has a CIP

0)CIP 1 Arr(L)|a2, —0\? [ &l
N(TT>,TT(L) = *A%ms(RCMB) ( / (2ﬂl

2 L2

e ) _ Ar(L) / &l
I =T | Gap 2ay

+ C|T I \hTT<_ll7lZI)hTT(_l%ll/)]'

In practice, the Planck lensing analysis uses a combi-
nation of observed and simulated CMB maps to subtract off
the Gaussian bias [29]. Since the simulated maps do not
include a CIP contribution, some fraction of the CIP
contribution to the Gaussian bias may not be fully sub-
tracted. Additionally, the CIP non-Gaussian bias is not
subtracted off in the standard analysis.

The full Planck lensing analysis [29], which includes
both CMB temperature and polarization maps, computes a
minimum-variance (mv) estimator from all possible CMB
map auto and cross correlations, as discussed in detail in
Appendixes A and B. The Planck lensing estimator relies
on maps constructed from the 143 GHz and 217 GHz
channels. We furthermore note that the Planck analysis uses
a bandpass filter in harmonic space to restrict the power
spectrum multipoles to 100 </ <2048.

The full CIP contribution to the lensing-potential esti-
mator for the Planck satellite (computed using the full-sky
expressions discussed in Appendix B) is shown in the solid
red curve in Fig. 2 for A2 (Reyp) = 4.3 x 1073, We can
see that both the Gaussian and non-Gaussian CIP contri-
butions to the lensing estimator (dotted red and dotted-
dashed purple curves) are negligible compared to the
lensing-potential power spectrum (solid yellow); the only
significant CIP contribution is given by L2C22[Q7 (L)%
The dashed green curve shows the Gaussian noise in a
minimum-variance estimator using Planck.

Next we develop an approximate expression for the CIP
contribution in order to explore its dependence on L and the
cosmological parameters. We remind the reader that
none of our detailed results/constraints are subject to these
approximations, which are developed merely to build
intuition for scalings and degeneracies. Since hpy is
composed of a sum of C,T’dT, we know that it is only
significant on scales smaller than the horizon at decoupling,
i.e., [ 2 o = 100. Therefore, for values of L < [, the

FTT(ZI’IZ)FTT(ZI 912 )[ l
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contribution given in Eq. (38), the CIP field contributes to
the Gaussian bias of the standard estimator. In addition to
this, along with the deflection field, the CIP field generates
a non-Gaussian bias [40]. We compute the CIP non-
Gaussian bias by replacing fgg with hyp [Eq. (42)] and
C?? with CA2 in Eq. (25) of Ref. [40]. These biases are, to
leading order in the CIP amplitude,

A AAC
1> 62 s
]’IhTT(_Tl’ Z;/)hTT<_T27 Z;,)
(53)

integrand in the numerator of Eq. (51) is dominated by
I, > L. In this limit hTT(Zl,fz =I- l:) is nearly inde-
pendent of L and, using the roughly sinusoidal solutions for
wave amplitudes in the baryon-photon plasma, can be
approximately written as

- - A Olncg
T.dT __
hTT(llv 12) = 2Cll = 2? 8A [1 — COS (ll/lhor)]’
(54)

3
;\10 T |||||||| T T T 1110 T |||||||| =
S 10? Planck
X 1 TT. <
= N Dyeen e e
S 10 E5=== S - ==
~
2.5 107 \ 66
@) N(OCIP
1072 CIP TT,TT _
= \ ---------------------
+ 1073 Earriann, R e B
3 10-4 NU)CIP_._'V R *.
=] TT,TT N

107 | |||||||| AR AR
10° 10! 102 103
L

FIG. 2. The CIP contribution to the expectation value of the
lensing-potential power-spectrum estimator for Planck with
A2« =43 x 1073, The solid orange curve shows the lensing-
potential power spectrum. The blue curves show the Gaussian
noise from the 7T estimator (solid) and the TE estimator (dotted-
dashed). The dashed green curve shows the noise of the
minimum-variance estimator. The dashed red curve shows the
residual CIP contribution to the Gaussian noise if it is not
subtracted from the signal and the purple dot-dashed curve shows
the non-Gaussian (i.e., connected part of the trispectrum) CIP
contribution. The solid red curve shows the dominant CIP
contribution to the estimator.
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1
< 10 =\ | IIIIIII| IIIIIII| [ E
= = CMB — $4 ©' 3
X - =
& 10" .
t5 — 7
S B N e REPRe b0 ;‘
= 107 SR e
* X - E
- __Pg——" ]
=] T
102 IIIII| L 1 1111
10° 10 102 10°
L
FIG. 3. The CIP contribution to the expectation value of the

lensing-potential power—spectrum estimator for a cosmic vari-
ance-limited estimate of CL with A2 (Remp) = 4.3 x 1073,
The expected CM' is shown in solid orange. The Gaussian noise
associated with the TT,TE, TB, EB, and EE estimators is shown
in the solid blue, dotted-dashed blue, dotted red, solid cyan, and
dashed purple lines, respectively. The minimum-variance esti-
mator is the dotted green curve, and the solid red curve shows the
CIP contribution.

where

dlney 3Q,
OA 6, + 8(1 + 24e)Q,

(55)

is the derivative of the photon-baryon sound speed at
decoupling, and A; is the amplitude of the primordial scalar
perturbations. In the same limit we have

TT 2 T
Cv‘ E|)7L Cul -L|’

= L2C]T, (56)

fTT(Zl’Z'Z) =L Z)I(CI];T

which gives,

L2

Frr(l. 1) =500 (57)
I

where we used the fact that since [, > L we have

C|T1T B = C|". Combining these expressions, we then find
1

that for L <« [, the numerator of Eq. (51) can be
approximated by

d*l dlne, 2.,
e ) Frr(h b) = 5 L2 0. (58)

We will now compute the integrand in the denominator of
Eq. (51) using an approximate form for the CMB power
spectrum, CTT = A,/(xl?). From this simplified power
spectrum we are able to compute the denominator of
Eq. (51) and find
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dzll 4 lrznax
( )2 fTT(ll7 lQ)FTT(ll’ 12) - L 16 (59)

Note that the L* scaling in Eq. (59) is apparent in the fact
that the Gaussian noise curves [given by Eq. (49)] in Figs. 2
and 3 are relatively flat. Combining these expressions we
have that

4 Jlnc;
L2 9A

Q™ (L) = (60)
Finally, the CIP contribution to the expectation value of the
lensing estimator normalized as in Figs. 2 and 3 is given by

N 16A Jlnc 2
pP PP CIP s
L4(CL ) L4CL + 3 ( ) .

(61)

This shows that the CIP contribution to the normalized
lensing-potential power-spectrum estimator scales as 1/L?,
which agrees with the CIP contribution shown in Fig. 5 as
well as the values given in Table II.

The approximate expression for the CIP contribution to
the lensing-potential power-spectrum estimator in Eq. (60)
allows us to estimate the extent to which this contribution
varies with cosmological parameters. Given that d In ¢;/dA
in Eq. (55) depends only on the baryon density, we can see
that variation of Q,, causes the largest variation in the CIP
contribution. In particular, we expect a variation of Q77 (L)
of order

60" (L) _ < 1 !
QTT(L) a Qb Qb + 4<1 + Zdec)Qy/?)

>5Qb. (62)

When using the lensing-potential power-spectrum esti-
mates to constrain the CIP amplitude, we find that Q, =
0.0486 4= 0.0014 at 95% CL uncertainty and €, = 1074
and zge. = 1100. With this we find that the variation in
QT (L) due to the allowed range of €, is about 2%; as a
result, we evaluate Q77(L) on the fiducial cosmology
stated in the Introduction. Also note that the CIP contri-
bution is nearly independent of the noise properties of the
experiment.

We show the QFX" computed with the exact expression
detailed in Appendix B in Fig. 4. The optimal tempera-
ture and polarization estimator is a weighted sum of
each correlated map, as described in more detail in
Appendixes A and B [28,40,41]. The weights are roughly
given by the inverse of the Gaussian noise intrinsic to each
map. For example, the Gaussian noise shown in Fig. 2
implies that for the Planck satellite the 7T CMB map
dominates the optimal estimator.

For a futuristic experiment we consider the CMB-S4
experiment, which has the noise properties described in
Table I leading to a significantly improved measurement of
the polarization of the CMB. CMB-S4 is expected to be
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FIG. 4. The CIP contribution to the estimator for the lensing-
potential power spectrum, QF* . To produce these curves we used
the multipole ranges applicable to CMB-S4 [35].

sensitive to the primordial polarization anisotropies up to
Ip max = 5000 and to temperature /7 ., = 3000; since it is
a ground-based telescope, it will probe multipoles down to
[min = 30 [35]. As shown in Fig. 3, in this case the EB
cross-correlated CMB map dominates the optimal lensing-
potential estimator. Figure 4 shows, however, that the CIP
contributions of QFB are much smaller than any other
combination. As a result, the CIP contribution to CMB-S4
is less than that for Planck (see Fig. 5). Of course, CMB-S4
is significantly more sensitive to CIPs than Planck
when using the optimal CIP estimator, as we explain
in Sec. VL

We can understand the qualitative behaviors of the Q¥
shown in Fig. 4 by noting that, in the absence of any
primordial B-mode polarization, the CIP modulation indu-
ces contributions to the temperature and polarization of the
form (see Appendix A for a derivation)

o [Ty )

SEA() = / (‘;ﬂl)lz ag(All)A(E) cos2p;7  (64)

TABLE 1.  Planck sensitivity in the 143 and 217 GHz channels to
temperature and polarization at the two frequencies used to
estimate the lensing potential [29,42]. The last line gives the
sensitivity for CMB-S4, a proposed next generation CMB tele-
scope [35].

Channel 0 (arcmin)  wy(uK arcmin)  wp(uK arcmin)
143 GHz 7 30 60
217 GHz 5 40 95
CMB-S4 3 1 1.4
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FIG. 5. The CIP contribution to the estimator for the lensing-

potential power spectrum for both Planck (dashed red) and
CMB-S4 (dotted-dashed blue) for AZ(Reyp) = 4.3 x 1073,
For comparison, the lensing-potential power spectrum is shown
in the solid orange curve.

R 1, 9E(I}) . - .
5BA(l) = / (27;)12 8(AI)A(L)Sln2(pm, (65)

where L = [ — 71 and »r i is the angle between the flat-sky

wave vectors 71 and I. Since A(E) is drawn from a scale-
invariant power spectrum, its largest contribution will come
from the smallest values of L. This implies that for large

values of [, since the three vectors f fl and L

form a triangle, we must have fl and fnearly parallel.
In particular, it is straightforward to show that in this
limit sin2(pl~11~22(L/l) sing, where ¢ is the angle

that 7, makes with the x axis. Similarly, in this limit we
have cos 2(pl~1 7= 1. The lensing contributions to the CMB

anisotropies have the same dependence on P 1 Therefore,

given that QXX ~ hyy fxx (these functions are given in
Table V in Appendix A), we expect the following scalings
for the CIP contributions to the standard lensing estimator
with L: Q¥E(L) « Q" (L) and Q*B(L)/Q*F(L) L. In
addition, because | sin2¢; ;| < 1, we expect that for small
values of L, Q*B(L) will be much smaller than any other
CIP contribution. Finally, in Fig. 4 we can see that QTF
changes slope at roughly the acoustic horizon, L == 100.
This change occurs because the two terms that make up this

contribution, C IT‘dE + Cﬁ:’dZT‘ , are of opposite sign and out of

phase by half of a period A/ = 100 (see Fig. 8 of Ref. [22]).
Therefore, while L < 100 the CIP response remains con-
stant, leading to a decrease in Q! « L=2, but for L = 100
the CIP response grows, leading to QTF = constant (also
see Sec. III. D of Ref. [18]).

We show the first ten values of the exact CIP contribution
to both Planck and CMB-S4 in Table II. We stress that
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TABLE II. CIP contribution, with A2 (Rcyg) = 1, to the

normalized lensing-potential estimator, [L(L + 1)2C%?/(2x),
for Planck and CMB-S4 given by Eq. (B12).

L Planck CMB-S4
1 451 %1073 1.54 x 1073
2 6.87 x 1074 3.46 x 1074
3 2.94 x 1074 1.58 x 107*
4 1.66 x 107* 9.17 x 1075
5 1.07 x 104 6.00 x 1075
6 7.55 x 1073 4.24 x 1075
7 5.61 x 1073 3.16 x 1075
8 433 x 1073 245 x 1075
9 3.44 x 1073 1.96 x 1075
10 2.81 x 1073 1.60 x 1073
>10 (L/0.053)72 (L/0.032)~192

when computing the values and scalings given in Table II
we have made no approximations, as opposed to the
rough estimate given in Eq. (60). In order to compute
the specific CIP contribution, the values in Table II
need to be multiplied by A2 (Rcyg). For 11 < L <40
both the Planck and CMB-S4 CIP contributions
to [L(L+1)]2C?/(27) are wellfit (to within a few
percent) by a power law of the form (L/Ly)™* with
(Ly,a)=(0.053,2.0) for Planck and (L, ) = (0.032,1.92)
for CMB-S4.

Figure 6 gives a sense of the sensitivity of the Planck
lensing measurements to CIPs. We can see that it is the
lowest-L data that provides the constraint on A2 (Reyg).
Although in principle the Planck measurements can be
extended to even lower L values, in practice estimates
of the lensing-potential power spectrum are not robust for
L < 8 [29].

2.0 T T T T T 1T I I

A (Remp)=0

Y

HHH‘ | \HHH‘
10° 10! 102 500 1000 1500

L

2000

FIG. 6. Planck estimates of the lensing-potential power spec-
trum from Ref. [29] along with the expectation value of the
lensing-potential power spectrum for three values of A2, (Rcyg)-
We also show the 68% (yellow region) and 95% (blue region) CL

for a cosmic variance—limited estimate of Cf¢.
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IV. PREVIOUS CONSTRAINTS TO
COMPENSATED ISOCURVATURE
PERTURBATIONS

On scales probed by current cosmological observations
(i.e., k <10 Mpc™!) CIPs lead to a spatial fluctuation of the
baryon density beyond the adiabatic prediction. These
fluctuations can affect several different observables, such
as the primordial light-element abundances and the baryon
fraction in galaxies and galaxy clusters [23]. It can also lead
to anomalous angular correlations in observations of the
baryon acoustic oscillations (BAOs).

Any probe of the spatial dependence of the cosmological
baryon fraction has the potential to be sensitive to CIPs.
Past work has concentrated on placing constraints on the
CIP amplitude through off-diagonal contributions to the
CMB four-point correlation function [34], smoothing of
the small-scale CMB power spectra [26,27], fluctuations in
the baryon fraction of galaxy clusters [23], spatial variation
in the primordial deuterium to hydrogen (D/H) ratio
measured in quasar absorption lines [23], and an additional
offset between the large-scale distribution of total mass
from luminous (i.e., baryonic) matter [24]. These con-
straints probe the CIP modulation on a variety of length
scales. We will use Eq. (17) to convert a constraint on the
CIP variance A2 ((R) to a constraint on the scale-invariant
CIP amplitude, Acp. Since the integral over k formally
diverges at large scales (i.e., small values of k) we take
kmin to be of the order of the current horizon,
kmin = (10 GpC>_1'

A. Nucleosynthesis bounds

The primordial abundance of the light elements is, in
part, determined by the local baryon-to-photon ratio,
n=np/n,. Under the assumption of adiabatic initial
conditions, 7 is spatially uniform; in the presence of a
CIP it will be modulated by the CIP field, A. Measurements
of the primordial helium abundance (Y ) and the D/H ratio
in several galaxies allow us to place constraints on any
intrinsic scatter in their values. The measurements of Y,
and D/H place upper limits on A, (R, ), the rms variation
of A on galactic scales. In the presence of a CIP the Helium
abundance, Y, varies as AY, = 0.0087A (R, ), and
D/H as Alog[D/H] = 0.69A(Rga) [23]. We will take
Ry ~ 1 Mpc to be the typical size of the region that
collapses to form the galaxies in which Y, and D/H are
measured and find that A (Rgy) = 3.57Acrp. Upper
limits to the variation in ¥, and D/H give (at 95% CL)
As(Rgq1) < 0.25 leading to Acpp < 0.13.

B. Baryon-gas fraction bounds

In the presence of a CIP the ratio 6,/5, becomes scale
dependent. The gas fraction of a galaxy cluster directly
probes any fluctuation between baryons and dark matter.
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TABLE III.
2

data sets as described in the text. All upper limits to Az

when using T 4 LowP.

PHYSICAL REVIEW D 96, 083508 (2017)

Best-fit values and standard deviations for cosmological parameters with the three different Planck
show 95% CL. The 68% CL uncertainty in A2, is £0.0055

Parameter T + LowP T+P T + P + lensing
TSN 0.02277 £ 0.00034 0.02245 £ 0.00020 0.02234 £ 0.0016
Wpeneennn 0.1166 = 0.0025 0.1189 £ 0.0016 0.1186 £0.0014
Hgeranenn. 0.979 £+ 0.0085 0.969 £ 0.0056 0.967 4+ 0.0048
log (10'°4,) 3.061 £ 0.040 3.069 £+ 0.036 3.04 £0.025
Tevivininnn 0.067 £ 0.02 0.068 £0.018 0.054 £0.014
Hgy......... 692 +1.3 67.8 +0.75 67.83 £ 0.65
AZeennnnn. 0.014 £ 0.011 <0.0139 <0.00434

Reference [23] found that A, (R) < 0.08 at 95% CL.
With Ry =10 Mpc we have AZ (Ry) = 0.49Acp and
Acp < 0.017 at 95% CL. It is also possible to look for
statistical fluctuations in the baryon and dark matter
fluctuations. Using measurements of the baryon acoustic
oscillations on scales R ~ 100 Mpc, Ref. [24] found an
upper limit of Acp < 0.064, which translates into
A2 (R =100 Mpc) < 0.0165.

C. Past CMB bounds

As we saw in Sec. III, the CIP modulation smooths the
CMB power spectra and contributes to the CMB trispectrum.
Constraints from the first effect (under a Gaussian-likelihood

Planck T+LowP
v Planck T+P
= Planck T+P+lensing

Probability

N g
KX 1y
. .,

o
084

| ‘0,
a1l | | AT |
0.000 0.005 0.010 0.015 0.020 0.025 0.030

AZ s (Rewvs)

FIG. 7. The 1D marginalized posterior for A2 (Rcyg) using
the three combinations of data sets discussed in the text. The
vertical dashed line indicates the 95% CL upper limit using the
T + P + lensing data sets. The vertical dotted line shows the
expected 95% CL upper limit if we were to apply the optimal CIP
estimator to the Planck measurements of the CMB. The prox-
imity of these two limits shows that, when considering a
constraint to the overall amplitude of the CIP modulation, the
analysis presented here is nearly optimal.

approximation [26]) yield the constraint Acp < 0.04 at
95% CL when using both temperature and polarization. In
Ref. [34] the CIP contribution to the full trispectrum was
constrained using WMAP data, yielding Acp < 0.044 at
95% CL. Recently, using temperature and polarization
power-spectra results from Planck, Ref. [27] found the
constraint Az (Remp) < 0.012 (Agp < 0.050)  at
95% CL. When using the Planck estimates of the lensing
power spectrum, Ref. [27] uses the conservative lensing
likelihood in the range 40 < L < 400 and neglects to include
the CIP contribution to the estimator of the lensing-potential
power spectrum. We use the aggressive Planck lensing
dataset in the range 8 < L < 2048, which breaks the degen-
eracies slightly better than the conservative lensing dataset
and provides direct extra constraining power on CIP at low L
due to the effect we have studied in this paper. Our full
analysis thus improves upon the constraint in Ref. [27] by a
factor of ~3.

V. CONSTRAINTS TO CIPS FROM PLANCK
MEASUREMENTS OF THE CMB

To explore Planck’s sensitivity to CIPs we modified the
publicly available Boltzmann solver CAMB' to compute the
CIP-modulated CMB power spectra (as described in
Appendix D) and CIP-modified expectation value of the
lensing-potential estimator given by Eq. (B12). In particu-
lar, we modified CAMB to compute the sum of the lensing-
potential power spectrum and the CIP contribution, given in
Table. II. We compared these theoretical predictions to the
Planck data using the publicly available Planck-likelihood
code [7] and the Markov Chain Monte Carlo (MCMC)
code cosmomc? [43].

The Planck data has been divided up into a large angular-
scale data set (low multipole number) and a small angular-
scale data set (high multipole number) [7]. For all constraints
we use the entire range of measurements for the 77 power
spectrum as well as the low multipole polarization (TE and
EFE) data, which we denote as “T + LowP.” We also
compute constraints using the entire multipole range of

lhttp://camb.info
2http://cosmologist.info/cosmomc/
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polarization measurements, denoted by “T 4 P.” The divi-
sion between these two data sets is the multipole number
[ = 29 which approximately corresponds to an angular scale
of =5° In addition to the temperature and polarization
power spectra, we use the Planck estimate of the lensing-
potential power spectrum [29]. Since the CIP contribution to
the standard lensing estimator is largest on the largest
angular scales, we use the “aggressive” estimate of the
lensing-potential power spectrum which extends down to
L., = 8. We used the PLIK likelihood [7] and varied all 27
Planck nuisance parameters.

0.0230
™
= 0.0225 |
=)

0.0220

PHYSICAL REVIEW D 96, 083508 (2017)

As demonstrated in Fig. 1, polarization data can break
degeneracies present in a temperature-only analysis. The top
panelin Fig. 1 shows that the residual 7T power spectrum has
an oscillating structure around / = 1000. When comparing
the CIP modulation of the 7T power spectrum, we can see by
eye that a nonzero CIP amplitude can fit these residuals. As
shown in the first column of Table III, this is reflected by the
fact that the T 4 LowP data sets prefer a nonzero CIP
modulation with A2 ((Reyg) = 0.014 +0.011 at 95% CL
(corresponding to Acpp = 0.056 £ 0.044). When we include
the full polarization measurements from Planck (i.e., T + P),

BT P
B T + P + lensing
B T + P + lensing (no CIP)
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FIG. 8.
variation on cosmological scales, A2 (Rcvp)-
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A “triangle plot” showing the 2D marginalized posteriors for the standard six cosmological parameters and the CIP rms
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the upper limit to the CIP mode decreases to < 0.0139 at
95% CL (Acp < 0.056). Figure 1 indicates this is mainly due
to precise measurements of CFE at multipoles between
30 £ 1 <400. Finally, when including estimates of the
lensing-potential power spectrum (i.e., T 4+ P + lensing),
the upper limit to the CIP modulation decreases by a factor
of ~3.2.

The 1D marginalized posterior on A2 ((Rcyg) using the
three combinations of data sets is shown in Fig. 7. We can
see how the CIP contribution to the lensing-potential power
spectrum significantly improves the sensitivity to
A2 (Reyvg). This figure also makes clear how the position
of the maximum of the 1D posterior decreases as we add in
additional data.

In order to explore any degeneracies in these parameters,
we show a “triangle plot” for the standard six cosmological
parameters and A2 (Rcvg) in Fig. 8. As shown by a
comparison between the black and blue contours, the
constraints on the standard six parameters remain fairly
unchanged when we additionally constrain A2 (Reup)-
Moreover, going from T+ P to T 4 P + lensing clearly
reduces the overall uncertainties of A% (Rcyg), as well as
its correlations with the rest of ACDM parameters, since the
information on the CIPs comes from the large-scale lensing
estimator.

VI. CIP SENSITIVITY OF FUTURE EXPERIMENTS

We now assess the sensitivity of future CMB experi-
ments to CIPs. As for lensing, the improvements will come
primarily from small scales (in particular, polarization), and
so we focus on the proposed CMB-S4 experiment, as
described in Ref. [44]; CMB-S4 will be a nearly cosmic
variance-limited (CVL) experiment in both temperature
and polarization. Our analysis can be easily implemented
using noise specifications for other future experiments.

We model CMB-S4 as a single-channel experiment, as
described in Table I, observing in the range 30 < / < 3000
for temperature and 30 </ < 5000 for polarization (due to
the smaller relative amplitude of small-scale polarized
foregrounds). Given these characteristics, the lensing noise
can be computed as in Refs. [28,45]. We show the CVL
case in Fig. 6.

A. Lensing-potential bias and
power-spectrum smoothing

The sensitivity of lensing-potential bias and power-
spectrum smoothing to CIPs is estimated using the
Fisher matrix [46-50]

21 +1 _,0C, ., 0C,
Fij_ZTfskyTr[Cl ap, C 6—pj’ (66)

where p; contains the six ACDM parameters plus the CIP
variance A2, and the CMB covariance matrix is given by

PHYSICAL REVIEW D 96, 083508 (2017)
C[TT,t CZ"EJ C[Td.t
C{E’t CfEVt 0 , (67)
Cle.t 0 C;id.t

C]:

where all of the power spectra are computed from the
observed maps as in Egs. (23) and (24), following the noise
properties from Table I with zero noise for any cross-
correlated (i.e., TE) maps. Since the CIP contribution to the
lensing-potential ~power-spectrum  estimator roughly
decreases as L2, the sensitivity of future estimates to
the scale-invariant CIP amplitude, Acp, is highly depen-
dent on the minimum observable L value, L.;,, and
therefore highly dependent on the sky coverage.
Assuming that the nonlensing biases contributing to the
lensing-potential power-spectrum estimator can be robustly
subtracted on large angular scales, the minimum multipole
which can be estimated is approximately given by
Lmin ~ fs_kly/z'
and temperature/polarization leakage [44] could degrade
the largest-scale measurements (L < 30).

We defer analysis of these complications to future work
and obtain forecasts as a function of the minimum L,
detectable by the CMB-S4. Using information from the
lensing estimator and power-spectrum smoothing, we
obtain the sensitivity to A2 (Rcyg) for the CMB-S4
experiment as a function of L, (shown in Fig. 9). For
Lin > 10 the majority of the constraint comes from the
CIP modulation of the CMB power spectrum, whereas for
Lin < 10 the CIP contribution to the lensing-potential
estimator dominates. We note that the CMB-S4 lensing
noise is very close to the cosmic-variance limit, and
therefore the results should be the same for any other

Unfortunately, galactic foregrounds [51]

lensing only .- -

107 [ | |
10° 10'
Lmin

FIG. 9. Projected sensitivity to A2, (Rcyg) for CMB-S4. The
overall sensitivity is shown in the solid blue curve. The sensitivity
can be divided into a contribution from the smoothing of the
CMB multipoles (dotted black) and from estimates of the lensing-
potential power spectrum (dotted-dashed red). The optimal
estimator is shown in the dashed orange curve. As is clear
from this figure, the CIP lensing-potential contribution is only
important if future experiments can probe L, < 5.
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TABLE IV. Current constraints on Acp, the amplitude of the
power spectrum of a scale-invariant CIP modulation field. All
uncertainties and upper limits are at 95% CL.

Method ACIP
Trispectrum, WMAP [34] <0.044
Baryon Acoustic Oscillations [24] <0.064
Baryon Fraction in Galaxy Clusters [23] <0.017
Dispersion in “He and D/H [23] <0.13
CMB T + P + high-L lensing [27] < 0.050
This work:

Planck T + LowP 0.056 £ 0.044
Planck T + P <0.056
Planck T + P + lensing <0.017

nearly CVL experiment. In particular, a full-sky CVL
measurement of the lensing-potential power spectrum
has the potential to constrain A2 (Reyvp) <1075, and
therefore Acpp <4 x 107>, We now turn our attention to
additional improvements possible with an optimal estima-
tor of CIPs.

B. Optimal estimator

The constraints obtained in this work from the observed
CMB trispectrum rely on the contribution of CIPs to the
lensing-potential estimator. There is, however, an optimal
CIP estimator which relies on the distinct (from lensing)
off-diagonal CMB multipole correlations induced by CIPs,
as shown in Refs. [18,21,22] and summarized in
Appendixes B and E. This estimator was used to obtain
the WMAP constraints to CIPs in Ref. [34]. The Fisher
information, F, which yields the minimum uncertainty

1/F, is given by

AAN 2
I S NSRS

O-AZ -

rms

OAZ

where N3X are defined in Ref. [34] and computed under
the null hypothesis. We use Eq. (68) to forecast the
sensitivity of Planck and CMB-S4 (although Planck data
are public, we still have to “forecast” its sensitivity given
that a full analysis of the Planck CMB trispectrum for CIPs
does not yet exist) to a scale-invariant angular power
spectrum of CIPs.

For Planck noise parameters, we find that the optimum
estimator has a 26 sensitivity of A2 (Rewg) =4 x 1073,
offering no significant improvement over the constraint
from the CIP contribution to the lensing-potential estimator
(see Fig. 7 for an illustration). In other words, the con-
straints in Sec. V are nearly optimal using Planck data.

On the other hand, for a nearly CVL experiment like
CMB-S4, the optimal estimator improves on the constraint
from the CIP contribution to the lensing estimator by a
factor of ~4.0 for L.;, =1 and a factor of ~4.5 for
L in = 30. This difference, illustrated in Fig. 9, is driven
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by the constraining power of a nearly CVL polarization
experiment.

Given the fact that the trispectrum is so much more
constraining than the CIP-induced smoothing of the CMB
power spectrum, we neglect primary power-spectrum con-
straints in this Fisher analysis. For futuristic experiments
(like CMB-S4), the reconstruction noise for both lensing
and CIPs may be low enough that lensing could introduce a
significant bias [52] to the estimators described in
Appendix E, requiring either a debiased minimum-variance
estimator (as discussed in Ref. [53]) or a “delensed” CMB
map (as discussed in Refs. [54,55]), in which lensing-
induced correlations have been filtered out. We defer an
analysis that includes these complications to future work,
and simply note that Eq. (68) quantifies the best CIP
reconstruction we could achieve using the CMB.

VII. CONCLUSIONS

We have shown how the presence of a CIP modulation
contributes to the lensing-potential power-spectrum esti-
mator. In particular, we have used the Planck data to place
the most stringent constraints on the amplitude of a scale-
invariant CIP modulation, AZ(Rewp) < 4.3 x 1073 at
95% CL, on cosmological scales. The method discussed
here provides a nearly optimal upper limit when using
Planck data. We note that this statement only applies to the
overall amplitude of a scale-invariant CIP power spectrum.
A full trispectrum analysis could additionally probe the
scale dependence of a CIP power spectrum.

We show a comparison of our results to previous
constraints to the amplitude scale-invariant CIP power
spectrum in Table IV [see Eq. (20) for a translation between
A2 «(Remp) and Acppl. This table shows that before this
work the most sensitive constraint to the CIP amplitude
came from estimates of the baryon fraction in galaxy
clusters. The results presented here are as sensitive to
Acyp. Furthermore, given that the analysis of the baryon
fraction estimates assumes that the clusters are represen-
tative of the baryon density throughout the universe and
that they are kinematically relaxed [23] the robustness of
these constraints may be in question [26]. On the other
hand, the CMB-related constraints presented here do not
suffer from such complexities and are therefore more
straightforward to interpret.

We note that the constraints presented here do not apply
to curvaton-generated CIPs, which are correlated with
adiabatic fluctuations. In this scenario, the effect of CIPs
on CMB observables is enhanced relative to what is
considered here. Our limits do, however, give us a
conservative upper limit on the sensitivity of our technique
to curvaton-generated CIPs.

As discussed in Sec. V, the upper limit to Acp found here
is nearly optimal for the measurements from Planck.
Looking towards future experiments with nearly ideal
sensitivity to polarization, we find that the method
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presented here is about a factor of 4.5 less sensitive than the
optimal estimator. However, we note that the standard
analysis of future CMB data will include an estimate of the
lensing-potential power spectrum from the CMB trispec-
trum. Therefore, the results presented here show that, in the
presence of a CIP modulation, we may find excess power in
the lensing estimator at large angular scales. This con-
clusion applies to any scale-invariant stochastic field which
modulates the CMB. In particular, processes like patchy
reionization [56] or a spatial variation in the fine structure
constant [57,58] should contribute to the lensing estimator
in a similar way. We leave such extensions of the results
presented here to future work.
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APPENDIX A: CIP MODULATION
OF THE CMB IN THE FLAT-SKY LIMIT

In the presence of a CIP field the CMB is modulated in a
way that is analogous to the effects of gravitational lensing.
In this appendix we present the flat-sky expressions for the
modulated temperature and polarization. Since we are
interested in the leading-order effects on the trispectrum,
we only consider terms to linear order in the lensing-
potential, ¢, and CIP modulation field, A.

In the flat-sky approximation we have [28,40,41]
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where ¢; is the polar angle of the wave vector L Expanding
[Q % iU|(7) to linear order in the lensing-potential and the
CIP modulation field, we have

[0+ iU)( + Vg, A) = [Q + U)(#) + VipV'[Q + U]
0[Q + U]

+ A(n) A

(A2)
A=0

- - -

Using the fact that [Q + iU|(I) = [E(I) & iB()]e***I and
+6X(I

writing Xops (1) = X(1) + 6X (1), we have

. d?1 - -
SE(1) :/(2”)12 We(l, 1)cos2¢;7—WB(l, 1)s1n2(p77],
(A4)
=2 dzll pndlind g .
5B(I) = 2n) [Wg(l,1;) cos 2¢ﬂf+ We(l, ll)sm2(p;]ﬂ,
(AS5)
where ;=0 —0r and
- - ) (D
Wi 1) = x@) w00 + ZU A,
OA
Wyl 1) === 1)[(I=1)- 1] (A6)

This allows us to write down an estimator for the lensing
potential in terms of the various correlations [28,40,41] as
follows:

a, =22 |

>

d’l - - N
2 X X (B)Fre(1.5). (A7)

(
. A d?l R o (R 2 il
(Q+iU)(h)=- ﬁ[E(l):I:zB(l)]e e, (Al) 5 . s )
(27) where L, =L — [, a = XX’ and
|
Fol I) = Cf/X/'tCiX'tfxx’(Zlyiz) - C?fX/'tCiX/'thX’(Zzy fl) A8
xx (b ) = CfX,tCi'X’,th’X’,tCiX.t _ (CfX’,tCiX’,t)Z ’ (A8)
&1 . L
Axx/(L) ELZ{/fox’(lhlz)Fxx’(ll’lz)} . (A9)

We have defined the total CMB power spectrum, CfX/’t

, which includes detector noise and finite resolution, in Eq. (23), and

we show the fyy in Table V. The (Gaussian) noise in each estimator is given by

Nf,o,l (L) _ Aa(L)As(L) / &1

L? (27)
with § = (YY').

S o0, D)Fs(L, D) OO+ Fy(l, 1) CX el

- -

(A10)
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TABLE V. The lensing and CIP response functions in the flat-sky limit.

- fx (0. 1) hyy (1, )

o CIT(E-T) + I (L T) Gy g

TE Cl* cos 2077, (L-1)+ C‘,TE(E ) élT],dE cos 207 ; + CEdT
TB C sin 2¢; 7 (L I, 1) Cz AE G 2071

EE [&ﬁE(E ll) + C1 (L lz)] cos 2¢; 7 [é’E'dE 4 ngE] c0s 2077
EB (CEE(L 1)) = CPP(L - 1)) sin 207 (CEAE _ EB) Sin g
BB [6f3(lj. 71) + Cl (L 12)] cos z(pﬂfz [Cﬁ AB 6i,d3] cos 240172

Finally, we can combine all of these to form a
“minimum-variance” estimator [28,41]

Ay (L) =) _wa(L)dy(L),

a

(Al1)

where the weights w, are chosen to minimize the Gaussian
noise,

Zﬂ(N_l )ap
Zﬂy( )ﬁy

wo(L) = (A12)

We can now write a minimum-variance estimator for the
lensing-potential power spectrum,

N

_1 naxiva

(A13)
where ¢ is the angular coordinate of L and B(L) is the
standard Gaussian and non-Gaussian biases to the full
four-point correlation [29,39,40]. Using Eq. (A6), it is
straightforward to show that in the presence of CIPs the
bias-subtracted lensing-potential power-spectrum estimator
has an expectation value [28,40]

(€7 =P+ Oy wi(L)
afp

wy(L)Qu(L)Qp(L).  (Al4)

TABLE VL

where
0.1)=" (gt o (1) + s (. 1)) P (1. )
a\lr) = f dzz, > [fxxr (11,12) +fxx( *)] XX/(TI’@,
(A15)

where the CIP response functions, hyy, are given in
Table V. Note that we have left off the non-Gaussian
and residual CIP Gaussian bias from this expression. As
shown in Sec. III, given the current upper limits to Acpp,
these terms make a negligible contribution to the expect-
ation value of the temperature-only estimator. In addition to
this, Ref. [40] demonstrates that the contribution to these
biases from correlations other than 7T are of about the
same order of magnitude and do not change significantly
with an improvement in the instrumental noise.

APPENDIX B: FULL-SKY EXPRESSIONS

The Planck CMB lensing analysis in Ref. [29] used the
full-sky estimators derived in Ref. [28] to compute the
lensing-potential power spectrum. In this appendix we
compute the dominant CIP contribution to that estimator.

Consider an ensemble of CMB fields modulated by both
a fixed deflection field ¢ and a fixed CIP field A. These
second-order effects produce an off-diagonal covariance
[21,22,28],

The lensing and CIP response functions. “Even” and “odd” indicate that the functions are nonzero only when L + [ + [’ is

even or odd, respectively. To translate from the conventions of Ref. [18], we need to swap [ <> I/, which leads to a minus sign for the two
odd responses, EB and TB. Note that the B-mode autocorrelation, BB, vanishes at linear order in the CIP field.

XX/ o WX I+1'+L
1T ClToGyp + Cil oGy (crr+Cy dT)oH i even
TE CI%,Gy, + ClP Gy CI %, Hyy + Cz" M oH Ly even
TB iCT*,Gyp, iCl % H odd
EE CI*3Gpp + Ci5Gypy (Cr* + CE )2 even
EB i[CT*,Gypy = C7P2G ] i(Cr* + CB ) H odd
BB CP’5Gp + Ci%5Gyyy (CP® + CB ), H even
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<leX;’m’>|lens,CIP = 6;(X 5!1’6m—m’(_1)m

2w )

X Sy + Awhiy], (B1)
where ¢, and A;,, are the multipoles of the lensing
potential and CIP field, respectively, /XX and XX, are the
lensing/CIP response functions for different quadratic pairs

(see Table VI) and are defined in terms of the unmodulated

power spectrum, 5’;“/, and the lensing angular/CIP

response functions

2Oy =L+ D)+ +1) =11 +1)]

X\/(2L+1)(21+1)(2z'+1)<ls I(; :Flls>’

167z
(B2)
_jeL+ni+1nyer+1y /1L 14
j:sHlLl’:\/ . <j:s 0 ¢s>'
(B3)

We also define the full-sky power spectrum analogous to
Eq. (43)

dT,(k)

A (B4)

2
clir = - / I2dkPg (k)T (k)

Planck estimates the lensing-potential from observations
of the CMB uses the formalism presented in Ref. [28],
which establishes a minimum-variance estimator for

diy =/ L(ILA+1)prm,
[ ' L
dLM _AL z MX[’” I'm’ <m m' M>FZ’L’

Im,I'm’
where AY and F Iy are

(B5)

-1
A?:L(L+1)(2L+1){lezzgleszle} . (B6)

1y ’ i
C}fX,[cXX Wt (1*/ _ (_1)[+L+l CXX tCXX Lt (,E*
Fo = / 1 IL] 1 I'Ll
Ll — XXt ~XX t ~X'X t XXt XXt XX’ 2
Cz o C C _(Cz Cz' )

(B7)

where a = XX’, and yield, in the absence of a CIP
modulation, an optimal estimator
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- B (B8)

L a ﬂ L»

s 3 v
where [28]
wa = NPy (NZH, (BY)
p
NP — Aa*Aﬂ Z{ Xy.tCX’Y’,tFﬂ
L _L( (2L + 1) lle ) LLL
+ (- 1)L+ll+lchY’th’Y‘F{”2L, I} (B10)
-1\« -1

Ny =Y, N (BI1)

are weights chosen to yield an optimal estimator for the
deflection field and B; are the standard Gaussian and non-
Gaussian contributions to the CMB four-point correlation
[29,39,40]. With a nonzero CIP contribution in Eq. (B1), it
is straightforward to show that the lensing estimator in
Eq. (B8) becomes biased with an expectation value

(€1 =P +> wawp0i 07 C24. (BI2)
af
where
04 = le’ lLl’FlLl" (B13)
le’fzu’ ILI

APPENDIX C: COMPUTING THE
SECOND-ORDER CIP EFFECTS

We start by noting that in the absence of the CIPs, the
power spectrum, CXX', can be written in terms of an integral
over wave number [59],

o =2 [ Rakro(0x(0X;(0. (c1)

where the X, (k) weighted integrals of the transfer function,
fX(n), along the line of sight are

X,(k) = / anfXmilkto—n).  (C2)

A CIP causes a modulation of the transfer function,
yielding an observed power spectrum [22]
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C?(X’,obs —_ éXXI|A o
+ ZCACdX dX ]l/)(‘x’ H/)GLI’
Ll
1 2 v/ 1 g2
+ E A%ms(RCMB)(Cf’d X + C;{ “ X)’ <C3)
where
2 T,(k)\ 2
cih i = . / K2dkPg (k) (d d’i >> , (C4)
2 AT, (k
crer == / K2dkP (k)T (k) dAl(Q ) . (C5)
2L+ 120 + 1
Gpy=" ift ). (C6)
. I L I
K = s (C7)
SX 0 _SX

and sy =0 for X =T and sy = 2 for X = E, B.
Throughout this work we have taken the CIP modulation
to be scale-invariant so that C# o« L~2. This means that the
terms in the sum of Eq. (C10) will be dominated by smaller
values of L. Since the variation of the baryon density
mainly affects the physics at the surface of last scattering

and earlier, the Cﬁx’dx/ term is only significant on scales
smaller than the angular scale of the horizon at decoupling
(so I’ 2 100); this means that within the sum the terms
which dominate have L < I'. The Wigner 3-j symbol in
K ILI, is only nonzero when [, L, and [’ satisfy the triangle
inequality as follows:
|l|-L|<lI'<I+L. (C8)
This set of inequalities applies to the three sides of a triangle.
If ' and L are two sides of a triangle, given that I’ > L, the
only way to complete it is to add another side with / = /. This

is the case, and it is straightforward to show that the summand
in Eq. (C3) peaks at ' = [ and that we have

1
L L\ ~

;( K (6 Kp) = m‘sl.l’- (C9)
Therefore, we have
ZCACdX dX ll')(YX’ [p)GLl/
Ll

) 2L +1 )

= C{r Z 4I Cp = Alng(Rews)CH . (C10)

L

Equation (C1) tells us that the second derivative of the power
spectrum with respect to A can be written as
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1d*cyX 2 [, dx,(k)\?
2 dA? _;/kdkp‘l’(k)K dA )

1

+5 (x;(k) 4X (k)

dA?

cﬂx;(k)ﬂ |

Xl(k) dA2

(C11)

This shows that in the presence of a scale-invariant CIP
power spectrum the full calculation of the C;s in Eq. (C3)
can be replaced with the less computationally intensive
expression

1 X

CXXI,ObS _Az R e .
1 D) rms( CMB) dA2 Aso

=X 4 (C12)
When computing the observed C;s in our MCMC, we use an
efficient double-sided derivative to numerically calculate the
CIP effects. We detail the accuracy of our numerical
derivatives in Appendix D. Note that if the CIP spectrum
had a blue tilt, or additional power at small scales, the above
equation for the observed power spectrum would no longer
be a good approximation.

APPENDIX D: EFFICIENT COMPUTATION
OF THE SECOND-ORDER EFFECTS OF CIPS
ON THE CMB POWER SPECTRUM

Given the number of evaluations of the power spectrum
during an MCMC analysis, it is essential to use a computa-
tionally efficient method to compute the CIP effects on the
CMB power spectrum. As shown in Egs. (38) and (C12) in
the flat-sky approximation and with the full sky, respec-
tively, the CIP-modulated CMB power spectrum can be
computed by taking the second derivative of the unmodu-
lated power spectrum with respect to the CIP field A. As
discussed in Sec. II, the CIP field is a spatial modulation of
the baryon fraction, so this is equivalent to taking the
second derivative of the unmodulated CMB power spec-
trum with respect to Q. In this appendix we outline the
numerical techniques we developed to efficiently and
accurately compute this derivative.

We compute the numerical derivative of the power
spectrum using the finite difference as follows:

62Cl o CI[A + 6'] - 2C1[A] + CI[A - (:']
oA €? '

(D1)

In order to determine the value of ¢ which yields the most
accurate derivative, we compared Eq. (D1) to the second
derivative computed from a densely sampled polynomial fit
to C;(A). In particular, we generated 100 evenly spaced
samples C;(A) within a range of —.25 < A < .25 and fit a
sixth-order polynomial. We found that increasing the
number of samples and polynomial order beyond these
values lead to less than a 0.1% change in the second-order
derivative across the entire range of 2 <17 <5000.
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FIG. 10. The fractional difference between the polynomial
derivative method and the finite difference [Eq. (D1)] plotted
as a function of the step size € for CIT at A = 0.

Figure 10 demonstrates the effect of the size of the step size
e in the finite difference formula on how closely this
approximation approaches the polynomial-fitting derivative
method as quantified by computing the fractional differ-
ence, ;(2, between the finite difference and polynomial-fit
derivatives,

= 2= f)?
)

where f; are the finite difference second derivatives of C77
and y; are the polynomial-fit second derivatives. For the
accuracy level that we used (in particular, we used
AccuracyBoost=1 in CAMB), we can see that the percent
difference between our finite difference and polynomial-
fit derivatives achieves a minimum of less than 0.1%
in the range from .1 < e < .15. In the calculations of the
CIP-modulated CMB power spectrum we used a step
size € = 0.1.

(D2)

APPENDIX E: MINIMUM-VARIANCE
CIP ESTIMATOR

The CIP field A;,, induces off-diagonal correlations
between CMB multipoles, as shown in Table VI (and
derived in Refs. [18,22]). As with lensing, these

Xx'zz 4 ’ XZt ~X'Z' ¢ X'7! ’ XZ't ~X'Z t
MEXZZ — NXNEES Gl | O I gl + (—) Ik ei? el 2 gt .

i

PHYSICAL REVIEW D 96, 083508 (2017)

correlations can be used to derive a minimum-variance
estimator for CIPs, which for a single pair of observables
(X,X"' € {T,E,B}) is

XX’ XX’ E : XX ,CIP M
LM = N le ZLI’ (_1)

Iml'm’

X\/(2L+1)(2z+1)(21’+1)<z i L>’

4z m m' M
(E1)
[NXX'])- ZGll,hfL’;,’Fj‘L’[‘, CIP (E2)
174
20+ D)2 +1
= —( é)‘i ) ) (E3)

Ffu, CIP are as given in Eq. (B7), but using
the CIP response functions h??l(, given in the second
column of Table VI in place of the lensing response
functions lLl’

The (Gaussian) reconstruction noise is then

where the filters

<‘AXX/ - ALM’2>CMB = Ni(xl- (E4)

Using different observable pairs, one can obtain the
combined total minimum-variance estimator

ALM = ZWG v (ES)
Wi = N,%AZ s, (E6)
INBAIT = (M) (E7)

af

The estimator covariance-matrix M is at every L a rank-
two tensor over observable pairs. The indices a and f take
values over labels for pairs of observables, that is,
a,p € {TT,EE,TE, TB,EB}. Using Eq. (El), and iden-
tities of Wigner coefficients, we obtain an expression for

the matrix elements M7 as follows:

Ll 9L

The total-estimator variance is again the inverse normalization factor N42.
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