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Thomson scattering of cosmic microwave background (CMB) photons imprints various properties of the
baryons around galaxies on the CMB. One such imprint, called patchy screening, is a direct probe of the gas
density profile around galaxies. It usefully complements the information from the kinematic and thermal
Sunyaev-Zel’dovich effects and does not require individual redshifts. In this paper, we derive new
estimators of patchy screening called the “temperature inversion” (TI) and “signed” estimators, analogous
to the gradient inversion estimator of CMB lensing. Pedagogically, we clarify the relation between these
estimators and the standard patchy screening quadratic estimator (QE). The new estimators trade optimality
for robustness to biases caused by the dominant CMB lensing and foreground contaminants, allowing the
use of smaller angular scales. We perform a simulated analysis to realistically forecast the expected
precision of patchy screening measurements from four CMB experiments, ACT, SPT, Simons Observatory
(SO) and CMB-S4, cross-correlated with three galaxy samples from BOSS, unWISE and the simulated
Rubin LSST Data Challenge 2 catalog. Our results give further confidence in the first detection of this
effect from the ACT x unWISE data in the companion paper and show patchy screening will be a powerful
observable for future surveys like SO, CMB-S4 and LSST. Implementations of the patchy screening QE
and the TT and signed estimators are publicly available in our LensQuEst' and Thumbstack” software packages,

respectively.
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I. INTRODUCTION

While the cosmic microwave background (CMB) is an
extremely powerful window onto the initial conditions of
our Universe, it also contains a wealth of information on its
late-time large-scale structure (LSS). Indeed, large-scale
structure properties including gas density, thermal and bulk
velocities, gravitational potential and more leave shadows
on the CMB called secondary anisotropies; see [1] for a
review. One important class of secondary anisotropies is
due to Thomson scattering of the CMB photons by free
electrons in the ionized plasma (gas) around galaxies and
clusters. This class includes the thermal and kinematic
Sunyaev-Zel’dovich (tSZ and kSZ) effects [2—4], which are
measured with high precision and have already yielded
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crucial insights into cosmology [5-9] and the thermody-
namics of gaseous halos around galaxies and clusters
[e.g., [10-13]].

Another effect in this class is the patchy screening effect
[14—18]. This effect is perhaps the simplest, most intuitive
one: a free electron along a given line of sight (LOS)
scatters CMB photons out of that LOS, and replaces them
with CMB photons from the average blackbody distribu-
tion, imprinting a shadow. However, patchy screening is
smaller in amplitude than the more complex tSZ and kSZ
effects since they scale as

5TISZ & T(Uﬂlenna.l/c)27
6T 7(Vpui/ ),

5Tscreening o 1.(57"0/7"0)7

(Uth‘:rmal/c)2 ~ 10_2,
Ui/ ~ 1073, (1)
6T/ Ty ~ 1074,

where 7 ~ 1073 for galaxy group-sized halos.
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These scalings also highlight the complementarity of
these different effects. Like kSZ, patchy screening is
independent of the gas temperature. It thus scales linearly
with halo mass, unlike tSZ, and is thus ideally suited for
constraining baryonic effects in galaxy lensing by meas-
uring baryon density profiles around the group-sized halos
that dominate the matter power spectrum [12].

Like tSZ, patchy screening does not require any individual
redshift information to be detected. While the kSZ effect can
also be detected without redshift information [19-21], this
is done at the cost of squaring the kSZ, which destroys its
linear scaling with gas density and halo mass. Combining
screening, kSZ and tSZ allows us to form a complete picture
of the gas thermodynamics around halos (gas density,
temperature). Screening measurements also enables break-
ing of the kSZ degeneracy between galaxy gas content and
galaxy velocity. Thus, by combining them, one may extract
the amplitude of large-scale peculiar velocities in the
Universe to test the neutrino masses [22], the growth rate
of structure [23], general relativity [24], and measure
primordial non-Gaussianity [25]. Finally, while screening
and kSZ also probe the epoch of reionization [16,26-29], we
will not consider this in this paper, focusing instead on the
late-time signal from galaxies and clusters.

Observationally, the patchy screening effect is unique in
that it changes sign depending on the sign of the local large-
scale CMB temperature. This is unlike extragalactic fore-
grounds like the cosmic infrared background (CIB) or the
tSZ effect, whose sign are fixed at any given frequency.
This crucial feature is analogous to kSZ, whose signal
changes sign based on the sign of the local LOS peculiar
velocity. Like for kSZ, it allows us to cleanly distinguish
screening from these foregrounds. This property also
differentiates screening from CMB lensing, whose sign
changes based on the local large-scale temperature gra-
dient, rather than temperature value.

Leveraging this crucial feature of patchy screening, we
derive new estimators dubbed “temperature inversion” (TT)
and “signed” estimators, analogous to the gradient inver-
sion (GI) estimator of CMB lensing [30,31]. By making use
of the sign change of the screening effect, these estimators
are naturally robust to contamination from CIB, tSZ and
kSZ, as well as CMB lensing.

We carefully present the relation between these new
estimators and the standard quadratic estimator (QE) for
patchy screening [16,32,33]. We show how the new
estimators do not outperform the standard QE in terms
of raw statistical power when using same multipole
range. However, in its simplest form, the QE is biased
by foregrounds and CMB lensing. While CMB lensing
contamination to the QE can be removed via “bias hard-
ening”, the situation may be more complex for extragalactic
foregrounds.

While we focus on detecting screening from the CMB
temperature only, these estimators generalize trivially to

polarization by simply replacing temperature with Stokes O
and U.

The paper is organized as follows. In Sec. II, we review
the physical origin of patchy screening. Section III covers
the standard QE for patchy screening and its application to
reconstructing both large- and small-scale optical depth .
Section IV introduces the new TI and signed estimators and
clarifies their relationship to the small-scale QE. In Sec. V,
we study the biases to the QE due to lensing and
extragalactic foregrounds and explain the TI estimator’s
robustness to these biases. Section VI provides an overview
of our realistic forecast simulations and analysis and
presents the resulting patchy screening detection signal-
to-noise ratios (SNRs) for TT and QE for a set of current and
future CMB and LSS surveys. We conclude with Sec. VII.

II. PATCHY SCREENING OF CMB
TEMPERATURE AND POLARIZATION

Consider a line of sight where the CMB temperature 7°
deviates from the sky averaged CMB temperature 7°, by an
amount 679 = T° — T°. If an electron cloud with optical
depth 7 to Thomson scattering is present along that line of
sight, two things occur. First, a fraction 1 — ¢~* of the CMB
photons with temperature T° is deflected out of the line of
sight, leaving only a fraction e™* of the incident photons at
temperature 7°. Second, an equal fraction 1 — e~ of CMB
photons from all other directions is scattered into the line of
sight. Because this effect averages over all directions, as
seen by the electron cloud, these photons have temperature
T°. Thus, the observed temperature T along the line of
sight, after Thomson screening, is

T=T"+T%—-e7). (2)

Considering temperature deviations with respect to the sky
average CMB temperature 7°, we thus obtain,

6T (x) = 6T%(x)e™*™), (3)

where x is the angular position on the sky. The screening
effect operates in the same way on temperature 7, and Q
and U polarizations. For ease of notation, we will thus
focus on temperature here, but note that all our results apply
to polarization as well.

In polarization, an additional “scattering” effect adds to
this screening effect, where the local CMB temperature
quadrupole observed by the free electrons is converted to
linear polarization. This “scattering” occurs most notice-
ably at the last scattering surface and around the epoch of
reionization. It also occurs at later times due to the ionized
gas around galaxies and clusters, an efect which has been
called polarized Sunyaev-Ze’dovich (pSZ) effect [34-36].

Going further, we decompose the optical depth field z(x)
into a spatial average 7, well measured by Planck through
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FIG. 1. Top: 1 deg® simulated map of a CMB realization

unscreened (left) and screened by 5° FWHM 2D Gaussian 7
profiles placed at CMASS galaxy positions (right). The z
amplitude is greatly exaggerated for visual effect. Bottom: A
1D schematic illustrating the small angular scale temperature
deviations 67 ., induced by the patchy screening effect (green).
Unlike any other foreground, these deviations are (anti-)corre-
lated with the large-scale primary CMB anisotropies 67 e
(black). The tSZ- and CIB-induced anisotropies always have
the same sign at a given frequency, lensing is correlated with
V6T 1yges MOt 8T g itself, and kSZ-induced anisotropies change
sign with the gas’s LOS velocity. Thus, stacking the observed
CMB temperature patches around galaxies weighted by the sign
of the large-scale temperature provides a means to detect screen-
ing. Moreover, the patchy screening effect has greater magnitude
where 6T, 18 large, motivating weighting by 67, (and not
just its sign) when stacking.

the large-scale scattering effect (7 = 0.054 & 0.007 [37]),
and a fluctuating part 67, which traces the inhomogenous
projected distribution of free electrons on the sky.
Reabsorbing the mean 7 into the definition of §7° and
assuming small fluctuations §7(x) < 1, the screening effect
reduces to an additive term:

STscreening (x> = 570 (x)ﬁf(x). (4)

This effect is illustrated in Fig. 1. Our goal in this paper is
to propose new “temperature inversion” and ‘“signed”
estimators in order to reconstruct the optical depth fluc-
tuation field from the observed temperature map. Please
note that in the discussion that follows, we use notations 7
and ot interchangeably, and they both represent the
fluctuations on top of the mean 7 field.

III. STANDARD QUADRATIC ESTIMATOR

A. Review: Derivation of the standard QE

The standard QE for 7 [16,32,33] is generally derived
starting from

S5T(x) = 6TO(x)[1 — 7(x) + O (x))]. (5)

In Fourier space with a flat-sky approximation, this
becomes

5Tf =~ 6T(t)’ - l’/ 5T0f/Tf_f/, (6)

where [, = [ (‘f ‘;2 and ¢ is the 2D Fourier wave vector,
which we will also refer to interchangeably as angular
multipole in what folllows, in analogy with curved sky
analyses. Thus, screening produces nonzero off-diagonal

covariances for the Fourier modes,
(0T 0T ¢ )ixea - = (€, L = €)1y, (7)
where

er (f’L _ t’) = —<C2 + C(\)L—ﬂ) (8)

An elementary QE for 77 is thus simply —6T»0T_p/
(C? + Cl_p)), with variance CPUCi, /(Ch + Cfy_p).

The standard QE for z; is therefore obtained from the
inverse-variance linear combination of the elementary QEs,
giving

=N, /f F(€,L—€)5Tp6T ¢

%) orar,

14 Clolalcloml (9)
(COJFC(\)L t’\) ’
4 lealCTOli]‘
where
. fe@.L-¢)
Fr(¢,L-¢) = 70(){&1(;?2{3{?‘ , (10)
and

(N = l, Fe(e.L-e)f (. L—¢). (1)

where the weights F7 (¢, L — ¢) are determined such that
the variance of Eq. (9), N7, given below, is minimized.

N =2t [ (e L-epczc, (12
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B. Intuition: Large-scale vs small-scale =
reconstruction

The standard QE derived above [Eq. (9)] can be under-
stood more simply in two limiting cases, where large-scale
and small-scale Fourier modes are being reconstructed.

In the former limit, where large-scale z; Fourier modes
are reconstructed from small-scale temperature modes 67 ,
with L <« 7, the standard QE is effectively looking at the
local power spectrum and searching for a change of the
form

Large-scale screening
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FIG. 2. Schematic illustration of the effect of large-scale optical
depth fluctuations on the small-scale power spectrum: the locally
observed power spectrum is simply modulated in amplitude. Top:
A large-scale optical depth fluctuation oz spanning 10° in RA.
Middle: A 10° x 5° simulated temperature map of a CMB
realization screened by the large-scale oz fluctuation shown in
the top panel. The dotted (dashed) square corresponds to the area
with suppressed (enhanced) anisotropies with respect to the full-
sky average optical depth 7. Bottom: The power spectra corre-
sponding to the two regions where 67 > 0 (dotted) and o7 < 0
(dashed). The power spectrum for the CMB screened only by 7
(i.e. 6t = 0, solid) is shown for comparison. The screening of the
CMB by a large-scale mode of the optical depth modulates the
locally measured power spectrum as C, < C,e2%". The standard
QE for 077 is looking precisely for this effect when reconstructing
from temperature modes 67, with L < 7.

dinC,

Cy < Cpe™%r, ie.,
dr

-2. (13)
This is illustrated in Fig. 2.

In the latter limit, where we reconstruct the optical depth
field z; on small scales, i.e., L > ¢, we can approximate

the power spectra as smoothly varying functions; C|OL— o=

Cy and Cjj, =~ CP"™ to lowest order. Furthermore, the
CMB power spectrum is very red, such that C% > C9. In

this limit, the standard QE takes the suggestive form,
c
1, (? 5Tf) 5Ty,

~QE
T =~ 0
L f (Cf)lz
ot
14 clowl

, (14)

or in configuration space:

5Tlarge—WF ( x)

1 —2%(x) ~ 6T (x) (T

(15)

In this limit, the standard QE is thus simply multiplying the
local small-scale temperature 57 (x) by the Wiener-filtered
large-scale temperature §7'2WF and normalizing it by the
expected variance of the Wiener filter. The significance of
this expression will become clear in Sec. IV, where we
connect it to the new TI and signed estimators.

IV. “TEMPERATURE-INVERSION” ESTIMATOR
& APPROXIMATE SMALL-SCALE QE

A. New “‘temperature-inversion” estimator

The optical depth fluctuation field possesses power on
very small scales since it traces galaxy halos, whereas the
primary CMB temperature has almost none due to Silk
damping. Denoting small and large scales with subscripts S
and L respectively, the screening effect on small scales
is thus almost exclusively sourced by the following
configurations:

5T§creening(x) _ _5T(2 (x)(STS(x). (16)

This separation of scales is crucial;thanks to it, both the
unscreened and screened temperature fluctuations can be
measured from the same temperature map [27].

Indeed, we can low- and high-pass filter the observed
temperature map to estimate the large- and small-scale
temperature fluctuations 57 (x) and 67g(x). A natural, if
somewhat singular, estimator for 7z is then obtained by
simply taking the ratio:

(17)

We call this the TI estimator in analogy with the gradient
inversion (GI) estimator of CMB lensing [30,31]. A natural
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choice of low-pass filter in this case would be a Wiener
filter, the linear estimator for 679 (x) that has the lowest
mean-squared error. A natural choice for the high-pass filter
would be an inverse-variance weighted average of the small
scales, the unbiased linear estimator of 67g(x) with the
lowest variance. In general, we can define linear filters W,
and Wy such that,

{6?L(x) = [dx'W,(x —x")6T(x), (8)

8T5(x) = [ dx'Ws(x —x')6T (x).

In practice, we apply low- and high-pass filters (see Sec. VI
A) to the temperature map to isolate 67; and 07y,
respectively. If the shape of the 7 profile for the objects
of interest is known (e.g. from kSZ, which has higher
SNR), we can use a matched filter with this profile to
estimate the amplitude of the signal from the data.
However, our filters, with variable size, allow us to actually
measure the scale dependence of the electron density
profile. When jointly analyzed, including their covariance
matrix, they are as statistically optimal as the matched filter.

In Appendix A, we further derive the filter W; which
minimizes the mean-squared error in the presence of
foreground contamination with known profiles (a combi-
nation of matched filter and Wiener filter), but do not
implement it in what follows.

B. Comparison to the approximate small-scale QE

In the limit where we are reconstructing small-scale
optical depth fluctuations, we have shown that the QE takes
the approximate form,

5Tlarge—WF (x)

1 — 7% (x) ~ 6T (x) W’

(19)

where 6T'@2WF is the Wiener filter estimator for the
unscreened CMB, given the map noise. This can be
contrasted with our TI estimator of the form,

| —#T(x) (STM‘Z—% . (20)

In other words, in the small-scale limit, the two estimators
are related via

(5Tlarge—WF (x )2

1—2%(x) =1 —Wﬂ]m'

(21)

Thus, even if the large-scale temperature fluctuation
ST'aeWF is measured with infinite precision, the QE
suffers from an irreducible variance due to the ratio
between (6T'4¢WVF(x))? and its mean. This is completely
analogous to the GI estimator of CMB lensing. In
Appendix B, we expand on this comparison, showing that

the SNR is higher for TI than the QE when the large-scale
temperature leg is measured at high SNR (already true for
Planck data) and the small-scale temperature leg is domi-
nated by the screening effect. This latter condition is likely
not satisfied; even in the absence of detector noise, and
assuming that all nonblackbody foregrounds have been
subtracted, kSZ and CMB lensing will likely dominate the
noise unless they can be largely subtracted.

If TI does not outperform the QE in terms of SNR when
considering the same set of temperature Fourier modes,
why consider it further? As we show in Secs. V B and V D,
TI is more robust to extragalactic foreground biases and
naturally robust to CMB lensing bias. This means that TI
can use more temperature Fourier modes (higher #7,,) and
thus potentially recover a higher total SNR while still being
as or more robust to biases.

C. Stacked TT estimator for cross-correlation
and comparison with small-scale QE

For a single galaxy, the naive TI estimator [Eq. (17)] is
clearly singular for lines of sight where the unscreened
temperature fluctuation is zero. This issue is automatically
addressed when stacking around a set of galaxies, as we
now show. The large-scale temperature 57, (x) can be
measured to high precision from the temperature map, such
that we ignore the noise on 7', (x) for now. On the other
hand, the small-scale temperature 87g(x) is typically
affected by a non-negligible noise ng (with variance o2 )
such that,

ng(x)
fﬁL (x) .

A (x) = 7(x) + (22)

In this case, the estimator is unbiased, and its noise is
smallest along lines of sight with the highest large-scale
temperature, as expected intuitively.

To extract the mean optical depth profile of a sample of
tracers (galaxies, galaxy groups or clusters), we look for the
unbiased linear combination of the zT' around each cluster
that has the smallest noise variance. The answer is the
inverse-variance weighted average:

ATl 27 2
iti X 5TL[ /Gns

,?.TI stack = _ ) (2 3)
ZiéTle/ O"%S
which can be rewritten as
> a 2
pTlstack — _ M (24)

Z,ﬁfﬁ/f’%s

Conveniently, the inverse-variance weighting regularizes
the singularity of the naive estimator, such that lines of
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sight where the unscreened CMB temperature 570 is
estimated to vanish are given zero weight in the sum.
Although the numerator of Eq. (24) is now quadratic
in the temperature map, the estimator as a whole is not since
the denominator also involves a quadratic combination of
the data. As derived in Appendix C, the stacked QE takes a
very similar form in the limit of small-scale screening:

Zi5ATSi5TALi/0%S
ZJU%L /5315

%QE stack _ _ (25)

The numerator is identical to that of the stacked TI, and the
denominator only differs by replacing 6TL12< with G%L. Thus,
the ratio of the stacked QE to the stacked TI is simply

%QE stack

)
ZjaTLj/U%S
ZjG%L/U%S

(26)

%TI stack

This ratio has mean 1, but its variance is nonzero, equal to
2/ N galaxies- Thus, in the limit of zero temperature noise, the
stacked QE retains an irreducible variance 20-%/Ngalaxies,
whereas the stacked TI yields a noiseless reconstruction of
the true 7. While this variance vanishes as & 1/N gyjaxies fOT
large galaxy samples, the other sources of variance (e.g.,
from detector noise) also share the same scaling, such that
this additional noise remains relevant for all sample sizes.

D. “Signed estimator’’: Suboptimal to TI,
but potentially even more robust to foregrounds

The key intuition behind the derivation of the stacked TI
estimator [Eq. (24)] is shown in Fig. 1; unlike all other
imprints of galaxies on the CMB, the screening signal
changes sign and amplitude depending on those of the local
large-scale temperature 07;. Discarding the amplitude
information and weighting only by the sign of 67; leads
to a different screening estimator. We name it the “signed”
estimator:

2sen — Zisgn(éTL,i)éTS.i
loToil

where 6T, ; (or 6T;) is the large-scale (or small-scale)
temperature fluctuation at the position of galaxy i.

While the TT and signed estimators are both unbiased
estimators of 7, their variances differ such that,

(27)

Varfsg“ 6T =
= ot =2 28)

A% arr

for the Gaussian distributed large-scale temperatures 67 .
Thus, the signed estimator has lower SNR than TI by a

factor of /x/2 = 1.25.

On the other hand, this signed estimator enables two
interesting avenues for controlling potential foregrounds,
which may be worth the cost in SNR:

(i) Sign balancing. The number of galaxies coinciding
with either positive or negative CMB patches will
follow a binomial distribution, and thus will not
perfectly cancel for a finite galaxy sample. We can
discard a very small number of galaxies on CMB
patches with the excess sign to ensure that
> :sgn(6T, ;) = 0. Performing this “sign balanc-
ing” step exactly nulls any part of the foreground
emission (e.g., CIB, tSZ) that is constant across
galaxies. This does not lead to any bias in the
estimated screening since this selection depends on
the large-scale temperature only, statistically inde-
pendent from the screening signal. Furthermore, this
typically only requires discarding a fraction ~1/Ngy
of the galaxy sample, completely negligible for the
large galaxy catalogs of interest here. This is
described in more detail in Appendix D.

(i) Sign thresholding. After masking bright point
sources and clusters from the temperature map,
any residual foreground emission from our galaxies
will be small (~pK) compared to the typical large-
scale temperature fluctuations (~100 pK for the
CMB). Thus, we may select for the stack only the
objects for which |67 ;| is larger than a few times
the typical foreground signal [e.g., (~10 pK)]. This
ensures that residual foregrounds are not large
enough to affect the sign weighting used in the
signed estimator. This is in contrast with TI,
where residual foregrounds in 67, ;, however small,
remain present. This is described in more detail in
Appendix E.

Including tests on simulations for biases from extragalactic
sources, this estimator is presented in detail in [38], where
we test for foreground biases and validate these arguments
by applying the signed estimator to realistic, non-Gaussian
sky simulations.

V. BIASES TO QE AND TI FROM CMB LENSING
AND EXTRAGALACTIC FOREGROUNDS

A. CMB lensing bias to QE: Lens hardening needed
From Eq. (9), we can see that the QE for 7 is of the form,

o+ C)
1% = N, / M(ST,;&TL_% (29)
174

total (total
Cy ClL 2|

This has a similar form as that of the QE for the

lensing potential; (27,4 [, F(€,L—€)5T 5Ty _p, where
F(€¢,L —¢) are optimized weights for the pair of multi-
poles 6T and 6T _p, such that the variance of the estimator
is minimized. Thus, Eq. (9) can be interpreted as an
estimator for the CMB lensing potential reconstruction
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TABLE 1. The amplitude of the cross-correlation of galaxies
with the screening QE suffers large fractional biases from CMB
lensing and tSZ, using 30 < # < 3000. Appendix F2 describes
the “low” and “high” tSZ modeling in detail.

Galaxy Fore-

sample ground SPT ACT SO CMB-54

CMASS K 4109% 346.9% 394% 433.5%
tSZ low  -2.7% -25% —-2.7% —2.8%
tSZ high -39.7% -284% —-36.5% —44.2%

with nonoptimized weights, and as such, has a nonzero
response to lensing. We can rewrite Eq. (29) as

(198) = % 4 N, ( [ rer-eptier- t’)>¢(L),

Response of QE to lensing

(30)

where we have used (5Tp8T; o) = 4. (€. L —€)¢p(L)
with f9,(€,L—#)=CYL-#)+Cl)_, (L-(L—?)), and
F*(¢,L — ¥¢) is given by Eq. (10). In practice, the lensing
bias in Eq. (30) is nonzero and can be dominant even in
cross-correlations with other tracers, as shown in Table I
and Fig. 3 (see also Fig. 1 of [39]).

This large lensing bias to the QE is typically avoided via
“lens hardening” [40]. The idea behind the lens-hardened
QE is simple. Just as we can construct a 7 QE, we can also
construct a lensing convergence & QE, which can then be
used to subtract off the lensing bias in Eq. (30). Therefore,

AdvACT x CMASS

10773
10—S§
10_9§
o)) 3
A ]
10—10;
§ —— Signal — lensing -
1071y —— tSZjow - Negative L
1 — tszhigh
1072 4+——— T T — T
102 103
{
FIG. 3. The expected cross-correlation signal between BOSS

CMASS galaxies and the screening QE from Advanced ACT-like
temperature (black) is compared to the CMB lensing bias (red)
and the tSZ foreground bias (cyan area) for a range of tSZ
models. The importance of these biases highlight the need for
lens hardening and foreground hardening for the v QE. The
corresponding biases to the overall amplitude of the signal are
shown in Table I. The simulations used to create these correlated
lensing and tSZ maps are described in detail in Appendix F.

the lens-hardened z QE minimizes contamination from
lensing. However, this comes at an increased reconstruction
noise cost when compared with the standard QE variance

7 given by Eq. (12). For a Planck-like experiment, this
noise cost is ~0—40% depending on scales [39], whereas
the reconstruction noise from temperature-only (no polari-
zation) QE increases by a factor of ~2-3 across all £ values
for a CMB-S4-like experiment [41].

Intuitively, this lensing bias to QE can be understood
from Fig. 2 when reconstructing large-scale optical depth
fluctuations 7; from small-scale temperature modes 7T,
with L <« Z. Both lensing and screening cause variations in
the local power spectrum from patch to patch. While these
variations are different, they have nonzero overlap.

The opposite regime, where we reconstruct small-scale
optical depth fluctuations z; from temperature modes T,
and T;_, with L > ¢, is different. In this limit, the lensing
term in Eq. (30) vanishes. Thus, the small-scale part of the
QE is unbiased with respect to lensing. This part of the QE
is very similar to the TI estimator, only with a slightly
different normalization [see Egs. (19)—(21)], such that both
are unbiased by lensing. We explore the robustness of TI to
CMB lensing in more detail in the next subsection.

B. TI is robust to CMB lensing

The lensed temperature map can be written, to first
order, as

5T(x) ~ 6T (x) + Vp(x) V6T (x), (31)

where 7 is the lensed temperature field and ¢ is the lensing
potential. Thus, lensing by a galaxy of interest produces a
local small-scale dipole in the CMB map, whose direction
and amplitude matches those of the local large-scale
unlensed CMB gradient. The spatial symmetry of this
dipole effect means that lensing is nulled by our azimu-
thally symmetric small-scale temperature filter, typically a
disk or ring aperture around the galaxy, which only extracts
the local small-scale monopole. Thus, to first order, lensing
from the galaxies in our sample does not bias the TI or
signed estimators and does not even contribute noise.
The situation is different for the lensing caused by
objects not aligned with the aperture filter. For a single
galaxy, nearby objects (including other galaxies in the
sample) can contribute a lensing dipole to the aperture
photometry. Since these small-scale dipoles are no longer
aligned with our small-scale apertures (rings or disks),
lensing does enter the TI and signed estimators. This
lensing is not a bias, however, as it is correlated with
V6T, a random variable uncorrelated with 57, or 6T%.
Since there is an equal number of galaxies on either side of
the gradient on average, lensing from objects not aligned
with the filter only contributes noise to the TI and signed
estimators. In fact, on small scales # = 5000, the CMB
power spectrum is dominated by lensing, meaning that
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lensing may be the dominant source of noise (other than
kSZ, other foregrounds and detector noise potentially
present in the map).

In summary, TI and signed estimators null the lowest
order bias due to lensing ~O(¢g). At higher order in
lensing [O(¢?)], a bias to the TI and signed estimators may
be present if:

(i) Lensing is non-negligible in the large-scale temper-

ature map as well;

(i) This lensing is not due to the galaxy we are centered
on, such that the corresponding dipole is not nulled
by our small-scale aperture filter;

(iii) The lensing is still caused by objects correlated with
the galaxy we are centered on, e.g., two-halo term or
other correlated galaxies in the sample.

We leave the exploration of these higher-order bias terms in
simulations to future work.

C. Extragalactic foregrounds bias QE

Similar to CMB lensing, foregrounds like tSZ, kSZ and
CIB cause mode coupling of temperature anisotropies. As a
result, they bias the QE for screening. Again, similar to
CMB lensing, this bias also affects cross-correlation of the
reconstructed 7 field with other tracers. Figure 3 shows
the expected cross-correlation of the 7 field reconstructed
from a QE using an Advanced ACT-like experiment with
CMASS galaxies. Here, “tSZ high” and “tSZ low” are
two tSZ maps we simulate which give an upper and lower
bound respectively on this bias (see Appendix F for
details). We can see that the bias from CMB lensing is
higher than the signal itself. The bias from tSZ emission is
not negligible either. While we only discuss the foreground
bias due to CMB lensing and tSZ here, foregrounds like
CIB could also have non-negligible bias to 7 QE. Such
foreground biases have been extensively studied and shown
to be important in the context of CMB lensing QE [42,43].
Similar conclusions hold for the 7 QE as well due to the
similarity between the two estimators. It should also be
noted that these biases are likely bigger for lower-noise
CMB experiments as they will have increased weights from
small scales where the foregrounds are dominant.

In order to quantify the bias from foregrounds like CMB
lensing and tSZ to the 7 QE in cross-correlation with
galaxies, we define an amplitude parameter A for a given

power spectrum measurement C 1. such that,
Cp = ACTY 4y, (32)

theory .
where C;“° is the theory power spectrum and 7, is noise.
The minimum-variance estimator for A, linear in the
measured power spectrum, is then

A= ZLCL(CtLheory)/o-Lz
ZL(Cgleory)z/ULz

(33)

The nominal value of A is 1; however, due to biases from
foregrounds, the value differs from 1. Thus, bias from a
foreground X to cross-correlation of the QE reconstructed =
field with galaxies &, (CZX(S”) can be calculated in the
continuum limit as

where bias(CfXﬁ”) is the bias introduced by the cross-
correlation between the galaxies and the foreground X
passed through a r QE. Table I shows that these foreground
biases can be larger than the screening signal and highly
significant. Some form of foreground mitigation is there-
fore likely required for the QE. This may include multi-
frequency component separation, masking, template
deprojection, using shear only estimators, and bias hard-
ening with respect to point sources or specific profiles.
Such approaches and their challenges have been explored
in the context of CMB lensing and 7 QE [39,40,44—46] and
similar results hold here too. We do not explore these
further in this paper.

D. TI is robust to extragalactic foregrounds

The TI and signed estimators are automatically robust to
extragalactic foreground biases, and this can be further
enhanced by sign balancing and sign thresholding for the
signed estimator. We summarize the reasons here and
present more detailed derivations in Appendixes D and E.

Unlike the patchy screening effect, foregrounds like
the CIB, tSZ and kSZ do not change sign depending on
the sign of the local large-scale temperature 67;. In the
absence of foreground contamination to the large-scale
leg, the weights in the TI and signed estimators, which
change sign and have zero mean value, automatically
average out these foregrounds. For a finite galaxy sample
size, this foreground reduction may leave a residual bias

~fs/+/Npacn» Where fg is the typical small scale fore-
ground emission, and N 18 the number of patches with
independent large-scale CMB temperature 67';. Since the
CMB is coherent on degree scales, N, is roughly equal
to the area of the CMB map in square degrees.

For the signed estimator, this residual can be further
reduced by sign balancing the weights, as described in
Sec. IVD. If the foreground signal is identical for all
galaxies in the sample, sign balancing exactly nulls the
foreground bias. While foreground emissions actually vary
across galaxies, sign balancing is still effective in realistic
scenarios, as shown in Appendix D.

In practice, foreground contamination may be present
both in the large and small-scale temperature legs. In this
case, the TI and signed estimators may suffer a bispectrum
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bias ~f; fsgs, where f is the foreground and ¢ the galaxy
map. However, for the signed estimator, this bias can be
nulled exactly with the sign thresholding procedure pre-
sented in Sec. [V D. This procedure ensures that absolutely
no foreground signal leaks into sgn(57;), thus removing
any bispectrum foreground bias.

VI. SNR FORECASTS

We produce SNR forecasts for the TI and = QE estimators
using realistic simulations for four CMB experiments,
South Pole Telescope (SPT) [47—49], Atacama Cosmology
Telescope (ACT) [50], SO [51] and CMB-S4 [52], cross-
correlated with three galaxy survey samples, the Baryonic
Oscillation ~ Spectroscopic  Survey (BOSS) CMASS
sample [53,54], the Wide-field Infrared Survey Explorer
(WISE) unWISE “blue” and “green” samples [55,56], and
the simulated Legacy Survey of Space and Time (LSST) Data
Challenge 2 (DC2) extragalactic sample [57]. Details of the
sky fraction, galaxy number density and number of galaxies
overlapping the CMB survey footprints are listed in Table II.

A. Simulated analysis for TI and QE

Here we give an overview of the methods used to
generate the simulations for the TI and QE detection
forecast. See Appendix G for further details. We create
realistic simulated 7 signal maps by placing identical,
isotropic Gaussian 7 profiles at CMASS galaxy positions
as described in Appendix G 1. The parameters of the 7
profiles are matched to the best-fit values from the ACT x
unWISE first measurement [38].

To calculate the covariance matrix, we simulate a set of
128 maps for each CMB experiment, using the power
spectra shown in Fig. 4. All of the spectra are beamed and
include noise contributions from the CMB, detector noise
and—with the exception of CMB-S4-extragalactic fore-
ground contamination (e.g. lensing, CIB, tSZ, kSZ, radio
sources). More details may be found in Appendix G 2.

To separate the large- and small-scale temperature
fluctuations 67, and 675, we apply low- and high-pass
filters (see Eqgs. (G1) and (G2) to generate two separate
maps. We have implemented the stacked TI and signed
estimators in the aperture photometry filtering and stacking
software, ThumbStack [11]. We use this code to generate

TABLE II. Number of galaxies assumed to overlap with each
CMB experiment used in the SNR forecasts. The shot noise, 7,
for each galaxy sample and the sky fraction, fy, for each CMB
experiment are also listed. ACT, SO, and CMB-S4 are assumed to
have equal f.

Galaxy SPT ACT/SO/CMB-54
sample i arcmin™  (fg, = 0.036) (fsy = 0.315)
CMASS 0.012 65,600 568,776
unWISE 1.24 6.8M 59M

LSST 34.1 187TM 1.62B

10°
—— ACT, ILC, 1.6’ beam

----- SPT, ILC, 1.6’ beam
——- S0, ILC, 1.4’ beam
CMB-54 (no fg), 1 pK’,

& ot N
ﬁ ol 1’ beam
[%:
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FIG. 4. Power spectra used in the SNR forecasts for ACT (solid
orange), SPT (dashed green), SO (dash-dotted blue), and CMB-
S4 (dotted purple). Details for the spectra are given in Appen-
dix G. The shaded bands show the ¢ ranges used by the TI
estimator; 30 < 7 < 2075 (grey) and 2425 < ¢ < 5950 (green)
for large- and small-scale temperature measurements, respec-
tively. See Egs. (G1) and (G2) for the exact  filtering used. The
QE uses 30 < £ < 3000 (black dotted line) as it is sensitive to
foreground contamination at higher #. Since the TI estimator is
robust to foregrounds at high ¢, it can take advantage of future
experiments’ lower detector noise and smaller beam widths.

small postage stamps centered on each galaxy position for
both maps, apply annular (i.e. “ring”) aperture photometry
filters to measure the 67 g radial profile for each stamp, and
stack the stamps according to Eq. (24), using each stamp’s
average 67, as weights.

We construct the covariance matrix taking into account
the clustering of galaxies and scaling by the proper
Hartlap correction factor [58]. Details are provided in
Appendix G 4.

We then measure the SNR for each CMB-galaxy sample
combination, scaling to each experiment’s full galaxy
sample and sky fraction, fg, shown in Table II. The
resulting SNR values for the surveys are shown in Table I'V.

For the QE of 7, details of the SNR estimation for the
cross-power spectrum of the 7 map reconstructed using QE
and galaxy map g are presented in Appendix H. The SNR is
calculated analytically as given in Eq. (H1) where the noise
terms contain the total power spectrum of the reconstructed
7 map along with its reconstruction noise and the total
galaxy power spectrum, which includes both the clustering
and shot noise contributions. The shot noise levels for each
galaxy sample are calculated using the number density
values provided in Table II.

B. Galaxy clustering effects

As we go towards higher density galaxy samples, the shot
noise of the sample decreases by /Ny, but the clustering
power spectrum still adds noise to the covariance. Here we
assess the impact of clustering effects for the TI and QE
forecasts.
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TABLE III. Summary of the detection SNRs for TI and QE
varying the noise contribution due to galaxy clustering, gg. The
first value in each pair corresponds to the case with no clustering
(gg = 0) power spectrum contribution to the total galaxy power
spectrum; the second value includes it (gg # 0). For QE, we use
60 < £ < 6000. For TI, we use 30 < £ < 2075 for 6T, weights
and 2425 < ¢ < 5950 for 7 reconstruction. Ratios of the gg = 0
and gg # 0 SNR values are visualized in Fig. 5.

99 =0/99# 0
CMB Expt.  Estimator CMASS unWISE LSST
SPT TIs050 0.34/0.37 3.4/3.0 18/11
QEgo00 0.54/0.53 5.5/4.7 29/12
ACT Tl5950 0.60/0.65 6.1/5.2 31/18
QEgo00 1.1/1.1 11/9.3 58/22
SO TIs50 0.84/0.92 8.5/7.5 45/25
QEgo00 14/14 14/12 73/29
CMB-S4 Tl5050 1.5/1.7 16/13 82/49
QEgo00 2.7/2.7 28/25 145/65

For the QE, we complete the simulated analysis with and
without the galaxy clustering (gg) contribution at the power
spectrum level, where the total galaxy power spectrum is
calculated with and without the clustering power spectrum.
The results of this study are summarized in Table III.

For the TI estimator, we compare the SNR values
obtained with a covariance matrix estimated from boot-
strapping from a single map realization (thus neglecting
clustering effects) versus that estimated from the sample
variance over 128 map realizations.

As shown in Fig. 5, neglecting clustering effects results
in overestimation of the SNR for both the QE and TI. While

925 o ACT — Tlx5950 ,/:/ﬁ
¢ SPT === QEs000 R
o SO ,/:I' , ,*
LA
20} * CMB-S4 e

SNRshot / SNRshot+clustering

unWISE LSST

CMASS

FIG. 5. Ratio of the SNRs when accounting for galaxy shot
noise only versus galaxy shot noise and clustering. For all three
galaxy samples, the difference in SNR ratio between CMB
experiments (same colors as Fig. 4) is relatively small. However,
the impact of clustering on SNR increases significantly for higher
density galaxy samples, especially LSST. When neglecting
clustering in the LSST sample, the SNR is overestimated by
~60% for TI (solid lines) and ~150% for QE (dashed lines).

the CMASS sample is sparse enough to not show signifi-
cant differences, using unWISE results in a moderate
~20% overestimated SNR. Ignoring clustering in the
LSST sample is a more dramatic oversight; ~60% for TI
and ~150% for QE. The marked differences in sensitivity
to clustering effects in TI and QE, especially for an LSST-
like experiment, is unclear. We leave an investigation of this
difference to future work. Despite these uncertainties, it is
clear clustering has a significant effect on noise estimation.
Thus, we include these effects in the present forecasts and
emphasize they must be properly accounted for in future
analyses.

We also study the effect of neglecting the cosmic
variance of the signal itself, i.e., C, and find it is negligible
for all the experiments considered.

Figure 6 shows the comparison of the stacked high-pass
filtered radial = profile on the unWISE (orange) and
CMASS (red) locations in our simulations where the 7
profile has been reconstructed using the TI esimator with an
ACT-like experiment. The input profile used when painting
each galaxy in both maps is shown for comparison in black.
The average 7 profile stacked on CMASS galaxy locations
matches the profile painted on an individual galaxy, i.e., the
CMASS sample is sparse enough for the two-halo term to
have negligible contribution. However, after stacking on

x107*
L5r —}— unWISE
CMASS
1.0F —— Single profile

R [arcmin]

FIG. 6. Comparison of the high-pass filtered radial (z) profile
when stacking on the unWISE (red) and CMASS (orange) 7 maps
with the TT estimator. The input profile used when painting each
galaxy in both maps is shown for comparison (black). Note the
shape of the profiles dips below zero due to the high-pass filtering
applied. The 7 profile stacked on CMASS galaxy locations
matches the profile painted on an individual galaxy, i.e., the
CMASS sample is sparse enough for the two-halo term to have
negligible contribution. However, after stacking on the unWISE
sample, the profile amplitude shows a slight excess, which
reflects the two-halo term contribution. The error bars on the
CMASS and unWISE profiles correspond to the expected noise
from ACT. A tentative detection of this two-halo term may be
possible with ACT x unWISE.
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TABLE IV. Summary of the forecast detection SNRs for T and
QE accounting for galaxy clustering and using realistic £ ranges
for each estimator. We do not include cosmic variance on the g
signal, which is negligible for all experiments considered. For the
standard QE and lens-hardened QE (LHQE), we use 60 < ¢ <
3000 where these estimators have limited response to foreground
contamination. For TI, we use the same ¢ range as in Table III. TI
can use higher # modes as it is robust to foregrounds; the SNR for
TI can thus exceed QE because of this added information. All
SNR values are visualized in Fig. 7.

Galaxy sample Estimator SPT ACT SO CMB-S4
CMASS Tlysy 0376 0.656¢ 0926 170
QEyo 0346 0876 0966 llo
LHQE;p 0300 0.786 0846  0.94c
unWISE Tlosy 306 526 7.56 136
QE3000 2.90 730 8.1c 9.20
LHQE3000 2.60 6.60 720 8.00
LSST TIS950 11 180 250 490
QE3000 6.60 160 18¢ 2lo
LHQEs;y 596 156 160 186

the unWISE sample, there is a slight excess in the
amplitude of the profile, which reflects the two-halo term
contribution. This shows that the clustering term already
starts becoming important for the unWISE-like galaxy
sample and will be even more important for an LSST-like
sample. A tentative detection of this two-halo term might
be possible using ACTxunWISE data.

C. Results

The forecast SNRs for TI, QE, and lens-hardened QE
(LHQE), using realistic simulations and accounting for
clustering effects as described above, are summarized in
Table IV and visualized in Fig. 7. Unlike for the clustering
study, we limit &, to 3000 for the QE and LHQE to
mitigate foreground contamination. As TI is robust to
foregrounds, we use scales up to . = 5950.° As
expected, we find that the LHQE degrades the SNR to
some extent (~10-15%) when compared to the standard
QE as the noise in the reconstruction of = for a LHQE goes
up. As this is the forecast SNR for cross-correlation of 7 and
galaxies C}’ rather than auto-power spectrum of 7C¥,
effects of the noise penalty for hardening against lensing
are slightly less dramatic. Factors contributing to the noise
[denominator of Eq. (H1)] are total galaxy and z power
spectra. As expected, we find that for a given galaxy
sample, as we go towards more sensitive CMB experi-
ments, effects of lens-hardening are felt slightly more as the
noise penalty is higher for more sensitive experiments [41].

This rather specific value corresponds to the most
conservative ¢, of the input ILC power spectra used in the
simulations.

— Tls950
=== QEsqn0

50+ # LSST
¢  unWISE

40F o OMASE e
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© 200 e
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SPT ACT SO CMB-54
FIG. 7. Visualization of the forecast SNR values given in

Table IV. The LHQE (dotted lines) results in a SNR reduction
compared to the standard QE (dashed lines). For current experi-
ments, the QE and TI (solid lines) give similar SNRs. Cross-
correlation with CMASS (orange circles) does not yield a
significant measurement for any CMB experiment, whereas
the signal is detectable using the unWISE sample (red diamonds).
For future experiments, TI can attain higher SNR than the QE,
most dramatically when using the LSST galaxy sample (blue
pluses), because it can use smaller CMB scales.

As a result, SNR is affected more by lens-hardening for a
CMB-S4-like experiment than an ACT-like experiment. In
the following discussion, we limit our comparisons to TI
and QE.

For current experiments like ACT and SPT in combi-
nation with CMASS and unWISE galaxies, TI and QE give
similar results. Due to fairly high shot noise, the cross-
correlation with the CMASS-like sample does not yield a
significant SNR for any CMB experiment, whereas the
signal is detectable using an unWISE-like sample. We note
this result is consistent with [38], which uses ACT x
unWISE data to make the first detection of this effect.

For future CMB experiments, the TI estimator can attain
higher SNR than the QE, most dramatically when using an
LSST-like galaxy sample (see Table IV and Fig. 7). This is
due to the use of smaller scales of the CMB. Future CMB
experiments, particularly CMB-S4, have exquisite pro-
jected sensitivity and beam size. With lower noise and a
smaller beam, the TI estimator can extract information from
the small scales that QE cannot reliably use due to fore-
ground biases. Thus, the SNR values across all cross-
correlations with LSST are improved for TI compared to
the QE.

VII. CONCLUSIONS

In this paper, we have derived and studied new estima-
tors for the patchy screening of the CMB, called TI and
signed estimators. These estimators are modifications of the
standard screening QE, analogous to the gradient inversion
estimators for CMB lensing.
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The TI and signed estimators make use of a unique
feature of patchy screening: it is the only effect which
changes sign based on the local large-scale temperature.
This allows TI and signed estimators to be automatically
unbiased to extragalactic foregrounds like the CIB, tSZ and
kSZ, unlike the standard QE. This foreground robustness
can be further enhanced for the signed estimator via “sign
balancing” and “sign thresholding”, which further immu-
nize it against foregrounds at a negligible noise cost. For the
QE, the corresponding biases can be large and likely
require some form of hardening at some cost in SNR.

The TI and signed estimators are also robust to CMB
lensing bias, unlike the standard QE. Lens hardening
remedies this issue for QE, again, with higher noise penalty.

We also clarify the relationship between the T1 estimator,
signed estimator and QE. We show that the QE reconstructs
both small- and large-scale screening information and
present simple intuition about these two regimes. We show
how TI is a subtle modification to the small-scale-only QE,
which in principle avoids the noise floor above. Finally, the
signed estimator is a modification to TI which allows even
more robustness to foregrounds (via sign balancing and

sign thresholding), at the cost of a factor of /z/2 =~ 1.25
reduction in SNR. Even in the absence of detector noise,
foregrounds, and lensing, the 7 QE has an irreducible
source of variance and hits a noise floor, whereas the TI and
signed estimators could perform arbitrarily better under
such noiseless conditions. However, this noise floor is not
reached in practice. For a fixed set of Fourier scales
included in the analysis, the statistical SNR in the TI or
signed estimators are similar to the QE but do not outper-
form it. However, by being robust to lensing and fore-
grounds, TI and signed estimators can be applied to more
Fourier modes (pushing to smaller scales), thus potentially
increasing the overall SNR.

We perform realistic forecasts for current and upcoming
CMB and LSS experiments (see Table IV and Fig. 7). Our
results highlight the large noise enhancement due to the
clustering of galaxies once the galaxy number density
reaches LSST-like values. Further, our SNR forecast for
ACTxunWISE is consistent with the measurement found in
the companion paper [38], which is the first detection of
this signal.

We have focused on measuring the patchy screening
from the CMB temperature only. The TI and signed
estimators should work identically when substituting tem-
perature 7 with Stokes Q or U polarization maps. We leave
this exploration to future work.

In the future, patchy screening measurements around
galaxies will be a powerful probe of the gas density profile
around them, highly complementary with kSZ and tSZ
effects. Joint analyses of these signals around the same
galaxies will yield valuable insights into the thermody-
namical properties of baryons within these halos and shed
more light on the lesser understood properties of feedback

processes. This will have a direct impact on weak galaxy
lensing studies where baryonic effects are a major system-
atic. They will also help in breaking the velocity-optical
depth degeneracy in kSZ, thus expanding its power as a
probe of the large-scale velocities to constrain the growth
rate of structure, modifications to general relativity and
local primordial non-Gaussianity. In particular, as the
uncertainty on the kSZ (x zv;gg) measurements will be
negligible compared to that of patchy screening (c 7), the
SNR values presented here translate as the expected
measurement SNR on the growth rate of structure ( vy gg).

The LensQuEst and ThumbStack software packages
are publicly available under an open source license.
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APPENDIX A: OPTIMAL 6T; ESTIMATOR
IN THE PRESENCE OF FOREGROUND BIAS

In this section, we derive estimators of the large-scale
CMB temperature around a given galaxy. To declutter the
derivation, we simplify our notation as

df = Tf + Ne + AM{, (Al)
where d, is the temperature data as a function of Fourier
multipole ¢, T, is the true CMB (with known power
spectrum Cy) to be estimated, 7, is the noise (with known
power spectrum N,), and Au, is a foreground emission,
with a known profile u, (e.g., the beam for a point source)
and unknown amplitude A. We would like to build an
estimator 7 of Tp, which minimizes the mean squared
error ((Ty —Ty)?). We restrict ourselves to estimators
linear in the data, i.e. we wish to determine the weights
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Wy for each ¢ such that,

Tp=) Widey. (A2)
L

In the absence of foregrounds, i.e., if A is known to be
zero, minimizing the mean-squared error leads to the well-
known Wiener filter:

. o

Ty =———dp. A3
= (43)

The Wiener filter can also be derived as the maximum
a posteriori estimator for T, in the absence of foregrounds
(A=0), as well as in the presence of foregrounds for
which the prior on the amplitude A is flat. Such foregrounds
would have a random sign, which is typically not the case
in our problem.

We now consider the case of nonzero foreground and
impose the additional constraint that the estimator 7'
should have zero response to the foreground amplitude:

dT,
an Y (A4)
In what follows, we show that the linear estimator which
minimizes the mean squared error, while having zero
response to the foreground emission, is simply obtained
by Wiener-filtering the data, after having subtracted the
matched-filtered foreground template.

We introduce a Lagrange multiplier 4, to minimize the
mean-squared error under the constraint,

dT,

L=(Te-Te)) - JA

(AS)
In terms of the weights W, this loss function becomes

L= (Wy=1)0Cp+ WiN, + ZW%(Ct’—L +Neor)

LF0
+ A2 Wi Wyup_pue_ = 2> Wite_p. (A6)
LL L
Setting dL/0W, to zero gives,
Wy, = ﬁaﬁo - (a—i—/l)ﬁ, (A7)
where we have defined
(A8)

a=A E Wrue_p.
L/

Setting 0L /A to zero gives > ; Wyup_; = 0, which means
that @ = 0 and lets us solve for 4 in Eq. (A6):

Cy Up

A= —.
CotNe (3 )

(A9)

Plugging this into Eq. (A6) yields the expressions for the
weights:

C ik
Wy =" oK) -t g, 1 (ALO
L Cg’+Nf L0 ( ,u—i/) 14 ( )
L CL/+NL/

In conclusion, the estimator for 7, linear in the data dp,
which minimizes the mean squared error while having zero
response to the foreground emission is

. c
T,= ‘

=" dy - Auy),
CfJFNf[f ”t’]

(A1)

where A is the matched filter estimator for the foreground
amplitude A:

Z dpuy,
L C,+N,
Sret)
L C 4Ny

As stated, this reduces to subtracting the foreground

template Aut» from the data, where A is the matched filter
for the profile u,, and then Wiener-filtering the result.

A= (A12)

APPENDIX B: VARIANCE COMPARISON:
SMALL-SCALE QE VS TI

We wish to get intuition about the noise properties of the
QE and T1, in order to understand in which case one may be
a better estimator than the other.

We decompose the observed small- and large-scale
temperatures around a given galaxy into signal and noise:

{(STS = —5TLT+I’IS (Bl)

(STL = 5TL + I’lL

Here, the noise ng includes everything in the small-scale
map other than our screening effect, i.e. detector noise,
foregrounds, lensing and the small, Silk-damped primary
CMB. The large-scale noise n; should be thought of as
very small, since the primary CMB is very well-measured
on degree scales.

To get a sense of the relevant noise regimes, we introduce

the variances o7, , 07, 03, and oy of 8T, the true 7, n; and

ns. In what follows, we assume 6% < o-%L, realistic for
current and upcoming experiments, and that 67, 7, n; and
ng are statistically independent.

We can now express the TI and QE estimators in real
space as
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M = _§5T/8T
{ s/0T (B2)

2 = 5757, /07,

We then plug in the expressions for the observed
quantities Eq. (B1), in terms of the true ones, into the
QE and TI estimators. As expected, we obtain a linear
response in the true 7 and a noise term:

ATI TI TI
Th=a't+n
. (B3)
7 = g7 4 n&E
1. Irreducible noise in the QE response
For the TI estimator,
oT 2
=" "t (ML (Bg)
oT; +ny oT; oT;

such that the mean response (a'!) differs from unity by a
bias O(oy, /o7, ). The variance of the response o' is
similarly small, with
var(a') = O(a3, /07,). (B5)
Thus, in practice, the bias and the variance of the TI
response are negligibly small, i.e. a'f ~ 1.
In contrast, the linear response of the QE estimator is

o 5TL(5TL + VLL)
or,

aF (B6)

This response is exactly unbiased, i.e. (a?F) = 1. However,
its variance does not go to zero in the limit of low noise:

var(a™) = 2+ o2, /a%,. (B7)
Thus, if the noises n™ and n9F are negligible, the TI
estimator converges to a perfect reconstruction of the true z,

whereas the QE estimator converges to a%Fz, where aQF is
a random number with variance 2.

2. Comparable estimator noises

The noise n™ of the TI and QE estimators are

T _ __ns
0T +ny

I’ZQE _ ng(6T;+n+L)
- o2

L

n

(B8)

Since (1/6T7) 2 1/07, by convexity of x — 1/x, we
obtain,

ol o’
var(n') 2 =% (1 4+ =5 | = var(n®®).  (B9)
or, o7,

Thus, while the TI noise is larger than the QE noise, they
are comparable.

3. Total variance: TI outperforms QE
in the low-noise regime

To decide in which regime one estimator might be
preferred over the other, we take into account all the
contributions to the estimator variance, including the true
signal 7, the noise n™/F and the response a'/QF. This
leads to

var(zTVQ) = var(a™/ )62 4 var(n/E),  (B10)
such that we find:
ATI O'% 2 O'%‘
var(3') = "%'i o; + O(ﬁ)
(B11)

0'2 0'2
var(2%F) = ( 2+ 3 o7 + 5.

TL TL

It thus appears that the T is preferred over the QE when the
“2” term is relevant, i.e. when

oy, Sop, and oy S o7 o7 (B12)
The first condition is easily satisfied, since the large scale
temperature is measured at high SNR in current experi-
ments. The second condition effectively requires that the ng
be smaller than the screening effect 67; 7 in the measured
small-scale temperature. However, the noise ng includes
not only detector noise, which could in principle be made
arbitrarily small, but also foregrounds and lensing. Thus,
going beyond QE with TI requires significant foreground
cleaning. Lensing is much larger than screening in the
small-scale temperature power spectrum, which violates
o5, S 07,07. Thus, the TI SNR should only outperform the
QE’s if a large amount of delensing can be achieved. We
leave quantifying this required amount of delensing to
future work.

APPENDIX C: TWO VERSIONS
OF THE APPROXIMATE SMALL-SCALE QE;
SAME COMPARISON WITH TI

Here we give the expressions for the stacked TI and QE
estimators. These show that the key difference between TI
and QE remains true for the stacked estimators; the QE’s
response to the true 7 has an irreducible variance, even in
the absence of any noise.

As we show in the main text, the individual TI estimator

for galaxy i is 7' = 6T';/8T;, with variance o2 /86T%,,
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such that the inverse-variance weighted average over all
galaxies is given by Eq. (24),

N
o1 suck _ 2207507 1i/ 0

= (C1)
ZjéTL?/G%S

Ignoring the small large-scale noise n;, but taking into
account the small-scale noise ng, this can be rewritten as

> insi6T i/ og

%TI stack _ 1 X T 5T 5 (CZ)
. /o
TI response ZJ Lj / s
—_———
TI noise

i.e. the response to the true 7 is unity (again, for small n;).

On the other hand, the small-scale QE estimator for a
given galaxy i takes the form 2" = 67,67 ,;/ o7,. When
quantifying the variance of T?E, two options are possible. A
“local” variance estimate takes into account the local value
of 6T ;, whereas a “global” variance estimate marginalizes
over 67;,, given its variance JZT,"

The global variance estimate o3 /o7, is in the spirit
of the standard QE, as it preserves the quadratic nature
of the estimator, by not including the data itself in the
weighting. In this case, the stacked estimator is then

A oA 5
- 2 /2
> ioT, / O

_ 215?%1'/035 Zi”SifﬁLi/G%s

(C3)
ZjG%L/O%S ZjU%L/G%S
Gy ———— N e
response,var#0 noise

If one were to instead weigh by the local variance
o2 S/ o‘}L 5T'1;, one obtains the “local” stacked QE, no longer
quadratic in the data:

A2
> g
L8T, 0'»213

%QE“local”stack _
- 4
1 %1,
E : 72 2
16Ty

i Oiig
&2
ng; °r
2 2 L
Z»G /6 i 8T, 62
YT, Yng Li Ong
= 2[ X T+ 2 ; ° (C4)
O’ O’ O’ O’
Z I T I T
J 817 ong 817, ong
response,var#0 noise

Thus, both for the “local” and “global” weightings, the
stacked QE estimator differs from the stacked TI estimator.
Furthermore, the response to the true 7 of the stacked QE
estimators still has an irreducible variance, even as the
small-scale noise o—ﬁs goes to zero.

As discussed in the main text, the stacked global QE
and stacked TI appear very similar, differing only in their
denominator. The fractional difference between the
denominators scales as 1/ /N gaxies» SUch that it becomes

smaller and smaller with larger galaxy samples. However,
this difference is not irrelevant, because the variance of
the estimators (stacked QE and TI) also decreases as
1//N gataxies- Thus, this difference is actually significant.

APPENDIX D: z°¢" ESTIMATOR: SIGN
BALANCING HELPS WITH IMPERFECT
FOREGROUND CANCELLATION

“Sign balancing” refers to requiring that the number of
positively and negatively weighted galaxies in the stack is
the same. Sign balancing is effective as long as the
contribution to the foreground emission comes from >
0.1% of the total number of galaxies. This appendix
presents the evidence for this statement. The signed
estimator 7%¢" for the foreground emission becomes

25en = M
2l TLl

where T ; is the large-scale temperature at the position of
galaxy i, and f; is the small-scale temperature due to
foreground emission from galaxy i. Simplifying the nota-
tion we write,

(D1)

n;a, >oisen(Tr)fi
1

LT
TN

TP

fsen —

(D2)

where ng, is the number of galaxies in the stack, and T~

and TP are defined as the numerator and denominator of the
r.h.s., respectively. We have the following relations:

sgn(Tp) L|TL
Sgn<TL,i> lij
TLilLf;
Tl KIT

Y i jJ, (D3)

s

where 1l represents statistical independence of the lhs and
rhs. The last relation comes from the fact that galaxies may
be located in a region where the CMB temperature is highly
correlated (i.e. in ~1 deg® patches). Since we assume
sgn(Ty ;) lLf;, there is no mean bias from foregrounds,
i.e. (f) = 0. However, for a given realization we may find
(t) #0 due to imperfect cancellation among the ng,
sources. Here we derive the typical value of 7, i.e. the
RMS error of 7y, to estimate the bias due to imperfect
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cancellation. First,
var (%bias ) :

we simplify our expression for

1
Since var(%,,) o var(TN), we can simply use the
variance of the numerator TN = nL]Z sgn(Ty ;) f; for the
gal

remainder of the analysis. We first determine the typical
value of TN in the absence of fluctuations in foreground
contamination, i.e., f; = (f;) = f V i. Within a correlated
~1 deg® patch of the CMB, sgn(T'y ;) are identical. For
Npach Patches, we expect | /My, excess patches of one sign
(positive or negative). Hence, the total excess number of
galaxies with positive or negative weight is

n n
gal gal
Mgalexcess — /1 atch< > = : (DS)
s P npatch \/npatch
Therefore, the typical value of TN is
1
N —
typical — (ngal,excessf)
ngal
_ L < ngalf >
Ngal \\/Mpatch
-1 (D6

\ npatch .

By “sign balancing,” i.e., ensuring 7, excess = 0 before
stacking the sources, the bias due to imperfect cancellation
of sources is completely negated in the regime where all
sources have equal foreground emission. We can relax this
assumption and allow f; to be distinct for all i. We define
a} = var(f;) and assume the source weights are already

sign balanced such that . sgn(7; ;) = 0. In this case,

1
var(TN) = nTngn(TL,,»)ZUJ%
gal

=L (D7)

Thus,

TN Gf ’

typical = (Dg)

Mgyl

We see sign balancing does not fully negate the imperfect
cancellation caused by foreground fluctuations. It is there-
fore only effective if the bias due to mismatched positive/
negative weights is much greater than the bias due to scatter
in foreground levels, i.e.,

f oy
>
RV npatch \ ngal

o n
= o [T
f

npatch

< pgalApatch ’ (Dg)
where pg, is the galaxy number density and Ap,, is
the area of the correlated temperature patch. Apych ~
1 deg?, and pgy, ~ 1000 deg™ for current galaxy surveys.
Equation (D9) is not satisfied if a small fraction of the
galaxy sample dominates the foreground signal. We use the
following toy model to determine the minimum fraction of
foreground emitting galaxies required for sign balancing to
be effective. Consider the case where a fraction x of the
galaxy sample emits foregrounds, and 1 —x emits no
foregrounds. The population of emitting galaxies must
contribute a total of f/x foreground emission such that
(fi) = (f/x) * x + (0) x (1 —x) = f. The variance of the
foreground emission is

var(f;) = <f;2> - <fi>2

B P
)

fooVx
Substituting this result into Eq. (D9) and squaring both
sides, we determine

(D10)
Thus,

(D11)

1
; L P galApatch
< 1000

= x> 107, (D12)

Thus, sign balancing is effective as long as the foreground
emission comes from >0.1% of the total galaxies. To
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ensure this condition is satisfied, one can exclude clusters
or high-mass groups from the galaxy sample, which would
dominate the foreground contamination.

APPENDIX E: MEAN FOREGROUND
CONTAMINATION COMPARISON
FOR STACKED TI AND SIGNED ESTIMATORS

There are three regimes of foreground contamination
for the TI and signed estimators: (1) present small-scale
foreground fg but negligible large-scale foreground f7;
(2) present large-scale foreground f; but negligible small-
scale foreground fg; and (3) non-negligible correlated
foregrounds fg and f;. In the first two cases, fg (or f;)
is uncorrelated with the temperature fluctuation 67; (or
0T5) and thus introduces no bias to either the TI or signed
estimators. We study the third regime for both estima-
tors below.

The stacked TI estimator including both large- and
small-scale foreground contamination is

ST (6T, +fL)(5TS+fS). (E1)

S (8T, + f1)?

We assume f; < op, (for the typical values of o7, ~
100 pK and f; ~ 1 pK this is quite accurate). For sim-
plicity, we also assume all objects have equal f; and f.
The bias to the stacked TI estimator as a function of radial
distance r in the 1D stacked photometry profile to first
order in f; /o7, is

=~ ) ()
~-rsn (S + o (L))
~~ £ 5+ 0 (2£))
~gteel@))

Next, we evaluate the foreground bias for the signed
estimator. The stacked signed estimator including large-
and small-scale foregrounds is

(E2)

2Sen — _ Z Sgn<6TL + fL)((STS + fS) ) (E3)

16T + fi

The bias to the stacked signed estimator to first order in
fr/ or, is

28 (r) = —<ngn<5TL +fL>fs(”)> o ( ( f_L >2)

> 16T, o
(o))

(E4)

To determine the value of ()" sgn(6T; + f1)), consider
the case where 67, ~ N (0,07, ) and £ is a small, positive,
fixed value. In this case, the distribution of 67, + f is just
a translated Gaussian, i.e., 6T, + f; ~N(f.,o0r,). Thus,
the average value of the signed estimator is

<Z sgn(6T . +fL)> —AAOO exp [—()C;G#} dx

=__1
where A = Varer,”
Substituting the result from Eq. (ES) into Eq. (E4) and
using the relation (I[N (u,0)])? =2 (N (u,6)%), we find

2
Rn) =2 S0 o (L))
nor, (6T ]) or,
AU O((f_))
o7, or,
Thus, to first order in f; /o7, , the TI and signed estimators
have the same sensitivity to foreground contamination. For
the signed estimator, this bias is only caused by regions
where |67 | < f;. As sources are weighted by 67 in the
TI estimator, these regions contribute very little to the
stacked TI profile. For the signed estimator, the mean bias
can be completely mitigated by enforcing a minimum 67,
cut such that |87 | > |f;| for all sources.
The analysis in this appendix assumes no overlapping of
sources, which would contribute a nontrivial bias. A

detailed analysis of the effect of overlapping sources on
the stacked estimators is left to future work.

(E6)

APPENDIX F: SIMULATIONS OF CORRELATED
EXTRAGALACTIC FOREGROUNDS

1. Simulating a lensing map correlated with 7 map

The deflection angle @ due to the gravitational lensing of
photons is given by
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2—> . A
G- /ﬁx(e)g, (F1)

where

k(0) = == . (F2)

In the above equations, 6 are the 2D angles in the plane
of the sky, « is the convergence field, G is Newton’s
gravitational constant, c is the speed of light, a is the scale
factor, d;, d;g, and dg are the comoving distance from
observer to the lens, between the lens and the source, and to

-

the source plane respectively. £(0) is the comoving angular

-

surface density. We therefore need X(6) to get a lensing

-

map «(6) correlated with the = map. For this, we first
assume a Gaussian projected profile for the angular surface
density which we apply to the pointlike galaxy maps. For
CMASS galaxies with typical mass M =2 x 101*M, at
z = 0.55, the virial radius is ~1.6’ [11]. If we assume
that the 30 span of the Gaussian surface density profile
should cover most of the profile and that all the mass falls
within this then we have ¢ = 1.6'/3 i.e. angular surface
density profile is a Gaussian with ¢ ~0.53'. In order to
determine the normalization factor of this profile, we
use the fact that [d*7E(F) = NggM where Ny is the
total number of galaxies, M 1is their mass, and 47 =
pixel area (in steradians) x Jf( Here the pixel area corre-
sponds to the area of a single pixel of the map and d,, is the
average comoving distance to the galaxy sample. After

-

getting this normalization, we have X(6) which gives us
k(0) using Eq. (F2). Since the 7z map is created using the
same galaxy map as described in Appendix G, the x map
and 7 map are correlated.

2. Simulating a tSZ map correlated with the 7 map

We make some simple assumptions to simulate a tSZ
map correlated with the 7 map. For example, we see from
Fig. 8 of [11] that the amplitude of the tSZ profile of
CMASS galaxies is around —10 pK arcmin? at 150 GHz.
We then assume that the tSZ profile is Gaussian in nature
centered at each galaxy location. The profile from Fig. 8
of [11] extends out to 6’ and is a beam convolved profile
where the beam full width half maximum (FWHM) is 1.4'.
Therefore, debeamed FWHM for our simulated tSZ pro-

files is V6% —1.4> ~5.8'. Similar to lensing, in order
to determine the correct normalization for the Gaussian

profile, we wuse the fact that [ d*0T = Ngq X
—10 pK arcmin? where T is the tSZ profile in uK and
J d*0T = (pixel areain arcmin®) Y, T; where 3, 7; is
the temperature profile summed over all the pixels.

The normalization is therefore determined such that this
relation holds and we get our simulated tSZ map.

We then calculate the power spectrum of our tSZ map
and compare it with the expected power from galaxies
with halo mass 5 x 102My < M < 10'*M, and redshift
0.4 <z < 0.7, i.e. mass and redshift range similar to that
of CMASS galaxies. We use the halo model predictions
from [59] for this purpose. This prediction provides an
upper limit on the expected power from the CMASS
galaxies. As expected, we find that the tSZ power from
our simulated map is below the halo model predictions and
it also falls down much quicker on small scales. We call this
map as ‘tSZ low’. In order to determine the upper limit for
the tSZ bias to the 7 QE, we thus simulate another tSZ map
whose power spectrum roughly matches with the halo
model predictions. For this, we simply convolve our galaxy
map by a Gaussian beam with ¢ = 0.88' instead of ¢ =
2.46' for our first tSZ map, such that the shape of its power
spectrum roughly matches with that of halo model pre-
dictions. Then we multiply it by a factor of 1.3 on map level
to match the amplitude of the power spectrum with
predictions. Please note that these two numbers, namely
the beam with & = 0.88’ and extra normalization factor of
1.3 have been determined through trial and error to match
the halo model prediction. This gives us a second tSZ map
which we use to determine the highest expected bias from
the tSZ emission coming from CMASS galaxies to cross-
correlation of 7 reconstructed with a QE with galaxies. We
call this map as ‘tSZ high’.

APPENDIX G: SIMULATION METHODS
FOR TI SNR FORECAST

1. Signal maps

First, we create a 7 map correlated with CMASS galaxy
positions. We choose map dimensions of 10° x 10° as a
balance between sufficient statistics and computational
efficiency. To make the map, we create a plate carrée
(CAR) projection map of the 200° < RA < 210°, 10° <
Dec < 20° region with a pixel scale of 0.5°. We choose this
region to avoid any large masked regions in the CMASS
sample footprint. At each galaxy position, we draw a 2D
isotropic Gaussian with FWHM=5" and amplitude of
0.000245. These values are chosen based on the fit to
the signed estimator stacked profile using ACTxunWISE
data [38].

As shown in Fig. 6, stacking on the unWISE (and
potentially LSST) positions causes an excess signal from
the two-halo term. To avoid artificially boosting the
signal for unWISE and LSST during stacking, we use
the measured 7 signal from the CMASS map for all
forecasts.

Finally, we create a separate signal map for each of the
ACT, SPT, SO and CMB-S4 forecasts by convolving the
map with a Gaussian kernel with a FWHM of 1.6°, 1.6,
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1.4 and 1.0, respectively, to match the beam of the
corresponding experiment’s noise map (see below).

2. Noise maps

The noise maps for the forecast consist of Gaussian
random field realizations with power spectra correspond-
ing to each CMB experiment: ACT, SPT, SO, and CMB-
S4. The spectra are plotted in Fig. 4. For ACT, we use
the total power spectrum measured on the Planck +
ACT needlet internal linear combination (ILC) map,
which includes all the CMB anisotropies and is con-
volved with a 1.6’ Gaussian beam [60]. For SPT, we use
the 5-year projected ILC residual power spectrum curve
including the noise and foreground contributions [49,61].
For SO, we use forecast ILC power spectrum with the
“goal” sensitivity specifications from [51]. For CMB-54,
we use detector noise-only (i.e. no foregrounds) spectrum
assuming 1 pK-arcmin sensitivity. We add an analytic
lensed CMB contribution to the SPT, SO and CMB-S4
power spectra before convolving with a Gaussian beam
of 1.6°, 1.4’ and 1.0°, respectively. The maps have the
same dimensions, pixel scale and CAR projection as the
signal maps.

3. Filtering and stacking

We give a basic overview of the filtering and stacking
algorithm here but refer the reader to [11] for further details.
To obtain unbiased 7'; and Tg estimates, we apply scale-
dependent filtering to our maps. We find the compensated
aperture photometry filter used in [11] results in a signifi-
cant noise bias. Instead, we apply low- and high-pass
filtering to the maps to decorrelate the large- and small-
scale temperature estimates:

1 if Z <2000

l;w-pass —{ cos (“ ‘32880)”) otherwise (G1)
0 if £ > 2150,
0 if £ <2350

i;igh-PaSS — sin((f}zggo)”) otherwise (G2)
1 if Z > 2500.

For the stacked analysis we need catalogs for each
galaxy sample. For the CMASS and unWISE samples,
the catalog consists of the galaxies that lie in the region
200° < RA < 210°% 10° < Dec < 20°. As the DC2 foot-
print does not cover this region, we simply take a 10 x
10 deg®> patch from the DC2 footprint (specifically
55° < RA < 65°, —40° < Dec < —30°) and shift these
positions to the above region. Using real (or realistically
simulated) galaxy positions ensures the effects of clustering
are taken into account in our forecast. The CMASS,

unWISE, and DC2 samples have 7659, 515,095 and
11,904,577 galaxies in this region, respectively.

After applying the low- and high-pass filtering, we
use bilinear interpolation to make small ~10’x10°
cutouts of the temperature maps centered on each galaxy
position. We estimate 7; for a galaxy position by
measuring the mean temperature of the low-pass filtered
map in a ~9’ disk centered on the galaxy. The Tg radial
profile is estimated using nine annular ring aperture
photometry filters centered on the galaxy with outer
radii equally-spaced between 1’ and 6’. In each aperture
i, we measure the mean temperature of the high-pass
filtered map, T's;. The estimated mean 7 in each aperture
is calculated as

~ TLTS,i
T, = —W. (G3)

The optimal stacked estimator is inverse-variance
weighted, as shown in Sec. IV C. In the forecast, we use
uniform weighting for simplicity. Thus, the stacked =
profile simplifies to

Nga
2 TLTs;
Nea :
Zj;f (TL.,./')2

%

(G4)

4. Covariance estimation and SNR calculation

To estimate the covariance matrix, we simulate 128
independent noise map realizations, filter and stack in the
same manner as above and measure a mean 7 profile
for each realization. We calculate the covariance as the
sample covariance over the 128 mean 7 profiles. The
Hartlap correction [58] to this covariance matrix is (7, —
Npins — 2)/ (Ngims — 1) = 1.08 for 128 simulations and nine
profile bins.

Using simulations to estimate the covariance matrix is
superior to bootstrap resampling as it accounts for the
covariance added by the clustering of the galaxies. We find
the difference between the covariance estimated from
simulations versus from 10,000 bootstrap samples is
negligible for the CMASS sample. However, bootstrap
resampling underestimates the covariance by ~20% for the
unWISE sample and by more than 50% for the LSST
sample, as shown in Fig. 5.

For a given experiment with noise covariance matrix, C,
and mean 7 profile, v, we measure the detection SNR of the
signal profile over the 10° x 10° map as

$\ 2
<—> =viCly.
N map

We rescale this result to the full survey sky fraction and
galaxy number density as shown in Table II.

(G5)
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APPENDIX H: SNR CALCULATION
FOR THE  QUADRATIC ESTIMATOR

For the QE of 7, the SNR for the cross-power spectrum of
the 7 map reconstructed using QE and galaxy map g is
calculated analytically as

S\ 2 Qome (27, + 1)AZ(CY)?
<N> — sk : f:2 ) %%( szg’ (H1)
€ bmin (Cfb) + Cfb X Cfb
where
1
Cfb :E Z Cf’ (H2)

CEt).05)

and A7 is the bin width. Here, C;i is the cross-power
spectrum between input 7 map and g map, %j =C7 +
Ny where C;7 is the power spectrum of the input z map
and Ny is the reconstruction noise for QE given by

Eq. (12). C}7 is therefore the power spectrum of the
reconstructed z map. C Lgﬂi is the total galaxy power spectrum

including the clustering and shot noise components, and
fsky 18 the common sky fraction between the CMB map and
galaxy survey. We start with the 7 map and CMASS galaxy
map as described in Appendix G, and cross-correlate them
to calculate the signal C7/. For the noise part, we take into
account different clustering and shot noise levels in the
CMASS, unWISE, and LSST galaxy samples. For CMASS
sample and LSST galaxies, we calculate the galaxy
clustering power spectrum using a halo model approach
where we make sure that our model matches with the
clustering power spectrum of the CMASS maps used in
cross-correlations. For unWISE galaxies, we use the
measured power spectra for the ‘blue’ sample [62,63].
The shot noise levels for each sample are calculated using
the number density values provided in Table II.

For different CMB experiments, the reconstruction
noise for the quadratic estimator for 7 is different and is
calculated using Eq. (12).
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