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We derive new constraints on the E¢g statistic as a test of gravity, combining the CMB lens-
ing map estimated from Data Release 6 (DR6) of the Atacama Cosmology Telescope with SDSS
BOSS CMASS and LOWZ galaxy data. We develop an analysis pipeline to measure the cross-
correlation between CMB lensing maps and galaxy data, following a blinding policy and testing
the approach through null and consistency checks. By testing the equivalence of the spatial and
temporal gravitational potentials, the E¢ statistic can distinguish ACDM from alternative models
of gravity. We find Eg(zes = 0.555) = 0.3170:9¢ for ACT and CMASS data at 68.28% confi-
dence level, and Fg(zer = 0.316) = 0.497311 for ACT and LOWZ. Systematic errors are estimated
to be 3% and 4% respectively. Including CMB lensing information from Planck PR4 results in
Eg(zeg = 0.555) = 0.347502 with CMASS and Eg(zex = 0.316) = 0.431505 with LOWZ. These
are consistent with predictions for the ACDM model that best fits the Planck CMB anisotropy
and SDSS BOSS BAO, where ES® (2o = 0.555) = 0.401 & 0.005 for CMB lensing combined with
CMASS and EgR(zeﬁ- = 0.316) = 0.452 £ 0.005 combined with LOWZ. We also find Eg to be scale
independent, with PTE > 5%, as predicted by general relativity. The methods developed in this
work are also applicable to improved future analyses with upcoming spectroscopic galaxy samples
and CMB lensing measurements.

I. INTRODUCTION (e.g. [1-6]), the explanation behind the observed magni-
tude of the cosmological constant, A, remains unresolved
While the current standard model of cosmology, [7]. This has motivated the proposal of several alternative

ACDM, fits a wide range of observational constraints explanations, including a novel type of energy, called dark
energy, and gravitational models including f(R) gravity

[8], DGP [9], Chameleon gravity [10], TeVeS [11] and
others (for a review see Clifton et al. [12]). These modi-
* ljw232@cornell.edu fied gravitational models are generally designed to match
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the observed homogeneous accelerated expansion of the
late-time universe and employ screening mechanisms so
that they match general relativity (GR) on solar system
scales [13]. However, they do typically predict devia-
tions from GR in the equations of motion affecting the
growth of density fluctuations that seed large-scale struc-
ture (LSS) in the Universe [14]. Probing the growth of
large-scale structure in the Universe, therefore, offers a
powerful way to test gravity, allowing the construction
and measurement of discriminating tests between ACDM
and alternative models of gravity (see e.g. [13, 15-17]).

Photons from the Cosmic Microwave Background
(CMB) get gravitationally lensed along the line of sight
through the intervening gravitational potential formed
from the large-scale structure of the Universe [18].
This CMB lensing effect can be detected in the CMB
anisotropies through its characteristic effect of coupling
different scales which would otherwise be independent
from each other. CMB lensing maps have been cre-
ated for recent CMB measurements from the Planck
satellite [19], the Atacama Cosmology Telescope (ACT)
[20, 21] and the South Pole Telescope (SPT) [22, 23].
The newest ACT CMB lensing map constructed based
on the Data Release 6 (DR6) CMB dataset covers a to-
tal of 9,400 deg? and offers significantly higher resolution
and signal-to-noise than previous maps based on Planck
data [21].

The cosmic volume probed by CMB lensing along the
line of sight overlaps with the volumes probed by galaxy
surveys. This allows measurements of the correlation be-
tween CMB lensing and galaxy clustering which serves as
an opportunity to break degeneracies between the ampli-
tude of fluctuations and the galaxy bias for galaxy clus-
tering alone. The Sloan Digital Sky Survey III Baryon
Oscillation Spectroscopic Survey (SDSS BOSS) DR12
contains two large spectroscopic galaxy samples, CMASS
and LOWZ which may be used to study this correlation,
the release used is the latest and final version of the data
[1, 24, 25]. The correlation has been previously mea-
sured with the smaller ACT DR4 CMB lensing map in
Darwish et al. [20], Marques et al. [26]. Combining the
SDSS BOSS galaxy catalogs with the ACT DR6 CMB
lensing map offers the opportunity to derive new compet-
itive constraints on the correlation between CMB lensing
and galaxy clustering, independent of Planck, and allows
new constraints on gravity. To demonstrate the accu-
racy of this correlation we perform a detailed suite of
null and consistency tests to show that biases from sys-
tematic effects like extragalactic foregrounds and magni-
fication bias are mitigated and accurately accounted for.
For this work, we focus on using these cross-correlation
measurements for constraints on gravity and make them
available for further analysis.

The measurement of this cross-correlation, combined
with previous analyses of the galaxy data in Wenzl et al.
[27], allow us to constrain the so-called F¢ statistic pro-
posed in Zhang et al. [28]. This statistic builds a discrim-
inating test of gravity by comparing the divergence of the

peculiar velocity field # with a measurement of gravita-
tional lensing V2(¢) — ¢). The proposed ratio compares
the two sides of the generalized Poisson equation and
tests the equivalence of the spatial and temporal gravita-
tion potentials, directly testing the predicted equations
of motion for GR [29, 30]. The estimator is designed to
cancel the effect of galaxy bias on linear scales. To sam-
ple the velocity field a redshift space distortion (RSD)
analysis of the galaxy sample is used to translate the
measured galaxy clustering to velocities using the RSD
parameter S. On linear scales and through matter con-
servation this parameter relates the divergence of the pe-
culiar velocity field € with the overdensities of galaxies
dg4 as 0 = Bé4. The RSD analysis requires accurate red-
shifts and therefore this estimator is especially applica-
ble to spectroscopic galaxy samples like those from SDSS
BOSS. The first measurement of the E statistic used an
estimator based on galaxy weak lensing and galaxy clus-
tering measurements [31]. In Pullen ef al. [29] an estima-
tor for the E¢ statistic using CMB lensing and galaxy
clustering was proposed. This was expanded upon and
revised in Wenzl et al. [27] to increase the overall accu-
racy and model several key systematic effects. We will
use this revised estimator to measure E¢ in this work.

Previous analyses have investigated the Eq statistic
using CMB lensing information from Planck and the
SDSS BOSS samples [27, 32, 33]. Some of these analyses
claimed a significant tension with the ACDM prediction
[32] while some found the measurement to be consistent
with ACDM within statistical expectations [27, 33], moti-
vating further investigations. By leveraging independent
CMB lensing measurements based on ACT observations
we can derive new constraints providing a powerful con-
sistency check. Additionally, the two lensing datasets
are highly complementary: the Planck lensing informa-
tion covers a larger sky area while the ACT dataset has a
significantly higher angular resolution. By analyzing the
two datasets using the same pipeline, and after checking
for consistency between them, we derive a combined con-
straint resulting in the highest signal-to-noise constraint
on Eg with CMB lensing and galaxy data to date. We
will put our results in context with constraints on Eg
from the literature at higher redshift using SDSS quasars
[34] and ones using galaxy weak lensing instead of CMB
lensing [31, 33, 35-39]. Careful investigations of the cur-
rently available datasets represent important preparatory
work to develop and validate analysis pipelines applica-
ble to upcoming datasets which will allow significantly
improved constraints [29]. These include the Simons Ob-
servatory (SO) [40] and CMB-S4 [41] for measurements of
CMB lensing and for future spectroscopic samples such as
from the Dark Energy Spectroscopic Instrument (DESI)
[42] and Euclid.

In Section IT we summarize the background for this
work, giving definitions of the angular power spectra and
the Eg statistic and estimator used in this work. In
Section III we describe the datasets used and in Sec-
tion IV the blinding policy followed during development.



In Section V we describe how the analysis pipeline for the
cross-correlation measurement between ACT DR6 CMB
lensing and the SDSS BOSS galaxy samples is validated
and applied. In Section VI we use the measurements to
derive new constraints on the Eg statistic and in Sec-
tion VII we give a conclusion of the analysis.

II. BACKGROUND
A. Angular power spectra

Angular power spectra C{‘B are projections of a 3D
power spectrum onto the sky between two observable
tracers A, B that are sensitive to specific distances de-
scribed by kernels W4 (x) and Wx(x). Under the Limber
approximation [43] the angular power spectrum is given
by
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where x is the comoving distance and Pag(k, z) the 3D
power spectrum the observations are sensitive to.

Of interest for this work is the angular cross-correlation
of CMB lensing with galaxy clustering and the angular
auto-correlation of galaxy clustering. They are given by
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where g refers to clustering and s refers to CMB lens-
ing. Note here W,(x) = Wy(2)H(z)/c. Under the linear
galaxy bias approximation used throughout this work,
we have Ps, = bPs; and Py, = b2 Pss where Pjss is the
matter power spectrum. Each tracer we consider has a
specific kernel function W (z) that characterizes the dis-
tances to which it is sensitive. The general lensing kernel
for a source at redshift zg is given by

Wiz = (o) (1- 255) )
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For CMB lensing the source is the surface of the last
scattering z., so we have W, (2) = Wy (2, z.), W, (2)

WH (Z7 ZS) =

Wy (z,2). For the fiducial cosmology, we have z,
1089.
For galaxy clustering, the kernel can be modeled as
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Wg (Z) - 57

(7)

3

where % is the normalized galaxy redshift distribution
accounting for all weights applied to the data. Here N(2)
refers to the cumulative weight of galaxies in the sample
with redshifts up to z.

The observed galaxy clustering also has a contribution
from a lensing signal of the foreground gravitational po-
tential. This so-called magnification bias is an important
systematic for the angular cross-power spectrum with
lensing tracers and also affects the angular auto-power
spectrum [44-50]. The observed local number density of

galaxies gets modulated through local weak lensing x as
An
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where « is a sample-specific parameter that can be esti-
mated from the photometric selection of the galaxy sam-
ples [50].

Including the magnification bias and assuming GR, the
observed angular power spectra estimated from data are
given as
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where the kernel for the magnification bias is given by
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We calculate the theoretical predictions for C’; 9 and

C’gg for the fiducial cosmology in this work using CCL!
[51] and the underlying nonlinear 3D matter power spec-
trum using CAMB [18, 52].

B. Gravity Statistic Ec

The E¢ gravity statistic tests the Poisson equation
as predicted for GR by comparing the divergence of
the peculiar velocity field, 6, with gravitational lens-
ing V2(1) — ¢). Under the assumption of isotropy, ho-
mogeneity, and flatness, the universe can be described
on large scales with the perturbed Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric ds? = (1 + 2¢)dt? —
a®(1+ 2¢)dx2. Here a(t) is the scale factor, with a = 1
today, 1 describes perturbations in the time component,
and ¢ perturbations in the spatial component [53]. The
E¢ statistic is defined as [28]

V2 — 6)
[3H§<1+ zw} . (12)

EG(k, Z)
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where Hy is the Hubble constant today and k indicates
scales in Fourier space.

In GR on linear scales, we have 6 = f§, where ¢ is the
total matter density contrast and f = dInd/dlna is the
logarithmic growth rate. In GR the statistic in Eq. (12)
is given by [28]

EGM(z) = <> (13)

where Q¢ is the fractional matter density today com-
pared to the critical density. In ACDM specifically,
the growth rate is, to high accuracy, directly given by
f(2) = Qu(2)%% [54], so that the Eg statistic can be
predicted from a measurement of {1, . In GR more
broadly the growth rate is generally scale-independent
on linear scales which represents another testable predic-
tion of the theory. Alternative descriptions of gravity like
f(R) gravity [8, 55] and Chameleon gravity [10], while
matching the background expansion of the universe, pre-
dict deviations in the growth history and therefore the
E¢ statistic. In general, both the expected value of Eg
changes and scale dependence can be introduced in these
alternative frameworks (see e.g. [28, 29]).

The GR-based predictions can be compared to a mea-
surement from data using a lensing tracer and a tracer
of the non-relativistic velocities. For this work, we use a
measurement of CMB lensing as the lensing tracer and
we estimate the velocities from galaxy clustering and an
RSD analysis. We use the harmonic space E¢ estimator
introduced in Wenzl et al. [27] that builds on previous
work by Pullen et al. [29]. The estimator is given as?

B¢ ~T G 14
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where z.g is the effective redshift of the measurement,
H (zes) is the Hubble parameter at the effective redshift
and C? is a correction for the effect of magnification bias
that is described in detail in Section V A4 and is based
on the results of [27, 50]. The estimator combines the
observed angular auto-power spectrum C’gg and B from
an RSD analysis of the galaxy sample with the angular
cross-power spectrum with CMB lensing C}".

The effective redshift of all three observables is
matched by applying a reweighting scheme to the galax-
ies only when calculating the cross-correlation given by

dN 1
wx (2) = amv (16)
_ /dz i) (17)
We(z)

2 For simplicity, we drop the star in the notation of C‘Zg* as
given in [27]. We apply the reweighting for the cross-correlation
throughout to match the effective redshift of the measurements.

A new kernel for the galaxy sample to incorporate this

additional reweighting is given by

. dN*  dN

Wg = 1z = awx(z)y (18)

and the effective redshift of the measurement by
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Zeff (19)
In recent work, we demonstrated the accuracy of this
estimator, before considering astrophysical systematics,
at the level of
EgR(zeﬂ”)
Eg(zeff)
for CMB lensing combined with the SDSS CMASS and
LOWZ galaxy samples [27]. Astrophysical effects like
galaxy bias evolution with redshift and magnification
bias could limit the overall accuracy. Galaxy bias evo-
lution with redshift is difficult to correct for since it is
degenerate with the cosmological signal of interest. In
Wenzl et al. [27] a ACDM fit was used to constrain the
size of this systematic bias and it was concluded that for
CMB lensing combined with CMASS and LOWZ, the
systematic error budget is 1% and 2% respectively. For
the present analysis, this is well within the statistical un-
certainty and we account for it in our overall systematic
error budget. For future surveys with larger constraining
power, narrower bins in redshift can be used to reduce
the impact of this systematic. Another systematic effect
is magnification bias which can be estimated based on
the photometric selection of the galaxy samples and cor-
rected for in the analysis. The effect partially cancels for
E¢ as the cross- and auto-correlations are affected in the
same direction. The effect is cumulative along the line
of sight and therefore more relevant for higher redshift
samples: for LOWZ the magnification bias is negligible,
but for CMASS a 2-3% correction is needed which we
discuss in detail in Section V A 4. The uncertainty of the
correction is negligible compared to the other systematic
error budgets and the statistical uncertainty [27].

—1<0.3%, (20)

III. DATA
A. Galaxy catalog from SDSS

For this work, we use the final Data Release (DR12)
of the Baryon Oscillation Spectroscopic Survey (BOSS)
which was part of Sloan Digital Sky Survey III [24]. For
this program a total of 1,198,006 galaxy spectra were ob-
tained over 10,252 square degrees of the sky culminating
in two large-scale structure galaxy catalogs for cosmolog-
ical analysis: CMASS and LOWZ [1, 25]3.

3 https://data.sdss.org/sas/dr12/boss/1ss/
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For the CMASS catalog, we select the galaxies with
redshifts in the range 0.43 < z < 0.7 and for the LOWZ
galaxy catalog in the range 0.15 < z < 0.43. We con-
struct overdensity maps using the fractional coverage
masks presented in Wenzl et al. [27]. We use only pixels
with a coverage of at least 60% for the analysis and apply
SDSS weights to account for observational systematics.
The weights for each galaxy are given by

Wauto = WrKP(WNOZ + Wep — 1) - WSERING - WSTAR
(21)

Weross = WautoWx (Z) (22)

where the FKP weights are the optimal weights used for
RSD analysis to minimize the uncertainty on 5, and w
are the additional weights specific to the cross-correlation
[Eq. (16)]. The other weights account in order for red-
shift failures, close pairs, seeing, and stellar contamina-
tion [25]. The maps based on wayto are used for the
angular auto-power spectra and the galaxies have a nor-
malized and weighted redshift distribution ¢¥ [Eq. (7)].
The maps based on weoss are used for the angular cross-
power spectra and have a weighted redshift distribution
% [Eq. (18)]. These two weighting schemes ensure that
both the angular cross- and auto-power spectrum are sen-
sitive to the same effective redshift given by Eq. (19). The
effective redshift for the CMASS sample is z.g = 0.555
and for the LOWZ sample is z.g = 0.316.

The overdensity maps are then constructed as
n;
fin
where 7 refers to each pixel, f; is the fractional coverage
based on the mask, n; = dei Weross/auto 18 the weighted
galaxy count and 7 = 1/Nyix >, ni/ fi. The sum is over
the pixels in the mask and Npix is the number of pix-
els in the mask. We report sky fractions for the galaxy
map as foy = »_, fi and sky fractions for the overlap by
summing only the f; where we have CMB lensing infor-
mation.

To create simulated galaxy map realizations and to

estimate the analytic covariance we need an estimate of
the shot noise in the data given as [26, 27, 56]:

8 = 1, (23)
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Teff cross/auto =

where Nef cross/auto 18 the effective number density of
galaxies and the sums are over the weights for all galax-
ies.

In Fig. 1 we show the overlap of the mask of the ACT
DR6 lensing map with the CMASS and LOWZ samples.
The full CMASS map covers fg, = 0.225 and the region
overlapping with the ACT DR6 lensing map has fe, =
0.078. For LOWZ the full map covers fq, = 0.200 and
the overlap with ACT has fq, = 0.074.

B. CMB lensing from the Atacama Cosmology
Telescope

The Atacama Cosmology Telescope (ACT) observed
the CMB from 2007 to 2022 at high resolution. In 2016
the receiver was updated to the Advanced ACTPol [57].
The nighttime data from the 090 (around 90 GHz) and
f150 (around 150 GHz) bands from the years 2017-2021
measuring the CMB at a resolution of 0.5, form the basis
for the DR6 release.

The CMB lensing information based on temperature
and polarization has already been extracted and pub-
lished for the DR6 data [6, 21, 58]. The CMB lens-
ing reconstruction is based on a bias hardened estimator
[21, 59-61] which aims to reduce the effect of foreground
contamination [58].

For this analysis, we use the ACT DR6 CMB lens-
ing map and auxiliary data products presented in Mad-
havacheril et al. [6]. In addition to the baseline lensing
map, we use a range of data maps with alternative pro-
cessing, the mask of the primary CMB observations, and
the noise curve Ny of the CMB lensing map. The alterna-
tive maps include CMB lensing reconstruction performed
on the individual 90 GHz and 150 GHz maps as well as
their difference using either temperature-only informa-
tion or both temperature and polarization information.
There is also a reconstruction that, instead of the base-
line bias hardened estimator, uses CIB-deprojection as
discussed in MacCrann et al. [58]. This alternative map
has a slightly more restrictive mask which we account for
when making comparisons to the baseline maps.

In MacCrann et al. [58] it was demonstrated, based on
a range of tests including on the WEBSKY CMB simula-
tions [62, 63|, that the estimator used for the ACT DR6
CMB lensing map sufficiently mitigates the contamina-
tion of foregrounds in the analysis for the angular auto-
power spectrum. From this alone, however, it does not
necessarily follow that there is no contamination for an-
gular cross-power spectra with LSS datasets as calculated
in this work. We performed extensive testing for fore-
ground contamination in the analysis (see Sections VB3
to VB5). Additionally, foreground contamination for the
angular cross-power spectra with WISE galaxy samples
was investigated in Farren et al. [64] where no significant
effect was found.

We apply a low pass filter defined by exp(f(ﬁ/émax)zo)
using . = 1800, to avoid signal bleed from small scales
far outside the analysis range similar to comparable anal-
yses [27, 64, 65]. We also restrict the CMB lensing map
to regions where the apodized CMB mask is above 0.6 to
avoid dividing the maps by small values.

C. Simulated map realizations

The ACT DR6 lensing data products include 400 simu-
lated CMB lensing map realizations [6]. The simulations
consist of 400 simulated CMB realizations with a known
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FIG. 1. Visualization of the overlap of the mask of the SDSS
CMASS [upper, blue] and LOWZ [lower, green] samples with
the mask of the ACT DRG lensing map [orange] using Moll-
weide projections of the masks in equatorial coordinates (cen-
tered at dec and ra of 0 and west towards right). The hue of
the colors indicates the coverage fraction for each pixel.

CMB lensing realization applied [64]. For each simula-
tion, with the observational mask applied, the same re-
construction pipeline as used on the data was run which
ensures that the simulations capture the full noise char-
acteristics of the observed map. This makes them ideal
for testing our analysis pipeline. The same has been done
for the alternative maps used for the analysis.

Using the input x realizations that were used to cre-
ate the simulated ACT maps we create 400 simulated
Gaussian galaxy overdensity map realizations for both
CMASS and LOWZ that have the expected correlation
with the simulated CMB lensing maps, the expected
auto-correlation, and the same noise level as the ob-
served galaxies given by the shot noise estimate. As
done for the data we create two versions of the galaxy
maps for the auto- and cross-correlation where for the
cross-correlation we account for the shifted dN*/dz from
the additional reweighting we do for the cross-correlation
only [Eq. (18)]. This approach is described in detail in
Wenzl et al. [27], building on previous work [64, 66]. We
use linear galaxy biases of b = 2.14 for CMASS and
b = 2.04 for LOWZ which were inferred by comparing
the measured angular auto-power spectra of the galax-
ies to the amplitude of the input theory angular power
spectra calculated for our fiducial cosmology. Before un-
blinding the data we used a preliminary value of b = 2
[67, 68]. We use the simulated maps to estimate the base-

line covariance for the angular power spectra and show
that our analysis accurately recovers the input angular-
power spectra.

D. CMB lensing measurement from Planck

We also report combined constraints with Planck CMB
lensing measurements. For this, we use the latest Planck
PRA4 data, also called NPIPE [69]. We use the CMB lens-
ing map based on the PR4 analysis presented in Carron
et al. [19]*.

We apply the same data processing as described in
Wenzl et al. [27]: a low pass filter exp(—(€/lnax)?") with
Imax = 1800 in order to avoid signal bleed from small
scales far outside the analysis range and an apodization
to avoid sharp edges as described in White et al. [65].
To allow combination with our other maps we rotate the
Planck CMB lensing map to equatorial coordinates in
harmonic space.

To evaluate the covariance of the measurement we use
a set of 480 simulated realizations of the CMB lensing
maps [19, 70].

IV. BLINDING PROCEDURE

The results presented in this work were derived as part
of the ACT collaboration and followed the ACT DR6
lensing blinding guidelines.

During development, we blinded the ACT DR6 CMB
lensing map with an unknown = 10% blinding amplitude
(see Qu et al. [21] for additional details on the blinding
approach). We developed the null and consistency tests
on the blinded map. We did not compare the measured
curves to the theory during development. Furthermore,
we finalized the F¢ estimator used in this work and the
analysis choices like the binning scheme and cosmological
ranges before unblinding.

After confirming the accuracy of the pipeline we per-
formed a step-wise unblinding procedure. First, we used
the amplitudes of the C7Y measurements to refine the
galaxy bias values from their initial guesses of b = 2 used
during development. Then we recreated the galaxy sim-
ulations with the updated theory curves, reran the null
and consistency tests on the unblinded maps, and con-
firmed they still show statistical consistency. The values
for the null and consistency tests we show in the paper
are the ones after unblinding. We use an estimator de-
veloped on SDSS and BOSS data from Wenzl et al. [27].

Finally, we unblined the ACT-based E¢ results and
compared them to the GR predictions. After revealing
the results we investigated the sensitivity of the results
to various analysis choices and combined the two angular
cross-power spectra to derive a combined Fg constraint.

4 https://github.com/carronj/planck_PR4_lensing
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V. ANGULAR CROSS-POWER SPECTRUM
MEASUREMENT

A. Analysis approach
1. Estimation of angular cross-power spectra

We measure the angular cross-power spectra C? from
the map as the cross-variance between the two maps at a
set of scales. The mask geometry couples different scales,
which can be accounted for analytically. For this, we use
the unified pseudo-Cy framework provided by NAMAS-
TER® [71]. Additionally, with this approach, we com-
bine multiple multipoles into bandpowers which are more
computationally efficient and are less correlated. In this
section, we label bandpowers by p for readability but
thereafter will return to label them as ¢, with ¢ being the
effective scale that the given bandpower samples. The
angular cross-power spectrum C), for maps a and b with
partial sky coverage can be calculated from their masked
spherical harmonics coefficients a;,,, and by, as

Cp=3 M, Cy (26)
p/

~ 1 ¢

Cp = Z@[ﬁ Z aémbfmv (27)
Lep + m=—{

where M is the binned coupling matrix, calculated based
on the mask of both tracers. @, is the weight for each
scale, in our case the inverse of the number of ¢ in the
corresponding bandpower. To first order, the mode cou-
pling matrix in Eq. (26) is rescaling the pseudo-C; by
fsky, the covered sky fraction of the overlap between the
two maps.

We account for the partial completeness of each pixel
in our maps by rescaling them and therefore use the de-
fault masked_on_input = False when creating NAMAS-
TER field objects. For the galaxy overdensity maps this
rescaling is the inverse of the galaxy mask as described
in Eq. (23). However, for £ maps, we use the inverse of
the CMB mask squared which is an approximation of the
mask of the lensing map. We test that this is a reasonable
approximation for our purposes through our end-to-end
pipeline test in Section VB 1.

Since the galaxy maps are constructed at finite reso-
lution in real space without taking the sub-pixel coor-
dinates into account they are affected by a pixel win-
dow function [26]. We use map resolutions of nside=1024
throughout and account for the effect when calculating
C,;? by including the pixel window function as an effec-
tive beam function in the galaxy field object.

We use a log-spaced binning scheme. For compu-
tational accuracy, since different scales are correlated,

5 https://github.com/LSSTDESC/NaMaster

the computations are performed over a sufficiently wide
range limited by our map resolution: 2 < ¢ < 3071 =
3nside — 1. We limit the cosmological analysis to ¢ > 48
throughout as ACT is not sensitive to the largest scales.
The cutoff value is chosen to be consistent with previous
analyses [27, 32, 72]. Additionally, we limit the cosmo-
logical range to scales k < 0.2Mpc™' where the linear
assumptions underlying the Fg statistic are valid. This
represents a comoving real space cutoff at around 30 Mpc.
For the effective redshift of the galaxy samples this re-
sults in an upper cutoff of £y, = 420 for CMASS and
lnax = 233 for LOWZ where the exact values are chosen
to be edges in our binning scheme. The data allows con-
straining of the angular cross-power spectrum to smaller
scales beyond the linear regime. We perform our consis-
tency tests in an extended validation range 40 < ¢ < 922.
The exact edges of the log-spaced binning scheme over
the full extended range are given by feqqe € [40, 48, 59,
71, 87, 106, 129, 157, 191, 233, 283, 345, 420, 511, 622,
757, 922] where the bins are inclusive of the lower edge
and exclusive of the upper edge.

Since this approach to get an unbiased estimate of the
power spectrum assumes the underlying power spectrum
to be a step function matching the bandpowers, we also
need to correct the theory C} for the bandpower binning.
This is done by applying the coupling matrix, then bin-
ning and then applying the inverse of the binned coupling
matrix [71]. We apply this throughout to compare the-
ory spectra to data and for calculating the magnification
bias correction in Section V A 4.

2. Covariance estimation and consistency

In this analysis, we use three methods for estimating
the covariance of the measurement and confirm they are
consistent with each other within the expected variation.
Our baseline approach is to estimate the covariance based
on simulations. We can compare this to an analytic es-
timate that does not suffer from noise and a data-based
estimate using a jackknifing approach that is sensitive
to any additional noise in the data not included in the
modeling.

From our simulated maps, we can estimate the covari-
ance by calculating the angular power spectra for each
realization and estimating the variance between the sim-
ulations. The general form is given by

1 Ngme, o
N1 2 (=) (v - 7).

- (28)

Cov(Xy, Yo) =

where for the covariance of the angular cross-power spec-
trum X, = Y, = C}¥ and Xy, Y} refer to the mean over all
simulations. Ngjms is the number of simulations, which
is 400 in this case and the sum is over the angular power
spectra calculated for each of the 400 realizations indexed
by (7). The same approach can also be used to estimate
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the covariance between X, = C;¥ and the angular auto-
power spectrum Yy = C77 as well as the covariance of C*
itself. For likelihood analyses, one generally needs the in-
verse of the covariance. To get an unbiased estimate for
the inverse of a noisy covariance we apply Hartlap et al.
[73] corrections when inverting given by

Ng+1
Nsims ’

where Ny is the dimension of the covariance. We limit the
covariance to the bins in the cosmological analysis range
when inverting and apply Hartlap corrections throughout
for simulation and jackknife-based covariances.

In addition to the covariance estimated from simulated
realizations, we also estimate the covariance analytically.
For this we use the angular power spectra C77, C;Y and
Cy~ for our fiducial cosmology, the masks of the CMB
lensing and galaxy maps, an estimate of the shot noise
in the galaxy map and an estimate of the noise Ny in
the CMB lensing map. For the mask of the CMB lens-
ing map, we use the square of the mask of the primary
CMB observations which is an approximation we confirm
to be sufficiently accurate through our input recovery
test (Section VB1). We use the method from Garcia-
Garcia et al. [74] implemented in NAMASTER as the
NmtCovarianceWorkspace class to estimate the Gaussian
covariances. This gives us analytic estimates of the co-
variance of C;/? as well as the covariance for C7Y and the
cross-covariance between them.

Finally, we also estimate the covariance of the mea-
surements from the data directly using a jackknife ap-
proach to test if there are any additional effects in the
data that were not included in our modeling. For jack-
knife estimation of the covariance for C;¢ we split the
overlapping area between the CMB lensing and galaxy
maps into Njack equal area patches. The covariance of
the measurement can then be estimated by summing the
variation in the estimate across all patches. The gen-
eral form for the covariance between two angular power
spectra Xy, Yy is given by

Cov ' Gov ! (1 - (29)

N'ack
— Nigek — 1 ¢ : _ B _
Cov(Xe,Yo) = =8 37 (X7 = %) (v = Vo),
jac! j=1

(30)

where for the angular cross-power spectra X, = Y, = €9

and CZ” 99 is the angular cross-power spectra when each
of the j = 1, Njack patches is individually removed from
the maps. To capture the variance in the largest scales
one generally chooses patch sizes so that the largest scales
in the analysis are still captured [32]. Due to this we
only use 16 patches limited by the size of the overlap be-
tween the ACT CMB lensing map and the SDSS galaxy
samples. Because of this, the statistical uncertainty of
this estimate is large compared to the other methods de-
scribed above.

Furthermore using a jackknife approach systemati-
cally overestimates the variance in angular power spectra

[75, 76]. Because of these limitations, we expect the jack-
knife errors to be on average a systematic overestimate
of 20-30% with large statistical variation. We check for
our analysis that this is true on average and there are no
outliers of the marginalized jackknife error being more
than 50% larger than our simulated and analytic esti-
mates. Due to the limited amount of samples, we do not
estimate the full covariance for the jackknife case, but we
report the binned Eg results for comparison to the other
estimates.

We compare the simulated covariance and ana-
lytic covariances showing the off-diagonals of the
covariance as a correlation matrix. The correla-
tion matrices are calculated from the covariances as
Cov(CXY,C{B) /(0¥ 0f'B). The off-diagonals of the
covariance are consistent between the two methods
within the statistical uncertainty of the simulation-based
estimate. The most relevant correlations are between
auto- and cross-power spectra at the same scale and for
neighboring bins.

The amplitudes of the diagonals predicted by three dif-
ferent covariances approaches are also consistent as dis-
cussed in Section V. As we will show in the comparison of
the analytic and jackknife-based error estimates relative
to the simulation-based estimates in the middle panels of
Fig. 8, we find that both estimates are within expecta-
tions. This gives us confidence to use our simulation and
analytic approaches as the covariance estimates.

8. Normalization correction

As discussed in detail in Qu et al. [21] the k-space filter-
ing applied to the ACT DR6 maps causes a loss in power
for the k map reconstruction. We apply a simulation-
based Monte Carlo (MC) correction to our lensing map
Rem to account for this loss in signal.

We measure this MC-correction based on the set of
input £ maps sampled from our theory C};* compared
with the % reconstruction maps of CMB realizations with
the corresponding input lensing maps applied, i.e. our
set of 400 simulations. These reconstructions use the
same pipeline as our measured CMB lensing map and are
therefore affected in the same way. The MC-correction
is defined as the inverse of a transfer function so it can
be directly multiplied on our data maps. The functional
form is

C‘,”g—:xnaskv"CMBﬂnaﬁkZ

MC-corr(f) = —4— ) (31)

C”g—maskv’%
4

ay,, — MC-corr(¢) - ap,,,, (32)

where Kg_mask and KoMB—_mask2 are the simulated input
realizations of the lensing map, where the first one has the
specific mask of the galaxy sample that we want to corre-
late with applied and the second one has the CMB mask
squared applied. The restriction of the angular power
spectrum to the overlap with the galaxy map considered
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FIG. 2. Correlation matrices for the covariance matrices of the angular power spectra with the correlation shown in color from
-0.4 (red) to 0.4 (blue) in £ bins from ¢= 40 to 922, as specified in V A 1. The diagonal of 1 is removed for clarity. Shown is the
full covariance for C;? and C79 for [Left] ACT + CMASS and [Right] ACT + LOWZ for the bins in the cosmological analysis
range. The upper triangles show the baseline simulation-based covariance and the lower triangle the analytic covariance.

ensures that we get the correction for the specific area
relevant to the analysis. Using the square of the CMB
mask an approximation of the mask for the derived lens-
ing reconstruction. We confirm that this approximation
is accurate for our purposes with our end-to-end pipeline
test showing that we accurately recover the input spec-
tra to the precision needed (Section VB1). Note it is
numerically advantageous to average over our set of sims
before taking the ratio. Furthermore, the correlations
are calculated only using Eq. (27), since we do not want
to account for the coupling matrix in our normalization
correction to avoid correcting for it twice. We implement
this calculation using healpy.sphtfunc.anafast.

For the full ACT map, the MC-correction is approx-
imately 11% in our cosmological range, increasing the
measured Cy. This baseline correction is already applied
to the published ACT DR6 lensing maps. We replace
the correction with ones calculated for the specific area
overall with CMASS and LOWZ to check for area depen-
dence of the correction. For our specific areas considered,
we find these corrections differ from the one for the full
map by less than 1%. For numerical stability, we extrap-
olate the MC-correction far outside our analysis range
as a constant below £ = 20 and above ¢ = 1000 and in
between smooth over 40 ¢.

This approach to the correction is agnostic to the mea-
sured amplitude of the CMB lensing signal, it only uses
simulations and was finalized while the data was still
blinded. Nonetheless, there are shortcomings as it, for ex-
ample, assumes the shape of the MC-correction for the x
auto-correlation is similar to that of the cross-correlation.
While it is out of scope for this project, future work could
further investigate the optimal handling of the transfer
function. Further details about the normalization correc-
tion for the ACT DR6 lensing maps can be found in Qu

et al. [21], Farren et al. [64].

We apply the normalization corrections to all simu-
lated and observed k reconstruction maps for our results
and null tests. When comparing the North and South
patches of SDSS we calculate the normalization correc-
tion separately for each. Since the normalization cor-
rection affects the amplitude of the cross-correlation and
therefore F¢, we evaluate to what degree our results and
conclusion depend on the accuracy of the normalization
correction in Section VIC.

4. Magnification bias

Based on the results in Wenzl et al. [50] we use mag-
nification biases of arowz = 2.47 £ 0.11 for LOWZ and
for CMASS we use

QCMASS(Z) =2.71+ 878(2 — 055) (33)
For the latter, we assume a statistical uncertainty of 0.08
for the constant and 1.26 for the slope. Here we com-
bine the statistical and systematic uncertainties conser-
vatively by adding them.

We include the magnification bias terms in the theory
curves for C;9 and C7 that enter the analysis as part of
creating simulated map realizations, the covariance es-
timation and when plotting the theory curves together
with the data.

We also use the measured Cy¥ including the magnifi-
cation bias term as input for our Eg estimate. The Fg
estimator (see Eq. (14)) accounts for the magnification
bias effect on the angular auto- and cross-power spectra



via a correction term given as

kg A99
Cezce Ce
o Arkg (997
;0 Cf

(34)

where C’; 9 and C’fg are the theory angular power spectra
for our fiducial cosmology with the magnification bias
contribution and C;¥ and C7? without.

This results in a negligible correction for Eg with CMB
lensing and LOWZ and a 2-3% correction downwards in
amplitude for the measurement of Eg with CMB lensing
and CMASS (See Fig. 2 of Wenzl et al. [27] for a plot of
the C% values).

B. Consistency and null tests

We perform a range of null and consistency tests on our
angular cross-power spectrum analysis pipeline to ensure
its accuracy. We validate the pipeline by showing that we
accurately recover the input based on simulations (Sec-
tion VB 1). We further confirm our covariance estimates
by considering the correlation of misaligned maps (Sec-
tion VB 2). We perform a range of tests that are sensitive
to foreground contamination to the result to build con-
fidence in the cross-correlation analysis (Sections VB3
to VB5). We show that the analysis is consistent be-
tween the SDSS North and South patches to justify com-
bining them for the presented work (Section V B6).

In this analysis, we assume angular power spectra are
Gaussian distributed so that their uncertainty can be de-
scribed with a covariance matrix. To test our analysis
approach we perform a large set of statistical tests.

When testing an angular power spectrum measurement
C with covariance Cov(Cy, Cy) against a null hypothesis
we calculate x? values as

x> =Y _ CiCov ' (Cy, Cr)Cy. (35)

o

When testing two angular power spectra CKX , Cg/ for the
hypothesis of consistency we calculate x? values as

x* =Y _DyCov " (Dy, D) Dy, (36)
o
D, :Céx - Cl}/’ (37)
Cov(Dy, Dy) =Cov(CyX,CX) + Cov(CY,CF)
- COV(Cf7 Cl}’/) - COV(Ol}/a Cl)’()7 (38)

where Dy is the difference between the observed angu-
lar power spectra and Cov(Dy, D) the covariance for
the difference. In some cases, the two measurements are
independent, and therefore the cross-covariance can be
neglected. However, in cases where the angular power
spectra being compared are significantly correlated, it is
crucial to account for the cross-covariance terms to not
underestimate the x? value. Given the degrees of free-
dom (DOF) for the test, we calculate the probability of
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getting a x? value at least this large, referred to as proba-
bility to exceed (PTE). These PTE values are calculated
as the integral of a x? distribution for the specific DOF
from the measured x? value to infinity. Note that for
Gaussian uncertainty a PTE value of 0.68 corresponds
approximately to a lo difference and a PTE value of
0.05 approximately to 20. For previous applications of
PTE values see for example Qu et al. [21], Wenzl et al.
[27], Farren et al. [64].

In the following paragraphs, we discuss the motivation
and findings of individual null and consistency tests. The
resulting PTE values are summarized in Table I. In Sec-
tion VB7 we discuss the distribution of all PTE tests
presented as part of this work.

1. Accurate input recovery

We test if the analysis pipeline accurately recovers the
input angular cross-power spectrum Cy¥ for our fidu-
cial cosmology. We use the 400 simulated ACT CMB
lensing and galaxy map realizations discussed in Sec-
tion IIT C and apply our analysis pipeline to each combi-
nation. This test covers our full analysis pipeline includ-
ing the normalization correction (see Section V A 3) and
also tests if the approximation of using the CMB mask
squared as an approximation for the mask of the CMB
lensing map is sufficiently accurate for the analysis.

We have tested that the mean angular cross-power
spectra from all Ngjns = 400 simulations recover the in-
put signal. Here the input does not have an uncertainty,
therefore the covariance in Eq. (37) is given by scaling
the covariance of an individual measurement Covyean =
Cov/Ngims. In the cosmological analysis ranges we find
PTE values of PTE = 0.86 and PTE = 0.32 for ACT
x CMASS and ACT x LOWZ and using the baseline
simulation-based covariance. This shows that within sta-
tistical expectations we recover the input signal. We can
also translate this into the absolute deviation from the
input for our pipeline test. This depends on the number
of simulations used. We fit the theory curve to the mean
recovered signal with a free amplitude A, with perfect
recovery yielding A = 1. We find for AA = A — 1 values
of AA = (0.44+0.4)% and AA = (0.8 + 0.6)% for ACT
x CMASS and ACT x LOWZ respectively. We con-
servatively account for the level at which we validated
the amplitude in our systematic error budget. We use
95% upper limits of 1.2% and 2.0% respectively which
are small compared to the statistical uncertainties of the
FE ¢ estimates.

In Table I we list these values and additionally show
the PTE values for our extended validation range where
we also find that our pipeline accurately recovers the in-
put.
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ACT x CMASS ACT x LOWZ

Consistency and . Cosmo range Ext. valid. range Cosmo range Ext. valid. range
Nl ot Primary purpose | (48 < < 420) | (40 <£<922) | (48<(<233) | (40 < €< 922)

X*/DOF| PTE [x*/DOF| PTE [x*/DOF| PTE [x*/DOF| PTE
Signal recovery on Sims|® PeLn® 6.2/11 | 086 |10.7/16| 0.83 | 9.2/8 | 032 |24.0/16| 0.09

mask? approx

AA = (0.4+0.4)% AA = (0.8 +0.6)%
Misaligned correlation |Covariance 5.7/11 0.89 8.3/16 | 0.94 5.8/8 0.67 | 15.8/16 | 0.47
90-150 GHz null tests: |Foregrounds
- MV, map level diff. 6.2/11 0.86 12.6/16 | 0.70 16.1/8 0.04 23.2/16 | 0.11
- TT, map level diff. 13.4/11 0.27 17.5/16 | 0.35 12.7/8 0.12 20.4/16 | 0.20
- MV, band power diff. 15.0/11 0.18 20.3/16 | 0.21 2.7/8 0.95 9.3/16 0.90
- TT, band power diff. 9.9/11 0.54 12.5/16 | 0.71 6.8/8 0.56 10.3/16 | 0.85
WEBSKY null test Foregrounds bias < 0.020 bias < 0.020
Baseline vs CIB-depr. |Foregrounds 11.5/11 ‘ 0.40 |13.57/16| 0.63 | 14.7/8 ‘ 0.07 | 18.3/16 | 0.30

AA=0.03+0.13 AA=0.03+0.19
North vs South Combined analysis| 8.6/11 ‘ 0.66 15.3/16 | 0.50 2.4/8 ‘ 0.97 7.5/16 | 0.96

TABLE I. Summary of the consistency and null tests conducted for estimating the angular cross-power spectrum between ACT
DR6 CMB lensing and the SDSS BOSS galaxy samples. For each test, the primary purpose is listed and the test results are
given for four different cases: for each of ACT x CMASS and ACT x LOWZ the results for the baseline cosmological analysis
range and an extended validation range are listed including the x? value, the number of degrees of freedom (DOF), and the
PTE value. For the signal recovery on the simulations test and the comparison of the baseline map to an alternative approach
using CIB-deprojection, we list the amplitude difference constraints in the cosmological ranges. Finally, for the WEBSKY null
test, we constrain the residual bias to the analysis in each bin as a fraction of the measurement uncertainty o. See Section V B

for a discussion of each test.

2.  Misaligned correlation null test

By misaligning the CMB lensing map and galaxy over-
density map purposefully, the cosmological signals be-
come offset, and therefore we expect a null result for
C,9. By considering the PTE value of this null test we
can test whether our covariance estimate is consistent
with the data. If the PTE value is close to 1 this could
indicate that the uncertainty is overestimated, i.e. the
simulations we use to build our covariance have an excess
variance that is not represented in the data. However, for
a PTE value close to 0 the opposite would be the case:
this would indicate the uncertainty of the measurement
is underestimated and our simulations have less variance
than the data.

To perform this test we rotate the ACT CMB lensing
map by 180 deg along the direction of RA. In this way,
the overlap between the SDSS North and South patches
is approximately switched. In Fig. 3 we show the re-
sulting null angular cross-power spectra for the rotated
ACT CMB lensing map cross-correlated with CMASS
and LOWZ. We again find that the uncertainty estimated
from performing this on our sets of 400 simulations is

consistent with a data-based jackknife approach. Evalu-
ating the PTE value of the null test we find PTE=0.89
for ACT x CMASS and PTE=0.67 for ACT x LOWZ in
our cosmological analysis range. In the extended valida-
tion range, which includes the grayed-out scales shown,
the PTE values are 0.94 and 0.47 respectively. The PTE
values are all within statistical expectations. This gives
further confidence beyond our direct comparison of dif-
ferent error techniques that our covariance estimate ac-
curately captures the uncertainty in the data.

3. Websky foreground bias estimate

As the resolution of CMB measurements improves, ad-
ditional analysis challenges come into focus. Of par-
ticular interest is the issue of extragalactic foregrounds
that can affect the measured x map due to contamina-
tion in the measured CMB temperature and polarization
[60, 77].

This is highly relevant for cross-correlation analyses as
extragalactic foregrounds can also be correlated with the
galaxy samples and thereby introduce spurious correla-
tions that affect the measured signal. To mitigate the
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FIG. 3. Results for the misalignment null test of the angular
cross power spectra following a rotation of the CMB map for
[Upper] ACT x CMASS and [Lower] ACT x LOWZ with
uncertainties based on simulations as a baseline [color] and
jackknife errors [gray], slightly shifted to the right for clarity.
See Section V B2 for details.

issue of foregrounds in the reconstruction of the ACT
DR6 lensing map a multi-step approach was used. This
includes explicit masking of known sources and for the
reconstruction of the x map, a profile hardening tech-
nique.

The approach for the ACT DR6 lensing maps to miti-
gate bias from extragalactic foregrounds was extensively
validated by MacCrann et al. [58] for an auto-correlation
analysis. The authors point out that while their work
gives confidence to the auto-correlation analysis the im-
pact can be different for cross-correlation analyses and it
is therefore recommended to test the impact for the spe-
cific tracer one correlates with. Therefore in this work,
we explicitly test the bias from extragalactic foregrounds
for the cross-correlation with SDSS CMASS and LOWZ.

We test the foreground mitigation scheme on the WEB-
SKY simulation [62, 63]. Specifically, we run the ACT re-
construction pipeline on the foreground-only CMB tem-
perature map that models the contributions of CIB, kSZ,
tSZ, and radio point sources to the observed CMB tem-
perature anisotropy. All of these act as contaminants in
the reconstruction of the CMB lensing signal. Apply-
ing the reconstruction pipeline on the foreground-only
map gives the residual signal these foregrounds leave in
the reconstructed x map. If these foreground residuals
are correlated with a galaxy map constructed from the
same simulation this would indicate that the foregrounds
would contaminate our observed cross-correlation mea-
surement. Therefore a null result builds confidence that
the reconstruction approach sufficiently mitigates fore-
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ground contamination from extragalactic sources.

The WEBSKY simulation includes a halo catalog that
we can leverage to build galaxy samples that match the
properties of our galaxy samples to test the mitigation
for a comparable sample. We construct a CMASS-like
galaxy catalog from the WEBSKY halo catalog by apply-
ing an HOD which is tuned to closely match the CMASS
galaxy sample [78, 79], following previous approaches
[e.g. 32, 80]. The HOD has the form

1 log M — log Mnin
(Neen)nr = 3 [1 + erf( o8 ) )} , (39)

g

Nenhss (1) e (22} a0

with best fit values My, = 9.319x 1012 Mgph~t, 0 = 0.2,
Mgw = 6.729 x 1083 Moh™!, a = 1.1 and My =
4.749 x 103 Mgh~! [80]. For each halo, we sample ob-
served galaxies based on (Neen)y and place them in
the center of the halo. For each halo that has a cen-
tral galaxy, we Poisson sample satellite galaxies based
on (Ngat)a/{Neen)m and placed in a random direction
from the center with the radius sampled from a Navarro
et al. [81] (NFW) profile using halo concentration pa-
rameters from Duffy et al. [82]. Finally, we subsample
the galaxies to match the number density and redshift
distribution of the CMASS sample. This results in a
CMASS-like galaxy catalog which is correctly correlated
with the other data products of the WEBSKY simulation.
For LOWZ we follow a similar approach implementing
the HOD from Parejko et al. [Table 3, column Mean Full
in 68] with a slightly different functional form but other-
wise proceed the same way to create a galaxy catalog. We
also note that for the redshift range 0 to 1 the minimum
halo mass captured by WEBSKY is > 1.2 x 1012 Mgh ™!
sufficient for our purposes for both samples.

<Nsat>M =

We confirmed the accuracy of our approach by cor-
relating the galaxy catalog (based on WEBSKY halos)
with the WEBSKY x map and checking that we recover a
measurement of the cross-correlation that approximately
matches the input cosmology for the simulation, in the
cosmological range for our analysis.

In Fig. 4 we show the result of our foreground test for
CMASS and LOWZ. With the bias-hardened estimator
used as a baseline for our analysis, there is a negligible
bias of less than 0.02¢ throughout the range in scales con-
sidered for our analysis for each cross-correlation. With-
out mitigation the resulting bias would be significant,
reaching around 0.2¢ in our cosmological range. There-
fore we conclude that the bias hardening approach suf-
ficiently reduces the bias from extragalactic foregrounds
for the cross-correlation measurements with CMASS and
LOWZ that we present in this work.
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FIG. 4. We show that the lensing reconstruction approach of the ACT DR6 map that includes bias hardening sufficiently
removes bias for the cross-correlation measurement from extragalactic foregrounds for the case of the WEBSKY simulation.
Shown is the null test of cross-correlating the s reconstruction performed on only the foreground contributions with the galaxy
samples when using bias hardening [blue full line] and without mitigation [green dashed line]. Panels show the case of cross-
correlation with [Left] a CMASS-like sample and [Right] for a LOWZ-like sample. [Upper] The panels show the null test
compared to the expected cross-correlation signal [orange solid line] with errors showing the analytic uncertainty of the binned
measurements [orange error bars]. [Lower] The estimated bias is shown as a fraction of the observational uncertainty. While
there is a 0.1 - 0.2 ¢ bias without mitigation, the bias-hardened estimator used for this analysis has a bias of less than 0.020
[gray horizontal lines| in the cosmological range. See Section V B3 for details.
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FIG. 5. Testing the angular cross-power spectrum estimates for contamination from foregrounds by nulling the cosmological
signal in the ACT lensing map through differences of the 90 GHz and 150 GHz CMB observations. Shown are the correlations
of the residual lensing maps without cosmological signal with CMASS [left] and LOWZ [right]. We show the difference taken
at the map level [top panels] and bandpower level [bottom panels] and we show the result when using the baseline minimum
variance combination of temperature and polarization information [MV] as well as temperature alone [T'T only]. The baseline
errors are based on our set of simulations with jackknife error estimates shown for comparison [gray]. See Section VB4 for
details.



4. 90-150 GHz null test

To test for contamination of our estimate from fore-
grounds we can use tests on the data itself in addition
to the simulation-based test discussed in Section V B 3.
One way is to purposely null the cosmological signal in
the CMB lensing map and test if there is any residual
correlation with the galaxy maps which would indicate
some foreground contamination.

By taking the difference between the 90 GHz and
150 GHz maps we null the CMB lensing information in
the primary CMB. This also nulls frequency-independent
components like kSZ but other foreground effects can
still be in the map. By running the lensing reconstruc-
tion pipeline on the difference we create a null map that
should be uncorrelated with the galaxy maps which we
can then test. We can also run the reconstruction on the
individual frequency maps and then take the difference
in the final bandpowers. Finally, we can limit this test to
the temperature data alone and check if there is a differ-
ence compared to the baseline minimum variance combi-
nation of temperature and polarization information.

In Fig. 5 we show the resulting angular power spectra
for all these variations of the 90-150 GHz null tests for
both ACT x CMASS and ACT x LOWZ. In Table I we
list the PTE values for the set of null tests. All but one
of the 90-150 GHz null tests have PTE values between
0.05 and 0.95.

The PTE value for the 90-150 GHz null test at the
map level using both temperature and polarization and
for ACT x LOWZ is marginally below 0.05 with a value
of PTE=0.04. Given the number of null tests performed
in this analysis having a PTE value this low is not surpris-
ing but it motivates a check for those results to identify
if there is a concern. The same test for only the temper-
ature information passes and the test at the bandpower
level also passes further indicating this could be a statis-
tical outlier. We find this null test does not fail if we add
or remove a bin at the small-scale end. When adding a
bin at the large-scale end the test still marginally fails,
when removing one it passes. The test does pass for
our full extended validation range. This dependence on
the test range could be an indication that this is indeed a
chance failure. In the plot (orange points in the top right
panel of Fig. 5), we do not see clear outliers and there
is no scale-dependent trend visible. Overall we conclude
that this PTE value of 0.04 is within statistical expec-
tation and we did not identify a reason for concern. In
Section VB 7 we summarize all PTE value tests in this
analysis and evaluate whether there are more low PTE
values as expected for the number of tests performed.
The difference map does not show a statistically signifi-
cant correlation with the galaxy maps.
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5. Consistency with CIB-deprojection approach

As part of the DR6 lensing analysis, a different fore-
ground mitigation strategy using CIB-deprojection was
considered instead of the profile hardened estimator used
for the baseline map [21, 58]. As they have distinct sensi-
tivity to potential foreground contamination, testing the
two approaches for consistency in terms of the results
for the angular cross-power spectrum is another test for
potential foreground contamination as well as for the ro-
bustness of the analysis.

We compare the resulting angular cross-power spectra
with this alternative CIB-deprojected map with the base-
line map and test for consistency. The CIB-deprojected
map uses additional external information from Planck
and has a restricted mask called the HILC mask. For a
consistent comparison, we limit the baseline mask to the
same footprint and recalculate the angular cross-power
spectrum for this comparison.

The two maps are significantly correlated as they are
based on the same CMB observations. Therefore, when
testing them for consistency, we account for the cross-
covariance between the two angular power spectrum mea-
surements. We here leverage that the simulated map
realizations for both the baseline and CIB-deprojected
maps are based on the same CMB lensing realizations
and therefore correctly correlated. We can estimate the
covariance between the measurements with Eq. (28). We
find that the two measurements in the same bins are
(98 — 99)% correlated.

We calculated the angular cross-power spectra for the
CIB-deprojected ACT CMB lensing map and the base-
line map restricted to the same footprint. We found that
the results closely match. We test for consistency be-
tween the two measurements using a PTE value test, ac-
counting for the correlation. For the cosmological analy-
sis range, we find PTE values of 0.40 and 0.07 for ACT
x CMASS and ACT x LOWZ respectively. In the ex-
tended validation range, we find PTE values of 0.63 and
0.30 respectively. All PTE values indicate consistency
between the two foreground mitigation approaches.

6. Consistency between North and South observations

SDSS has two separate patches on the sky, in the
North and the South. The two patches are often ob-
servable in different seasons and include different lati-
tudes. Higher latitudes can have less foreground con-
tamination and the patches could have different calibra-
tions, seasonal variations, and selection functions [72]. In
this analysis we proceed analogous to the approach for
the auto-correlation developed in [27], to test if, for the
cross-correlations measured in this work, there are any
statistically significant differences between the patches
that might indicate that systematic effects are relevant.
If no such differences are found it motivates an analysis
of the data as a combined whole rather than two distinct
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FIG. 6. We compare the baseline angular cross-power spec-
tra of the ACT CMB lensing map with the full CMASS [top
panel] and LOWZ [bottom panel] datasets with results using
only the North or South data. For each, we show the baseline
result [orange/light blue middle points] with the north-only
result [left green] and south-only result [right blue].

patches.

The angular power spectra are calculated using the full
CMASS and LOWZ maps. We check the measurements
for consistency between the North and South patches of
the galaxy observations (see Fig. 1). We find that both
North and South patch correlations agree statistically.

In Fig. 6 we show the result for the angular cross-power
spectra calculated for the North and South patches sep-
arately. We evaluate the consistency between the two
measurements via a PTE value test. Since the two an-
gular cross-power spectra do not overlap in the area and
our largest scales considered (¢ = 48) are significantly
smaller than the separation between the two patches we
assume them to be uncorrelated. In the cosmological
analysis range, we find PTE values of 0.66 and 0.97 for
ACT x CMASS and ACT x LOWZ respectively. For
the extended range, the PTE values are 0.50 and 0.96
respectively. In all cases, the PTE values indicate full
consistency between the North and South patches. We
note that the values for ACT x LOWZ are marginally
above 0.95 which indicates that they agree closer than ex-
pected in 95% of tests. Since we perform a large number
of PTE tests we assume that this is a chance occurrence
and evaluate if there is a higher-than-expected number
of high PTE values among our PTE tests when summa-
rizing the distribution of all of them in Section VB 7.

Overall we conclude that the analysis is consistent be-
tween the North and South maps. Any difference in the
effective galaxy bias for the two patches, for example,
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FIG. 7. We report a total of 40 PTE value tests and here
show a histogram of their distribution to check if they follow
a uniform distribution within statistical expectations. The
Poisson expectation for 10 bins shown is 4.0 & 2.0 per bin
[black dashed lines]. Therefore the distribution is consistent
with the expected flat PTE distribution for an unbiased sta-
tistical analysis. Note that some of the reported PTE values
are strongly correlated which is not considered here.

caused by differences in the selection of the galaxies, is
not large enough to be statistically relevant for the un-
certainties in our angular cross-power spectra.

7. Summary of PTE statistics

Throughout this work, we report a large number of
PTE tests. If a measurement is consistent with the null
hypothesis then the PTE value by definition should be
a sample from a uniform distribution between 0 and 1.
When reporting many PTE tests the probability of de-
tecting outliers increases. Under the assumption that the
distinct reported PTE values are independent, we can
analyze whether together they follow this uniform distri-
bution. If they do it indicates that the statistical tests
performed are unbiased and show consistency between
the measurement and our null hypothesis. If they are
not consistent it could point to issues with the test, the
analysis pipeline, or an inconsistency of the measurement
with GR. We here analyze both the overall distribution
and check for stronger outliers that would be expected
for the number of tests we perform.

We report a total of 40 tests. For an unbiased set of
tests, each tenth between 0 and 1 should have a number
of PTE values sampled from a Poisson distribution with
a mean of 4 with a statistical variation of 2. If our distri-
bution deviates from this it could indicate that the PTE
value estimates are biased due to, for example, under-
or overestimation of the uncertainty, or, for the cosmo-
logical tests, due to a disagreement with the GR-based



predictions. We show a histogram of the PTE tests in
bins of 10% in Fig. 7. For each bin in the histogram, the
number of PTE values is within statistical expectations.

For an individual test, a PTE value of less than 0.05
is generally considered statistically significant as it has a
change of only 5% to occur by chance (approximately the
equivalent of 20 for the case of a Gaussian). However,
when reporting multiple tests some outliers become more
probable. For 40 tests having one outlier PTE value at or
below 0.05 by chance has a probability of approximately
87% and having an outlier at or below 0.01 has a chance
of approximately 33%. Among the reported PTE tests
there are no outliers with PTE values below 1% or above
0.99%. The lowest PTE value across all PTE tests is
0.04 for a null test discussed in Section V B 4. Therefore
we conclude that the reported PTE values are fully con-
sistent with statistical expectations indicating that our
suite of null and consistency tests confirms the accuracy
of our analysis pipeline.

C. Measurement results for cross-correlation of
ACT and SDSS BOSS

We report the results of applying the analysis ap-
proach to measure the angular cross-power spectrum be-
tween the ACT DR6 CMB lensing map and the SDSS
BOSS CMASS and LOWZ galaxy samples. The analysis
pipeline, which has been validated through an extensive
set of null and consistency checks, results in the angular
cross-power spectra measurements presented in Fig. 8.

We show the measurements using ACT together with
CMASS and LOWZ respectively. The top panels show
the measurements with the baseline simulation-based er-
ror estimates. The white background range indicates the
scales used for the cosmological analysis. The full range
plotted is the extended validation range for which we
also performed null and consistency tests. For compar-
ison, the theory curve for our fiducial cosmology is also
shown with dots indicating the binned measurement us-
ing the NAMASTER coupling matrix. Note that this the-
ory curve is not tuned to the amplitude of the measure-
ment: the galaxy bias used is based on the amplitude of
the angular auto-power spectrum of the galaxy data. In
this work, we focus on constraining the E¢g statistic for
which we directly use the measurements as part of the
estimator, and the predicted theory values for Eg are
estimated from independent constraints on €2,,, 9. In fu-
ture work, the cross-correlation measurements we make
available as part of this work can be consistently fitted
with angular power spectra theory curves by varying the
galaxy bias and all cosmological parameters. Specifically,
we can visually see that for ACT x CMASS the the-
ory curve tuned to the measured galaxy auto-correlation
amplitude appears slightly high compared to the cross-
correlation measurement. This implies that when jointly
fitting the cross-correlation one will likely find a lower
best fit og value, which quantifies the amplitude, than
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for the CMASS galaxy data alone. To evaluate whether
this difference is significant or within statistical expecta-
tions careful theoretical modeling of the angular power
spectra is needed in future work. We here provide the
tested and validated cross-correlation measurements be-
tween ACT and CMASS that could be used for such an
investigation. The ACT DR6 lensing data has already
been analyzed in this way for combinations with galaxy
data from unWISE [64] and similar investigations have
been done for Planck lensing data [e.g. 72]. For this work,
we focus on interpreting the measurement at linear scales
through the Eq statistic to interpret implications about
gravity.

In the middle panels, the error for each bin is com-
pared. The simulation-based estimate of the errors is
closely consistent with the analytic estimate. This con-
sistency also extends to the off-diagonal elements of the
covariance as discussed in Section VA 2. We also show
the uncertainties based on a jackknife approach which
have larger statistical uncertainty and are a systematic
overestimate. The jackknife errors are consistent with
the other estimates within statistical expectations.

Finally, in the bottom panels, we show the signal-to-
noise ratios (SNR) of the measurements. The values
based on dividing the signal by the error are shown in
solid orange. In addition, we also show the theory value
for the fiducial cosmology divided by the error which is
more comparable between surveys for low SNR measure-
ments. We can also calculate the SNR for all bandpowers
in the cosmological range combined as

SNR = Y C/9Covy CF. (41)
j24

We find a total SNR in our cosmological range of 10.0 for
ACT x CMASS and 8.5 for ACT x LOWZ. When using
the theory curve of the fiducial cosmology instead of the
measurement for comparability between different surveys
the expected total SNR is 12.4 for ACT x CMASS and
7.9 for ACT x LOWZ. For both SNR estimates we here
use the simulation-based covariance.

Based on the measured angular cross-power spectra we
derive constraints on the Eg statistic for the ACT DR6
CMB lensing data combined with CMASS and LOWZ
in Section VI. In the following, we combine the measure-
ment with results based on Planck CMB lensing data.

D. Combined cross-correlation measurement with
ACT and Planck

While the ACT DR6 lensing map has a higher angular
resolution than the Planck lensing map, the latter cov-
ers a larger part of the sky. In particular, the Planck
data covers the SDSS BOSS samples almost completely,
covering approximately 96% of each. The ACT DR6 lens-
ing map covers 34% of the CMASS map and 37% of the
LOWZ map. Because of these distinct strengths, the
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FIG. 8. Measurment results for the angular cross-power spectrum between the ACT DR6 lensing map and CMASS [left] and
LOWZ [right]. [Upper| The measurement result [orange error bar plot] and the theory curve for the fiducial cosmology [black
line]. Note that the fiducial cosmology has a free amplitude, and the theory curves have not been fit to the cross-correlation
measurements. Shown is the full extended validation range with the scales outside the cosmological range grayed out. The
middle panel shows a comparison of the baseline simulation-based marginalized uncertainty compared with an analytic estimate
[blue line] and a jackknife estimate [dashed green line]. [Lower] shows the signal-to-noise ratio [orange filled] and, for better
comparison between surveys, the ratio of the theory curve to the noise [gray dashed].
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FIG. 9. The correlation coefficients for the analytic
cross-covariance between the C;Y measured with ACT x
CMASS/LOWZ [right] and Planck x CMASS/LOWZ [left].

datasets are highly complementary and one can maxi-
mize the overall constraining power by combining the
angular cross-power spectra from ACT x SDSS and
Planck x SDSS. For Planck x SDSS we can use the
CyoPlenek measurements presented in Wenzl et al. [27]
which have been consistently estimated with the same
binning scheme and the same processing of the SDSS

BOSS datasets.

We take the minimum variance-weighted combination
of the two angular cross-power spectra. The details of
the approach are described in Appendix A. We account

for the correlation between the two measurements in the
overlap region. Correlation between the two measure-
ments comes from the overlap region where we observe
the same cosmic realizations of the CMB and the same
galaxy maps between the two measurements. The mea-
surement noise in the primary CMB map can be assumed
to be independent between the two surveys.

We estimate the cross-covariance analytically with
NAMASTER and use the analytic covariance estimates
throughout the combined measurement to avoid nu-
merical issues from the uncertainty in the simulation-
based covariance. We show the cross-covariances
in Fig. 9. Plotted is the correlation given as
CrossCovw/(JCZQUC;g,Pka). On the largest scales in

our cosmological analysis range the correlation between
the two measurements is up to 33% for CMASS and 34%
for LOWZ.

We can discuss the improvement for the combined
analysis in the context of the overall signal-to-noise ratio
of the measurements for the example of CMB lensing x
CMASS. We know that both measure the same underly-
ing signal. To make a fair comparison of the constraining
power of the two measurements one should compare them
with fixed signal and the covariance from each measure-
ment. We do this by using the theory curve for our fidu-
cial cosmology and the analytic covariance for each mea-
surement. For the analytic covariance, the expected SNR



for the ACT x CMASS measurement is 12.3% and for
Planck x CMASS is 16.0. If the two measurements were
uncorrelated the combined measurement would have an
SNR ratio of 20.2. After accounting for the correlation
between the datasets the minimum variance combination
has an expected total SNR of 18.5. In the overlap region
between ACT and Planck, the significantly higher fidelity
in the ACT map means that the underlying Planck map
does not contribute significant extra information. When
removing the ACT DR6 region from the Planck map and
using this restricted map for the cross-correlation the an-
gular cross-power spectrum becomes mostly independent
of the ACT-based measurement giving a combined ex-
pected SNR of 17.9. This illustrates how the two datasets
are complementary: where we have ACT data available it
dominates the signal due to its higher angular resolution
but the Planck data has a larger area coverage resulting
in a larger expected SNR for the combined measurement
than either individually.

In Fig. 10 we show the results for combining the full
baseline ACT x SDSS and Planck x SDSS angular cross-
power spectra. We show the correlation with the CMASS
sample on the left and with the LOWZ sample on the
right. For each, we show the results using ACT CMB
lensing discussed in Section V C and the results using
Planck x SDSS presented in Wenzl et al. [27]. We can
visually see that the two measurements are closely con-
sistent with each other, especially on large scales, which
is expected since they are strongly correlated. Finally,
we show the results for the minimum variance combina-
tion of the two measurements. In the bottom panels,
we show the SNR for each measurement as well as the
combination. We again additionally show the SNR esti-
mates using the theory curves (dashed black lines) which
represent a fair comparison between the measurements.

VI. Ec MEASUREMENT
A. Measurement approach for Ec

Based on the measurements of the angular cross-power
spectra between ACT CMB lensing and the SDSS BOSS
CMASS and LOWZ samples we derive new constraints on
the F¢ statistic through the estimator given in Eq. (14).
We use the already calculated and characterized angular
auto-power spectra C7Y and RSD parameter 3 for the
LOWZ and CMASS samples presented in Wenzl et al.
[27]. The RSD analysis uses the published SDSS BOSS
measurements [83] and up-to-date theory modeling using
the VELOCILEPTORS code” [84, 85]. Note we use a plus
in our notation to indicate when the auto-correlation and

6 We here for consistency use the analytic covariance. In the previ-
ous section, we discussed the SNR based on the simulation-based
covariance which rounds to 12.4.

7 https://github.com/sfschen/velocileptors
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RSD measurements are included and a x when only the
cross-correlation is considered.

In Section VI A1 we discuss the creation of correctly
correlated simulated maps and the estimate of the cross-
covariance between C;¢ and C77.

We use estimates of C§Y and 8 for the full galaxy
maps. To quantify the potential systematic caused by
differences in galaxy bias between the full sample and
the ACT DR6 overlap we constrain the galaxy bias dif-
ference and derive an estimate for our systematic error
budget in Section VIA 2.

When calculating the F¢ estimate using Eq. (14) we
account for the full covariance of C;? and C¥¢, including
their cross-covariance (see Section VIA 1). For this, we
calculate the ratio distribution® of T,C}? /C9?. Then in
a second step, we calculate the ratio distribution of this
estimate and 8 resulting in a probability density func-
tion (PDF) for Eg marginalized across the cosmological
range or for individual bins E%. Notably, while we as-

sume the measurements of C‘; 9 and C’fg to be Gaussian
distributed we do not assume the ratio to be Gaussian
as the PDF is expected to be significantly asymmetric
[27]. We report the median and the central 68.27% con-
fidence range of the PDF which generalize the best fit
and lo uncertainty for the Gaussian case. For a full de-
scription of this calculation and a derivation of the PTE
value tests to evaluate the results for consistency with
scale independence (PTEgcate-indep) and for consistency
with a predicted value (PTEgRr) see Wenzl et al. [27].

1. Cross-covariance estimation

The angular cross-power spectrum between CMB lens-
ing and galaxy clustering is significantly correlated with
the angular auto-power spectrum of the galaxies. We
estimate the cross-covariance between the measurements
and account for this correlation in our calculation of .

For our baseline result using ACT and SDSS BOSS,
we leverage the set of 400 simulated map realizations
to estimate the full covariance. As described in Sec-
tion IIT C, we have 400 simulated map realizations with
the CMB lensing map and two galaxy maps for each with
one galaxy map for the angular auto-power spectrum and
the other for the angular cross-power spectrum where an
additional redshift dependent weight was applied. For
each realization, the three maps are correlated as ex-
pected for our fiducial cosmology and they contain the
same noise level as our measurements. Using Eq. (28)
we estimate the simulation-based covariances of C;"¥ and
C?Y individually as well as the cross-covariance between
them. For the full analytic covariance, we use NAMAS-
TER as described in Section IITC. For the covariance of

8 The probability distribution for the ratio of variables from two
known distributions.
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FIG. 10. Combined angular cross-power spectra for CMB lensing x CMASS [left] and CMB lensing x LOWZ [right]. For each,
we show the ACT-based measurement [orange, left], the Planck based measurement [blue, right], and the minimum variance
combination of the two [Green, middle], all using the analytic covariance. [Upper] The measurements and the theory curve for
the fiducial cosmology (not fitted to the data). [Lower] The SNR [solid bars] and the SNR expected based on the theory curve
and measurement covariance [gray, dashed]. For further details see Section V D.

C} we use a shot noise of N3hot and for C7Y we use N3hot
as given by Eq. (24). For the cross-covariance, we use

Nghot Nshot - We calculated the full simulation-based
and analytic covariances. We find consistent results be-
tween the two methods within the statistical uncertainty
of the simulation-based covariance. For the same bin,
the correlation between the two measurements reaches
around 33% for ACT + CMASS and 28% for ACT +
LOWZ and drops off for smaller scales.

2. Effective galaxy bias difference in ACT overlap

The ACT DRG6 lensing dataset does not cover the full
SDSS CMASS or LOWZ footprints: The ACT DR6 lens-
ing map covers 34% of the CMASS galaxy map and 37%
of the LOWZ map. While the galaxy samples are de-
signed to be uniform across their footprint, residual area
dependence could remain. Differences in the galaxy sam-
ple in the overlap region compared to the full footprint
can lead to differences in the effective linear galaxy bias
b of the sample. If this difference is statistically signifi-
cant compared to our measurement uncertainty it could
bias the E¢ result because the estimator relies on can-
cellation of the galaxy bias between the measurements.
To investigate this we quantify the difference in effective
galaxy bias between the ACT overlap and the full sample
to evaluate if it is statistically relevant and add a limit
to our systematic error estimate.

We can perform a test for the ratio of the inferred C7?
between the overlap and the full sample. Assuming the
underlying matter power spectra and redshift distribu-
tion are sufficiently similar for both the full sample and
the overlap with ACT, this ratio directly tests if the effec-
tive linear galaxy bias is consistent between the two. By
assuming that a constant linear bias describes the data
well in our cosmological range, and therefore C7Y o b2,
we can put a constraint on the fractional difference in bias
between the two Ab/b. Since this approach avoids having
to marginalize over uncertainty in the matter power spec-
trum this gives us a strong constraint on the fractional
bias difference of the bias between the samples.

In Fig. 11 we show the ratio of CY7AT VP i the

overlapping region with ACT DR6 and C’é’g’fuumap of
the full galaxy samples for both CMASS in orange and
LOWYZ in blue. In each case, we show the bins in the cos-
mological analysis range. We note that we only constrain
the difference, the absolute value is strongly degenerate
with cosmological parameters. Since the two C7? mea-
surements are based on overlapping data it is crucial to
include the cross-covariance between the two. We use our
set of simulations to estimate the full covariance includ-
ing the cross-covariance. When assuming Gaussianity the
covariance for the ratio of two correlated measurements



14 T T T T T T
CMASS
1.3 LOWZ 1
g
E 12F ]
&
. 1.1 b
Q
g 10p-f--qT--———=-1—-1r—g -~ n--®----—-% - -
g
e 09¢ ]
g
s 0.8¢r b
BL);Q
0.7 b
0.6 " 1 " " " 1 1 1 1
60 100 200 300 400
¢
FIG. 11. We test for a difference in the galaxy auto-

correlation between the full galaxy samples and the overlap
region with ACT. Shown is the ratio of C7? in the overlap re-
gion to the full sample for CMASS [orange] and LOWZ [blue].
The errors shown are the uncertainty on the ratio under con-
sideration of the correlation between the two measurements.
For each case, only the bins in the cosmological analysis range
are shown. See Section VI A 2 for further details.

Ay, By, so that Cy = Ay/By is given by

COVN(C[7 Cz/) =
COVN(A@, Az/) + COVN(B@, Bg/)
- COVN(A[, Bgl) - COVN(B[, Agl), (42)

where we have defined

COV(A@, Bg/)

COVl\I(Ag7 Bgl) = AZBgz

(43)
Then we fit a constant amplitude Agatio to the ratio ac-
counting for the covariance of the ratio given by Eq. (42).
We can translate this to a constraint on the fractional
bias as

Ab
T =V ARatio -1 (44)

For CMASS we get Ab/b = (—0.9+0.9)% and for LOWZ
we get Ab/b = (0.84+1.3)%. We do not find a statistically
detectable difference in the galaxy bias between the full
sample and the ACT overlap, indicating that the differ-
ence is small compared to our measurement uncertainty.
We conservatively use the constraints to put limits on
the systematic offset in the effective linear galaxy bias
between the full sample and the overlap which we ac-
count for in our systematic error budget. We find

Ab

< 2.7% (95% c.l; CMASS), (45)
full
Ab
= | < 84% (95% cl; LOWZ). (46)
full
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For our baseline results, we use an RSD analysis and
CJ? measured for the full SDSS maps with SC79 x b
while our C;¥ o« b measurement is restricted to the over-
lap with ACT. A difference in the effective bias directly
translates into a systematic error for the Eg estimate:

%AEG) = %. The 95% upper limits on the sys-
G

tematic based on C§Y measurements are small compared
to the statistical uncertainty of the F¢ measurements of
18% for ACT + CMASS and 26% for ACT + LOWZ.

The uniformity of the effective galaxy bias of the SDSS
samples across the footprint permits us to combine our
cross-correlation with the full auto-correlation and RSD
analysis for the SDSS datasets [27] to measure Eg. For
completeness, we also present the Eg result when the
auto-correlation is limited to the region overlapping with
ACT (see Section VIC).

B. Baseline Eg results

In Fig. 12 we show the measurement of EY as a func-
tion of scale. These are calculated using the Eg esti-
mator of Eq. (14), using the measured angular cross-
power spectra between the ACT DR6 lensing map and
the SDSS BOSS DR12 CMASS and LOWZ galaxy sam-
ples together with the angular auto-power spectra of
the galaxy samples and 8 from an RSD analysis of the
galaxy samples. We account for the cross-covariance be-
tween the cross- and auto-power spectra and calculate
the PDF for F¢ without assuming Gaussianity in the
result. The Figure shows the median of the PDF for
each bin in angular scale and the uncertainty is based on
the central 68.27% confidence interval of the PDF. The
constraints are shown for three different estimates of the
uncertainty. The leftmost in orange are the results with
the simulation-based covariance, in the middle in blue
the constraints using the analytic covariance, and on the
right in green the constraints using a jackknife-based co-
variance. In Section V A 2 we described in detail how the
simulation-based covariance and analytic covariance are
consistent within statistical expectations. Here they give
consistent results for Eg within the statistical accuracy
of the simulation-based covariance. The jackknife-based
covariance serves as a consistency check. It is a system-
atic overestimate of the uncertainty of 20-30% and has
large statistical uncertainty as it is based on only a small
number of subsamples. Its advantage is that it is based
on the data itself and could reveal additional sources of
uncertainty not captured in the other methods. We here
again find it to be consistent with the other methods
within statistical expectations giving confidence to the
accuracy of the approach. Finally Fig. 12 also shows
the ACDM prediction for reference. A key feature of
the GR-based predictions for F¢ is that on linear scales
the statistic is expected to be scale-independent. There-
fore, before comparing the overall amplitude with the
ACDM-based prediction we can more generally test if
the measurement is consistent with scale independence.
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zet | GR prediction ESR Measurement EG PTEscate-indep | PTEGR
ACT + CMASS 0.3112-9668% CI)|0.74 0.13
+ 0.555(0.401 + 0.005 ~0.0(68% CI)
ACT + Planck + CMASS 0.3479:55(68% CI)|0.53 0.31
ACT 4+ LOWZ 0.4979-11(68% CI)[0.95 0.71
0.316]0.452 & 0.005
ACT + Planck + LOWZ 0.4310:05(68% CT)|0.46 0.86

TABLE II. Overview of the F¢ measurements and statistical tests presented in this work. Shown are the results for combining
ACT DR6 CMB lensing and the SDSS BOSS CMASS and LOWZ samples and additionally combined constraints with Planck
PR4 CMB lensing information. For each case the effective redshift of the measurement and the predicted value for four fiducial
cosmology assuming ACDM are shown. The measurements are listed together with the uncertainties based on the 68.27%
confidence intervals. For each measurement PTE value tests for the consistency of the measurement with scale independence
as expected for GR (PTEscale-indep) and for consistency with the predicted value (PTEgr) are shown.
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FIG. 12. Measurement of E% as a function of scale. Shown is
Eé measured based on the angular cross-power spectra C;7
measured in this work and external constraints on C7Y and j
for the galaxy samples. [Upper| Constraints using the CMASS
galaxy sample and the [Lower| using the LOWZ galaxy sam-
ples. For each case, the constraints using three different un-
certainty estimates are shown: the baseline simulation-based
covariance [orange], the analytic covariance [blue], and the
jackknife covariance [green]. The ranges of scales shown are
the cosmological analysis range for each case and the mea-
surements are shifted slightly left and right for visibility.

We perform a PTE value test for consistency of the mea-
surement with a scale-independent constant. The con-
stant here is a free parameter not fixed to the ACDM
prediction. We find PTEgcate-indep = 0.74 for ACT +
CMASS and PTEgcale-indep = 0.95 for ACT + LOWZ
and therefore no statistical evidence for a deviation from
scale-independence within the accuracy of the measure-
ment. For ACT + CMASS 9 out of the 11 bins are below
the GR prediction. However, the different bins are sig-
nificantly correlated so to evaluate if this is statistically
significant we combine the measurements under consid-
eration of the full covariance.

Since the measurement is consistent with a constant
we combine the constraints across the cosmological anal-
ysis range into an overall constraint on E¢g. For this, we
account for the full covariance between C? and C7? (see
Section VIA1). For the jackknife-based uncertainty es-
timate, there are not enough samples to invert this full
covariance, therefore these combined constraints are cal-
culated using the simulation-based and the analytic co-
variances. Fig. 13 shows the PDFs for the overall Eg
constraints. The FEg statistic is measured for the effec-
tive redshift of the galaxy sample as given by Eq. (19),
which results in z.g = 0.555 for CMB lensing combined
with CMASS and in z.g = 0.316 for combinations with
LOWZ. At these redshifts the expected values for the
FE¢ statistic for our fiducial cosmology assuming ACDM
are given by ESR(zeg = 0.555) = 0.401 & 0.005 and
ESR(2ep = 0.316) = 0.452 & 0.005. These predictions
are shown as black vertical lines in Fig. 13. The Gaus-
sian PDF for the predictions is too highly peaked to show
in the same plot so the 1o uncertainty for the predicted
values is shown as a gray band instead. These predic-
tions can be compared with the measurements based on
ACT + CMASS and ACT + LOWZ. In each case, the
PDF using the simulation-based covariance and the an-
alytic covariance are shown. The results using either co-
variance are consistent. For the simulation-based covari-
ance, the median is highlighted with a vertical orange
line, and the central 68.27% confidence interval is shaded
in orange. These result in EQCT+CMASS = 0.317098

and EgCT+LOWZ = 0.497511 respectively. We note that
the PDFs, especially for the LOWZ case, are signifi-



gL ACT + CMASS E¢ (Sim Cov)
E¢ (Analytic Cov)
—— GR prediction

90 01 02 03 04 05 06 07

4.0 T T T T

35L ACT + LOWZ Eg (Sim Cov) ]

. EG (Analytic Cov)
3.0 —— GR prediction 4
2.5

° 2.0
1.5
1.0
0.5
0.0 ' ' ' '

0.2 0.4 0.6 0.8 1.0
Eg

FIG. 13. We show the PDF for the combined constraints on
E¢ over the cosmological analysis ranges. [Upper] The re-
sult for ACT and CMASS and [Lower| for ACT and LOWZ.
In each case, the PDF for the combined constraint is shown
using the simulation-based covariance [orange] and analytic
covariance [blue, dashed]. For the former, the central 68.27%
confidence intervals are shaded in orange and the median is
highlighted as a vertical line. The measurements can be com-
pared to the GR prediction for the Fg statistic at the effective
redshift of the measurement based on ACDM constraints [ver-
tical black line] with the 1o uncertainty of the predicted value
shaded.

cantly non-Gaussian and result in asymmetric uncertain-
ties. The asymmetry is such that the error towards higher
values is larger than towards lower values.

We test the measured Fg values for consistency with
the ACDM prediction resulting in PTEggr = 0.13 for
ACT + CMASS and PTEggr = 0.71 for ACT + LOWZ.
Both measurements are within statistical expectations,
showing no statistical deviation from the prediction
based on ACDM. For ACT + CMASS the 68.27% con-
fidence range does not include the prediction, i.e. the
measurement differs by more than the equivalent of 1o
from the prediction. However, the deviation is not sta-
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tistically significant with PTEgr < 0.05, meaning the
95% confidence interval, approximately equivalent to the
20 error of a Gaussian, includes the prediction. There-
fore within the statistical constraining power of the mea-
surements, the data shows no evidence for a deviation
from the ACDM prediction. The FEg results and PTE
value tests are summarized in Table II. In Section VIC,
we evaluate if these conclusions are sensitive to analy-
sis choices. For an overview of Eg values in alternative
gravity scenarios see Pullen et al. [29].

In addition to the statistical uncertainty we also es-
timate the systematic bias in the results. We combine
in quadrature the conservative systematic bias estimates
from galaxy bias evolution with redshift (Section IIB),
the level at which we validated the analysis pipeline (Sec-
tion VB1) and the upper limit on the effective galaxy
bias difference between the full galaxy maps and the
overlap with ACT DR6 lensing. We find systematic er-
ror budgets of 3% for ACT + CMASS and 4% for ACT
+ LOWZ. These are significantly smaller than the sta-
tistical uncertainties of the measurement (approximately
18% and 26% respectively) and therefore negligible when
evaluating the consistency of the measurement with GR
predictions.

C. Sensitivity to analysis choices

To evaluate the robustness of the presented E¢ results
(Section VIB) we investigate the sensitivity of the results
to several analysis choices. These analysis choices were
fixed before unblinding the data and the sensitivity to
these analysis choices was only evaluated after the base-
line results were finalized. See Section IV for a detailed
description of the blinding approach.

In Fig. 14 the baseline results and GR predictions are
compared to these alternative analysis choices for both
the ACT + CMASS and ACT 4+ LOWYZ cases. For each
case considered the median of the PDF and 68.27% con-
fidence intervals are compared to the GR prediction and
baseline results. The tests include alternative analysis
choices that could have been reasonably chosen for the
analysis. Strong outliers for these could point to issues
in the analysis approach or systematic effects that were
not considered. We also consider what happens if some
of the well-justified analysis steps we do include are ex-
cluded from the analysis. Here the results can be af-
fected significantly and we investigate them for reference
to demonstrate how much our conclusions depend upon
the correctness of these analysis steps, or if their impact
is small compared to the statistical uncertainty in the
measurement.

As shown in Fig. 13 the PDF using the analytic co-
variance instead of the simulation-based covariance gives
consistent results. This also results in the median and
68.27% confidence intervals agreeing closely with the
baseline simulation-based covariance. This agreement
between different covariance estimates further shows the
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FIG. 14. Evaluating the sensitivity of the E¢ measurements to analysis choices for [Left] ACT + CMASS and [Right] ACT
+ LOWZ. The GR prediction [gray band] and baseline measurement using the simulation-based covariance [orange band] are
used as references. These can be compared with a range of possible analysis choices: using an analytic covariance, calculating
the angular power spectra only for the North or South patches, and restricting the C79 calculation to the overall with the
ACT DR6 lensing map footprint. Furthermore, we also show the impact of removing well-justified analysis steps including the
magnification bias correction, the reweighting for the angular cross-power spectrum, and assuming Gaussianity for Eg. For
each case, the 68.27% confidence ranges are shown. For a discussion see Section VI C.

robustness of the analysis. Furthermore, since the two
are consistent we decided to use the analytic covari-
ance for combining the Eg measurements using ACT and
Planck for numerical accuracy.

In this analysis, we report combined constraints from
the SDSS BOSS North and South patches after testing
the angular cross-power spectra for each region for con-
sistency (see Section VB6). For completeness, we also
show the E¢ results for the angular power spectra cal-
culated only for the North or South patches. Note that
the 8 values for the full maps are used, as the BOSS
data vectors for the RSD analysis are only available for
the full map [27]. Except for 3, the two measurements
are independent and therefore can differ statistically. We
find them consistent with expectations.

For the baseline analysis, the full galaxy maps are used
to calculate C77. In Section VIA 2 we evaluated the an-
gular auto-power spectrum for consistency between the
full maps and the overlap to estimate a systematic error
budget. We here for completeness show the Eg result
for the alternative analysis choice of restricting the C7Y
to the footprint of the ACT DR6 maps. As the two C7¢
measurements are consistent the resulting Fg values are
also closely consistent. For additional discussion of the
C?Y measurements used as part of the E¢ estimate, we
refer the interested reader to Wenzl et al. [27].

Apart from these analysis choices, we can also evalu-
ate the impact of parts of the analysis. We correct for

the effect of magnification bias in our measurement (Sec-
tion VA4). Below the gray dashed line in Fig. 14 the
results for Eg without this correction are shown. For
ACT + LOWZ the magnification bias effect is negligi-
ble. For ACT 4+ CMASS the correction is 2-3%, a small
difference compared to the statistical uncertainty. The
overall conclusions of the analysis are not affected by the
magnification bias correction. For future surveys with
larger statistical constraining power, the correction will
become increasingly impactful.

We also test the effect of not using the additional
reweighting for the cross-correlation. In this case, the
effective redshift of the cross-correlation mismatches
slightly with the effective redshift of the auto-correlation
and . This causes a scale-dependent percent level sys-
tematic for the Eg estimate [27]. This bias is small com-
pared to the statistical uncertainty of current data.

Finally, we show the results when assuming Gaussian-
ity in the Fq result. Since the PDF for our Eg measure-
ments is significantly non-Gaussian this can affect the
resulting constraint. Based on the arguments laid out in
Wenzl et al. [27] the non-Gaussianity of the estimator is
accounted for in our baseline results. The results when
assuming Gaussianity are more directly comparable with
previous analyses that did assume Gaussianty. We find
that the measured values are affected but that the overall
conclusion that the measurement is consistent with the
ACDM-based prediction remains the same.
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FIG. 15. Combined measurements of E& as a function of
scale using ACT and Planck CMB lensing information. [Up-
per] The results with CMASS and [Lower] with LOWZ. In
each case, we show the results using ACT alone [orange, left],
Planck [blue, right], and the combined measurement [green,
center]. The results shown are based on the analytic co-
variance estimate for numerical stability and the results are
slightly shifted left and right for visibility.

D. Combining ACT and Planck

We can combine the measurements based on ACT DR6
CMB lensing and Planck PR4 CMB lensing to obtain the
strongest constraints on Eg based on CMB lensing and
galaxy clustering to date.

In Section VD we discussed in detail how we calculated
the minimum variance combination of the angular cross-
power spectra at the bandpower level, C;? comb and es-
timated the covariance for the combination. To estimate
this combination numerically accurate we here switch
to using the analytic covariance matrices that we have
confirmed to give consistent results (see Sections V A 2
and VIC).

In order to calculate Eg we also need the cross-
covariance between the C’Zg’comb measurement and the
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FIG. 16. PDFs for the measurement of Eg using ACT and
Planck CMB lensing information. [Upper] The result for
CMASS and [Lower] for LOWZ. In each case, the PDF for
ACT alone [orange, dashed line|, Planck alone [blue, dashed],
and the combined constraint [green line, median highlight
with green vertical line] is shown. These measurements are
based on the analytic covariance for numerical stability. They
can be compared to the ACDM prediction [vertical black line]
with 1o uncertainty band shaded.

auto-power spectrum of the SDSS samples C¢Y. The an-
alytic calculation for this cross-covariance only depends
on the masks of the x and galaxy maps, the cross-power
spectrum, and the auto-power spectrum of the galaxies
including noise. Crucially, the noise level of the CMB
lensing map does not contribute to this cross-covariance
as it is not correlated with the galaxy map and therefore
the auto-power spectrum. Since the area covered by the
ACT CMB lensing map is approximately a subset of the
area of the Planck CMB lensing map we use the analytic
cross-covariance between Planck CMB lensing map and
the SDSS BOSS samples presented in Wenzl et al. [27]
as an estimate for the cross-covariance.

In Fig. 15 we show the results for Eé from CMB lens-



ing data with CMASS and LOWZ from ACT and Planck
alone and from ACT + Planck combined. The two in-
dividual measurements are strongly correlated, showing
similar trends with scale. Specifically, we find the same
trend of the best fit Eé values being lower than the the-
ory prediction on large scales for CMB lensing + CMASS
as noted in previous harmonic space analyses [27, 32].
We test our most constraining combined measurement of
ACT + Planck + CMASS for consistency with scale in-
dependence finding PTEcale-indep = 0.53. Therefore just
like for the individual measurements, the visual trend is
not statistically significant for our measurement. Sim-
ilarly, we find the ACT + Planck + CMASS measure-
ment to also be consistent with scale-independence with
PTEscalc—indcp = 0.46.

Since the combined constraint also does not show
evidence for scale dependence we combine the bins
in the cosmological range for overall constraints on

Eg. We find EACTTPlancktCMASS 0.3470:95 and

EACTAHPIanckLOWZ _ (g 431+0-10  The combined results

sample the same effective redshift as the ACT-only re-
sults and therefore have the same expected values. Test-
ing them for consistency with the measurement we find
PTEgr = 0.31 for ACT + Planck + CMASS and
PTEgr = 0.86 for ACT + Planck + LOWZ. Therefore
the combined measurements show no evidence for a sta-
tistical deviation from ACDM predictions. The combined
results are summarized together with the ACT-only re-
sults in Table II.

E. Results in context

We can compare the Es measurements presented in
this work to measurements available in the literature.
In Fig. 17 we show the published measurements using
CMB lensing and galaxy clustering in the redshift range
0 < z < 1 which are most directly comparable to the
results presented in this work.

All of the previous measurements shown in Fig. 17 are
based on SDSS BOSS data, specifically the CMASS and
LOWZ galaxy samples also used in this work, and CMB
lensing information from Planck. As discussed in Wenzl
et al. [27] the difference between the Planck + CMASS
and Planck + LOWZ measurements to the Singh et al.
[33] results is small and can reasonably be attributed to a
different in the effective redshift for LOWZ due to a dif-
ferent redshift cut on the galaxy sample and the simplify-
ing assumption of Gaussianity in F¢ made for the previ-
ous analysis. Neither measurement reproduced the early
E¢ detection from Pullen et al. [29] which was based on
earlier versions of the SDSS BOSS and Planck CMB lens-
ing data. For detailed discussions see Wenzl et al. [27]
and Singh et al. [33].

The ACT DR6 lensing map used in this analysis gives
constraints on E¢ independent of Planck. In Fig. 17 the
Planck based constraints can be compared to the ACT
+ CMASS [Orange circle] and ACT + LOWZ [Orange
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FIG. 17. Comparison of the Eg measurements presented in
this work with a selection of literature results using CMB
lensing and galaxy information (top panel) and all Eg mea-
surements to date (bottom panel). Shown are the results
using ACT + LOWZ or CMASS [orange circle, shifted left
slightly], ACT + Planck + CMASS or LOWZ [green plus].
These can be compared with the Planck only results [gray
star, shifted right slightly] which were consistently analyzed
in Wenzl et al. [27]. Furthermore, they can be compared with
the results presented in Singh et al. [33] [gray square| and
Pullen et al. [32]. The prediction for Eg based on ACDM
is shown as a black line with a shaded band for the 1o un-
certainty. The bottom panel shows additional measurements
at higher redshift as well as from using galaxy lensing. See
Section VIE for a discussion.

pentagon] constraints. Both measurements match the
consistently analyzed Planck results from Wenzl et al.
[27] within the 68.27% confidence range. Furthermore,
the cosmological interpretation of both measurements is
also consistent with neither showing statistical evidence
for tension with the ACDM prediction. The E¢ analysis
is overall limited by the uncertainty of the C;"Y measure-
ment, making this a strong consistency check between
the Planck and ACT CMB lensing-based results. We



can further compare the results to previous analyses us-
ing Planck CMB lensing data. The result from Singh
et al. [33] using Planck + LOWZ is consistent within the
68.27% confidence range and the Planck + CMASS re-
sults differ by slightly more than the 68.27% confidence
range. We note that if we assumed Gaussianity for the re-
sult as done in Singh et al. [33] then both measurements
would match within the 68.27% confidence range (see
the last line of Fig. 14). The ACT + CMASS measure-
ment result is approximately in between the low Planck
+ CMASS measurement reported in Pullen et al. [32]
and the other published measurements [27, 33]. It does
not disagree significantly with any of the three measure-
ments. Notably, however, the result is not in tension
with the ACDM predictions similar to [27, 33] whereas
the Pullen et al. [32] result does show a larger 2.60 dif-
ference with the prediction.

Since the measurements based on ACT presented here
and the consistent analysis results of Wenzl et al. [27]
using Planck are statistically consistent we derive com-
bined constraints on Fg. We carefully estimate the un-
certainties in this analysis, correctly accounting for the
non-Gaussianity of the measurements. This resulted in
combined errors whose uncertainties are not significantly
smaller than those reported in [32, 33], (which did not ac-
count for this non-Gaussianity). However, the combined
constraints contain the most information of all measure-
ments to date and have smaller uncertainty than the
consistently analyzed individual constraints using either
survey. Therefore we refer to the reported constraints
as the strongest constraints on Eg using CMB lensing
and galaxy clustering to date. We find, as shown in
Fig. 17, that both the LOWZ- and CMASS-based con-
straints show statistical consistency with the ACDM pre-
dictions and sit in between the ACT only and Planck only
constraints.

Another measurement of Fg at higher redshift has
been performed in Zhang et al. [34] using Planck CMB
lensing and SDSS quasars. They also reported consis-
tency with the same ACDM fiducial cosmology, probing
E¢ at an effective redshift of z = 1.5. Furthermore,
E¢ can also be estimated using weak lensing of galax-
ies instead of CMB lensing. An overview of such mea-
surements can be found in Fig. 11 of [34]. The major-
ity of these measurements also find consistency with the
ACDM prediction [31, 33, 35, 37, 39], with only some
reporting low outliers [36, 38].

In this analysis for the combined ACT+ Planck cross-
correlation measurement, we assume the noise in the
ACT and Planck CMB lensing maps is uncorrelated with
each other. As discussed in Qu et al. [21], a noise contri-
bution arising from the reconstruction is correlated be-
tween the CMB lensing maps. As shown in Figure 6 of Qu
et al. [21] this reconstruction noise is a small fraction of
the noise+cosmic variance for £ < 200. On smaller scales,
200 < £ < 433, as used for CMASS, this correlated recon-
struction noise can become significant. By considering a
worst-case scenario that the correlated noise is equal to
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the full noise we obtain a bound on the potential im-
pact of reconstruction noise for the Eg statistic. We find
that our final combined E¢ constraint would be shifted
by 0.0025 (0.7% of the result of Eg = 0.34) and the
upper and lower uncertainty would be shifted by 0.0007
and 0.0006 (both 1.2% of the uncertainty of +0.05) re-
spectively. The effect of the reconstruction noise is well
within our systematic error budget and therefore negli-
gible in this analysis. This additional contribution could
be captured in future work using simulations similar to
what was done in Qu et al. [21].

Overall the differences in results for Fg from vari-
ous analyses with very similar datasets probing the same
statistic show the need for robust and careful analyses
to derive reliable conclusions. This will become more
relevant for upcoming datasets with increased statisti-
cal constraining power so that systematic effects become
increasingly relevant.

VII. CONCLUSION

In this work, we presented a measurement of the cross-
correlation between the ACT DR6 lensing map and the
SDSS BOSS galaxy samples CMASS and LOWZ and val-
idated the analysis pipeline. We then used these mea-
surements to constrain the Fg statistic of gravity, inde-
pendent from Planck. Furthermore, we derived combined
constraints leveraging both CMB lensing maps to report
the strongest constraints on F¢ using CMB lensing and
galaxy clustering to date. We found that both the mea-
surements with the independent ACT data and the com-
bined constraints are statistically consistent with ACDM
predictions.

The cross-correlation measurement was developed
following the ACT DR6 lensing blinding guidelines.
Through a set of null and consistency checks, we val-
idated the accuracy of the analysis approach before
unblinding the results. We showed that the analysis
pipeline can accurately recover the input within statis-
tical expectations for the set of 400 simulated map re-
alizations. We also showed consistency between three
different covariance estimates using this set of simula-
tions, an analytic calculation, and a jackknife approach.
We showed that the bias-hardened estimator used for the
baseline ACT DR6 CMB lensing map sufficiently miti-
gates the effect of extragalactic foregrounds for the ex-
ample of the WEBSKY simulation. We performed differ-
ence tests between the 90 GHz and 150 GHz measure-
ments of the ACT CMB observations to further test for
contamination from foregrounds finding them to be con-
sistent. Finally, we also showed that an alternative ap-
proach using CIB-deprojection to mitigate extragalactic
foreground gives consistent results to our baseline. To-
gether with additional tests that purposefully misalign
the maps to correlate and a test to show the consis-
tency of the North and South patches individually, we
concluded that the analysis approach is robust. The dis-



tribution of all PTE value tests reported is within statis-
tical expectations giving further confidence to the statis-
tics evaluated.

Applying this carefully developed analysis pipeline to
the data we reported new cross-correlation measurements
between ACT DR6 CMB lensing and the SDSS BOSS
CMASS and LOWZ galaxy samples (Fig. 8). For the
cosmological analysis, we only used large scales where
one can assume linear theory. In addition, we also vali-
dated and reported the cross-correlation measurement to
smaller scales where additional data is available that can
be leveraged in future analyses. We make these measure-
ments available upon publication of the work which can
be used to gain additional constraining power from the
data when modeling smaller scales.

Based on the new constraints on the cross-correlation
we derived estimates of the E¢g statistic of gravity. To
estimate the statistic we additionally used previous anal-
yses of the SDSS BOSS samples, specifically we used
the galaxy auto-correlation and [ results reported for
CMASS and LOWZ in Wenzl et al. [27]. The resulting
values for Fg were summarized in Table II. We tested
our E¢ measurement both for consistency with scale
independence as predicted by GR generally and tested
the overall constraint on Fg against the predicted val-
ues assuming ACDM based on fits to primary CMB
anisotropies and BAO. We found both the ACT only
and combined constraints statistically consistent with the
predictions for our fiducial cosmology. This indicates
that within our measurement uncertainty, the observed
growth of structure is consistent with predictions using
ACDM fitted to the background expansion and early uni-
verse. Our combined measurements achieve fractional er-
rors of approximately 15% with ACT and Planck CMB
lensing together with CMASS and 23% with LOWZ. Our
results are in line with a wide range of investigations of
FE¢ in the literature most of which found similar consis-
tency with GR predictions [for a recent overview see 34].
The developed techniques to measure Eg are designed to
be unbiased to a much higher level with systematic er-
rors of only 3% for ACT + CMASS and 4% for ACT +
LOWZ. This systematic error is dominated by the conser-
vative accounting for a potential effective bias difference
between the full galaxy maps and the overlap with ACT
which could be avoided in future work by recalculating
the RSD analysis for the specific overlaps with CMB lens-
ing maps. The main astrophysical systematic of galaxy
bias evolution with redshift can also be mitigated fur-
ther for analyses with larger datasets by calculating Fg
in narrower bins in redshift. Therefore future data with
larger statistical constraining power offers the opportu-
nity to improve upon these constraints and probe gravity
at the percent level. This will allow discriminating even
smaller deviations from the predictions for the growth of
the structure in alternative gravitational scenarios and
General Relativity [29].

The analysis techniques developed in this work are di-
rectly applicable to future investigations of the E statis-
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tic. The systematic corrections developed will become
increasingly relevant as the statistical uncertainties de-
crease with further data. Of considerable interest will
be combining the ACT DR6 CMB lensing map with up-
coming spectroscopic galaxy samples from DESI. Beyond
this, a range of upcoming surveys will produce new com-
petitive CMB lensing maps including SO and CMB-54
as well as upcoming galaxy samples from SPHEREx, Eu-
clid, LSST, and Roman. The latter surveys will not have
spectroscopic redshift information available, making es-
timating 8 accurately challenging but through their sig-
nificantly larger galaxy samples would allow tight con-
straints on the angular power spectra [29].
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Appendix A: Combining the cross-correlation
measurements

Our procedure to calculate the combined angular cross-
power spectrum of the measurements based on ACT x
SDSS and Planck x SDSS was as follows. We com-
bine the measurements at the bandpower level using
inverse variance weighting. Importantly the ACT and
Planck CMB lensing maps overlap and therefore, the
cross-correlation measurements have a non-negligible cor-
relation. In the overlap region between the Planck and
ACT CMB lensing maps the cosmic variance is corre-
lated and both cross-correlation measurements use the
same galaxy samples. We need to account for this cor-
relation when estimating the covariance of the combined
measurement.

The inverse variance weighted combination of two mea-
surements A, B with covariances Cov 4 and Covp is given
by

C = H(Cov*A+ Covy'B),
H= (COVZI + COVEgl)71

(A1)
(A2)

If the two measurements are independent then the inverse
covariance for the combination Eq. (A1) is given by

Cov! = (Cov,' + Covy'). (A3)
This approach could be applied to our data if we cut out
part of the Planck map to force the correlations to be in-
dependent. This can be achieved by cutting out the ACT
region from the Planck map and combining ACT x SDSS
with the correlation of the area-restricted Planck map
with SDSS. To calculate the combined inverse covariance
we only need unbiased estimates of the inverse covari-
ance for each measurement allowing us to apply this to
noisy estimates of the covariance, like a simulation-based
covariance estimate.

If the two measurements A, B are not indepen-
dent then we need to account for the cross-covariance
CrossCov 4 g between the measurements. Error propaga-
tion for the combination in Eq. (A1) then gives

Cov =H (I 4 Cov ;' CrossCovapHCovy'

+ Covz'CrossCovpa HCov '), (A4)
where I is the identity matrix.  For small cross-
covariances, this converges back to Eq. (A3). And for
Covy = Covpg and 100% correlation between the datasets
the combination has no additional information and there-
fore Cov = Covy = Covp.

The calculation in Eq. (A4) is difficult to perform in
practice for noisy estimates of the covariance as one needs
to invert multiple times. We therefore only use the ana-
lytic covariance here to be able to estimate this reliably.

We test the accuracy of Eq. (A4) by comparing it to
a large sampling of the covariances for the case of ACT
x CMASS and Planck x CMASS. To do this we take
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FIG. 18. Verification of our analytic combined covariance
by comparing with the numerical combined covariance of 10
Million samples from the two covariances. The top plot shows
the ratio of the marginalized uncertainty of the numerical
estimate with the analytic estimate, they agree within 0.2%
percent. Additionally, we calculate the correlation matrix for
the covariances. The bottom plot shows the analytic estimate
of the correlation for neighboring bins [orange solid line] and
second neighbors [blue line] compared with the results from
the sampled covariance [gray dashed line].
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samples from a normal distribution (A) with means for
A and B given by our fiducial cosmology C;¥ and using
the measurement covariances given by

cr9
Nilw={ 1]
Cy
Cov = Cova CrossCov ap (A5)
CrossCovpga Covp

We then combine each sample as given by Eq. (A1) and
estimate the covariance numerically from the variance of
the points, we use 10 Million samples. In Fig. 18 we
show a comparison of the diagonal of the combined co-
variance and a comparison of the correlation between the
neighboring bins and with the second neighbors. For fur-
ther apart bins the correlations become negligible. Our
analytic estimate of the combined covariance (Eq. (A4))
matches well with the numerical estimate. The estimate
of the marginalized uncertainty agrees within 0.2% and
the off-diagonals are captured well within the percent
level.
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