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ABSTRACT: We measure the amplitude of matter fluctuations over a wide range of redshifts
by combining CMB lensing observations from ACT DR6 and Planck PR4 with the overdensity
of quasars from Quaia, a Gaia and un WISE quasar catalog. Our analysis includes the CMB
lensing power spectrum from ACT DR6, the auto-correlation of two Quaia quasar samples
centered at z ~ 1.0 and 2z ~ 2.1, and their cross-correlations with CMB lensing from both
ACT DR6 and Planck PR4. By performing a series of contamination and systematic null tests,
we find no evidence for contamination in the lensing maps, contrary to what was suggested
in previous Quaia cross-correlation analyses using Planck PR4 CMB lensing data. From the
joint analysis of the quasar auto- and cross-correlations with CMB lensing, and including
BOSS BAO data to break the degeneracy between €2, and g, we obtain g = 0.80270032,
consistent with ACDM predictions from Planck primary CMB measurements. We also find
consistent results using DESI BAO data. Combining the CMB lensing auto-spectrum with
the cross-correlation measurement improves the constraint on og by 12% relative to the
lensing auto-spectrum alone, yielding og = 0.804 £ 0.013. This dataset combination also
enables a reconstruction of structure growth across redshifts. We infer a 12% constraint on
the amplitude of matter fluctuations at z > 3, with a measurement at the median redshift
of the signal of og(Z = 5.1) = 0.14670:071, consistent with Planck at the 1.40 level. These
results provide one of the highest redshift constraints on the growth of structure to date.
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1 Introduction

Measuring the growth of cosmic structure across time offers a powerful probe of both galaxy for-
mation and fundamental physics. While the A cold dark matter (ACDM) model has proven re-
markably successful in explaining a wide range of cosmological observations, several fundamen-
tal questions remain unanswered, such the sum of neutrino masses, the nature of dark energy,
or the properties of dark matter. A key strategy for addressing some of these open questions is
to constrain the amplitude of matter fluctuations, typically parameterized by og or the derived
quantity Sg = 05(£2,,/0.3)%5, through observations of large-scale structure (LSS) tracers.

Analyses combining galaxy clustering and weak lensing measurements from surveys such
as the Kilo-Degree Survey (KiDS [1, 2]), Dark Energy Survey (DES [3, 4]), and the Hyper
SuprimeCam (HSC [5-8]) have reported values of Sg that lie 2-30 below those inferred
from primary cosmic microwave background (CMB) measurements by Planck [9] or the
Atacama Cosmology Telescope (ACT [10]). A subsequent reanalysis combining galaxy and
CMB lensing data [11] also found a ~ 30 discrepancy, primarily driven by galaxy weak
lensing information at low redshift. However, updated measurements from KiDS [12, 13] and
DES [14] have been found to be in agreement with primary CMB measurements, significantly
alleviating the “Sg tension”.

In this context, gravitational lensing of the CMB (for a review, see, e.g., [15]) constitutes
a well-understood tracer of the total matter distribution. As CMB photons traverse the
large-scale structure from the surface of last scattering to the present day, their paths are
deflected by gravitational potentials induced by matter overdensities. Therefore, the lensing
of the CMB is an unbiased, integrated probe of matter along the line of sight. Since it probes
the same matter field as galaxy surveys, we can cross-correlate the lensing convergence field
with the galaxy overdensity at localized redshifts to “slice” the CMB lensing information,
a technique known as “lensing tomography”.

Measurements of the CMB lensing auto-correlation [16-20], as well as recent cross-
correlations [21] with un WISE galaxies [22, 23] have shown good agreement with ACDM
predictions from primary CMB measurements. Meanwhile cross-correlations with Dark
Energy Spectroscopic Instrument (DESI [24]) Luminous Red Galaxies (LRG [25, 26]) and the
DESI Legacy Survey [27, 28] have reported mildly lower amplitudes of structure growth (at
roughly the 20 level) relative to Planck. However, more recent measurements at lower redshift,
using the DESI Bright Galaxy Survey (BGS [29]) in cross-correlation with CMB lensing from
both Planck and ACT, show good consistency with primary CMB constraints [30].

Quasars offer a unique opportunity in this context [31-34], as they trace the large-scale
structure at higher redshifts than conventional galaxy surveys. In particular, Quaia [35] is
the quasar catalog covering one of the largest comoving volumes compared to any previous
spectroscopically calibrated quasar sample [36]. This makes Quaia an ideal sample for
cross-correlation with CMB lensing to probe the growth of structure at remarkably high
redshifts (z < 3).

The cross-correlation of Quaia with CMB lensing was previously studied in [37] using
Planck PR4 lensing maps. That analysis yielded a mildly low constraint on og = 0.766 +0.034
compared to primary CMB measurements from Planck but still consistent at the 1.4c
level. This slightly low value was found to be driven by the highest redshift Quaia bin



(z ~ 2.1) and repeating the analysis using polarization-only lensing maps gave a higher og
value more consistent with Planck, at the 0.20 level. This raised concerns about possible
contamination in the Planck PR4 lensing temperature reconstruction, particularly from
high-redshift extragalactic foregrounds such as the cosmic infrared background (CIB).

A follow-up study [38] explored this further by splitting the quasar catalog into narrower
redshift bins and localizing a mild discrepancy around z ~ 1.7; however, no conclusive
evidence for CIB or any other extragalactic source of contamination was found to explain this
discrepancy. In this work, we revisit the measurement using Planck PR4 lensing maps [19],
adopting a more conservative set of analysis choices discussed in appendix A, and extend the
study by incorporating measurements from the ACT sixth data release (DR6) CMB lensing
maps [16]. For the latter, we perform a series of systematics and contaminant tests, which
will address whether this discrepancy arises due to contamination in the CMB lensing maps,
residual systematics in either dataset, or a statistical fluctuation.

Moreover, given the high-redshift sensitivity of the Quaia quasars [35], we extend the
analysis beyond the traditional combination of the galaxy auto-power spectrum and the
galaxy-CMB lensing cross-correlation by further including the CMB lensing power spectrum
from ACT DRG6 [16, 17]. Adopting the terminology standard in galaxy weak lensing analyses,
we refer to the combination of C7¥ and C,¥ as a ‘2 x 2pt’ analysis, and its extension including
the lensing auto-spectrum Cj" as ‘3 x 2pt’. This joint analysis probes the growth of matter
fluctuations at redshifts beyond those directly covered by the quasars. By parameterizing the
amplitude of the linear matter power spectrum in different redshift intervals, we reconstruct
og(z) and obtain one of highest redshift measurements of structure growth (z > 3) to date.

The paper is organized as follows. In section 2, we describe the datasets used in this
analysis. Section 3 outlines the theoretical modeling of the cross-correlation measurement,
as well as the redshift-evolution parametrization of the matter power spectrum used to
reconstruct og(z). The measurement of the 2 x 2pt spectra, along with the simulations,
transfer functions, and covariance matrices, used in our analyses is presented in section 4.
In section 5, we detail a suite of systematic and contamination tests. The blinding policy,
likelihood, and choice of priors are discussed in section 6. We then present and discuss the
cosmological results from both the 2 x 2pt and 3 x 2 pt analyses in section 7. Finally, we
summarize our main findings and conclusions in section 8. A series of appendices provide
further details of our reanalysis of Quaia quasars with Planck PR4 lensing, and the generation
of mock quasar catalogs that we use in our tests for extragalactic foreground contamination.

2 The data

2.1 Quaia: the Gaia-un WISE quasar catalog

Quaia is an all-sky quasar catalog obtained with the combination of quasar candidates from
Guaia’s third data release [39] and infrared photometry from the un WISE reprocessing of
the Wide-Field Infrared Survey Explorer (WISE [22, 23]). This combination allows for the
initial homogeneous and complete Gaia catalog to be used for cosmological and astrophysical
purposes by improving the quality of the redshift estimates and purity of the sample when
combining it with un WISE data.



Sample 2z 10° SN #7[deg™?] /limax bg
Binl 1.0 1.38 342 316 1.1670%2

Bin2 21 1.29 37.7 526 1.027329

Table 1. Summary of the main properties of the two Quaia samples, restricted to the ACT footprint,
which are used in this analysis. The mean redshift z is computed as the weighted average of the
dN/dz distribution for each bin. The quoted shot noise (SN) values are obtained by deconvolving the
catalog measurement using eq. (2.3). The maximum multipole #,,x indicates the largest included in
the analysis for each bin; see section 4.1 for a discussion of the scale cuts. Finally, the big parameters
are presented in equation (3.6), and measured with the data combination: ACTxQuaia + BAO, for
which cosmological results are presented in section 7.1.1.

The catalog includes just below 1.3 million sources of magnitudes G < 20.5 and it is
described together with a series of selection functions fitted to different redshift bins, with
more detail in [35]. These mitigate selection effects and are used as weighted masks in our
cross-correlation analysis as discussed below. They account for dust and the scan patterns
and source density of the parent surveys. We use an updated version of the catalog, with
minor modifications described in [38].1

The redshift estimation of the sources uses a k-nearest neighbors (kNN) model with
cross-matched Sloan Digital Sky Survey (SDSS) DR16Q quasars [36] as labels and the Gaia
and un WISE photometry, and Gaia-estimated spectral redshift, as features. The final redshift
is taken to be the median of the redshift of the nearest k£ = 27 neighbors and the uncertainty
o, to be their standard deviation.

We split the resulting catalog into two redshift bins at the median redshift of the full
sample, defining Bin 1 as z < 1.47 and Bin 2 as z > 1.47. The objects in each bin correspond
to those used to fit the selection functions described above. A summary of the key properties
of each of the samples restricted to the ACT footprint can be found in table 1.

The redshift distributions (dN/dz) of the two samples are needed to compute the theory
predictions of our model as described in section 3. A thorough investigation of Quaia’s dN/dz
estimation was done in [37], finding that cosmological parameters were robust against mild
mis-calibrations of the redshift distributions. In particular, it was shown that cosmological
constraints remain “virtually unchanged” whether the redshift distribution is estimated using
the direct calibration method of [40] or through probability-density-function (PDF) stacking.
In this work, we adopt the latter approach to recompute the redshift distributions of the quasar
samples on the ACT footprint (see figure 1). This method assumes a Gaussian error model,
estimating the redshift distribution by stacking a Gaussian PDF N (z,0,) for each quasar,
where z is the redshift of the quasar and o, its associated uncertainty. We find up to a 5%
difference compared to the redshift distributions computed over the full Quaia footprint, and
therefore use the recomputed dN/dz whenever predicting the theory for the ACT footprint.

We construct the quasar overdensity (J; hereafter) maps in each redshift bin using
HEALPix [41] with a resolution parameter of nside = 512. The overdensity in each pixel

!The catalog and selection functions are publicly available at https://zenodo.org/records/8060755.
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Figure 1. Normalized redshift distributions of the two Quaia samples used in our measurement with
mean redshifts of z ~ 1.0 and z ~ 2.1 for Bin 1 and Bin 2, respectively. These distributions have been
estimated using PDF stacking on quasars in the joint ACT-Quaia footprint of each redshift bin as
described in the main text.

p is computed as

Np
Og,p = N -
Wp

1 (2.1)

?

where w), is the value of the selection function in pixel p, IV, is the number of quasars in
cach pixel, and N is the mean number density of quasars in the sample. We compute N
accounting for the selection function, by

Zpr
prp .

Moreover, w), is used as a weighted mask with a threshold of 0.5, masking all pixels with
2

N =

(2.2)

a value below this threshold to avoid instabilities where w, is close to zero.© Therefore,
only unmasked pixels are used to calculate the mean density in (2.2). To compute the
auto-correlation measurement on the ACT footprint we intersect the Quaia selection function
with the ACT baseline mask described in section 2.2 and perform a Cl-type apodization
of 0.2 degrees using NaMaster® [42] before computing the power spectra. We note that the
Quaia footprints for both redshift bins contain nearby holes, so a broader apodization could
bias the measurement by, e.g., apodizing a region common to two different holes twice. We
have verified that our spectra are stable under reasonable changes in the apodization width.

To model the shot-noise contribution to the quasar auto-spectra, we assume Poisson
statistics and compute the shot noise analytically as

o (W

Ny =2 2.3
=5 (23)

2Tt was shown in [37] that cosmological parameters are robust against changes in this threshold.
3https://github.com/LSSTDESC/NaMaster
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where (w) p denotes the mean value of the selection function in the analysis footprint and
Ngq is the angular number density of quasars given by No = N /Qpix. Here, N is the mean
number density given by equation (2.2), and Qpx is the solid angle of each HEALPix pixel at
nside = 512. In our baseline parameter analysis, we will adopt a Gaussian prior centered
at the value given by N and with a 10% width to account for a potential mismodeling
of the shot noise.

2.2 ACT DR6 CMB lensing

The CMB lensing convergence map used as our baseline is reconstructed from the CMB
temperature and polarization anisotropy data [43, 44] from ACT DRG6 [16, 17, 45]. It is
produced using night-time-only CMB data collected between 2017 and 2021 in the 90 GHz
and 150 GHz bands.

The DR6 lensing maps cover 9400 deg? of the sky and are signal dominated for multipoles
L < 150. They are reconstructed using a split-based quadratic estimator [46], which uses
split maps made from disjoint observations, as opposed to a single CMB map, to ensure
that the instrumental and atmospheric noise of each map is independent. This makes the
lensing bias subtractions — the mean-field removed from the reconstructed lensing map and
the Gaussian noise bias removed from the reconstructed power spectrum — insensitive to
the modeling of these noise components.

The ACT DR6 lensing maps are reconstructed using a quadratic estimator on CMB
multipoles 600 < ¢ < 3000. The large scale cut ¢ < 600 is chosen to exclude the majority of
atmospheric noise, Galactic foregrounds [47], and an instrument-related transfer function [48];
while small scales of ¢ > 3000 are excluded to minimise the impact of astrophysical contami-
nation from the CIB, radio sources, and the thermal Sunyaev-Zeldovich (tSZ) effect [49, 50]
in the temperature maps [45]. To mitigate further the effects of extragalactic foregrounds,
the lensing maps are constructed using a profile-hardened lensing quadratic estimator [51-54].
This quadratic estimator is immune, at leading order, to the mode couplings coming from
objects with radial profiles such as those expected from tSZ clusters. In section 5, we explore
further the impact of extragalactic foregrounds, showing that they have a negligible impact
in our cross-correlation measurement.

In addition to the cross-correlation of ACT DR6 lensing with the quasar overdensity, we
also include the CMB lensing power spectrum to perform a 3 x 2 pt analysis. The computation
of this auto-correlation measurement and its associated covariance matrix are described in
detailed in [16].* We use the baseline multipole range 40 < L < 763 where the auto-spectrum
is measured to 2.3% precision, corresponding to a 430 significance.

The baseline ACT DR6 lensing mask is constructed by intersecting the ACT footprint
with the Planck mask that selects the 60% of the sky with the lowest dust contamination.
This mask is then apodized using a cosine roll-off at the edges. A detailed description of this
baseline mask can be found in [16]. In section 5, we perform a series of contaminant tests
using different intersections with Planck masks: one covering 40% of the sky with lowest
dust contamination and a different 60% mask that removes dust clouds on the edges of the

4Both these products are publicly available at https://github.com/ACTCollaboration/act_dr6_lenslike.
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Planck Quaia Bin 1 Quaia Bin 2 ACT

Figure 2. Overlap between the Quaia selection functions (orange for Bin 1, purple for Bin 2) and
the CMB lensing maps from ACT DR6 (white contour) and Planck PR4 (black contour), displayed
on top of a Galactic dust map from Planck [55] in grayscale. The overlap between the Quaia samples
and the CMB lensing footprints is 98% (Bin 1) and 99% (Bin 2) with Planck, and 34% (Bin 1) and
38% (Bin 2) with ACT.

baseline mask, which is used for the CIB-deprojected maps (described in section 5.1). We
will refer to these masks as “60%”, “40%” and “CIB-depj” from now on.

2.3 Planck PR4 CMB lensing

We combine the cross-correlation measurements using CMB lensing from ACT and Planck
at the likelihood level, properly accounting for their covariance as described in section 4.4.
We use the PR4 Planck lensing maps, which reconstruct the lensing convergence using CMB
multipoles from 100 < ¢ < 2048 with the standard quadratic estimator in temperature and
polarization [19]. Our analysis uses the reprocessed PR4 NPIPE maps that include around
8% more data than the PR3 Planck release from 2018. The resulting PR4 lensing maps
increase the signal-to-noise ratio compared to the PR3 release by around 20% due to pipeline
improvements including optimal anisotropic filtering of the CMB fields. From this point
onward, we use ¢ to denote lensing multipoles (before denoted by L), as we no longer refer
to primary CMB multipoles in the remainder of this work.

Given the high overlap between the Planck and Quaia footprints — 98% for Bin 1 and
99% for Bin 2 — we measure the auto-correlation of the quasar overdensity as well as its
cross-correlation with Planck lensing over the full Quaia footprint when performing the
2 x 2 pt analysis using Planck lensing. Figure 2 shows the overlap of Planck and ACT lensing
footprints with the two Quaia samples.



3 Theory

3.1 Statistics of projected fields

Both CMB lensing and the quasar overdensity are projected observables along the line of
sight. Therefore, we need to compute the projected power spectra of the galaxy-galaxy
and lensing-lensing auto-correlations as well as their cross-correlation in order to model our
measurements. We use the Limber approximation [56, 57] to compute

W2(2) 041
Cﬁ’g:/dx ;2 ng( = X2az ) (3.1)
¢+ 1
)Y = /dXWg(Zi?/ﬁ(z)Pgm< = —; 2,Z> ; (3.2)
2 g+ 1
cr = [a=p,, (k: ;) , (33)

where x is the comoving distance to redshift z along the line of sight, and Py, Pyy, and
P, are the three-dimensional power spectra of the matter, galaxy clustering and their
cross-correlation, respectively. In practice, the integral over comoving distance is limited by
the galaxy and CMB lensing projection kernels, which are defined by

dN

Wg(z) = H(Z)Ev

(3.4)

)x(x* - X)

3
We(z) = EQmHS(l +z "

) (3.5)
respectively. Here, dN/dz is the normalized redshift distribution of the quasars in our sample,
described in section 2.1, x4 is the comoving distance to the surface of last scattering, and the
total matter density €2, includes the density of neutrinos. We will restrict our analysis to

1 and use a linear bias model for the galaxy clustering

linear scales with a kpax = 0.15 A Mpc™
and cross-correlation power spectra: Py, = b(2)Pmm and Pyg = b%(2) Prum.

Past studies of the redshift evolution of quasar bias show that it evolves strongly with
redshift; see, e.g., [58-60] for spectroscopic quasars in SDSS and [61, 62] for photometrically-
selected quasars. Therefore, we will assume the following parametric model from the eBOSS

quasar sample [58] for our bias evolution with redshift:
b(z) = b}, [0.278 (1 + 2)? - 6.565) + 2.393] , (3.6)

where bg is a free parameter we fit for each redshift bin with b; = 1 recovering the best-fit
found by eBOSS. Different models for the redshift dependence of the bias of Quaia quasars
are explored in [37], finding no significant impact on cosmological parameters.
Additionally, the angular power spectra considered in this analysis receive contributions
from the lensing magnification bias, denoted by u; e.g.,[63]. This effect depends on the
number count slope s, which is the response of the galaxy number density to changes in
magnitude, s = dlog;, N/dm, where m is the apparent magnitude of the source. A detailed
study of magnification bias in the Quaia sample was presented in [37], where the counts



slope was found to be close to s ~ 0.4, and the resulting impact on the angular power
spectra was shown to be negligible. To validate this for our specific analysis footprint, we
re-evaluate the counts slope within the ACT DR6 footprint following [37] and obtain values
of s1 = 0.384 £ 0.004 and sy = 0.419 4 0.004 for redshift bins 1 and 2, respectively. Including
magnification in our modeling, we estimate that its contribution modifies the power spectra
by less than 0.02¢ across all bandpowers and redshift bins used in our analysis. Therefore,
since this effect is negligible within our error bars and does not significantly affect our results,
we decide to neglect its contributions in our baseline analysis.

Our theoretical predictions are computed using class_sz® [64, 65], a Python and C-based
code that extends the cosmological Boltzmann solver CLASS [66, 67] with machine learning ac-
celeration. class_sz includes a parallelized implementation of the Limber approximation and
employs neural network emulators for the matter power spectrum based on cosmopower [68].
Although our analysis is restricted to only linear scales, we account for non-linear corrections
to the matter power spectrum using the HMCode model [69, 70] as implemented in CLASS.
Our theoretical predictions include one massive neutrino, with its mass fixed to the minimal
value allowed by the normal hierarchy, as discussed in section 6.2.

3.2 Redshift-evolution parametrization

Including the CMB lensing power spectrum, C/”, in our analysis extends the traditional
2 x 2pt framework to a 3 x 2pt, to probe the growth of structure across a wider range of
redshifts. In particular, this enables the measurement of the evolution of matter perturbations
at redshifts beyond those directly traced by the Quaia quasar sample.

We model this evolution by introducing a redshift-dependent parametrization of the
linear matter power spectrum that translates into an amplitude rescaling of og(z), defined as:

9=/ ar ) . (3.7)

where Wg(k) is the Fourier transform of a spherical-top-hat window function of radius
8 h~ ! Mpc, and Py, is the linear matter power spectrum.

Given the broad redshift kernels of the two Quaia samples and their overlap with the
CMB lensing kernel, we scale the matter power spectrum with three free amplitude parameters
A; [71] so that the first two (A; and Ag) are constrained mainly by the cross-correlation
with the two Quaia samples while the last one (As), constrained by C;*, encodes all the
information beyond it. Therefore, the linear power spectrum is modified as

P (k, z) = Pin(k, 2)A(2) , (3.8)

lin

where
A 0<2< 2,

A(z) =qA2 21 <2< 2, (3.9)
A3z <z,

where Py, (k, z) is the linear matter power spectrum computed with, e.g., a Boltzmann code
like CLASS or CAMB [72], and z; = 1.45 and 23 = 3.0 are chosen to minimize correlations

Shttps://github.com/CLASS-SZ
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between the new parameters of interest og\/A; by approximately aligning with the redshift
kernels of Quaia.

Although this modification applies only to the linear power spectrum (given the defi-
nition of og) our full theory model includes non-linear corrections via HMCode. Therefore,
following [73], we account for this by modifying the non-linear power spectrum, Pyopnin(k, 2),
as follows:

wonitin (K5 2) = Pin™ (k, 2) + Poon-tin(k, 2) — Pin(k, 2)

non-lin (310)
= -Plin(ku Z) [A(Z) - 1] + Pnon—lin(ky Z)-

In this framework, og becomes degenerate with the amplitude parameters A;, particularly
since we restrict our 2 x 2 pt analysis to linear scales. To avoid this redundancy, we fix
the amplitude of the primordial scalar perturbations, As, to its value from Planck PR3 [9],
In(10'°A,) = 3.041, thereby setting the normalization of the fiducial og(z). The free amplitude
parameters Ay, As, and As then quantify deviations from the ACDM history of structure
growth at each of the redshift ranges.

4 Tomographic spectrum measurement

4.1 Bandpowers and analysis choices

A first approach to estimating the angular power spectrum between two fields, a and b, can
be done by using the standard pseudo-C; estimator:

l
CP" = 37 O tnbin (4.1)
m=—/{

where ag,, and by, are the spherical harmonic coefficients of a and b. This approach, however,
is biased in the presence of masking (which is needed to account for survey geometry and
Galactic foreground contamination) and induces a mode-coupling that needs to be accounted
for. To do so we use the MASTER algorithm [74] as implemented by the NaMaster code® [42].
The MASTER method models the relation between the expectation value of the observed
pseudo-Cys and the true underlying angular power spectrum, C’gb, via a mode-coupling
matrix Mgagl?:

(Cg") =3 Mghcgh + Ng*, (4.2)
Z/

where N b is the noise pseudo-Cy, which is only non-zero in the auto-correlation case (a = b).
The MASTER algorithm approximately inverts this relation by assuming the power spectrum
to be piecewise constant within the ¢ range of each bandpower bin.

To perform the 2 x 2 pt measurement, we compute the angular power spectra of the
quasar overdensity auto-correlations and their cross-correlation with CMB lensing — denoted
ng and ng , respectively — for each of the redshift samples. We do not include the cross-bin
quasar correlations, as their signal-to-noise ratio is low. In addition, they are also more
susceptible to systematic effects that may be common between the different redshift bins.

Shttps://github.com/LSSTDESC/NaMaster
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When performing CMB lensing reconstruction using a quadratic estimator on a masked
sky, the signal is convolved with the mask in a more complex way than captured by the
standard MASTER formalism [16]. To account for this effect, we take the mask in the CMB
lensing field to be the square of the original CMB mask, which has been proven to be a
good approximation (see, e.g., [21]). We additionally apply a multiplicative transfer function,
described in section 4.3, to correct for residual bias. This leads to a power spectrum recovery
within 3.5% as discussed in section 4.2.

For both the quasar overdensity field and CMB lensing convergence we use HEALPix
maps of nside = 512. We bin all power spectra with a linear ¢ separation of width A¢ = 30
between £ = 2 and £ = 3nside — 1 = 1535 to avoid bias from the pseudo-Cy method. We
discard the first bandpower (¢ < 32) in all power spectra, where systematic contamination
was found to be most relevant [37], and to mitigate potential mis-estimation of the lensing-
reconstruction mean-field on those scales [16, 17]. On small scales, we impose a scale cut of
kmax = 0.15 h Mpc ™! to ensure the validity of the linear bias model adopted in our theoretical
predictions. This choice is more conservative than the one used in [37] and, when combined
with a marginalization over the shot noise amplitude, leads to broader posterior constraints
compared to this earlier analysis. A detailed discussion of these and other changes to the
analysis can be found in appendix A.

This scale cut translates into redshift bin-dependent cuts in multipole space: . =
kmaxX(Z), where x(z) is the comoving distance to the mean redshift of each bin z, which
we compute by assuming the same fiducial cosmology we use to generate our simulations.
This yields #ax = 316 and 526 for Bin 1 and Bin 2, respectively. The resulting auto- and
cross-power spectra are shown in figure 3.

In the 3 x 2pt case, we include the CMB lensing auto-spectrum C}*, using the pre-
computed and publicly available bandpowers from the ACT DR6 lensing analysis [16, 17]. We
appropriately account for their covariance with the 2 x 2 pt block as described in section 4.4.

4.2 Simulations

To compute the multiplicative transfer functions to be described in section 4.3, build the
covariance matrices, and validate our pipeline, we make use of Gaussian simulations of both
the CMB lensing convergence and the quasar overdensity fields, ensuring that the two are
appropriately correlated.

ACT simulations. We use 400 Gaussian CMB lensing simulations publicly available as part
of the ACT DR6 products. These simulations were constructed by displacing a randomly
drawn CMB realisation with a Gaussian lensing convergence field, then adding realistic
survey noise [75], before masking and passing the resulting lensed CMB maps through the
same reconstruction pipeline that is applied to the data. Further information about these
simulations can be found in [16].

To generate correlated simulations of the quasar overdensity field, we begin by constructing
fiducial power spectra C7%, and Cyg,. These are generated by fitting the observed spectra
with fixed cosmological parameters and determining the best-fit values for the galaxy bias and
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Figure 3. Measurements of C7? on the ACT footprint (top) and Cy? (bottom) for each of the two
redshift bins considered. Dashed gray lines indicate the best-fit model from the joint fit to both
redshift bins and gray bands indicate the excluded bandpowers in our analysis. The cross-correlation
is detected within the analysis range with SNRs of 14.2 and 13.6 for Bin 1 and Bin 2, respectively, for
a total detection of 19.60. Panels below each measurement show the model residuals. The joint fit to
C;? and C? across both bins gives a total x? of 41.8 for 54 bandpowers and 7 fitted parameters (see
section 6.2). We estimate a PTE of 0.69.

shot noise parameters.” Then, following [21], we generate the spherical-harmonic coefficients
of the quasar field agm by decomposing them into three contributions: a component correlated
with CMB lensing, an uncorrelated component, and the shot-noise term. Each realization
is then generated as follows:

% .

g __ s K g, uncorr. g, noise

Apry = . Qg + Q3 + ay,, , (4.3)
, fid

where aj,, are the spherical-harmonic coefficients of the « field used as input to the correspond-
ing CMB lensing simulation. This construction ensures that the quasar field is correlated with
the lensing field according to the fiducial cross-spectrum C’f gd. The second term, representing

"To perform this fit, we use a Gaussian covariance matrix computed with NaMaster [42, 76]. After generating
the simulations and constructing the final covariance matrix, we repeat the fit and confirm that changes in the
Ce.na are negligible (they stay below 5% across the analysis ¢ range).
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Figure 4. Recovery of C}Y (green) and CY (red) from simulations. Lighter error bars represent the
statistical uncertainty in the measurement, while darker bars indicate the error on the mean over 400
simulations. Gray bands indicate the excluded bandpowers in our analysis. Residuals are within 3.5%
for the cross-spectra and sub-percent for the auto-spectra across the analysis range.

the uncorrelated component, is generated as a Gaussian random field with variance

(Crha)

g,UNCOTT. [ @§,UNCOIT.\*\ _ g9 )

U, (@G ")) = Ot0 Oy | CTha =~ : (4.4)
fid

This ensures that the auto-spectra of the quasar simulations follow the fiducial auto-spectrum
C7%,. We note that these simulations do not account for correlations between different

redshift bins. As will be discussed in section 4.4, these contributions to the covariance matrix
g, noise

are computed analytically. Finally, the shot-noise term ajp,,

is drawn independently to
reproduce the expected shot-noise level.

With these simulated maps, we compute the auto- and cross-power spectra in the same
way as we do for the data. Since we expect their mean to match the input fiducial spectra by
construction, we can validate our pipeline by comparing the mean spectra measured from
the simulations <C’Zgim> to the corresponding fiducial spectra C’gff’id.

For this comparison, we convolve the fiducial spectra with the appropriate (unbinned)
mode-coupling matrix, bin them, and then deconvolve them accounting for the pixel window
function. This follows the same procedure used to treat the theoretical prediction in our
likelihood. For the cross-spectra, we also apply the multiplicative transfer function, described
in section 4.3.

We find good agreement between the recovered and input spectra as shown in figure 4. The
mean cross-spectra recovery is accurate to within 3.5% (limited by Monte Carlo error from the
400 simulations), and the auto-spectra to within 0.5% over the analysis range. These are both

well within the measurement error, corresponding to 0.10 and 0.090 deviations, respectively.

Planck simulations. We perform a reanalysis of the cross-correlation using Planck lensing
in appendix A, and present the joint results with ACT in section 7.1.2. To compute the
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corresponding covariance matrix and transfer functions, we follow the same approach as
for the ACT measurement. We use 480 FFP10 CMB simulations presented in [19]. These
are constructed in a similar way as the ACT convergence simulations and also include
lensing reconstructions computed using the Planck PR4 lensing pipeline. Correlated quasar
overdensity simulations are constructed following the same procedure outlined above. We
also assess the recovery of the power spectra and find agreement within 2.7% for the cross-
correlations and 0.5% for the auto-correlations over the analysis range.

Joint simulations. As we will show in section 7, we find good agreement between cosmological
parameters inferred using the Planck and ACT measurements and so combine them to
derive joint constraints. To account for the covariance between the two correctly, we use
“ACT-like” reconstructions of the Planck input simulations described above. As detailed
in [16], these simulations are constructed by processing the FFP10 Planck simulations
through the ACT DR6 pipeline, which uses different CMB scales and sky area. As a result,
these simulations capture correlations between the two lensing reconstructions arising from
shared CMB fluctuations, but do not include instrumental and atmospheric noise, which
is uncorrelated between the surveys.

4.3 Transfer function

CMB lensing convergence maps from both ACT and Planck are obtained via the lensing
reconstruction of masked CMB maps. This masking introduces a well-known bias in the recon-
structed lensing maps, resulting in a misnormalization of the lensing spectra (e.g., [77, 78]).

This effect is footprint-dependent so it must be re-evaluated on a case-by-case basis.
Previous cross-correlation analyses have accounted for this effect by computing a Monte
Carlo (MC) transfer function from Gaussian simulations (e.g., [21, 28]). In our case, we
compute a separate transfer function for each redshift bin, as differences in the selection
functions lead to slightly different sky masks.

For a cross-correlation this MC correction can be defined as

A?AC _ <"€in7 /i—ma.sky Rin, g—mask> 7 (45)
</€a Rin, g—mask)

where the angular cross-spectrum between two fields X and Y is denoted as C’@X Y = (X,Y),
Kin 18 the input lensing convergence map and £ is the corresponding masked CMB lensing
reconstruction. Subscripts k-mask and g-mask refer to the CMB-lensing and galaxy masks,
respectively, applied to the lensing convergence input.

To incorporate this correction, we bin A?/IC using the same scheme applied to our power
spectra assuming the correction is piecewise constant across each ¢ bin and apply it directly
to both the measured and simulated cross-correlations:

Cp9 — ANCCp. (4.6)

We show the resulting Monte Carlo transfer functions for the two Quaia redshift bins in
cross-correlation with ACT DR6 and Planck PR4 lensing in figure 5 (left). Across the full
analysis range, the correction remains below 1%. This small correction is expected: since the

— 14 —



47 -
04 |
< 136 A ]
0.02 5 Qév
—— ACT Bin 1 ~— ACT Bin 2 < 227 102 o
= Planck Bin 1 == Planck Bin 2 S
0.01 - 316 1 Loo =
— Q‘\
! 106 1 e
O — )
. 0.00 1 N F-0.2 5
= O 197 - <o
= S—
i 287 —04 %
_0.01 T T T T T T T i O
~ © I~ © © D~ I~
' ' ' S 2 8 8 8 2 §
0 200 400 600 [ g
(ey) ()

L

Figure 5. Left: Monte Carlo normalization corrections for the cross-correlations of ACT DR6 and
Planck PRA4 lensing with the two Quaia redshift bins. The dark gray band denotes the multipole
range excluded for Bin 2, while the lighter gray band indicates additional scales excluded for Bin 1.
The shaded region on the left corresponds to the first multipole bin, which is excluded in both cases.
Corrections remain below 1% across all scales used in the analysis. Right: Correlation matrix for the
2 x 2pt measurement for Bin 1 and ACT DR lensing including the cross-covariance between C79 and
C;?. Here, Cov(C{B,CFP) is the covariance between bandpowers ¢ and ¢’ of spectra C{'B and CFP,
and 0% and oGP are their respective standard deviations. The diagonal blocks have been nulled for
visualization.

lensing maps have already undergone an MC correction over their full footprint, and Quaia is
an all-sky quasar catalogue, most of the lensing footprint is preserved in the cross-correlation.
Specifically, 91% and 79% of the Planck footprint, and 99% and 94% of the ACT footprint
are used in cross-correlation with Bin 1 and Bin 2, respectively. This near-complete overlap
with the original lensing footprints explains why our additional MC correction is smaller
than in other cross-correlation analyses.

4.4 Covariance matrices

2 x 2 pt covariance. We construct the covariance matrix for the data vector [Ceglgl,CZ”gl,
nggz, C’; 9] using a combination of simulations and analytic calculations. The diagonal
blocks of the covariance matrix, which do not mix different redshift bins, are estimated
using the 400 Gaussian simulations described in section 4.2. These capture both multipole
correlations and the covariance between C7** and C;%" within each redshift bin. An example
block for the cross-correlation measurement in redshift Bin 1 is shown in figure 5 (right).

Since our simulations do not include correlations between different redshift bins, we
compute the off-diagonal blocks between redshift bins, such as Cov(C7'%", C9?9?), analytically,
using the Gaussian covariance module from NaMaster [42, 76]. This calculation requires the
following fiducial spectra: the cross-spectra of quasar overdensities between different redshift
bins C’gigj , their cross-correlations with CMB lensing Cf 9 and the lensing convergence
auto-spectrum C7”. The first two are computed using the fiducial cosmology and bias
parameters used to generate the simulations (see section 4.2), while C;* is measured from
the simulations, including reconstruction noise.
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We find a correlation between C§'%" and C;" at the same ¢ bin of up to 30% for Bin 1
and 35% for Bin 2. In contrast, correlations between different redshift bins — for both C7?
and C,Y — are found to be almost negligible (less than 1%).

When inverting the covariance matrix in our likelihood analysis, we approximately correct
for the bias introduced by estimating the inverse from a finite number of simulations using
the Hartlap correction factor [79]:

Nsims - NZ bins — 2

Qcoy =
Nsims -1

(4.7)

With 400 simulations and 54 ¢-bins, this yields a Hartlap factor of approximately oy = 0.86.

For the measurement using Planck CMB lensing, we follow the same approach: the
diagonal blocks (i.e., not mixing redshift bins) of the covariance matrix are estimated using
the simulations described in section 4.2, while the off-diagonal contributions between redshift
bins are computed analytically. The fiducial spectra Cgigj and C,;¥ are computed using
the same fiducial cosmology and bias parameters used to generate the quasar simulations
correlated with Planck. The C}" spectrum is measured from simulations and includes the
effect of the Planck PR4 reconstruction noise.

Since we find good agreement in cosmological parameters between the two datasets
(see section 7), we combine the ACT and Planck measurements using the Joint simulations
described in section 4.2, which capture correlations between ACT and Planck measurements
within the same redshift bin. As we also include quasar auto-correlation measurements
in both the ACT and Planck footprints, we evaluate their correlation by measuring the
auto-spectra of the same quasar overdensity simulations in each footprint. As before, the
off-diagonal contributions between different redshift bins are computed analytically.

As expected, we find a strong correlation — up to 75% — between the quasar auto-spectra
in the two footprints for the same redshift bin. The correlations between ACT and Planck
lensing cross-spectra are found to be up to 48% and 45% in Bins 1 and 2, respectively, for
the same ¢-bins, due to the identical quasar sample used in both cases.

3 X 2 pt covariance. In section 7.2, we present the results extending our analysis by including
the ACT DR6 CMB lensing auto-correlation, Cj", in combination with the previously
described 2 x 2 pt measurements. To model the covariance for this joint 3 x 2 pt data vector,
we estimate the correlations between Cj"* and all other observables using the same set of
ACT lensing convergence simulations described above.

Specifically, we use the bias-subtracted CMB lensing auto-power spectra measured from
the ACT simulations to compute the cross-covariance with the quasar auto- and cross-
correlations. These simulations naturally account for correlations with measurements using
both ACT and Planck CMB lensing.

We find correlations between the ACT lensing auto-spectrum and its cross-correlation
with quasars to range between 25-35%, while correlations with the Planck cross-correlation
are at most 15%. Additionally, correlations between the quasar and lensing auto-spectra
remain below ~ 20% for both redshift bins and footprints.

Finally, we note that the off-diagonal elements of the simulation-based covariance between
multipole bins are noisy, introducing spurious correlations across multipoles. If unaccounted
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for, this can lead to an artificial variance cancellation and overly tight parameter constraints.
To mitigate this, we adopt a more conservative approach and keep only the diagonal and
first off-diagonal ¢ elements of the covariance between C;* and the 2 x 2pt block. This
choice does not shift the inferred mean parameter values but results in a mild broadening
of the posteriors by around 6.5%.

5 Systematics and contamination tests

To ensure the robustness of our measurements, we conduct a suite of tests aimed at identifying
potential sources of contamination in the ACT DR6 CMB lensing reconstruction maps. These
tests assess whether systematics could bias our results by inducing additional correlations
with the quasar overdensity field. For an exhaustive analysis of potential contaminants
affecting the Quaia sample see [37] and [35].

Here, we focus on two complementary classes of systematics tests: bandpower null
tests (section 5.1), and a simulation-based test designed to assess extragalactic foreground
contamination (section 5.2).

5.1 Bandpower null tests

The CMB lensing reconstruction can be affected by various astrophysical foregrounds, in-
cluding the tSZ effect — caused by inverse Compton scattering of CMB photons by hot
electrons in galaxy clusters [50] — and the CIB, originating from dusty, star-forming galaxies.
These components can contaminate the temperature maps used in the reconstruction and, if
correlated with the quasar overdensity field, bias the cross-correlation measurement [52, 80].

To test for such contamination, we perform null tests using differences between cross-
correlations involving different versions of the reconstructed convergence maps. We compute
C;"9 — C*Y, where k1 and ko denote different lensing reconstructions. A statistically
significant non-zero result could indicate the presence of systematics or contamination in
one or both of the maps.

We use the following convergence maps:®

o Reconstruction using polarization-only data (MVPOL), expected to be largely free of
extragalactic contamination.

o Temperature-only reconstruction (TT), more susceptible to foregrounds such as tSZ
and CIB.

e Minimum-variance reconstruction (MV) combining temperature and polarization. This
is the baseline map used in our analysis.

o Minimum-variance map with an explicit deprojection [81] of the CIB component (CIB-
deprojected MV) which includes information from Planck 353 GHz and 545 GHz.

Because significant extragalactic contamination is only expected in the temperature data,
null tests involving the MVPOL map can effectively isolate such systematics. For example,
a non-zero difference between MVPOL and TT maps would suggest contamination in the
temperature-only reconstruction maps.

8Publicly available at https://lambda. gsfc.nasa.gov/product/act/actadv_dr6_lensing_maps_info.html.
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PTE values

Null test Binl Bin?2
MV-MVPOL 0.864 0.931
MV-TT 0.138 0.978
TT-MVPOL 0.601 0.974
MV —CIB deprojected MV (CIB-depj mask) 0.348 0.513
f150 MV—f090 MV 0.208 0.702
f150 TT—£090 TT 0.491 0.909
MV (40% mask)—MVPOL (40% mask) 0.301 0.929
MV-MV (40% mask) 0.455 0.804
Curl 0.166  0.208

Table 2. Summary of null tests performed in the two redshift samples described in section 5.1. For
each test C;"Y — C;*? we specify the convergence maps k1, k2 used. The final row corresponds to the
cross-correlation of the quasar overdensity with the lensing curl mode C;”Y. We perform a total of 18
null tests, nine in each redshift bin.

We further investigate extragalactic, frequency-dependent contamination by comparing
the MV and TT convergence maps at different frequencies, namely 150 GHz and 90 GHz
(denoted by “f150” and “f090” prefixes, respectively).

All cross-correlations are computed following the same procedure used in our main
analysis. In addition, we estimate the covariances for each null test using cross-correlations
between the 400 quasar simulations and the corresponding lensing reconstructions for each
version of the convergence map.

We consider a test to be consistent with the null hypothesis (and, therefore, “passing”) if
its probability-to-exceed (PTE) is above 0.05. We find no low failures under this condition.
Table 2 summarizes the results for the two redshift bins.

We note that some of our tests have low x? with PTE values above 0.95, which may
suggest an overestimation of the covariance. To investigate this further, we compute the cross-
correlation between the quasar overdensity and the curl-mode lensing map (C;7). Since the
curl mode is expected to contain no cosmological signal, this essentially tests our covariance
estimation. We find no evidence for the overestimation of our covariance, as neither of the
PTE values of the curl tests appear to be high.

To assess further these high “failures”, we check that the frequency of PTE values is
consistent with a uniform distribution.” To do so, we compile all 18 PTE values (see figure 6)
and perform a Kolmogorov-Smirnov test which yields a PTE of 0.43. This indicates that
the distribution of our tests are compatible with a uniform distribution, and that these high
PTE values are compatible with statistical fluctuations.

Finally, we test for spatial inhomogeneities in the quasar sample by comparing results
derived using the 60% and 40% Galactic masks described in section 2. We repeat the

9We note that some of these tests are correlated, so technically the PTE distribution should only be
approximately uniform.
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Figure 6. Histogram of the PTE values of the total 18 null tests performed across both redshift bins.
The distribution is consistent with uniform, as confirmed by a Kolmogorov-Smirnov test (PTE = 0.43).

MV—-MVPOL test within the more restricted 40% footprint and compare MV reconstructions
between the two masks. We find no evidence of significant spatial inhomogeneities near
the Galaxy in either redshift bin.

5.2 Simulation-based tests for extragalactic foregrounds

To assess potential contamination from extragalactic foregrounds, we perform dedicated tests
using realistic foreground maps from the WebSky simulations [82]. Following the approach
in [45], we assume that such foregrounds only affect the CMB temperature, not polarization —
ie., T'= Tomp + Ty — since signals such as the tSZ effect and the CIB are not expected to be
significantly polarized at our current sensitivity levels. Under the assumption that foregrounds
are uncorrelated with the primary CMB temperature, the induced bias in the cross-correlation
of the temperature-only lensing reconstruction with quasars can be expressed as

AC}? = (Q (Tig, Trg) 9) (5.1)

where Q(T'x,Ty) denotes the lensing reconstruction quadratic estimator applied to two fields
Tx and Ty, and g is the quasar overdensity. The angular cross-spectrum between any two
fields A and B is denoted as C{*® = (AB).

To evaluate this potential bias, we measure the cross-correlation between the lensing
signal reconstructed from the foreground-only temperature maps presented in [45] and a
mock quasar overdensity field derived from the WebSky simulation. This mock catalog is
constructed by populating the WebSky halo catalog with galaxies according to a simple halo
occupation distribution (HOD) that matches the Quaia sample, detailed in appendix B. The
resulting galaxy catalog is then sampled to reproduce both the redshift distribution and
angular number density of the observed quasars. We then validate these mock catalogs by
comparing their angular power spectra to our measurements (see appendix C).

To quantify the significance of the contamination relative to our constraints, we com-
pute the ratio of the induced bias to the statistical uncertainty on the cross-correlation
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Figure 7. Cross-correlation of the lensing signal from foreground-only maps and a realization
of the Quaia sample from WebSky populated according to the HOD described in appendix B. We
compare the bias and spectra obtained with profile hardening (baseline, green circles), adding CIB
deprojection (blue squares), and no geometric mitigation (red triangles), demonstrating that the
baseline estimator is robust to extragalactic foreground biases. The purple bands are the 1o errors of
the measurement: J(Cg“g)/CZg’ﬁd.

amplitude Ay:

AAx Zee'AngCee/Cfﬁd (5.2)

1 1/2°
[Zez' eﬁd Cor ¢ fid

where AC}? is the measured cross-correlation between the mock quasar catalog and the
lensing map reconstructed from foreground-only temperature maps, C,* fid i5 the fiducial
theoretical cross-spectrum (see section 4.2), and (ng,l is the inverse of the covariance matrix
used in our main analysis.

We find that residual foreground biases are not statistically significant in our baseline
analysis across all redshift bins, with all values of AAy /o (Ax) well below 0.1. In figure 7,
we illustrate the bias comparison evaluating three different mitigation strategies: our baseline
approach using profile hardening, an alternative estimator with CIB deprojection, and a
naive estimator with no bias hardening. The results highlight the substantial improvement
when using the profile-hardening method [51-54].

Based on these findings, we conclude that extragalactic foreground biases in the lensing
maps can be safely neglected in our analysis. While previous cross-correlation studies with
the Quaia quasars have suggested potential foreground contamination in the Planck CMB
lensing maps [37], we find no evidence for such contamination in the ACT DR6 lensing
maps, based on the null tests and simulation-based tests presented in this section. We note
that, in any case, this potential contamination of the Planck lensing maps was found not
to impact cosmological constraints [38].
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6 Cosmological analysis

In this section, we outline the blinding procedure adopted to mitigate the effect of confirmation
bias (section 6.1), describe the likelihood and priors used in our cosmological inference
(section 6.2), and present the external baryon acoustic oscillation (BAO) likelihoods used
in the analysis (section 6.3).

6.1 Blinding policy

To mitigate confirmation bias, we followed the blinding policy described below. No compar-
isons between measured spectra and theoretical predictions, nor any inference of cosmological
parameters, were made until the pipeline passed the validation steps outlined below. However,
we were not blind to the previously measured spectra: C7Y or Cy¥ using the Planck PR4
lensing map. The tests performed before unblinding our measurement were the following:

o The pipeline successfully reproduces the results presented in [37]. Specifically, we recover
both the quasar auto-correlation spectrum, C7Y, and its cross-correlation with Planck
PR4 CMB lensing, C;""***9 along with cosmological parameter constraints, and bias
values, consistent with those of [37] when using their same analysis choices.

e The measurements are free from significant Galactic or extragalactic contamination.
This is established through a suite of null tests (detailed in section 5), which are
considered to pass if their PTE values exceed 0.05. We consider this requirement to
be met if failures are determined to be consistent with statistical fluctuations. We do
not conduct tests on the quasar auto-correlation spectrum, as these were already done
extensively in [37, 38, 83].

¢ When replacing the data with a binned theory prediction in the likelihood, and using
the same priors, covariance, and convergence criterion as in our baseline setup, the
pipeline recovers the correct cosmological parameters to within 0.20. This validates
both the internal consistency of our pipeline and its robustness against significant prior
volume effects.

¢ Before unblinding the inferred parameters obtained using the ACT DR6 lensing maps,
we freeze our prior choices for both cosmological and nuisance parameters (i.e., galaxy
bias and shot noise).

Changes post unblinding. During the reanalysis with Planck PR4 CMB lensing, and after
comparing the bandpowers with those obtained using ACT DR6 lensing, we observed that
the measurement was less robust to variations in scale cuts than was reported in [37],
particularly when allowing the shot-noise amplitude to vary (see appendix A for details). As
a result, we adopted a more conservative choice of scale cuts in our baseline analysis, from
Emax = 0.22hMpc~! (that we had chosen to match that of [37]) to kmax = 0.15hMpc ™1,
which is more consistent with the validity of a linear bias model.
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6.2 Likelihood and priors

We use a Gaussian likelihood (£) to constrain the parameters of our model (8). For the
2 x 2pt analysis, the likelihood is given by

ACS9(9) ACS9(6)
ACH(6) | ACE(e)
—21 ¢ ! 1
IlE X ACEQQQ (0) (C Acrg,292 (0) ) (6 )
AC(6) ACH%(6)

where ACY*%" and AC}" represent the residuals between the binned data and their correspond-
ing theoretical predictions, and C denotes the covariance matrix presented in section 4.4. For
the 3 x 2 pt analysis we add the residuals of the CMB lensing auto-spectrum prediction AC;"
and incorporate the relevant correlations in the covariance matrix, as described in section 4.4.

To ensure a valid comparison between theory and data, we account for the pixel window
function corresponding to the HEALPix resolution of the maps (nside = 512), and convolve
the theoretical predictions with the bandpower window functions derived from the masks
used in each measurement. This accounts for the scale-dependent mode-coupling introduced
by the masking procedure.

The priors adopted in our analysis are summarized in table 3. Since our data are not
sensitive to the optical depth to reionization, we fix 7 to the best-fit value from Planck [9],
and assume a minimal neutrino mass consistent with the normal hierarchy, >~ m, = 0.06eV,
throughout the analysis. In the 2 x 2 pt case, the spectral index of primordial fluctuations,
ns, is fixed to its Planck best-fit value, and, as the cross-correlation measurement is not
sensitive to the BAO feature, we do the same with the physical baryon density, k2. The
Hubble constant Hy, and the cold dark matter physical density Q.h? are assigned the same
priors used in [37], while for the amplitude of scalar perturbations As; we follow some of
the recent cross-correlation analyses (e.g., [21]).

The galaxy bias parameters bf] (as defined in equation (3.6)) are assigned uniform priors
in the range [0.1, 3] for each redshift bin. Unlike the baseline analysis in [37], where the shot-
noise amplitudes were fixed to their Poisson expectations, we allow the shot-noise amplitudes
to vary. Specifically, we impose Gaussian priors centered on the Poisson estimate N (see
equation (2.3)), with a standard deviation corresponding to 10% of the mean. Separate bias
and shot-noise parameters are used for the ACT and Planck footprints in the joint analysis
to account for potential differences across regions of the sky.

In the 3 x 2 pt case, we adopt the same priors described above for both cosmological
and nuisance parameters, except for the following modifications. Following [21]: we impose
a Gaussian prior on ng centered on the Planck measurement with a width five times larger
than the corresponding posterior; we adopt a BBN-informed prior on Qyh?; and we widen
the prior on Q.h2.

As described in section 3.2, we reconstruct the evolution of the growth of structure using
three amplitude parameters A;, for which we use uniform priors in the range [0, 2]. Due to
the near-complete degeneracy between these parameters and the amplitude of primordial
scalar perturbations, we fix Ag to its Planck best-fit value when we reconstruct the growth
of structure in section 7.3.
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Parameter Prior (2 X 2pt) Prior (3 X 2pt)

Cosmological
N 0.9665 N(0.96,0.02)
Qyh? 0.0224 N(0.02233,0.00036)
T 0.0561 0.0561
> my 0.06eV 0.06eV
In(1019A) [1.0,4.0] [1.0,4.0]
Hy (50, 80] 50, 80]
Q.h? [0.08,0.20] [0.005, 0.99]
Nuisance
by [0.1,3] 0.1,3]
by (0.1, 3] 0.1, 3]
Ant N (N1, 0.11N,) N (N1, 0.1 N7)
Ana N (N, 0.1 Ns) N (N3, 0.1 Ny)

Growth reconstruction (equation (3.9))
A ] 0,2]
Ay - [0, 2]
As - [0, 2]

)

Table 3. Parameters and priors used in both the 2 x 2 pt and 3 x 2 pt inference. A normal distribution
is denoted by AN (u, o), indicating a mean u and standard deviation o. Uniform priors are specified by
ranges in square brackets. Parameters listed with a single value are held fixed during the analysis.
The mean values for the shot-noise prior Nl and NQ can be found on table 1. Note that when we
open up the parameter space with A; to reconstruct the growth of structure across redshifts, we fix
Ajg to its Planck best-fit value (In(101°A,) = 3.041 [9]).

Parameter inference is performed using the Markov Chain Monte Carlo (MCMC) frame-
work implemented in Cobaya [84]. Chains are considered to be converged when the Gelman-
Rubin statistic [85, 86] satisfies R — 1 < 0.01.

6.3 Baryon acoustic oscillation likelihoods

We incorporate BAO measurements to help break the degeneracies between 2,,, og, and Hj.
The bulk of the analysis presented in this work was completed prior to the public release
of the DESI DR2 BAO data. Therefore, the majority of measurements and tests in this
work rely on BAO data from the 6dF and SDSS surveys, which we collectively refer to as
simply “BAO” throughout. Specifically, we include the following likelihoods: 6dFGS [87], the
SDSS DR7 Main Galaxy Sample [88], BOSS DR12 LRGs [89], and eBOSS DR16 LRGs [90],
Emission Line Galaxies (ELGs) [91], Lyman-« forest [92], and quasars [93].
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We also revisit several of our key results using the recently released DESI DR2 BAO
measurements [94], given their significantly improved sensitivity to cosmological parameters
(which we refer to as “DESI BAO”).

7 Results

We organize the results in three main parts. Section 7.1 summarizes the constraints obtained
from the 2 x 2 pt analysis, i.e., using the quasar auto-spectra C{Y and their cross-correlation
with CMB lensing, C;¥. In section 7.2 we add the CMB-lensing auto-spectrum C}* to update
cosmological parameters using the 3 x 2 pt combination before performing a reconstruction
of structure growth across redshifts in section 7.3.

We report the results in this section quoting the mean of the posterior and 1o standard
deviation. In the case of headline results, we additionally report the maximum a posteriori
(MAP). The MAP values are computed using the BOBYQA minimizer [95-97] implemented
in Cobaya.

7.1 2 X 2pt cosmology

Here, we present the cosmological constraints from the cross-correlation of Quaia quasars
and ACT DR6 CMB lensing (section 7.1.1), along with the joint constraints when adding
Planck PR4 (section 7.1.2). A summary of all cosmological constraints presented in this
section is provided in table 4.

7.1.1 ACT DR6 X Quaia

We first consider the combination of the quasar auto-correlation measured within the ACT
footprint and its cross-correlation with ACT DR6 CMB lensing. Since these observables
constrain a combination of og and ©,,, we report constraints in terms of Sy = 0g(£2,,,/0.3)%-5.
We obtain a roughly 10% constraint giving

Sg = 0.787F9-087 (ACT DR6 x Quaia).

Our data most strongly constrain a slightly different parameter combination, which we define
as Sg° = 08(Q,,/0.3)%4 finding a value of S = 0.7647)-952. Figure 8 shows the joint posterior
distribution in the og—{2,;, plane for the different Quaia samples as well as the mean value
and 1o uncertainty for our best-constrained parameter Sg.

We break the degeneracy between og and 2, by adding external BAO information. Using
the combination of BAO likelihoods described in section 6.3 — which primarily constrains
Q,, — allows us to measure og independently. Combining the two Quaia redshift bins, we
achieve an approximately 10% constraint on og:

og = 0.74470:95 (ACT DR6xQuaia + BAO),

with a MAP value of 0.760. Repeating this analysis with the more recent DEST DR2 BAO
data described in section 6.3, we find a consistent constraint of og = O.762f8:?81. The slight
degradation in precision arises because the DESI BAO likelihood intersects the og—2,,, contour
at a lower (), value, where the posterior is somewhat broader, as shown in figure 8.
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Qn o8 Sy

ACT DR6 x Quaia

Bin1 04057090  0.847013 0.9570-39

Bin 2 0.39770%80 063170099 .713+5:08

Joint  0.4117995% 068570974 0.787+3.967

ACT DR6 X Quaia + BAO

Binl 031370017 090%012  0.927012
Bin2 0.313+£0.018 0.650107  0.66470:9%°

Joint  0.313501%°  0.74475:95"  0.75970:004

(ACT DR6 + Planck PR4) X Quaia

Bin1 04771009 7237008 () gg5+0.073

Bin 2 0.3677096  0.76170078  .829+0-083

Joint  0.432739%  0.73370951  0.86570:052

(ACT DR6 + Planck PR4) x Quaia + BAO

Bin1 032770017 82570067 () gg1+0-009
Bin2  0.31270916  0.78370962 (7970004

Joint  0.322%0914  0.80275:045  0.83075:047

Table 4. Summary of cosmological parameter constraints on €2,,, and og and Sy, at redshift z =0
derived from cross-correlations (2 x 2 pt) between Quaia quasars and both ACT DR6 and Planck PR4
CMB lensing maps. We present results separately for each Quaia sample, their combination, and also
include constraints obtained with external BAO measurements from 6dF and BOSS.

I ACT xQuaia bin 1
I ACT xQuaia bin 2
\ Bl ACTxQuaia all

1.4 A

S ——— T ITTe--

55 = 07647483

0.2 0.4 0.6 0.8
QHI

Figure 8. Constraints obtained from the cross-correlation of ACT DR6 CMB lensing with the Quaia
quasar samples, shown as 1o and 20 confidence contours in the og—2,, plane. The dashed black lines
represent the best-fit value of the parameter Sy and its associated 1o uncertainty.
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—e— ——o—] ACT DR6 x Quaia + BAO
o o ACT DR6 x Quaia + DESI BAO
—e— —o— ACT DR6 x Quaia + BAO linear P(k)
———e— —e— ACT DR6 x Quaia + BAO knax=0.13A/Mpc
—e—1 —c— ACT DR6 x Quaia + BAO 30% shot noise prior
o ——o—] ACT DR6 MVPOL x Quaia + BAO
] ol Planck CamSpec
0.6 0.8 1.0 0.6 0.8 1.0 1.2
o3 Sg

Figure 9. Summary of constraints on og (left) and Ss (right) obtained from different data combinations
and analysis choices. The baseline result from ACT DR6 and both Quaia redshift samples combined
with BOSS and 6dF BAQ, is highlighted in red and with a shaded band. Results from analyzing each
Quaia redshift sample separately, are shown in orange. Constraints derived using DESI DR2 BAO
measurements are displayed in green. Grey points represent various consistency tests performed to
assess robustness to analysis choices. For comparison, constraints from the primary CMB anisotropy
analysis (Planck PR3 CamSpec likelihood [9]) are shown in black.

Using the ACTxQuaia + BOSS BAO dataset combination, we constrain the bias
parameters bz defined in eq. (3.6) to be b; = 1.16f8:§§ and bg = 1.02f8:§g for redshift bins
1 and 2, respectively. These values are consistent within 1o with the fiducial quasar bias
of bl = 1 reported by eBOSS [58]. To compare our results with those found by [37] —
which measured their value in the full Quaia footprint — we evaluate our bias model at
the mean redshifts of the Quaia sample and find b(2;) = 1.94870-97 and b(22) = 3.3070%3,
consistent with their reported values at the 0.40 and 0.20 levels, respectively. As in [37],
we find no evidence for the low quasar bias at high redshift that was reported in earlier
cross-correlation analyses (e.g. [59, 60]). A triangle plot showing both cosmological and bias
parameters is presented in appendix D.

We demonstrate that these results are robust with respect to various analysis choices
by performing a suite of consistency tests, summarized in figure 9. Each test, shown in
grey, is consistent within 1o of our baseline measurement. In particular, we highlight the
agreement when performing the analysis on the polarization-only convergence maps (MVPOL
k described in section 5.1), which, as mentioned above, is expected to be insensitive to
extragalactic foreground contamination.

Previous analyses [37, 38] pointed to “weak evidence” towards extragalactic contamination
(such as CIB) in the Planck CMB lensing maps based on mainly two observations:

e The inferred value of og from cross-correlating Planck lensing with the Quaia high-
redshift sample was found to be lower than the prediction from Planck primary CMB
by 2.50.

e The cross-correlation measurement using polarization-only lensing maps showed a
relatively coherent upward shift compared to the minimum-variance (MV) reconstruc-
tion, yielding a slightly higher value of og (approximately 1.10 above the baseline
result obtained with the MV map). While the statistical uncertainty was larger, this
measurement was in better agreement with Planck primary CMB predictions.
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In contrast, when performing our analysis using ACT lensing, we find consistent values of og
when comparing our baseline minimum-variance maps to polarization-only reconstructions.
Furthermore, our extensive set of null and foreground-contamination tests, presented in
section 5, show no evidence of CIB or other extragalactic contamination in the ACT DR6
lensing data.

Nonetheless, we still find a slightly low value of og (at around the 1.8¢ level) in the higher
redshift bin compared to primary CMB. If this deviation shares the same origin with the earlier
Planck cross-correlation, it may point to a feature intrinsic to the Quaia sample — common
to both analyses. However, this may not necessarily be the case since these shifts could arise
from unrelated effects, or simply reflect a statistical fluctuation given its modest significance.

7.1.2 Combination of ACT DR6 and Planck PR4 CMB lensing X Quaia

We present an updated analysis of the cross-correlation between the Quaia quasar sample and
Planck PR4 lensing maps in appendix A, where we demonstrate the necessity of adopting
more conservative scale cuts, as well as the importance of allowing the shot-noise amplitudes
to vary. Using these updated analysis choices in combination with BAO we obtain a 7%
constraint og = 0.797f8:8§§, consistent with the measurement using ACT lensing at the
0.450 level, approximately.'?

Despite the lower reconstruction noise in ACT, we find that the cross-correlation mea-
surement using Planck lensing has a higher SNR than that of ACT, primarily due to its larger
overlap with the Quaia footprint. Moreover, the auto-correlation of the quasar overdensity
measured over the full Planck footprint has a higher shot-noise subtracted SNR than when
measured only on the ACT footprint. This explains why the constraints on Sg and og from
Planck PR4 are tighter than those using ACT DR6 lensing alone.

Given the consistency between constraints derived from ACT DR6 and Planck PR4
lensing data, we perform a joint analysis combining their cross-correlations information.
As detailed in section 6.2, we use different bias and shot-noise parameters for the ACT
and Planck footprints. The covariance matrix for this joint analysis includes correlations
between C, A" and C;™'*»*Y and is described in section 4.4. We additionally incorporate
the correlations between the quasar auto-correlations on different footprints (ng ACT and

Planck L . o .
CJ97) from the Gaussian simulations described in section 4.2.

The joint analysis yields an 8% constraint on Sg = 0.865f8:8$§. We also report this result in

terms of our best-constrained parameter for which we find a 7% constraint: Sg° = 0.83615-0%.
When incorporating BAO information, the joint analysis gives approximately a 6.4%
constraint:

oy = 0.8027093% [(ACT+ Planck) x Quaia + BAO] ,

and a MAP value of 0.811. The comparison between the ACT and Planck cross-correlation
measurements, as well as their combination, is shown in figure 10.

We note that the combined constraint on og is slightly higher than those from ACT
and Planck individually — by approximately 0.10 compared to the higher of the two (from

0Ty quantify significance levels in differences when posteriors are mildly non-Gaussian, we approximate
them as Gaussian distributions by keeping the same mean and symmetrizing the uncertainty. Specifically, we
define the effective standard deviation as the average of the upper and lower 1o errors.
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Figure 10. Left: joint constraints obtained from the cross-correlation of ACT DR6 lensing (green),
Planck PR4 lensing (blue), and their combination (red) with the Quaia quasar samples, including
BAO information described in section 6.3. We show the 1o and 20 confidence contours. Right:
constraints on the relevant amplitude of structure growth parameters ogv/A1, 0sv/A2, and ogv/Az
from the 2 x 2pt (red), C;"-only (yellow) and 3 x 2pt (black) analyses. The amplitudes A; rescale the
matter power spectrum in three redshift intervals: z < 1.45, 1.45 < z < 3.0, and 3.0 < z, as described
in section 3.2, enabling us to constrain the evolution of structure growth beyond the redshift range
directly probed by the quasars.

Planck). This increase arises because the ACT cross-correlation prefers slightly lower values
of Q,,,, shifting the joint €2,,—0g contour in that direction and resulting in a marginally higher
os when combined with BAO. We also repeat this analysis using DESI BAO, which gives
a slightly (less than 0.250) higher og value:

og = 0.81470-53% [(ACT+ Planck) x Quaia + DESI BAO] .

7.2 3 X 2pt cosmology

We now report the cosmological constraints obtained when including the CMB lensing power
spectrum C7" in our analysis, extending the 2 x 2pt framework to the full 3 x 2pt case.
The corresponding updates to the covariance matrix and prior choices are described in
sections 4.4 and 6.2, respectively.

We obtain a constraint on structure growth of Sg = O.875f8:8§3. For this data combination,
the best-constrained parameter is given by S$3 = 05(,,/0.3)%? for which we find a 1.6%
constraint Sg3 = 0.803 £ 0.013.

We further combine this data with the BAO measurements described in section 6.3,

leading to a 1.6% constraint on og:
og = 0.804 £ 0.013 [(ACT+Planck)xQuaia+C;"+BAO] ,

and a MAP value of 0.808, finding it to be fully consistent with Planck primary CMB
predictions. While the dominant contribution for this constraint is coming from C}*, we
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find that the inclusion of the 2 x 2 pt information leads to a variance cancellation, tightening
the constraint on og by approximately 12% relative to C;* alone. Repeating the analysis
with DESI BAO yields og = 0.810 £ 0.012. As expected, the og values inferred using DESI
BAO are slightly higher than those obtained with BOSS and 6dF BAO, reflecting DESI’s
preference for a lower value of €,,.

7.3 Growth-of-structure reconstruction

As described in section 3.2, we exploit the different redshift sensitivity of our measurements
to constrain the evolution of structure growth across redshifts. While the redshift kernel of
the lensing power spectrum C}* has its median at z ~ 2, it receives significant contributions
from lower redshifts that overlap with the Quaia samples. This overlap enables us to extract
additional information on the amplitude of structure growth at redshifts beyond those directly
probed by the quasars.

To extract this information, we adopt the parametrization presented in section 3.2,
rescaling the matter power spectrum with three amplitude parameters A, Az, and As. We
define these parameters so that the first two are mainly constrained by the cross-correlation,
allowing C* to constrain the last one. Therefore, we choose the redshift intervals 0 < z < 21,
21 S 2 S 29, and 29 < z so that the first two intervals overlap with the Quaia redshift
range, and the third one constrains anything beyond it (z; = 1.45 and 29 = 3.0). This
parametrization isolates the contributions from the redshift ranges probed by the 2 x 2 pt,
allowing the lensing auto-spectrum C7* to constrain structure growth at z 2 3.0.

We determine the median redshift of the signal within each redshift interval by computing
the derivative of the signal-to-noise ratio with respect to redshift dSNR/dz, for the 3 x 2 pt
measurement. The resulting og constraints evaluated at the median redshifts Z of the
dSNR/dz distribution within each of the intervals are:

os(2 = 1.0)v/A; = 0.63810041
o8(% = 2.1)y/Ay = 0.32779049
os(Z = 5.1)/Az = 0.14679:921

Figure 10 shows the constraints on these amplitude parameters using the different data
combinations: 2 x 2pt, Cj"-only, and 3 x 2pt, highlighting the power of the 3 x 2pt
combination in constraining the highest redshift amplitude. We note there are residual
correlations between the amplitude parameters, with correlation coefficients of 62% between
bins 2 and 3, 48% between bins 1 and 2, and 24% between bins 1 and 3.

We also present a direct reconstruction of og(z) by rescaling the fiducial og(z) curve with
V/A; in each redshift interval. The result is shown in figure 11, with shaded bands denoting the
1o uncertainties, and data points highlighting the measurement at the median redshift of the
signal in each interval. The overall shape of the og(z) curve follows the cosmology presented
in section 7.2. Figure 11 also compares our constraints on og(z) to the ACDM prediction from
Planck primary CMB, with our highest-redshift measurement consistent at the 1.40 level. We
show results from other high-redshift measurements of structure growth by [34, 73], and [98].

Our results are in excellent agreement with the 3 x 2 pt measurement from [73], which
combines un WISE galaxies with ACT DR6 and Planck PR4 CMB lensing. Their analysis is
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Figure 11. Reconstruction of og(z) from the 3 x 2 pt analysis. The fiducial og(z) curve is rescaled
in each redshift bin by \/A4;, where A; are the amplitude parameters introduced in equation (3.9).
Shaded regions denote 1o confidence intervals. This reconstruction probes the redshift evolution of
the amplitude of the growth of structure out to z > 3. Constraints from a similar 3 x 2 pt analysis [73]
are shown as blue bands, while the measurements from [98] and [34] are shown with red and black
data points, respectively. We also show the prediction from ACDM as measured by Planck primary
CMB [9] plotted as a gray band.

methodologically similar to ours, utilizing the same CMB lensing maps in the cross-correlation,
and additionally incorporating the Planck PR4 auto-spectrum C;*. The main differences
lie in the redshift coverage of the un WISE galaxies and their use of smaller scales (down
to k ~ 0.3hMpc™!), modeled using a second-order hybrid-perturbation-theory approach
for the galaxy auto- and cross-power spectra.

[98] constrains cosmological parameters by stacking the Planck PR3 CMB lensing maps
on Lyman-break galaxies observed by the HSC Strategic Survey Program. Their analysis
includes angular scales of 6’ < § < 20’ for the lensing signal and models the convergence
profile using an HOD prescription. To add their result to figure 11, we extrapolate their
reported og(z = 0) value to the mean redshift of their measurement (z = 3.8) using the
cosmology derived in section 7.2, as their analysis does not constrain 2, and therefore cannot
independently determine the shape of og(z). Their result is consistent with ours within 1.10.

Lastly, we include the measurement from [34], which cross-correlates DESI DR1 quasars
with Planck PR4 CMB lensing. The DESI quasars have a similar redshift coverage and
number density to those in Quaia. However, their analysis uses smaller scales, with roughly
kmax = 0.21 A Mpc ™!, and is modeled with hybrid perturbation theory. Their constraints are
consistent with ours within 1o; we show their results for the first and last redshift bins, omitting
the middle bin (as done in their paper) due to its limited constraining power on its own.
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8 Conclusion

We have presented new constraints on structure growth from the cross-correlation of quasars
in the Quaia catalog and state-of-the-art CMB lensing maps from ACT DR6 and Planck
PR4. We also performed a 3 x 2pt analysis by incorporating the ACT DR6 CMB lensing
auto-spectrum into the cross-correlation measurement, allowing us to place one of the highest
redshift constraints on structure growth to date.

Using the cross-correlation information alone of the Quaia quasars and combined
ACT and Planck lensing, we obtain a 7% constraint on our best-constrained parameter
Sy = 05(2/0.3)°* = 0.83610558, and a 6.4% constraint on og = 0.8027093> when BAO
information from BOSS and 6dF is included (see section 7.1.2).

We revisit the previous measurement [37], which cross-correlated the Quaia quasars with
Planck PRA4 lensing only. We restrict our analysis to more conservative scale cuts and add
a Gaussian prior on the shot-noise amplitude. These decisions (discussed in appendix A)
are motivated by observed instabilities in the inferred cosmological parameters when using
the baseline analysis choices from the previous measurement. These changes come at the
cost of a SNR reduction, and, therefore, the resulting cosmological constraints are less
competitive than we initially hoped. Nonetheless, this work represents an improvement on
the robustness of the measurement.

To validate the robustness of our measurements with ACT lensing, we perform a suite
of systematic and null tests. These include bandpower null tests using different lensing
reconstructions and a foreground contamination test using simulated maps based on a HOD
prescription for Quaia, described in appendix B. These tests show no significant evidence
of contamination in the lensing maps. We also find no significant shift in our measured og
parameter when performing the analysis using a polarization-only lensing reconstruction,
contrary to what was found in the previous cross-correlation with Planck [37].

Nevertheless, we recover a slightly low value of og in the high-redshift bin (discrepant
with primary CMB at the 1.80 level) that was also found in the previous analysis using
Planck lensing. This, and a higher amplitude on the cross-correlation measurement using a
polarization-only lensing reconstruction, were the motivations for suggesting “mild evidence”
towards foreground contamination in the Planck PR4 lensing maps [19]. However, we argue
in section 7.1.1 that, if the same in origin, this discrepancy cannot arise from contamination
in the lensing maps. In that case, this deviation could reflect a feature intrinsic to the quasar
sample — which is common to both measurements — or simply a statistical fluctuation
given its low significance.

We then extend the analysis by including the CMB lensing power spectrum C}* to
perform a 3 x 2 pt measurement. This leads to a 1.6% constraint on og = 0.804 4+ 0.013 when
combined with BAO data, completely consistent with predictions from the primary CMB.
While most of the constraining power comes from C7* alone, we also find an improvement
due to variance cancellation when adding C}" to the cross-correlation analysis.

With this combined dataset, we also reconstruct the redshift evolution of structure growth
by introducing a parametrization of the matter power spectrum with amplitude parameters
defined in different redshift intervals. The cross-correlation with quasars constrains the
low-redshift contribution to the lensing signal, therefore enabling the CMB lensing auto-
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spectrum to isolate and constrain structure growth at redshifts beyond the quasar sample.
We obtain a 12% constraint on the amplitude of matter fluctuations beyond the Quaia
sample, corresponding to a median redshift of z ~ 5.1. This measurement is consistent with
predictions from primary CMB observations within 1.4c.

This work presents one of the highest redshift measurements of structure growth, enabled
by the combination of CMB lensing auto-spectrum and cross-correlation information. Future
data from Gaia DR4 are expected to improve these constraints by improving the purity and
redshift estimates of the sample, as well as increasing the overall number of quasars. Also,
different choices at the catalog level could be optimized for the cross-correlation measurement,
such as fitting the selection functions of the Quaia samples only to the objects in the analysis
footprint of the CMB lensing maps used. Upcoming galaxy survey experiments such as
Euclid [99], and the Vera C. Rubin Observatory [100], as well as new CMB data from the
Simons Observatory [101], CMB-S4 [102], or CMB-HD [103], offer promising opportunities to
extend these 3 x 2 pt measurements, improving our understanding of the growth of structure
and testing the ACDM model at high redshifts.
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A Planck PRA4 lensing X Quaia reanalysis

In this section, we outline the main differences between our analysis and previous Quaia cross-
correlation studies using the Planck PR4 CMB lensing [37, 38]. The first modification involves
minor updates to the catalogs and selection functions, already implemented and described
n [38]. Additionally, for the covariance matrix, we employ the simulations introduced in
section 4.2 and the methodology detailed in section 4.4, in contrast to the analytical Gaussian
covariance used in the previous analyses.

A key change in our baseline analysis is the treatment of the stochastic noise amplitude.
Whereas the previous analyses fixed it to the value of the shot noise measured from the catalog
using equation (2.3), we adopt a Gaussian prior centered on that value with a 10% width.
This choice is motivated by the fact that variations in the stochastic noise component can
significantly impact the inferred cosmological parameters, particularly g, since it modulates
the overall amplitude of the C7Y signal. Given that the sample is shot-noise dominated
across all scales — with shot noise levels approximately 5-8 times larger than the signal —
our results are especially sensitive to any mis-estimation of this component, such as those
arising from halo exclusion.

When performing parameter-level consistency tests, we find that our measurement is
not robust to changes in scale cuts when the shot noise is allowed to vary, contrary to
the findings in the previous analysis where the shot noise was held fixed. This was the
main justification for pushing to more non-linear scales (up to kmayx = 0.22 hMpc™!) in the
previous analysis, since negligible shifts were found in the inferred cosmological parameters
between k. = 0.15 hMp(f1 and kmax = 0.3hMpcfl. However, this stability no longer
holds when the shot-noise amplitude is treated as a free parameter, as we observe significant
parameter shifts as the scale cuts vary. As a result, we adopt a more conservative choice of
kmax = 0.15 hMpc_l, which is also more consistent with the use of a linear galaxy bias model.

We also explore the impact of these choices on the ACT footprint using Planck data.
For Bin 2, we find a best-fit shot noise amplitude of Ay = 1.0115 4+ 0.0067 under our
fiducial kmax = 0.15 A Mpc™! scale cut. Fixing this amplitude instead (i.e., setting Ayo = 1)
results in a roughly 0.9¢ shift in og, highlighting how a 1% variation in shot noise can affect
cosmological constraints. Bin 1, in contrast, appears more stable under these changes, and
has an inferred amplitude of Ay; = 1.001 £+ 0.014.

These two changes — the inclusion of free shot-noise amplitudes and the more conservative
scale cuts — are the primary reasons for the degradation of our parameter constraints relative
to earlier results. Nonetheless, we consider these choices more appropriate for the Quaia
sample and the use of a linear bias model, and therefore apply them across both ACT and
Planck lensing cross-correlation analyses. Figure 12 shows the updated measurements of C7?
and C;7, along with the best-fit model jointly fit to both redshift bins. We obtain a value for
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Figure 12. Measurements of C7? on the full footprint (top) and Cy (bottom) using Planck lensing
for both redshift bins considered. Dashed gray lines indicate the best-fit model from the joint fit to
both redshift bins. The cross-correlation with each of the redshift bins is detected with SNRs of 20.0
and 17.1 for Bin 1 and Bin 2, respectively, within the analysis range. Panels below each measurement
show the model residuals.

our best-constrained parameter Sy = 0g(Q,,/0.3)* = 0.86970952, and when including BAO

data we directly constrain the amplitude of matter fluctuations to be og = O.797f8:8é§.

B Quaia HOD

A halo occupation distribution (HOD) provides a framework to relate statistically the virial
mass M of a dark matter halo to the number of galaxies N it hosts [104]. Typically, a HOD
separates contributions from central galaxies and satellite galaxies, specifying:

e N. — the number of central galaxies, which is either 0 or 1 depending on a minimum-
mass threshold M.

e Ng — the number of satellite galaxies, usually assumed to be randomly distributed
along a radial profile of the dark matter halo (e.g., [105]).

For the purpose of populating the WebSky simulations as described in section 5.2, we adopt
a simple HOD that describes the Quaia sample. In particular, we assume that each halo
above a minimum mass My, hosts exactly one central quasar and no satellites. This is
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motivated by the low number density of the sample, making the contribution from satellite
quasars negligible.

Given this prescription we can relate the measured effective linear bias parameter, bef ;,
of each of the Quaia samples i to the underlying halo population via

1 Mmax dn _
Defts = —— / dM S b(M, Z) [NJ(M) + Ny(M)] | (B.1)
' Mmin dM

ng (%)
where b(M, z;) is the halo bias as a function of the halo mass and redshift — in our case,
taken from [106] — and evaluated at the mean redshift of each of the samples z;, and dn/dM
is the halo mass function, for which we use the prescription developed in [107]. The mean
number density of galaxies is denoted n4(z), and N.(M) and Ng(M) are the average number
of central and satellite galaxies per halo mass M, respectively.

Since our model assumes no satellite galaxies, this expression simplifies to a model in
which only halos above a minimum mass M,;, host one central galaxy. We determine My, in
each redshift bin by requiring the right-hand side of equation (B.1) to match the observed bias
befr,; in each redshift bin. Since the test was performed prior to unblinding, we choose the bias
values used to construct the fiducial spectra Cg,%d and CZ%d. These bias values are obtained
by fitting our measured spectra with a fixed cosmology (see section 4.2 for further details).

We find minimum halo masses of Myn1 = 1.4 X 1012 p~1 Mg and Myino = 1.3 X
102 h=! My, for Bins 1 and 2, respectively.!! We note that the minimum mass of the WebSky
halos in these redshifts is lower, approximately M websky = 9.0 X 10" A=Y M. These
values are comparable to those reported in previous analyses of quasar halo masses at similar
redshifts [33], although we note that the magnitude of the two samples differ. We emphasize
that this is not intended as an extensive analysis of the Quaia halo masses, but rather as
a reasonable prescription for populating the WebSky simulations used in the extragalactic
foreground contamination tests presented in section 5.2. All of these calculations were
performed and are implemented in class_sz.

C WebSky catalogs validation

After determining My, for each redshift bin, we populate the WebSky halo catalog according
to the HOD prescription described in appendix B. We then sample the resulting catalogs
to match both the redshift distribution and angular number density of the Quaia samples.
Figure 13 shows the redshift histograms of the final WebSky mock catalogs compared to the
dN/dz distributions of the Quaia bins.

We also validate the resulting catalogs by comparing their angular power spectra to
our measurements. Specifically, we compute both the auto-correlation, C?Y, and the cross-
correlation with CMB lensing, C;, for each redshift bin. As shown in figure 14, the simulated
spectra reproduce the overall shape and amplitude of the observed spectra, demonstrating
that our simplified HOD model provides a reasonable match to the clustering properties of
the Quaia sample on the scales used in our analysis.

1 ATl halo masses in this section are defined as Maoom.
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Figure 13. Comparison between the redshift distributions of the WebSky mock catalogs (histograms)
and the true dN/dz of the Quaia redshift bins (solid lines). These mocks are constructed to match both
the redshift distribution and number density of the Quaia samples and are used in the extragalactic
foreground tests described in section 5.2.
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Figure 14. Validation of the final WebSky catalogs by comparing their auto-correlation (C{?; top)
and cross-correlation with CMB lensing (C;; bottom) to the measured spectra in both redshift bins.
This agreement supports the use of these mocks in the simulation-based foreground-contamination

tests described in section 5.2.
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Figure 15. Posterior distributions of cosmological and bias parameters obtained from the ACT x Quaia
+ BOSS BAO dataset combination presented in section 7.1.1. We show the cosmological parameters
Hy, Q.,, 0g, and the linear galaxy bias parameters b; for each redshift bin.

D Posterior distribution of cosmological and bias parameters

In figure 15, we present the posterior distributions for cosmological and bias parameters
varied in the inference using the ACTxQuaia + BOSS BAO data combination. These
include the cosmological parameters Hg, €, (sampled through Q.h?), and og (sampled
through In (10!°Ay)), as well as two linear bias parameters b;, one for each redshift bin,
defined in eq. (3.6).
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