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Abstract. We present a measurement of the amplitude of matter fluctuations over the
redshift range 0.8 < z < 3.5 from the cross correlation of over 1.2 million spectroscopic
quasars selected by the Dark Energy Spectroscopic Instrument (DESI) across 7,200 deg?
(~ 170 quasars/deg?®) and Planck PR4 (NPIPE) cosmic microwave background (CMB) lens-
ing maps. We perform a tomographic measurement in three bins centered at effective redshifts
z = 1.44, 2.27 and 2.75, which have ample overlap with the CMB lensing kernel. From a
joint fit using the angular clustering of all three redshift bins (auto and cross-spectra), and
including an €, prior from DESI DR1 baryon acoustic oscillations to break the 2, — og de-
generacy, we constrain the amplitude of matter fluctuations in the matter-dominated regime
to be oz = 0.929700%9 and Sy = 05(Q2,,/0.3)%° = 0.92270959. We provide a growth of
structure measurement with the largest spectroscopic quasar sample to date at high redshift,
which is ~ 1.50 higher than predictions from ACDM fits to measurements of the primary
CMB from Planck PR4. The cross-correlation between PR4 lensing maps and DESI DR1
quasars is detected with a signal-to-noise ratio of 21.7 and the quasar auto-correlation at 27.2
for the joint analysis of all redshift bins. We combine our measurement with the CMB lens-
ing auto-spectrum from the ground-based Atacama Cosmology Telescope (ACT DR6) and
Planck PR4 to perform a sound-horizon-free measurement of the Hubble constant, yielding
Hy = 69.13% kms~"Mpc~! through its sensitivity to the matter-radiation equality scale.
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1 Introduction

The formation of large-scale structure (LSS) through gravitational amplification of density
perturbations, as probed by cosmic microwave background (CMB) experiments [1-4] and
large spectroscopic surveys [5, 6], is a prediction of our standard, A cold dark matter (ACDM),
model of cosmology. Conditioned on CMB data, ACDM predicts with exquisite precision the
amplitude of matter clustering, og, (e.g., [1, 7]). Gravitational lensing of CMB photons along
the line-of-sight probes the gravitational potential of LSS. It traces the projected matter
density from present-day to the surface of last scattering with particular sensitivity to the
redshift range 1 < 2z < 5 (see, e.g., [8], for a review).

Cross-correlation measurements probe the gravitational potential, ¢, allowing constraints
on the amplitude of the late-time power spectrum, og. They can also provide power spectrum
shape information, parameterized by Quh, from the large-scale power spectrum turnover set



by the horizon size at matter-radiation equality.! CMB lensing cross-correlations require
overlap with tracers at a wide range of redshifts to benefit from the broad distribution of the
CMB lensing kernel. The joint analysis of the auto power spectra of a galaxy (or quasar)
sample and its cross-correlation with lensing convergence maps allows to break the degener-
acy between bias and the growth of structure amplitude. So-called CMB lensing tomography
is becoming increasingly powerful as full-sky galaxy samples across a wide range of redshifts
are available from the ongoing Dark Energy Spectroscopic Instrument [DESI; 9], Euclid [10]
and LSST [11] surveys.

We can also measure cosmological parameters from the weak lensing of distant galaxies,
known as cosmic shear. In general, weak lensing analyses are most sensitive® to the degenerate
combination Sg = 05(£2,,/0.3)%?. Some cosmic shear and galaxy weak lensing analyses have
found a mildly low value of Sg relative to what is expected from the Planck best-fit ACDM
cosmology (see, e.g., [13, 14] for reviews; though see also [15-17] for consistent results with the
primary CMB). Other analyses find mild tensions at the ~ 2—30 level, e.g. peculiar velocities
from Supernovae [18] or full-shape analyses of the BOSS DR12 galaxy power spectra in the
framework of the effective field theory of large-scale structure [19-23] (though see [24] for a
galaxy power spectrum analysis giving Sg consistent with the CMB). Likewise, some analyses
of CMB lensing cross-correlations have also given low values of Sg [25-35], but others have
yielded consistency with the primary CMB [12, 36—40).

We present a measurement of Sg using a spectroscopically confirmed quasar sample in
the redshift range 0.8 < z < 3.5, providing a measurement of the amplitude of structure in
the matter-dominated regime. Spectroscopy provides two key advantages: eliminating error
from uncertainty in the redshift distribution, and removing interlopers such as stars and
galaxies. This allows us to construct a sample that is higher-density than the high-purity
photometric Quaia sample of [41, 42] and better characterized and with higher purity than
the DESI quasar target sample analyzed in [43]. We detect the cross-correlation between
PRA4 lensing maps and DESI DR1 with a signal-to-noise ratio of 21.7 and the quasar auto-
correlation at 27.2 for the joint analysis of all redshift bins with the improvement, compared
to previous analyses, stemming from the large number of quasars, the increased sky overlap
between the quasar sample and the Planck lensing map and a higher signal-to-noise ratio
in the convergence mass maps. With improved control of large-scale systematics due to the
spectroscopic quasar maps, we also present a companion analysis constraining primordial
non-Gaussianity from the quasar-CMB lensing cross-correlation in [44].

This paper is organized as follows: in Sec. 2 we present the different data sets. In Sec. 3
we briefly summarize the angular power spectrum estimator and in Sec. 4 we introduce our
theoretical model for the angular clustering of quasars and the CMB lensing convergence field
and cross-correlations thereof. We extensively test our measurement and likelihood pipeline
on Gaussian simulations in Sec. 5.1 and on realistic AbacusSummit mocks in Sec. 5.2. In
Sec. 6 we present our results and conclude in Sec. 7.

!The present-day energy density is denoted by Qn, os is the r.m.s. linear amplitude of matter fluctu-
ations extrapolated to present day in spheres of radius 8 h Mpc™', and h is the Hubble constant in units
100kms™" Mpc ™).

2Note that the optimal exponent on €, changes with the lensing source redshift, and is thus slightly
different for CMB lensing auto- and cross-correlations than for cosmic shear [4, 12].
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(a) Planck PR4 lensing map. (b) DESI DR1 quasar sample. (¢) Completeness mask.

Figure 1: Data used for the cross-correlation. The Planck PR4 lensing convergence map,
k, with the corresponding smoothed mask (Gaussian filtered with a 1° FWHM) is shown in
panel (a). The lensing map covers 67.1% of the sky. In (b) we show the DESI DR1 quasar
number counts map for the entire data sample covering all three redshift bins 0.8 < z < 3.5
with the corresponding completeness mask in (c¢). The data covers 20.3% of the sky with
an overlapping sky region between Planck PR4 and DESI DR1 given in Tab. 1. For easier
readability we show the maps using HealPix resolution of Ngg4. = 128, but the computations
use Ngige = 2048.

2 Data

In the present paper, we cross-correlate quasars from the DESI survey with lensing mass
maps obtained by the Planck satellite, namely the PR4 convergence maps. In Sec. 2.1 we
briefly present the employed CMB lensing data and summarize the quasar sample in Sec. 2.2.

2.1 Planck CMB lensing

CMB photons are gravitationally lensed by intervening matter, creating a distortion in the
temperature and polarization fields. The distortions are used to reconstruct the lensing
potential [see, e.g., 8, for a review|. We use the Planck PR4 [45] CMB lensing convergence, k&,
maps®. First, we resample the available spherical harmonic coefficients, xy,y,, of the minimum
variance (MV) maps to Ngge = 2048 using the HEALPix convention. For PR4 the NPIPE
processing pipeline [46] applies a more optimal global minimum variance estimator (compared
to its predecessor PR3) to the reconstruction. The resulting PR4 CMB lensing map is signal
dominated up to £ ~ 70 compared to ¢ ~ 40 for PR3. This increase in signal-to-noise
by ~ 20% stems from the improved NPIPE processing pipeline together with including an
additional ~ 8% of CMB data (relative to Planck PR3) from satellite re-pointing and an
optimal estimator [47] and anisotropic filtering scheme [48]. For our analysis, we apodize the
provided binary CMB lensing mask with a 30 arcmin ‘C2’ filter using the NaMaster algorithm
[49] (see Sec. 3 for more details on angular power spectrum estimation). Additionally, we
use the effective reconstruction noise curve N;* provided by the Planck collaboration when
computing the analytic Gaussian covariance matrices introduced in Sec. 3. The sky coverage?
of the Planck lensing maps is 67.1% and the overlap with the tomographic DESI DR1 quasar
catalog is tabulated in Table 1.

3Publicly available at https://pla.esac.esa.int and https://github.com/carronj/planck_PR4_
lensing.

“The quantity fa., denotes the fraction of unmasked pixels, fu, = Zjvz"l'x xl/Nf,‘l’)E Ng%ﬁ =12.N2,. ~ 5-107
denotes all the pixels in the map while z; is the value of the mask of pixel i.
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Label z-range Ngso shotnoise z Zoff Sy 5(1;”4 xDR1
g1 0.8<z<21 856,831 2.6-1076 1.49 1.44 0.099 19.8
go 21<2<25 194,754 11.2-1076 2.28 2.27 0.185 18.9
g3 25<2<35 171,806 12.7-1076 2.85 2.75 0.244 18.6

Table 1: Overview of DESI DR1 quasar samples used for the cross-correlation with Planck
CMB lensing. The total number of quasars used for the cross-correlation analysis from the
DESI DR1 sample is 1,223,391. We list all three redshift bins, denoted by {g1, g2, g3}, with
different redshift coverage in the range 0.8 < z < 3.5, number of quasars per bin, the mean Z
and effective redshift z.g (calculated as in [75]), the magnification bias s, and sky coverage
overlap of the DESI DR1 sample with the CMB lensing convergence maps PR4, 5(1;{4XDR1,
in per cent.

2.2 DESI DR1 quasar sample

We use 1,223,391 quasars with 0.8 < z < 3.5 from the quasar sample [50] of the first DESI
DRI1 data release [51]. DESI is a highly-multiplexed spectroscopic surveyor operating at
the 4-meter Mayall telescope at Kitt Peak National Observatory [52], with the capability of
observing 5000 spectra at once [53-57]. DESI'’s five-year survey covers up to 15,000 deg?
and is designed to provide transformative constraints on dark energy via baryon acoustic
oscillations and redshift space distortions measured by galaxies and quasars at 0 < z < 3.5
[58, 59]. After the successful completion of survey validation [60] and the early data release
[61], the first year of DESI data has already provided competitive measurements of BAO
[62-64] and redshift space distortions [24] and the leading large-scale structure constraint on
primordial non-Gaussianity from the large-scale quasar power spectrum [65].

An overview of the DESI DR1 quasar sample is given in Table 1, while the redshift
distribution is displayed in Figure 2. We are using the clustering catalogs that are described
in [66, 67], and redshift measurements from the spectroscopic pipeline described in [68-71].

Due to the different imaging properties of each region, the target selection for the QSOs
is adapted for each region [50]. The discrepancy in either the target selection or imaging
quality leads to different mean densities in these different photometric regions, and slightly
different redshift distributions as displayed. We use the appropriately-weighted average n(z)
for the full sky; on-sky variations in dN/dz at this level do not affect the galaxy-CMB lensing
cross-correlation and negligibly affect the galaxy auto-correlation [72].

To correct for observational effects, we weight each quasar by
Wtot = Wsys X Weomp X Wafail s (21)

where the weights are described in detail in [67] correcting for imaging systematics (sys),
completeness (comp) and redshift failures (zfail). Previous work has found that the fiducial
Random Forest imaging systematics weights correction [73] can remove power from the CMB
lensing cross-correlation on large scales [43]. To avoid this, we instead use the linear imaging
systematic weights used in the DESI DR1 primordial non-Gaussianity analysis [65], which
follow the linear regression method from eBOSS [74]. We show in Section 5.3 that linear
regression removes minimal power from C;¥ and C{Y on the scales considered.
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Figure 2: Normalized redshift distribution ¢(z) (with [dz¢(z) = 1) of the DESI DR1
spectroscopic quasar sample in both regions of the sky: northern galactic cap (NGC) as a
black line and southern galactic cap (SGC) as a red line. The vertical black dashed lines
demark the boundaries of each non-overlapping redshift bin.

3 Angular Power Spectrum Estimator

To make inferences from large data sets such as projected quasar and CMB lensing maps,
data compression is required to reduce the size of the data vector to a manageable level
and average over stochastic fluctuations. Here, we compress maps into summary statistics,
namely the angular power spectra® of two pixelized maps®, i.e. the pseudo-Cy’s. The lensing
convergence maps are given in the standard HEALPix [77] pixelization scheme and the quasar
distribution is projected in tomographic redshift bin onto the sky using the same pixelization
scheme. Our measurement pipeline is based on the NaMaster implementation [49] of the
MASTER algorithm [78].

We compute the angular power spectra of two fields X and Y using a projected quasar
map in three redshift bins, denoted by g1, go, g3, and the lensing convergence map, denoted
by . The window-convolved measured pseudo-Cy’s are given by

~ 1
C[ZXY =— Z agfnaznf , (3.1)
0

where the ag;y are spherical harmonic decompositions of the respective field. To obtain

the unbiased and window deconvolved angular power spectrum, we apply the inverse of the

5We use the following notation: window-convolved power spectra are denoted by Cy and theory spectra by
C¢ (or CFPeo).

Instead of pixelizing the projected quasar map, one could also directly compute the spherical harmonic
transform of discrete tracers (see, e.g., [76]). On the scales that we consider, we find very good consistency
between the pixel-free angular power spectrum and the pixelized angular power spectrum. The pixel-free
framework allows for a more robust and accurate treatment of large angular scales, and so we use it in our
companion paper constraining primordial non-Gaussianity [44]. We find that the pixelized approach in our
work leads to significant excess power in the auto-correlation at ¢ < 30, but we do not use these scales.



mode-coupling matrix My [78]

N 20 11 00 A\
v A

which is computed from the power spectrum of the mask, W, and multiplied by the Wigner-
3j symbols where Cy is the ‘true’ angular power spectrum of the overdensity field. We use
Eq. (3.2) to deconvolve the quasar mask’. Note that while the mode-coupling matrix My is
(usually) not invertible, re-binning it into bandpowers under the assumption that the Cy’s are
constant within each bin b allows for inversion of the binned mode-coupling matrix (see, e.g.,
[49]). Therefore, we measure the angular power spectra in bandpowers: C, = ), Mb;;éb,,
starting at £ = 5 and with A¢ = 20. However, since the theory C,’s are not constant in
some bandpower b, we do the following: First, we window-convolve the theory with Mgy to
obtain é;he"fy, bin it in bandpowers and window-deconvolve it with My . Theory spectra
are generated with the Boltzmann solver CAMB® [79, 80].

For the present analysis, we use a Gaussian analytic covariance [81], implemented in
NaMaster. Therefore, a set of fiducial spectra and noise estimates is required: (i) For the
lensing power spectrum Cj® we use the publicly available PR4 lensing spectra with the
provided lensing reconstruction noise N;*; (ii) we use an iterative approach by first using
a set of fiducial spectra for the cross-correlation between lensing and the different quasar
redshift bins in a fiducial cosmology with h = 0.67, Ay = 2.1 x 1079, ny, = 0.96, Q. = 0.27,
2 = 0.045, one 0.06 eV massive neutrino, the quasar bias b(z) from [82], and higher-order
bias parameters set to zero. We fit for cosmological and nuisance parameters with these
covariance matrices and use the resulting best-fit spectra as fiducial spectra to compute the
covariance matrices. (iii) Further, we include inter-quasar correlations C’g "9 using the best-fit
values of the linear bias parameters and use the resulting best-fit spectra as our final fiducial
spectra. These are computed up to £y = 3 - Nside = 6, 144.

4 Theoretical Model and Likelihood

4.1 Angular clustering

We follow standard practice and relate the three-dimensional matter power spectrum to the
two-dimensional angular power spectrum (see, e.g., [83]) using the Limber approximation[84,
85]? within some redshift bin

(+1/2

X * WX WY

Ky = O,X> , (4.1)
where Pxy denotes the equal-time cross-power spectrum of both tracers. The goal of the
present paper, is to cross-correlate the DESI DR1 quasar sample X = ¢ (or g) and the CMB

lensing convergence field Y = k. In the following, we present the corresponding projection
kernels, W*9(x).

7 Alternatively, we could also forward model the effect of the mask and apply it to the theory spectra. We
have tested on simulations that we recover the same results to better than 0.1%.

8Publicly available at https://camb.info/.

9Note that we have used the second order Limber approximation k; = (£+ 1/2)/x to further increase the
accuracy to O(£72) [86]. This approximation is accurate at the per-cent level at the analyzed scales £ > 30.
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CMB lensing convergence, k, is related to the underlying matter density field by setting
the lensing source to be at the surface of last scattering [§]

~ X . . . 3 QmH2 . —
H(n)—/o Ay W™ (x)dm (i, x) W (x) = 5= ox(XX X)

(4.2)

where W*(x) is the well-known lensing kernel and €2, the present-day total matter density
which includes the neutrino density, Hy the Hubble constant, and a = 1/(1 + z) the scale
factor. The comoving distance to the surface of last scattering is denoted by x. = x(zs =~
1100) ~ 9,400 h Mpc 1.

The quasar (or galaxy) projection kernel encodes the quasar bias and the redshift dis-

tribution of the sample
W9(x) = b)) S
dy ’

which is normalized such that [dz dN/dz = 1. We assume a fixed redshift dependence
for b(z), following [65], and freeing the linear bias means that we freely scale b(z). We also

include contributions stemming from lensing magnification of background sources, called
magnification bias s,, which contribute at the five per-cent level [28]:

(4.3)

X* !/ _ .
Wh) = B~ 2200+ 00 000 = [ X et
Y X dz
where s, is the response of the quasar number density to perturbations in the magni-
tude. In summary, our model for the angular clustering is given by the density-density
and density-lensing and magnification bias contributions {C;¢ = C; + C/*, CJ* = C} +
200" + )", Cp#}. Note that we include the effect of redshift-space distortions (RSD) in the
kernel of the projected quasar density following Eq. 9 from [87].

202 4+ 20— 1
(20 —1)(20 + 3)

ol —1)

i ri(26=3
WP (x) (2€_1)\/(%_3)(2€+1) <2£—|—1X)

W9 (x) = W9(x) +

B (L+1)(£+2) Wf’i<2£+5x>
(204 3)\/(20+1)(2¢ + 5) 20 +1
(4.5)
with the projection kernel
Wit = af(z) (4.6)

where f is the growth rate, dln D/dIna. The fractional contribution of the RSD term is
largest on large scales, and it contributes at the 0.1% level to C’; 9 at lpin = 45, and at the
1% level to C7Y at liin = 85.

4.2 Non-linear power spectrum modeling

We model the auto- and cross-correlation using a hybrid approach (see, e.g., [12, 28]),
combining fits to N-body simulations and Convolutional Lagrangian Effective Field Theory
(CLEFT; [88]). First, we generate a non-linear halofit (HF; [89]) power spectrum with
the Boltzmann code CAMB. Then, we add the leading-order non-linear bias terms from one-
loop Lagrangian perturbation theory computed with the velocileptors code!” [90]. For

10Publicly available at https://github.com/sfschen/velocileptors.
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completeness, the quasar-CMB lensing cross-spectrum (gm), the quasar auto-spectrum (gg),
and the matter spectrum (mm) are modeled as [28]

Pgm( ) = bl,E(Z) mm HF(k ) + [)27L2(Z)Pb2(k, Z) + bsé(z)Pbs(k, Z) (47)

Pyy(k,2) = b1 5(2)* P i (k, 2) + ba 1.(2) Py, (k, 2) + bs 1.(2) Py, (K, 2) (4.8)
+ b1,0.(2)b2,1.(2) Pyyvy (K, 2) + b1,10.(2)bs,1.(2) Poyb, (k, 2) + b2, 1,(2)bs, 1.(2) Pogp, (K, 2)
+ sz(z)?Pbg(k, %) + bs 1(2)* Py (k, 2) + SN
Prm(k,2) = Pym ar(k, 2) (4.9)

where Eulerian (Lagrangian) biases are denoted by E (L) which are related through by p =
b1, + 1 and P, gF is the halofit matter power spectrum. The power spectra Px with
X € {b1, by, bs, by1ba, bybs, b3, b2} are the one-loop auto-spectra in redshift space in Lagrangian
perturbation theory (see, e.g., [91]), and SN denotes the shot-noise over which we analytically
marginalize. We follow [34] in our treatment of neutrinos, using Pclgjcb as input for the

perturbative terms in the galaxy auto-spectrum, PCI{)nm as input for the galaxy cross-spectrum,
and Py (including neutrinos) for the matter auto-spectrum. Likewise, we use P(}E)}lb for the

nonlinear galaxy auto-spectrum and Pg)Fm for the nonlinear galaxy-matter cross-spectrum.
In our implementation, we vary the cosmology for all computed spectra when fitting data
or simulations. For the RSD terms, we use the same (real-space) expansions for the power
spectra and the linear-theory RSD kernel from Eq. (4.6). This simplification is justified
because the RSD contribute only a small fraction to the total angular power spectrum,
and are largest on large, linear scales. We use this approximation because it considerably

simplifies our modelling of this small term.

4.3 Likelihood pipeline and priors

To constrain the cosmological parameters, p, for model, m, given the quasar and CMB
lensing data set, d, we use a multi-variate Gaussian likelihood:

—2log £(d|p) = [m(p) — )" C™'[m(p) — d] + log [2xC], (4.10)

where C' is the covariance matrix. Therefore, we sample from the posterior using a Markov
chain Monte Carlo (MCMC) as implemented in Cobaya [92]. Chain convergence is computed
using the Gelman-Rubin statistic set to R — 1 < 0.03 ', To analyze the chains we remove a
burn-in phase of 30% and use the getdist package [93]. In table 2 we quote the used priors:
the first block quotes the sampled cosmological parameters, the second one gives the fixed
cosmological parameters to Planck best-fit parameters [1] with a prior on Q. h? which is a
proxy for the exquisitely measured 6, from the CMB, ie. a geometric constraint from the
angular sound horizon scale at recombination, and the fixed values of the baryon abundance
from Big Bang Nucleosynthesis measurements [94]. The bottom block gives the priors on
the nuisance parameters for each redshift bin z;. The values for the magnification bias and
shot noise are given in table 1. We analytically marginalize over the shot noise parameter
as it enters the theoretical model linearly. The theory prediction can be split into theory
templates A and B that depend on a set of model parameters 6 and a linear dependence on
parameters ¢;, (see, e.g., [37, 95] for more details).

"Each run takes approximately 0.5-1 CPU hour on a NERSC AMD Milan CPU.



Parameter Description Prior

Qm dark matter density U(0.1,0.9)
In(10'°A,) primordial power-spectrum amplitude U(1.0,5.0)

Qph? baryon abundance [94] 0.02236

N spectral index [96] 0.9649

Qmh? proxy for the angular acoustic scale [2§] 0.09633

> m, sum of neutrino masses [96] 0.06

b1(z) linear bias U(-10, 10)
ba(z;) quadratic bias U(-10,10)
bs(2;) shear bias N(0,12)

su(z) magnification bias N (su(2), (5.(2:)/3)%)

)
I
SN(z;) shot noise N(SN(z), (SN(Zi)/3)2)

Table 2: Priors for the parameters used in the likelihood analysis. The first block of two
rows are the sampled cosmological parameters. The second block of four rows are fixed
cosmological parameters and the remaining parameters in the third block are the sampled
nuisance parameters for each redshift bin z;. Uniform priors are denoted by U(x1,x2), and
Gaussian priors by AV (i, o). The values for the magnification bias and shot noise per redshift
bin are given in table 1. For those we choose a relative width of ~ 33% of the mean value of
the measured magnification bias and shot noise, and our results are insensitive to the size of
the priors chosen.

4.4 Scale cuts

For the present analysis, we impose low- and high-¢ scale cuts. For the auto-correlation we
use fmin = 85 and for the cross-correlation we use £, = 45. This allows us to avoid large-
scale modes in the autocorrelation, where we see anomalous cross-correlations between the
redshift bins at £ < 85 and would also need to apply a small correction for the angular integral
constraint. To be conservative, we also remove large-scale modes in the cross-correlation,
although we see no evidence for systematics.

We apply a high-¢ cut based on the values of kmax [Mpc~!], computed at the mean
redshift of each bin, Z. This yields an fyax = kmaxX(Z) where we assume a Planck 2018
fiducial cosmology [1] to compute the comoving radial distance x(Z). For our analysis we
use three £y = (605, 805, 1205) cuts (except for the lowest redshift bin where we only use
the first two). Each fy,x corresponds to a different maximum wavenumber ky,x based on
the effective redshift of each bin. For the lowest redshift bin each scale cut corresponds to

kZL. [Mpc™1] = 0.13, 0.18, for the center bin to k2, [Mpc~'] = 0.11, 0.14, 0.21 and for the
highest redshift bin to k23 [Mpc~!] = 0.09, 0.13, 0.19, respectively. Our baseline analysis

uses lmax = 605, 805, 1205 (corresponding to kmax = 0.14 Mpc~!) and we compare our
results using two more conservative scale cuts: (i) fpmax = 605, 805, 805, and (ii) lpax =
605, 605, 605. Our fiducial ky.x cut restricts the analysis to quasi-linear scales and is similar
to the scales chosen in the DESI 2024 full-shape analyses or in other CMB lensing cross-
correlation analyses. The resulting data vector for the baseline analysis is of size 282 with
14 degrees of freedom corresponding to 26, 56, 56 auto- and 28, 58, 58 cross-bandpowers,



respectively. The conservative scale cut yields for variant (i) a data vector of size 202 with
26, 36, 36 auto- and 28, 38, 38 cross-bandpowers, and for variant (ii) a data vector of size
162 with 26, 26, 26 auto- and 28, 28, 28 cross-bandpowers, respectively.

4.5 Pixel window function

We distribute the quasars on a HEALPIX grid at Ngge = 2048. This results in a convolution
of the tracers with a pixel window function, effectively yielding aliasing power. Therefore,
the spectra are multiplied by the pixel window w, using the routine from healpy’s pixwin
function, replacing the theory spectra by C;? — wC;? and C}* — w}?C{? + SN. Note that
(i) the auto-spectra are convolved with the pixel window prior to adding the shot noise; and
(ii) the effect of w? is approximately 0.8, 1.4, 3.2% for our scale cuts £y, = 605, 805, 1205,
respectively. To avoid assuming a fiducial value of the shot noise when accounted for at the
data level (see, e.g., [27, 28]), we forward model the pixel window function (similar to [37])
and directly apply it to the theory spectra.

4.6 Bias evolution

We model the higher-order biases using bias relations measured from clustering of halos in
N-body simulations from [97]. Therefore, we use the bias values from figure 8 of [97] together
with the best-fit linear bias relation from DESI DR1 QSOs [65]

bi(z) =a(l+2)>+b, with a,b=0.237+0.010,0.771 + 0.070. (4.11)

5 Consistency tests on Simulations

Before presenting the main results of this paper, we validate our pipeline on two sets of
simulations. First, we use Poisson-sampled Gaussian mocks from input power spectra repre-
sentative of the DESI quasars and CMB lensing to validate the window function treatment
and, second, on AbacusSummit lightcone mocks that match the DESI DR1 quasar number
density to test the validity of the theoretical model. The parameter recovery results for
Gaussian simulations are presented in Sec. 5.1 and for the AbacusSummit mocks in Sec. 5.2.

5.1 Likelihood validation on Gaussian mocks

The first series of tests of the presented theory pipeline and (well established) angular power
spectrum estimator presented in Secs. 3 and 4 is on Poisson-sampled Gaussian mocks of a
DESI-like quasar sample. Therefore, we generate a Gaussian realization of a theory lensing
power spectrum, Cj* and noise curve taken from Planck PR3.'2 The quasar map is obtained

by computing Gaussian realizations'® of (i) the ratio of the squared cross-spectrum, (C’; g )2,
to the lensing spectrum, Cy*; and (ii) the difference between a fiducial auto spectrum of the
quasars (appropriate for the 0.8 < z < 2.1 bin) and the ratio from step (i). We assume a
quasar density of 114 deg=2 which corresponds to a shot noise of 2.67 - 10~%. To obtain the
quasar number count maps, we use a map with randoms from the DESI pipeline. We use
a fiducial ACDM linear power spectrum as theory input [1] and sample the posterior using
MCMC.

In figure 3 we show the accuracy of the mask deconvolution procedure, introduced in
Sec. 3. The cross-spectrum is unbiased but noisy above ¢ ~ 800 and the auto-spectrum is

2Publicly available at https://pla.esac.esa.int.
13This can be done using the synfast routine from healpy.
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Figure 3: Transfer function of the window deconvolution for the cross (left) and auto-
spectra, comparing both the case where the galaxy mask is not apodized (black) and where
it is apodized by 0.05° using the “C2” filter from NAMASTER. We show the ratio of the mean
measured spectra divided by the input theory. To guide the eye we include a horizontal dashed
(dotted) line illustrating deviations at the 5% (1%) level. Both spectra show that the mask
deconvolution does not introduce any biases: the cross-correlation is noisy but accurate up
to £ ~ 805 at the 8% level and the auto spectrum at the per-cent level at all scales.

accurate at the per-cent level at all scales. For our cosmological analysis, we do not include
a simulation-based transfer function to correct the measured spectra since these introduce
noise into the parameter sampling step.'* We apply a smoothing of 0.05° using the “C2”
filter implemented in NAMASTER to the quasar mask by default.

We validate our likelihood pipeline by performing two tests: we use as input to the
likelihood (i) the fiducial, noiseless input spectra with error bars taken from the DESI 0.8 <
z < 2.1 data; (ii) measured spectra from the Gaussian mocks with realistic noise levels
given by N/ and application of the DESI survey geometry. The results of the cosmological
parameter recovery tests are summarized in table 3. For the Gaussian theory vector we find
unbiased results at the ~ 0.1o level. Using N = 100 Gaussian realizations of the theory
input power spectrum, and applying the DESI survey geometry, we measure the resulting
cosmological parameters (second row in table 3). Using the fiducial variance, we find a ~ 0.30
level agreement from the mean of 100 inferred sets of parameters. This serves as a test of
both our likelihood pipeline (we use an independent pipeline to generate the input theory
vectors) and to quantify the impact of prior effects.

We test our likelihood pipeline for both projection effects: first, prior “volume effects”
where the posterior mean is found to deviate from the MAP value due to the influence of
a number of prior-dominated parameters, usually occurring for weakly constraining data,
and, second, prior “weight effects” when the true value of a parameter is ruled out (or highly
disfavored) by the prior. We do not find evidence for both effects here by finding (i) agreement
between the mean and the maximum of the posterior (MAP) of each chain. The MAPs are
given in square brackets jointly with the means when we quote parameter results. (ii) We
find negligible differences in MAP values when using uninformative, flat or wide Gaussian
priors.

4We have verified that including a transfer function does not affect the main conclusion of this paper.
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AQpy, Acs %
Qm T, os Oog Sg 03g

Gaussian simulations

Theory 0.31070055[0.313]  0.11  0.83610:553%(0.830] 0.13 0.84970075(0.848] 0.02

100 mocks  0.336 £ 0.062[0.335] 0.31 0.822 4 0.063[0.830] 0.10 0.876 = 0.072[0.870] 0.35

AbacusSummit no downsampling & full-sky — DESI 0.8 < z < 2.1 error
CLEFT 0.34670027(0.337]  0.47  0.81970:929[0.808] 0.00 0.87570023[0.856] 0.31
+ QPRI prior 0.31679:9120.315]  0.03  0.832F9:946[0.830] 0.20 0.85370:944(0.851] 0.21

AbacusSummit DESI-like dN/dz & full-sky — DESI 0.8 < z < 2.1 errors
CLEFT 0.358T0053(0.346]  0.67 0.82570:019[0.827] 0.28 0.86775025(0.868] 0.44
+ QPR prior  0.31870913[0.317]  0.30 0.84470.517[0.825] 0.15 0.8687002[0.844] 0.15

Table 3: Parameter recovery tests on Poisson-sampled Gaussian realizations and down-
sampled AbacusSummit mocks from the angular clustering of quasars and the and quasar—
CMB lensing cross-correlation. The Gaussian mocks use as fiducial input €2,, = 0.3164,
og = 0.8285, and Sg = 0.8509. The best-fit values are the MAPs (in squared brackets)
obtained from the minimizer run on top of a chain. The values for the AbacusSummit
downsampled simulations are the means of 18 realizations with an input cosmology cen-
tered at €, = 0.3152, og = 0.8080, and Sg = 0.8282. We quantify the modeling biases on
AbacusSummit simulations using the pre-unblinding data error and the MAP values. Since
we use parameter-level blinding, these errors are the same as the baseline errorbars from
Tab. 4 (when including BAO data) and from Eq. (6.1) (without BAO data).

5.2 Parameter recovery tests on AbacusSummit mocks

The second series of tests is performed on a large suite of high-resolution gravity-only N-
body ABACUSSUMMIT simulations'® [98, 99]. We use the Abacus lightcones [100] with Born-
approximation CMB lensing mocks [101], and populate the quasars into one of the “huge”
boxes to allow full-sky coverage out to z = 2.1 without any box repetitions. This box has
86403 = 645 billion particles in a (7.5 h Gpc™!)? volume with an approximate particle mass of
5.7-101°M,/h. This realization gives the density field and dark matter halos'® in a cubic box
and lightcone using a Planck 2018 best-fit ACDM cosmology [1]. The halos are populated
with galaxies using a halo occupation distribution (HOD) model based on the ABACUSHOD
algorithm [103], and the quasar HOD matches that from fits to small-scale clustering from the
DESI early data release [104]. Since quasars are episodic, their number density is much lower
than the number density of their host halos (i.e. they are much rarer than their clustering with
linear bias of ~2 would indicate) [105]. Matching the quasar number density is accomplished
by randomly downsampling the parent halos.

We therefore create two versions of the mocks; the first, the “no downsampling” mocks,
omits this step to obtain mock quasars with a much higher number density, but a different
dN/dz from the DESI sample. The second set of mocks are randomly downsampled to match

5Publicly available at https://abacussummit.readthedocs.io/en/latest/abacussummit.html.
'%Halos are identified using the CoMPASO halo finder (see [102] for more information).
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Figure 4: Transfer functions for systematic corrections applied to the data. Left panel:
Corrections from the fiber assignment applied to the auto spectrum Cglgl of the lowest
redshift bin. The gray shaded regions illustrate the scale cuts applied to the measurement.
Right panel: Monte Carlo norm correction applied to the cross-spectra C’; 9 which amounts
to an approximately constant amplitude change of 7 — 10%.

the DESI quasar number density as a function of redshift. To obtain mocks with as low noise
as possible, we use a single realization of the “no downsampling” mocks on the full sky with
no CMB lensing noise, and for the “downsampling” mocks, we average over 18 realizations of
the downsampling from the single box. The no downsampling mocks have a statistical power
20 times larger than the data (as measured by the signal-to-noise of the cross-correlation at
¢ < 600), mainly due to the lack of CMB lensing noise. When fitting both mocks, we use the
same covariance as the 0.8 < z < 2.1 data. A drawback of the employed simulation is that
we can only test the 0.8 < z < 2.1 bin due to the size of the simulation box; however, this
redshift bin dominates our constraints.

After validating the window function treatment on the Gaussian realizations of an input
power spectrum with the DESI survey applied to it, we perform a series of parameter recovery
tests on AbacusSummit mocks. Therefore, we compare two different cases both using error
bars from the low-z DESI bin and the full sky with (i) no-downsampling; and (ii) DESI-
like dN/dz. For each we run our baseline model and include an (2, prior centered at the
AbacusSummit input cosmology with the width from the DESI BAO results, g, = 0.015
[62]. The input cosmology is Ag = 2.083 x 1079, Q,,, = 0.316, os = 0.808, Sg = 0.828,
h = 0.6736. The results are given in Table 3. The addition of the €, prior breaks the
degeneracy between og and €, and (slightly) reduces biases in the pipeline to deviations of
< 0.350. We note that given that the AbacusSummit simulations are full-sky, the constraints
are tighter than what we get from the Gaussian mocks or the DESI data. We quantify the
modeling biases on AbacusSummit simulations using the pre-unblinding data error. Since we
use parameter-level blinding, these errors are the same as the baseline errorbars from Tab. 4
(when including BAO) and from from Eq. (6.1) (without BAO).

5.3 Systematic contaminants

In this section we present and discuss a series of tests performed to demonstrate robustness
against systematic contaminants.

1. Fiber assignment corrections: We estimate the impact of fiber assignment by com-
puting the angular power spectrum of the AbacusSummit mocks used to validate the
DESI DR1 RSD modelling [24]. These are distinct mocks from the AbacusSummit
huge-box lightcones used to validate the angular clustering measurements. They are
constructed from the 25 AbacusSummit “base” boxes of size (2hGpc™1)? with remap-
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ping to fit the entire DESI volume, and are described in Section 3.1 of [24]. These mocks
are available in two flavors, “complete” in which the DESI footprint is applied but fiber-
assignment is not run, and “Alt-MTL” [106] in which the DESI FIBERASSIGN code was
run on the mocks. We measure the average angular power spectra for 0.8 < z < 2.1
quasars in both flavors and plot its difference AC’?“MTL, in the left panel of Fig 4. We
find that, on the scales of interest, AC?“MTL is negative (i.e. fiber assignment reduces
clustering power as it prevents observation of small-scale galaxy pairs), and consistent
with a constant offset at a level of ~10% of the shot-noise level.!” As a result, we
expect that our shot-noise marginalization (with width equal to a third of the fiducial
shot-noise value) will capture the impact of fiber collisions on the angular clustering.
We explicitly test this by subtracting AC’?”MTL from the data and re-running our like-
lihood we find a —0.050 change in og (and equivalently in Sg). Because of the minimal
impact, we do not wish to add this noisy correction to the data, and therefore do not
apply any correction in our baseline analysis. We do not include a correction in the
cross-spectra, following measurements of galaxy-galaxy lensing on fiber-assigned mocks
shown in Fig. 7 in Ref. [107], who find that applying completeness weights is adequate
to eliminate the impact of fiber collisions on the cross-correlation.

2. Monte-Carlo norm correction to Planck lensing maps: Following [12, 75], we
apply a simulation-based mode-by-mode correction to the measured cross-spectrum.
This is required as the mode-coupling stemming from anisotropic filtering and masking
(both of which are applied during lensing reconstruction) is not forward modeled into
the cross-spectra obtained with NAMASTER algorithm. As this correction factor is
mask-specific, we generate a suite of CMB lensing reconstructions with the appropriate
mask

o Wi S AM R e (MK,
L = . - x )

S Wee 3005m Y A M o { M55},
where M are the masks, x the input (% the reconstructed) lensing convergence, i is
an index over simulations, and {XY }s, = [ d*nY; ()X (A)Y (A) with Y, being the
spherical harmonics. The corrections are 7 — 10% for the Planck PR4 maps over the

DESI DR1 footprint at the scales of interest, see right panel in figure 4. We do not find
evidence for a scale dependent MC norm correction.

(5.1)

3. Catastrophic redshift failures: Accurately measuring redshifts for quasars is chal-
lenging. Whilst this is a key concern for 3D analyses [65, 108], the large width of the
here chosen redshift bins reduces its impact.

4. Angular integral constraint: Methods to correct for imaging systematics can spu-
riously remove power on large angular scales. As described in Section 10.1.2 of [66],
this effect is estimated by applying the imaging systematics correction to cutsky mocks
without imaging systematics contamination and measuring the change in the power
spectrum monopole and quadrupole. This change in power is termed the “angular
integral constraint” (AIC). For 3D galaxy clustering, [66] finds that linear regression
removes negligible large-scale power, while the nonlinear methods used (SYSNET for
ELGs and Random Forest for QSOs) require an AIC correction. In this work, we use

YACHMTL hecomes scale-dependent when considering much smaller scales, ¢ > 2000.
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linear weights rather than the RF weights to mitigate the impact of the AIC. Addi-
tionally, we check the AIC by measuring the angular power spectrum of 40 EZMocks
with a 6h~! Gpc volume (as used in [65]) both with and without the linear regression
weights. We find a < 0.2% change in the auto-spectrum on the scales used (¢ > 85),
although at ¢ ~ 15 linear regression reduces C7? by ~2%. We expect that the impact of
the AIC on the cross-correlation is less than the impact on the auto-correlation, which
is ~0.5% at £ ~ 40.

5. Quasar cross-correlation spectra: Whilst g; and g; are, in principle, uncorrelated,
magnification bias creates a non-zero correlation. We find that the cross-spectra agree
with the theory prediction in our fiducial scale range (¢ > 85), once a fiber-assignment
correction of ACZA“MTL ~ 2 x 1077 is added. On larger scales, we find reasonable
agreement at £ > 35 for the g1-go cross-correlation, but disagreement at ¢ < 85 for gi-g3
and go-g3. This may be due to residual imaging systematics or large-scale discrepancies
due to our pixelized power spectrum estimator, and the large-scale inter-bin quasar
cross-correlation would be interesting to explore with the pixel-free approach as well.

6 Results

In this section we present a tomographic measurement of the amplitude of matter fluctuations
over the redshift range 0.8 < z < 3.5 in three redshift bins from the cross correlation of
1,223,391 spectroscopically confirmed quasars selected by the Dark Energy Spectroscopic
Instrument (DESI) across 7,200 deg? and Planck PR4 (NPIPE) cosmic microwave background
(CMB) lensing maps. We use the angular power spectrum estimator, described in section 3,
to measure the auto and cross-spectra and use the Convolutional Lagrangian Effective Field
Theory (CLEFT), described in section 4 as our theoretical model. In section 6 and figure 8
we show the key results of this paper: tomographic constraints on the amplitude of matter
clustering centered at mean redshifts z ~ 1.5, and 2.9. For the present analysis we quote the
results for the joint analysis of the northern and southern galactic cap (NGC/SGC), weighted
by the number of quasars in each hemisphere.

6.1 Blinding

We performed a blind analysis on the cosmological constraints derived from the cross-
correlation of DESI DR1 quasar data with Planck PR4. First, we visually inspected the
measured angular auto- and cross-spectra (but did not overplot theory and data vectors).
Second, we tested and validated the scale cuts and priors on Gaussian and AbacusSummit
mocks. Once these were passed, these values were frozen and we performed a blind cosmologi-
cal analysis of the present data (blinded at the likelihood level). After the pre-defined blinding
tests were satisfactorily passed, we unblinded the cosmological constraints. We emphasize
our baseline analysis choices have not changed post unblinding, in particular, the scale cut
lrmax = 605, 1205, 1205 compared to the more conservative scale cut of £, = 605, 605, 605.
The only measurement we did not validate on simulations was the sound-horizon free mea-
surement of Hy since we do not have simulations at hand for this. To ensure robust results
we tested the chosen analysis variations (different priors and scale cuts) additionally post
unblinding and did not find any reasons for concern in the choices of our scale cuts.
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Figure 5: Comparison of CLEFT best-fit angular power spectra (red line) obtained from
the joint analysis of the three redshift bins to the measurement points (black dots) including
DESI DR1 BAO data. The redshift is increasing from left to right with scale cuts of £yax =
605, 1205, 1205 for each redshift bin. The error bars are from the square root of the diagonal
of the covariance. Top panel: We show the auto-spectra with scale cut of ¢y, = 85. The
o-normalized residuals are shown in the bottom part of each plot with a gray 1o band to
guide the eye. Bottom panel: We show the cross-spectra with scale cut of £,,;;, = 45. The
goodness of fit is x2 = 273.7 for 282 data points and 14 free parameters, tabulated in Tab. 5.

6.2 Best-fit angular power spectra

In Fig. 5 we show the best fit angular power auto (top row) and cross-spectra (bottom row)
from a joint fit of the three redshift bins. In each plot we show the residuals normalized
by their error bars with a gray lo error band to guide the eye. We find good agreement
between the model and the data at the 1 — 1.50 level with a x? value of 273.7 for 282 data
points and 14 degrees of freedom.'® For the auto-(cross-)spectra we apply a scale cut of
lmin = 85 (45). Variations of the scale and redshift bins are given in table 4 and, following
baseline expectation, show good consistency. We do not see a strong improvement when
increasing f,ax, which indicates that our results are shot noise dominated for ¢ > 800.

For our fiducial analysis, we detect the cross-correlation between PR4 lensing maps
and DESI DR1 with a signal-to-noise ratio of 27.2 for the auto-correlation and 21.7 for the
cross-correlation for the joint analysis of all redshift bins. This corresponds to SNRs of
20.0, 15.8, 9.6 (19.8, 8.7, 4.9) for the individual bins in ascending order for the auto- (cross-)
correlation, respectively.
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0z 0o 0 Ag-109 BAO Q, o3 Ss x> Ng
605 — - 2.73%03 DRI 0.29640.007 0.91070:0%3 0.90413951 425 54
605 — - 269703 DR2 0.29740.004 0.90570:0%2 0.9011395! 433 54
605 605 605 2957031 DRI 0.296 4 0.006 0.94670:052 0.93875:961 148.9 162
605 805 805 2.88%0%3 DRI 0.29540.006 0.935700% 0.92875:590 187.8 202
605 1205 1205 2.8470%% DRI 0.296 +0.006 0.92970559 0.92275:05% 273.7 282
605 605 605 2.897035 DR2 0.297+0.004 0.938750:955 0.93370:051 149.2 162
605 805 805 2917037 DR2 0.297£0.004 0.94170022 0.93675035 186.4 202
605 1205 1205 2.86%032 DR2 0.29740.004 0.93470:052 0.93075:96) 273.5 282

Table 4: Scale and prior dependence of the cosmology constraints as a function of £, for the
lowest redshift bin and the joint analysis of all z-bins. These results use the baseline CLEFT
model with BAO information from DESI DR1 or DR2, Q,,h3% = 0.09633 and n, = 0.9649
fixed to the Planck best-fit value [96] and wy, to the Big Bang Nucleosynthesis value [94]. The
inclusion of the BAO data from DESI DR1/DR2 breaks the 0g-2,,, degeneracy but results in
prior dominated results on the matter density. The corresponding best-fit spectra are shown
in figure 5. In the last two columns we quote the goodness of fit and the corresponding
number of data points. Each fit has 14 free parameters. Although we substantially increase
the iax, the information gain is minimal without a deterioration of the y2.

6.3 Cosmological constraints from tomographic analysis

In figure 6 we show a triangle plot of the marginalized 1D and 2D posteriors for the cos-
mological parameters as a function of scale cut. The corresponding numerical values are
given in table 4. We do not quote the results for the two higher redshift bins as the low
SNRs yield very poor cosmological constraints which are improved when performing fits to
the joint z-bins. Further, for the lowest redshift bin we only quote results up to fi.x = 805
as we do not trust our theory modeling up to these small scales at these redshifts. We find
evidence for prior volume effects (also from Gaussian and AbacusSummit simulations) as the
MAP values are in 0.3 — 0.80 tension with the means of the chains.'® Our baseline results
for the highest .y constraint (gray contours) are given in the last row of Table 4. We find
a small gain increasing the scale cuts from ¢, = 605 to 1,205 which is consistent with the
fact that we are shot noise dominated at these scales. This stems from the sparse sampling of
the quasars at high redshifts. Following baseline expectation, the constraints on the matter
density and Sg degrade when not including BAO to

Ay = (2.737038(2.93]) - 1077, Q= 0.308 & 0.048 [0.301]
os = 0.91315:55810.986], Ss = 0.92075:075 [0.988] .

(6.1a)
(6.1b)

We include the second order bias parameters in the CLEFT framework, namely b2 and
bs. Whilst these are only weakly detected these are dictated by the symmetry of the tracer

18Note analytically marginalizing over the shot noise requires a careful treatment of the y? statistic (see,
e.g., [37] for more details).
19We present an analysis variation using linear theory in Sec. 6.4 to address this.

17 -



and include a marginalization over all possible bias parameter values. For our baseline results,
we measure the bias parameters per redshift bin. For the linear bias parameter we find:

bi(21) = 1.98 + 0.20, by (22) = 2.53 +0.23 , by (23) = 2.93 + 0.36.. (6.2)

The constraints from this work are discrepant with [65] at the 1.3, 3.6, 3.80 level. The higher
order bias parameters yield

ba(z1) = (prior) , ba(z9) = 0.2778  by(23) = 0.06799* (6.3)

where for by(z1) we recover the flat prior similarly for the shear bias for which we recover the
prior
bs(z1) = —0.10 = 1.00, bs(z2) = 0.00 £ 1.00, bs(2z3) = 0.00 £ 1.00. (6.4)

For the magnification bias, we find consistent values to our measurements on the data
su(z1) = 0.10 £0.03, 5,(22) = 0.224+0.05, 5,,(23) = 0.19 £ 0.06 . (6.5)

For the shot noise, which we can recover a posteriori from the chain, we find lower values
than measured on the data

SN(z1) = (2.7340.02)-1075 ,SN(25) = (8.7740.05)-107% ,SN(23) = (9.5840.05)-107°. (6.6)

In Fig. 7 we show a compilation of different growth of structure measurements using
og and Sy = Ug(Qm/O.3)0'5. Our results are consistent with recent measurements at the
1 —2.50 level?® with measurements from the primary CMB: our joint constraints are ~ 1.50
high compared to Planck 2018 (TT,TE,EE+lowE) [96] even when combined with a low-¢
SRo112 likelihood (momento [111]) which includes cross-correlations between temperature
and polarization in de Belsunce et al. [112]; similarly for the most recent PR4 analysis in
Tristram et al. [113]. Sg measurements are discrepant at the 1.0 — 1.4 level from ACDM
predictions obtained from measurements of the primary CMB. This discrepancy is reduced
by ~ 0.50 when using our linear theory analysis variation (see Sec. 6.4).

The most relevant measurements to compare our results to are (i) Sailer et al. [37, 38]
which present cross-correlation of DESI LRGs and Planck PR4 + ACT DR6 measurements;
(ii) Farren et al. from cross-correlation of the same lensing maps with unWISE blue and
green samples [12, 40]. In particular, their hybrid EFT model is very similar to our theory
model. (iii) Piccirilli et al. [114] cross-correlating PR4 and Quaia quasars [42]. (iv) Miyatake
et. al. correlating Lyman Break Galaxies with PR3 lensing maps [115]. Using individual
redshift bins, our z3 measurement presents one of the highest redshift measurement of og
(Ss) to date. For the joint constraints, we are centered at a similar redshift to (ii) and (iii).
Our results are ~ 20 higher than each of the measurements, respectively. We do not find
any conclusive evidence for a og (Sg) tension with the DESI DR1 quasar sample centered at
z =~ 2.3. Note that our constraints on og are fully consistent with the results obtained from
the “full modeling” given in table 10 from the DESI DR1 QSO power spectrum [116].

20Given the asymmetric error bars, we use the left-sided error bar to compute the “tension” T to quantify
in units of ¢ the discrepancy between two measurements: T = (u1 — pz2)/+/02,,,. Whilst this metric is overly
simplistic as it assumes a Gaussian posterior and ignores correlations between datasets it is a helpful tool
to approximately assess the level of consistency between different measurements. We verified that using a
more sophisticated technique accounting for the non-Gaussianities in the parameter posteriors [110] does not
increase the tension with Planck 2018 (TT,TE,EE+1owE).
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Figure 6: Triangle plot of the cosmology constraints obtained from cross-correlation of
DESI DR1 quasars in three redshift bins from 0.8 < z < 3.5 using a CLEFT theory model
as a function of scale cut fp,x. We impose a prior on €, from the DESI DR1 (blue, red,
gray contours) and DR2 (green contours) BAO measurement [62, 109] to break the Q,, — g
degeneracy.
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Figure 7: Comparison of constraints on the growth of structure analysis variations presented
in this work (first three rows in red) to other lensing cross-correlation analyses. We show
constraints on the growth of structure from the cross-correlation of CMB lensing and (i)
galaxy positions (dark blue and teal), (ii) 3D galaxy positions and lensing (dark green), (iii)
galaxy lensing (purple), (iv) CMB lensing and (v) from the primary CMB (black). For og and
Sg, our baseline (linear theory; see Sec. 6.4) results are ~ 1.60 (~ 1o) higher than predictions
from ACDM fits to measurements of the primary CMB from Planck PRA4.

Whilst our error bars are broader compared to Farren et al. and Piccirilli et al., we find
that our number density is lower than from their measurement with a wider redshift coverage.
In particular, we do not use very informative priors (i.e. we do not fix the counterterms to
zero) but marginalize over the quadratic biases by and bs. We note that we only weakly
detect them but prefer to leave them in since this matches the blinding strategy and while
linear theory is powerful in this regime (as shown at lower redshift in Sailer et al. [37])
we find deviations from linear theory on our parameter recovery tests on ABACUSSUMMIT
simulations with the fiducial scale cuts up to £pax = 605, 1205, 1205.

Our results are 1.4 — 2.20 high compared to measurements from galaxy lensing, as
illustrated by the purple points in figure 7. We show a sub-set of (more recent) constraints
from the joint analysis of Dark Energy Survey (DES-Y3) and the Kilo-Degree Survey (KiDS-
1000) [15] as well as KiDS-Legacy releases [16, 17].

In figure 8 we compare our tomographic growth of structure measurements with recent
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Figure 8: Comparison of selected tomographic growth of structure measurements from
CMB lensing cross-correlations with galaxy and quasar positions. We show the Planck PR4
prediction in black [113], this work is shown in red for the lowest and highest redshift bin
at zeg and for the joint analysis of all three bins. Further, we compare our results to three
recent measurements: (i) Planck PR4 + ACT DR6 cross-correlation with DESI LRG+BGS
[37, 117] in green; (ii) Planck PR4 + ACT DR6 correlated with the blue and green unWISE
galaxy samples [12] in black; and (iii) Planck PR4 correlated with the Quaia quasar sample
in orange [114].

measurements from CMB lensing cross-correlation with galaxy positions.?! In particular, we
compare the constraints that are closest to our work re theory modeling (Farren et al. [12])
and chosen data sample (Piccirilli et al. [114]). Our constraints are shown as red points for
the first and the last redshift bin individually (the center redshift bin has poor constraining
power on its own) and for the joint constraints (bold red point). Given the large sample size
of low-redshift quasars, the mean redshift in our analysis approximately 1.5, almost exactly
matching the high redshift bin in Farren et al. and the center redshift bin in Piccirilli et
al.. We do not find any evidence for a departure from ACDM from DESI DR1 quasar cross-
correlation measurements with Planck PR4. Our constraining power is similar to that from
Piccirilli et al. at z ~ 1.5 and slightly worse than them at z > 2. The constraints from
Farren et al. are tighter, but at this redshift they also incorporate information from the
CMB lensing auto-correlation, whereas our measurement and those from Piccirilli et al. are
from cross-correlations alone.

6.4 Analysis variation: Linear theory fits

To explore the difference between our analysis and the one presented in Ref. [41] we fix the
higher order biases, magnification bias and shot noise and only sample b; in addition to the

2I'Measurements that do not quote os(z) are rescaled by os(z)/os(z = 0) assuming a Planck 2018 ACDM
cosmology.
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cosmological parameters. The results are shown in Figs. 7 and 9 with this variation denoted by
“Linear theory”. We additionally compare the impact of using the DESI DR2 BAO data [109].
Following baseline expectation, we find tighter constraints when using linear theory which use
as scale cut corresponding to the blue contours. Whilst our baseline analysis marginalizes over
the higher-order nuisance parameters this comes at a cost of removing shape information. For
the growth of structure we find og = 0.864 4+0.048 [0.866] (0 = 0.862+0.047 [0.859]) using a
DESI DR1 (DR2) BAO prior. This corresponds to a discrepancy of —0.990 (—0.970). For Sg
we find Sg = 0.859 +0.048 [0.863] (Ss = 0.859 £ 0.048 [0.855]) a —1.08¢ (—1.100) difference.
For the linear bias parameters we obtain by(z1) = 2.21 4 0.15 [2.2] by (22) = 2.867517 [2.88]
and by (z3) = 3.4370-23 [3.45] which are in somewhat better agreement, i.e. (0.21, 2.57, 3.49)0,
with the values from Eq. (4.11) measured from the 3D clustering of DESI DR1 quasars [65]
and the values obtained from our fiducial analysis given in Eq. (6.2). The DR2 constraints
are within < 0.050. The constraining power of this “linear theory” analysis is in better
agreement with that of [41], with a ~ 5.5% constraint on Sg for our linear theory fits compared
to a 5.1% constraint on Sg in [41]. Given the similar detection significances of C7¢ and C;* in
[41] (21.70 and 12.30) and our work, this agreement is encouraging. However, our fractional
constraining power degrades to ~ 8% on Sg in our baseline configuration when we marginalize
over shot noise, higher-order bias parameters, and magnification bias.

6.5 Sound-horizon free measurement of the Hubble constant

In light of the vigorously debated Hy tension, many models have been proposed that involve
the modification of the physical size of the sound horizon at recombination. Thus, mea-
surements of the Hubble constant independent of the sound horizon have gained traction in
the community (see, e.g., [118, 119] and references therein). Aside from using the BAO as
“standard ruler”, we use the matter-radiation equality scale kqq visible as the turnover scale
in the matter power spectrum [120, 121] which is given by

keq = (200 Hi2eq)” ~ 7.46 x 107200,h05 2, [h Mpc™] (6.7)

where O37 = Temp/(2.7K) and Qg is the sum of cold dark matter and baryon density. In the
angular projection this corresponds to Q%:6 /h. We can further break the arising €,,, —h degen-
eracy by using additional geometrical information from our tomographic analysis, i.e. using
multiple redshift bins as the degeneracy direction rotates from a dark energy dominated to
a dark matter dominated Universe.

We present a measurement of Hy by combining our present likelihood with the publicly
available ACT DR6 CMB-marginalized lensing-only likelihood which includes the Planck
angular power spectrum .22 In summary, this measurement is sensitive to the turn over scale
of the matter power spectrum. Whilst ACT DR6 lensing measures exquisitely well the small
scale power spectrum, Planck provides complimentary information at large scales. Jointly
this provides a robust lever arm pinpointing the turnover of the power spectrum. In practice,
this corresponds to extending our data vector by the bandpower angular lensing auto spectra
paired with the covariance matrix blocks for the auto- and cross-correlation measurements.

The data vector consists of adding the band powers for Planck and ACT DR6. We
extend the covariance matrix to include the auto- and cross-spectra of the CMB lensing
data with the cross-correlation measurement. Note that as our fiducial, we assume that the
correlation between ACT DR6 and g; equals the correlation of Planck PR4 and said quasar

22Publicly available at https://github.com/ACTCollaboration/act_dr6_lenslike.
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Figure 9: Triangle plot comparing cosmological constraints obtained from cross-correlation
of DESI DR1 quasars in three redshift bins from 0.8 < z < 3.5 using a CLEFT theory model
(baseline analysis) and linear theory fits imposing a prior on ,, from the DESI DR1 and
DR2 BAO measurement [62, 109] to break the €, — og degeneracy. The linear theory fits
use the same scale cuts as the blue contours.
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Figure 10: Comparison of constraints on measurements of the Hubble constant from this
work (first two rows in red using DR2 and DR1 BAO priors) to other early and late-time
probes. The present work performs a sound-horizon free measurement of the Hubble con-
stant by combining CMB lensing auto-spectra from Planck PR4 and ACT DRG, the cross-
correlation of Planck PR4 lensing maps with the DESI DR1 quasar sample and the auto-
spectrum of the quasar sample in the redshift range 0.8 < z < 3.5. We compare our measure-
ment (red, top row) to DESI 3D galaxy clustering measurements including sound horizon
calibrated BAO (BGS + LRG + ELG + QSO) (second row; [118]), when combined with
Planck + ACT DR6 CMB lensing and an €, prior from the Ly-« forest (third row; [118])
and the DESI full modeling approach [24]. Additionally, we show constraints from CMB lens-
ing (ACT DR6, PR4) combined with unWISE galaxy clustering and uncalibrated supernovae
from the Pantheon+ dataset [40] (teal) and constraints from the primary CMB (including the
low-¢ SRo112 data) [112, 113, 122, 123]. The bottom panel in black are late-time measure-
ments using the local distance ladder from the Chicago-Carnegie Hubble Program (CCHP;
[124]) which uses data from the James Webb Space Telescope (JWST) and from the SHOES
team [125] which uses data collected by the Hubble Space Telescope (HST). The Tip of the
Red Giant Branch calibration method is denoted by TRGB and the J-region Asymptotic
Giant Branch method by JAGB, respectively.

redshift bin. In addition we sample from a uniform prior on Hy with (40, 90), and always
include BAO data from DESI DR1 or (when specified) from DR2. Note that BAO constraints
lie in the 2-dimensional plane of §2,,, and Hyrg, and thus the §2,, measurement is automatically
independent of r4. We tabulate the results in Table 5 and compare our constraints (we use the
DR2 prior as baseline result in the main text) to a compilation of Hy measurements in figure
10. We find excellent agreement with previous works, in particular, with previous DESI
galaxy clustering measurements at the 0.60, —0.71, 0.040-level (blue); using CMB lensing
alone (ACT DR6 and PR4) we find a —1.08¢ tension [4] which is slightly increased to —1.460
when including information from unWISE galaxy clustering and uncalibrated supernovae
from Pantheon+ [40] (teal) and —0.44, —0.660 agreement with the primary CMB (green; the
first measurement including a low-¢ SRo112 likelihood). Given our tight BAO prior we obtain
tighter constraints than the Quaia team [119]. The late-time measurement combining data
from HST and JWST are in agreement at the 0.71c-level with our measurement of the Hubble

— 24 —



Data sets H, o8 Sg

Oy PRATACTDRGE | DRI 68 8423 [68.7]  0.819 4+ 0.018 [0.817] 0.810 + 0.017 [0.814]
+ DESI DR1 x PR4  69.1722 [68.6] 0.823 + 0.018 [0.817] 0.813 +0.016 [0.811]
Cpm PRAFACTDRE | ODR2 68 34 1.9 [68.4] 0.816 + 0.017 [0.818] 0.813 + 0.017 [0.815]
+ DESI DRI x PR4 68.5+ 1.8 [68.6] 0.819+0.015 [0.822] 0.816 = 0.014 [0.818]

Table 5: Summary of sound-horizon free measurements of Hy together with constraints on
og and Sg for different datasets and priors. Inclusion of the CMB x DR1 QSO auto- and
cross-correlation adds approximately 4% (12%) constraining power using QDR (QPR2) priors
from BAO.

constant. The SHOES measurements of Hy is 2.180 high compared to our measurement. The
combination of SHOES and CCHP subsamples using JWST agrees at the 1.52¢ level with our
determination of Hy.?> Whilst most of the constraining power comes from ACT and PR4
paired with the BAO prior on (2, the inclusion of the auto- and cross-correlation improves
constraining power by an additional ~ 4% (~ 12%)when using the DR1 (DR2) BAO prior
and our fiducial scale cuts. Including the DR2 BAO prior improves the constraining power
on Hy by ~35%. Increased statistics from DESI year-5 data will be beneficial to explore this
further.

From this analysis we conclude that the high-redshift Universe, as probed by quasars,
is consistent with ACDM. We emphasize that the error bars will significantly shrink with the
year-five data release of DESI.

7 Summary and Conclusion

We present a measurement of the amplitude of matter fluctuations over the redshift range
0.8 < z < 3.5 from the cross correlation of 1,223,391 spectroscopically confirmed quasars
observed with DESI DR1 and Planck PR4 CMB lensing maps. We perform a tomographic
measurement in three redshift bins with the DESI quasar targets centered at mean redshifts
zZ ~ 1.44, 2.27 and 2.75, which have ample overlap with the CMB lensing kernel. The large
lever arm in redshift paired with a BAO prior from galaxy clustering breaks the og — €,
degeneracy. The cross-correlation between PR4 lensing maps and DESI DR1 is detected with
a signal-to-noise ratio of 27.2 for the auto-correlation (when excluding shot noise) and 21.7
for the cross-correlation for the joint analysis of all redshift bins.

We model the auto- and cross-correlation spectra using a hybrid approach, combining
fits to N-body simulations and Convolutional Lagrangian Effective Field Theory (CLEFT).
Our model consists of three bias parameters b1, bz, bs, magnification bias s,, the cosmological
parameters log A5 and Q,, as well as a constant offset to account for shot noise (over which
we analytically marginalize). We have performed a suite of consistency checks and shown
that our measurement is robust to scale cuts, analysis choices, weighting schemes, fiber

23We note that the CCHP measurements are based on data from the James Webb Space Telescope (JWST)
in contrast to the SHOES measurement using the Hubble Space Telescope (HST) and JAGB stands for the
J-region Asymptotic Giant Branch method.
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assignment effects, redshift errors, the angular integral constraint, and the priors on nuisance
and cosmological parameters.

The auto- and cross-correlation angular power spectra are used to constrain the ampli-
tude of matter fluctuations in the matter-dominated regime to be

oy = 0.9297099910.971]  Sg =0.92270959(0.969],  (+0QPRY), (7.1a)
os = 0.934705020.958] S = 0.93070055 [0.954],  (+QPR2). (7.1b)

When extracting constraints from the redshift bins individually, we find much broader yet
consistent constraints on the amplitude of matter clustering. This stems from a reduced
amount clustering in the z5 and z3 bins compared to the lowest z; bin. Our constraints
largely come from quasi-linear scales (k < 0.1 A Mpc™?t) for which we explicitly compare our
fiducial constraints to constraints from linear theory alone. These are og = 0.864 +-0.048 and
Sg = 0.859+0.048 [0.863] (combined with DESI DR1 BAO data) whilst having the drawback
that they do not marginalize over higher-order nuisance parameters, magnification bias and
shot noise, and are thus more dependent on assumptions about galaxy clustering on small
scales; yet yield fully consistent results with predictions from ACDM fits to measurements of
the primary CMB from Planck PRA4.

We combine our measurement with the CMB lensing auto-spectrum from the ground-
based Atacama Cosmology Telescope (ACT DR6) and Planck PR4 to perform a sound-
horizon-free measurement of the Hubble constant yielding

Hy = 69.1722 [68.6]kms™'Mpc™', 03 =0.82340.018 [0.817],  (+QPRY)  (7.2a)
Hy = 68.5+ 1.8 [68.6]kms 'Mpc™!, og=0.819+0.015[0.822],  (+QPR%)  (7.2b)

through its sensitivity to the matter-radiation equality scale, keq. Including the auto-and
cross-correlation signal tightens the constraints on the Hubble constant by ~ 5-10% compared
to only using a BAO prior on the energy density and the ACT-PR4 lensing auto-spectrum.

From our analysis, we do not find any evidence for departure from ACDM from DESI
DR1 quasar cross-correlation measurements with Planck PR4 ( < 20 tension which reduces
to < lo when using linear theory). Further, our constraints on og are fully consistent with
the results obtained from the “full modeling” given in table 10 from the DESI DR1 QSO
analysis [116]. We emphasize that we do not find any strong evidence to support the “Sg
tension” given the current size of the error bars.?* We leave the inclusion of DESI DR2 quasar
data [109], the three-dimensional power spectrum [126], the Lyman-« forest [127, 128], Quaia
quasar samples [42] or ACT DR6 lensing maps (for the cross-correlation; [4]) to future work.
This will further help to reduce the uncertainties and stress test ACDM in a barely explored
high redshift regime.
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