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The peak of the matter power spectrum, known as the turnover (TO) scale, is determined by the horizon
size at the time of matter-radiation equality. This scale can serve as a standard ruler, independent of other
features in the matter power spectrum, such as baryon acoustic oscillations (BAO). Here, we present the
first detection of the turnover in the galaxy autopower spectrum, utilizing the distribution of quasars and
luminous red galaxies (LRG) measured by the Dark Energy Spectroscopic Instrument (DESI) during its
first year of survey operations in a model-independent manner. To avoid confirmation bias, we first analyze
the data using data blinding methods designed for the DESI baryon acoustic oscillation, redshift space
distortion and scale-dependent bias signals. We measure the angle-averaged dilation distance Dy (z =
1.651) = (38.1 £ 2.5)ry from the quasars and Dy (z = 0.733) = (21.8 £ 1.0)ry from the LRG sample in
units of the horizon ry at the matter-radiation-equality epoch. Combining these two constraints and
assuming a flat ACDM model with three standard neutrino species, we can translate this into a constraint of
Q.h? = 0.139f8:8266 . We can break the Q,-H(, degeneracy with low-redshift distance measurements from
type-la supernova (SN) data from Pantheon+, we obtain a sound-horizon free estimate of the Hubble-
Lemaitre parameter of H, = 65 .2fgg km/s/Mpc, consistent with sound-horizon dependent DESI
measurements. On the other hand, combining the DESI BAO and TO, we find a truly DESI-only
measurement of Hy = 74.0f37"52 km/s/Mpc, in line with DESI-only full-shape results where the sound-

horizon scale is marginalized out. This discrepancy in H can be reconciled in a wow,CDM cosmology,
where the combination of DESI BAO and TO data yields Hy, = 66.5 + 7.2 km/s/Mpc.

DOI: 10.1103/ygm1-ybbv

I. INTRODUCTION systems at low-redshift or hot and cold spots in the cosmic
microwave background (CMB) at high-redshift. The for-
mation of structures during two epochs is linked through
gravitational collapse, as the seeds of structure formation
are fixed during the relativistic era. Matter perturbations
have only just begun to grow when the CMB photons are
mct author benedict bahrkalus @inaf it emitted during recombination and the size of fluctuations

B Py _ . .
‘Contact author: davidparkinson@kasi.re.kr Fp ~107. This early era of linear growth, where cold dark

The distribution of matter in the Universe is observed
through the distribution of tracer particles, such as galaxies,
quasistellar objects (QSOs) or Lyman-alpha absorption

063553-2


https://crossmark.crossref.org/dialog/?doi=10.1103/yqm1-ybbv&domain=pdf&date_stamp=2025-09-24
https://doi.org/10.1103/yqm1-ybbv
https://doi.org/10.1103/yqm1-ybbv

MODEL-INDEPENDENT MEASUREMENT OF THE MATTER- ...

PHYS. REV. D 112, 063553 (2025)

matter (CDM) perturbations can grow without the restoring
force of photon pressure while the baryon perturbations
experience acoustic oscillations, starts at the epoch of
matter-radiation equality. At this epoch the two fluids have
equal energy density, and so any (small-scale) perturbation
that entered the horizon before this epoch is retarded in its
growth, whereas the larger perturbations that enter after
experience continual enhancement. As such, the horizon
scale at matter-radiation equality appears in the matter
density power spectrum as a peak.

This matter-radiation equality scale (also known as the
power spectrum turnover) is fixed in comoving coordinates,
similar to the baryon acoustic oscillation (BAO) sound
horizon, and can be measured in the same way at low
redshift, using galaxy redshift surveys. Since the scale can
be measured in a (relatively) cosmologically independent
way, it can be used as a standard ruler to probe the
expansion history of the Universe. The scale is calibrated
by the ratio of the relativistic vs nonrelativistic energy
densities, where the total energy density of the relativistic
material in the Universe includes the sum of the photon and
neutrino energy densities.

Making an accurate detection of the equality scale from
the matter power spectrum requires a much larger volume
than is needed for the BAO. A first indication was attempted
using data from the WiggleZ Dark Energy Survey [1], with
an effective survey volume of only 0.84 (Gpc/h)*. A more
solid measurement of a power spectrum inflexion point was
achieved using the eBOSS quasar sample [2], however, there
was no clear evidence for a positive large-scale slope of the
power spectrum. The power spectrum turnover has recently
been detected in the projected clustering of quasars in the
Gaia-unWISE quasar catalog, Quaia, and its cross-correla-
tion with CMB lensing data from Planck [3].

In this work, we aim to improve on our eBOSS power
spectrum turnover measurement with a QSO sample with a
three times larger effective volume and an additional tracer
from the Dark Energy Spectroscopic Instrument (DESI), a
multiobject fiber-fed spectroscopic system with 5000 fibers
covering the focal plane with a ~3° field of view [4-7]. The
spectrograph is mounted on the focal plane of the Mayall
Telescope at Kitt Peak National Observatory, Arizona [8]. The
DESI spectrograph is being used for the large-scale structure
galaxy redshift survey that started in 2020, which will measure
the spectra of 35 million galaxies over 5 years [9].

The goal of the DESI is to determine the nature of dark
energy through the most precise measurement of the expan-
sion history of the universe ever obtained [10]. DESI was
designed to meet the definition of a stage IV dark energy
survey with only a 5-year observing campaign. Forecasts for
DESI [9] predict a factor of approximately five to ten
improvement on the size of the error ellipse of the dark
energy equation of state parameters w, and w, relative to
previous stage-III experiments. Here, the constraints on the
dark energy parameters are primarily coming from

measurements of the BAO standard ruler, which is sensitive
to both the angular diameter distance and the Hubble
parameter, evaluated at the redshift of the galaxy sample.

The matter-radiation equality scale and the BAO scale
differ in the physical mechanisms that generate them, and
so are calibrated differently. Recent analyses of DESI BAO
[11,12] have either marginalized over this physical sound
horizon scale (to use the BAO as relative-size rulers) or else
combined the BAO data at low-redshift with measurements
of the CMB temperature and polarization anisotropies at
high redshift, which provide very accurate predictions of
the sound horizon at the drag epoch [13]. The matter-
radiation equality scale can be calibrated without reference
to the CMB power spectrum, requiring only a knowledge of
the total relativistic energy density of the Universe, which
comes from the monopole CMB temperature, plus our
understanding of the neutrino sector. Because of this, it can
be used to make a measurement of the physical matter
density (€,,h?), in contrast to the BAO that are sensitive to
the matter density as a fraction of the critical density, Q,,.
Further, our analysis method extracts the matter-radiation
equality scale in a model-independent fashion, and (as we
will show) our measurements have very small covariance
with the DESI BAO measurements.

This work is one of a number of complementary DESI
projects that use sound-horizon-independent methods to
obtain a measurement of H,. Our companion projects
achieve this by either marginalizing over the sound horizon
[14], by using only energy densities [15], or by using other
power spectrum or correlation function features that depend
on the epoch of matter-radiation equality [16—18].

In Sec. II we describe the physics of the matter-radiation
scale, and in Sec. III we describe the methodology used to
measure it. In Sec. IV we describe the DESI data, as well as
the mock catalogs that we used to validate our method and
compute the covariances. In Sec. V we give the measured
values and errors of the matter-radiation scale, and the
inferred cosmological parameter constraints. We summa-
rize our findings in Sec. VL.

II. THE HORIZON SCALE AT
MATTER-RADIATION EQUALITY

The epoch of matter-radiation equality is a major
changing point in the history of the Universe due to the
change in dynamics, in the growth rate and propagation of
the density perturbations. As the expansion decelerates, the
Hubble-Lemaitre rate falls, and primordial perturbations at
super-horizon scales can reenter the horizon, restarting their
evolution. However, for those perturbations that already
reenter during radiation domination, the pressure of the
relativistic mass-energy prevents gravitational collapse. It is
only when nonrelativistic matter starts to dominate the
dynamics that density perturbations can grow. The specific
horizon size at the epoch of matter-radiation equality is a
significant scale in the structure formation history of the
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Universe, depending only on its history up until then, and
unaffected by any future change in the dynamics (e.g.,
curvature, dark energy). It is given by

aq da
e _ 1
H C/o a’H(a)’ (1)

where the scale factor at matter-radiation equality a.q =
(1+ Zeq)_l = Q,/€Q,, can be expressed in terms of the ratio
of the radiation and matter density parameters. This simple
equation, used in [2], becomes slightly more complicated in
the presence of massive neutrinos.

For massless neutrinos, the energy density scales as a~
in the same manner as photons. However, massive neu-
trinos are relativistic in the early Universe but become
nonrelativistic later, functioning as a form of warm dark
matter that slows gravitational collapse. Most cosmological
Boltzmann codes treat the massive neutrinos in this
manner, as a fluid with some nonconstant equation of
state. The evolution of the different density values is shown
in Fig. 1.

Since massive neutrinos become nonrelativistic at late
time, they should be considered as part of the relativistic
energy density budget when computing the redshift of
matter radiation equality. In practice, this means that when
computing this equality redshift, the massive neutrino (or
neutrinos) should be treated as though it were massless, and
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FIG. 1. The evolution of the mass density of different compo-

nents as a function of redshift, assuming a single massive neutrino
species with mass 0.06 eV (golden line), and two other massless
species (combined with the photons in the red dashed line). The
equality redshift z., is given by the point where the blue (total
relativistic energy density) and green (total nonrelativistic energy
density) lines coincide. For comparison, we also show the
combined neutrino energy density in a cosmology where all
neutrinos are massless as a red dot-dashed line. We can observe,
that at the matter-radiation-equality epoch, the massive neutrino
effectively behaves like a massless neutrino.

the total effective number of neutrino species N adjusted
accordingly. So, the redshift of equality is given by

Pyt P,

Ao = (1 +250)7" = ,
d ( q) pb+pcdm

(2)
where the neutrino density is computed assuming all
species are massless,

T2
Pv = NeffmTﬁ- (3)

Here the neutrino temperature is

11\-1/3
T, = <4> T, (4)

and the effective number of neutrino species N is equal to
the total effective number of neutrino species, including
massive and massless.

Considering the early Universe (i.e., a < a) being
composed only of photons, effectively relativistic neutri-
nos, baryonic, and cold dark matter, we can evaluate the
integral of (1) to express the horizon scale as

2e(vV2-1) /Ay
T HWS

which is inversely proportional to the square root of
Wpe = Oy + Oeam, Where @; = Q;h* denotes the physical
energy density of fluid i, and bc denotes baryonic and cold
dark matter, explicitly excluding massive neutrinos.
Following [19], we can define the equality wave number
as keq = GeqH (aeq). Under the same assumptions that led to
(5), it is straightforward to relate this quantity to ry as [17]

(5)

keq = 2(2 = V2)rg! (6)

This k. is approximately but not exactly the turnover scale
kto- k1o has a weak dependence on the baryon density wy,.
The two scales can be related by the fitting formula [17]
ko = % (keg Mpc h!)0-685-0-121 logio(@v) to connect the
two scales. However, here we are going to take a more
accurate approach and find the maximum of fiducial power
spectra computed using the COSMOPRIMO interface' to the
CLASS Boltzmann solver [20].

III. METHODS

A. Fiducial cosmology

Like the BAO analyses [11,12], our analysis here uses a
fiducial cosmology to convert redshifts into distances.

lhttps://github.com/cosmodesi/cosmoprimo.
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Thus, our distance measurements are relative to this fiducial
cosmology. Our fiducial cosmology matches the average
cosmological parameter values from the Planck 2018-
ACDM base_plikHM_TTTEEE_lowl_lowE_lensing chains
[21]. The key parameters are @, = 0.02237, @4, = 0.1200,
h = 0.6736, the effective number of ultrarelativistic
species N, = 2.0328 and one massive neutrino with
®, = 0.00064420. This is the fiducial cosmology through-
out DESI and also corresponds to the cosmology used when
simulating the 25 base AbacusSummit boxes. Computing the
power spectrum for this fiducial cosmology using
COSMOPRIMO, we find a peak at

k1o sa = 16.5h/Gpe. (7)

In analogy to the BAO analyses, we define a dilation
parameter

- 1o 0

Even though the turnover scale k1o only approximates the
equality scale k., (cf. Sec. II), mock analyses show that

Dy(z) rugfd )
Dy a(z)

in analogy to the isotropic BAO (where Dy(z) =

/7 D},(z) and Dy(z) is the comoving distance to redshift

z) works well to link ktq to cosmology, as long as the fiducial
cosmology is not unreasonably different from the true
cosmology. We show in Appendix A and Fig. 12 that
Eq. (9) works well for a wide range of parameter values.
Whereas the modeling used for our eBOSS analysis [2] based
on a fitting formula to link k., and kg yields biased results in
cases where the true cosmology has either a high value of /2 or
a low value of @, gp,.

In order to compute the fiducial horizon size ry g4, We
use (2)—(4) to first compute the redshift

Zeg.fia = 3408 (10)

at which matter-radiation equality happened, which corre-
sponds to a scale factor Aeq = 2.93 x 10~ and, in turn, to

rusa = 112.7 Mpc. (11)

B. Parametrization

Close to the turnover, we model the galaxy power
spectrum monopole as P(k) = K (b1)Premplae (k) + 5,0
where Piepplae 18 parametrized in the following model-
independent way:

k
kro.fia < d10 (12)

2 a1,

1—mx?
Pro'kq  for
Ptemplate (k) =

2
P%angd for kto.fia
with PTO,ﬁd = Pfid(kTO,fid)s X = % — 1 and the
Kaiser factor K(b;) = b +3 b, fq + 1 f34 [22] evaluated
for the growth rate fyq for the fiducial cosmology. We
vary in total five parameters in our fits: the scaling
parameter atg, the slope parameters m and n, the linear
bias parameter by, and the residual shot noise s, (. This
parametrization is equivalent to the one used in measure-
ments of the matter-radiation equality scale using the
WiggleZ Dark Energy Survey [1] and the extended
Baryon Oscillation Spectroscopic Survey (eBOSS) quasar
sample [2,23]. While [1,2,23] also employ two slope
parameters m and n, here, we express the position of the
turnover by a scaling parameter atg and the power
spectrum amplitude by the linear bias parameter ;. In
this way, we are closer to the BAO implementation in
DESILIKE” and, at the same time, emphasize that (12) is
defined with respect to a fiducial template power spectrum
Pgiq(k) which sets the power spectrum peak position krq g
and its amplitude Prg g

Of course, the parametrization given in (12) breaks down

the further we are from the turnover scale due to the BAO,
nonlinear clustering and other small-scale effects. We could
prevent these from biasing our results by either an aggres-
sive scale cut or modeling these effects; however, in the
former case, we lose valuable broad-band information, and
in the latter, we lose model independence. Therefore, we
follow [2,23] and deproject out the modeling systematic as
follows:

(1) We compute the mean of the power spectra of 1000
EZmock realizations P (k) (cf. Sec. IVA). Note
that this step differs slightly from the eBOSS
analysis [2,23], where the fiducial power spectrum
computed by cAMB was used instead. This change
ensures that the window function, fiber assignment
effects, etc. are properly included (cf. Sec. IVA).

(2) We fit (12) to the mean mock power spectrum over
the same k-range as the data, fixing atg = 1 and
imposing weights inverse to 6?(k) = (k — k1o fia)*
While this acts like a variance, this is not any data-
informed quantity but rather a choice. The goal of
this choice is to estimate the modeling error, and as
(12) parametrizes the power spectrum well close to
the turnover scale, we chose ¢ to reflect the distance
between k and the expected turnover scale. We call
the best-fitting power spectrum Py (k).

(3) The k-dependence of our modeling inaccuracy can
then be described by f(k) = Ppock (k) — Pyps(k). We
free the amplitude of our modeling systematic by

2https://github.com/cosmodesi/desilike.
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introducing a nuisance parameter 7. The true power
spectrum then reads Py (k) = P(k) + zf(k). As-
suming independence between P(k) and f(k), the
covariance taking our modeling inaccuracy into
account is given by C(ky,ky) = Cyue(ki. ko) +
22f (k) f (k). We can analytically marginalize out
the nuisance parameter r by taking its limit to

infinity when inverting C(k;, k,), yielding
C'(k.q) = Cirie(k, q) = AC(k, q).  (13)

with

_ Zﬂ],#ct;&c(k7 ;”)f ;I])f(#)ct;ic(#7 Q)
Yz FODCLi L D)
(14)

AC(k,q)

C. Likelihood and fitting

In our eBOSS analysis [2], we identified a discrepancy in
determining kpo when adhering to the conventional
assumption of a Gaussian likelihood for the power spec-
trum. To rectify this bias, we opted for an alternative
approach by employing a likelihood derived from a
Box-Cox transformation [24] applied to the gamma dis-
tribution approximating the hypo-exponential distribution
of a binned, window-convolved power spectrum of a
Gaussian random field [25]. It is important to note that
in this approximation, the number of available k-modes
corresponds to the diagonal elements of the precision
matrix C~!(k, k). However, the application of (14) dimin-
ishes the presumed count of modes, which inadvertently
incorrectly enhances the non-Gaussian characteristics of
the likelihood at smaller scales. Consequently, we have
decided not to use the likelihood model employed in the
eBOSS TO analysis and utilize instead a conventional
Gaussian likelihood defined as:

7= AP(k)C (k. k) AP(ky),  (15)

where AP(k) = P(k) — Py (k). We will demonstrate in
Sec. IV A that for DESI, this approach provides an unbiased
measurement of the turnover scale.

We choose of ky;, =0.004 h/Mpc and kp, =
0.2 h/Mpc to be the same values as in the eBOSS turnover
analysis [2]. Our choice of k,;, is slightly more conservative
than in the DESI primordial non-Gaussianity (PNG) analy-
sis [26] which uses the same data. Larger scales are impacted
by geometrical effects and, more importantly, imperfect
correction of imaging systematics. On the other hand, our
kmax 18 significantly larger than k., = 0.08 #/Mpc chosen
for the PNG measurement [26]. We can use this larger value

because our method down-weights these small scales,
effectively using only the broadband information from
the power spectrum.

We show in Fig. 2 the posterior contours of turnover
parameters obtained from minimizing (15) for the mean
power spectrum of DESI Y1 LRG and QSO EZmock
realistations (cf. Sec. IVA), assuming the PNG analysis
kmax = 0.08 1/Mpc, the eBOSS turnover analysis ky,x =
0.2 h/Mpc, and an intermediate k., = 0.15 h/Mpc. As
expected, we see significant differences in the marginalized
1D posterior of the small-scale slope parameter n. However,
the quantities we care about—the fraction of the posterior
volume with m > 0 and the value of apo—remain remark-
ably stable. The probability of not detecting the turnover
feature [i.e., P(m < 0)] is remarkably stable when chang-
ing k., diminishing from 21.6% in mock LRGs at k,,,,, =
0.08 h/Mpc to 21.1% at higher k., and changing from
0.06% at ky. =0.08 h/Mpc, to 0.04% at ky, =
0.15 h/Mpc and 0.08% at k., = 0.2 h/Mpc with mock
QSOs. The maximum a posteriori value of atg is also
stable under variations of k.,, (LRG: 0.99, 1.002, 0.995;
QSO0: 1.01, 1.007, 1.004, for k. = [0.08,0.15,0.2]2/Mpc,
respectively). What we do notice for atg is that by carving
away posterior space using small-scale broadband infor-
mation on n, we reduce the standard deviation on arg from
0.22t0 0.091 and 0.071 with the mock LRGs and from 0.11
to 0.085 and 0.080 with the mock QSOs, again for
kmax = [0.08,0.15,0.2]h/Mpc. Therefore, we have chosen

LRG, Kmax = 0.08h/Mpc
,,,,,, LRG, kmax = 0.15h/Mpc
B LRG, kmax = 0.2h/Mpc
QSO, kmax = 0.08h/Mpc
,,,,,, QSO, kmax = 0.15h/Mpc
B QSO, kmax = 0.2h/Mpc

1 1 1 1 1 1 1 I" o 1 .\, 1
08 09 1.0 11 12 0 2 4 6 05 1.0 15 20
aTo m n

FIG. 2. Constraints on turnover parameters from the mean of
DESI Y1 LRG and QSO EZmock power spectra obtained with
different values of k... The filled contours correspond to the
fiducial kp,, = 0.2 h/Mpc used throughout this article.
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kmax = 0.2 h/Mpc for our analysis, as it provides tighter
yet stable constraints on the parameters of interest.

All inferences are performed using the EMCEE sampler3
[27] within the DESILIKE framework. A practical outline of
our analysis pipeline is available as a Jupyter notebook on
the cosMoDEsI GitHub page.”

IV. DATA

We make use of data from the first year of spectroscopic
observations carried out with the DESI instrument [4]
mounted on the Nicholas U. Mayall Telescope at Kitt Peak
National Observatory on Iolkam Du’ag in Arizona from
the 14th of May, 2021, until the 14th of June, 2022. Each
observation field is covered by a “tile,” consisting in a set
of targets [28] selected from the photometric catalogs of
the 9th public data release of the DESI Legacy Imaging
Surveys [29]° and assigned to each of the 5000 fibers in
the telescope’s focal plane. The observed data are proc-
essed by the DESI spectroscopic pipeline [30]. The
covered tile surface area is about 7,500 degz, i.e., roughly
half of DESI’s expected final coverage of 14,200 deg?.
The extragalactic targets are defined to fall into the four
following classes: the bright galaxy sample (BGS, [31]),
luminous red galaxies (LRG, [32]), emission line galaxies
(ELG [33]), and quasars (QSO [34]). As we need as much
volume as possible to observe the large-scale feature of
the power spectrum turnover, we do not consider the
BGS sample, extending only to a maximum redshift of
Zmax = 0.6, for this analysis. Although the ELG sample
covers the redshift range of 1.1 < z < 1.6 (overlapping
with both LRGs and QSOs), significant efforts to
control systematic effects at scales much larger than the
BAO have not yet been fully successful [35]. Hence, we
only use the LRG and QSO samples for this study, which
we describe in the following subsections. For a more
general and technical overview of the catalog building, we
refer to [36].

In particular, we use the power spectra and covariance
matrices (cf. Fig. 3) generated for constraints on the scale-
dependent bias signature of local-type PNG [26]. We will
briefly summarize how they are obtained but refer the
reader to the primordial non-Gaussianity paper for a
detailed description of how they have been obtained.
Unlike the DESI key analyses [11-13,37], we make use
of the full available redshift ranges of the LRG and QSO
samples, i.e., we do not subdivide the LRG sample into
redshift bins, and we include QSOs at redshifts higher than
z=2.1 which are principally targeted for Ly-a forest
analyses.

https //github.com/dfm/emcee.

http% //github.com/cosmodesi//blob/main/nb/
turnover —_examples.ipynb.

https /Iwww.legacysurvey.org/dr9/.

blind LRG
60000 - blind QSO
I :éiﬁi unblinded LRG
unblinded QSO
50000 4 :[
”5 40000 4
T %
=
= 30000
S
&
20000 -
10000 A
102 10
k [h/Mpc]
FIG. 3. DESI Y1 LRG and QSO power spectra. Pale data

points and error bars show the blinded data, whereas opaque
ones the data after unblinding. The solid curves represent the
best fit (cf. Sec. V). The apparent mismatch between data and
best fit at small scales are the effect of the mode deprojection of
the modeling uncertainty at these scales far from the power
spectrum peak [cf. Eq. (14)].

The QSO sample [34] used here thus contains 1,189,129
objects (thus about 40% larger than the standard QSO
clustering sample with 856,652 objects and more than three
times as large as the eBOSS QSO sample [38] with 343,708
objects used in [2,23]) with redshift values ranging from
0.8 to 3.1. The effective redshift is z. = 1.651 [26] when
using Feldman-Kaiser-Peacock (FKP) weights [39]. Note
that this is lower than when using the optimal redshift
weights applied in the DESI PNG analysis [26].

Apart from containing more objects than the eBOSS
QSO sample, the DESI QSO sample covers a larger area, as
well as a higher density due to the high priority given to
QSOs in the fiber assignment process. This results in an
effective volume at the turnover scale about three times
larger than that of the eBOSS QSO sample.

The LRG sample used here combines all three LRG
subsamples used in the DESI key analyses [11-13,37]. Its
effective redshift amounts to z.; = 0.733 using standard
FKP weights [26].

Variations in completeness, imaging systematics, and
spectroscopic efficiency are accounted for using additional
weights as described in [40]. As imaging systematics are
crucial to this analysis, the imaging systematics weights
are further improved using the regression code REGRESSIS
[26,41].6 However, as shown in Fig. 25 of [26], the
systematic weights primarily affect super-equality-horizon
scales for the DESI QSO and LRG samples. This indicates
that the arg measurement is robust against imaging
systematics. However, imaging systematics can flatten
the power spectrum at these scales or even cause an upturn,

®https://github.com/echaussidon/regressis.
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which may result in an underestimation of the slope
parameter m and, in turn, we might be prone to under-
estimating our detection probability.

We avoid confirmation bias by first testing and per-
forming our analysis on blinded data. The blinding
strategy and its validation is described in detail in
[42,43]. DESI is blinded at the catalog level. At ultralarge
scales, the dominant blinding contribution comes from
imposing a randomly chosen value of fYirde[-15,15]
onto a set of weights such that one will measure

bs — feat 4 fhlindwhere f5& is the local PNG param-
eter measured from the unblinded catalog. To prevent
unblinding without knowing fRind  the completeness
weights available to the collaboration before unblinding
were multiplied by the blinding weights. The blinded
power spectrum is shown in pale along their unblinded
equivalents in Fig. 3. We show in Sec. IV D using mocks
that the fy; blinding strategy is also efficient for this
turnover analysis.

Being commensal with the DESI PNG analysis [26], our
power spectra have been obtained using the Yamamoto
estimator [44] implemented in PYPOWER  even though we
only consider the power spectrum monopole here. FKP
weights [39]

wrkp(X) = (16)

1 —+ fl(X)PO

are applied to minimize the uncertainty of the power
spectrum measurement, where P, is the power spectrum
at the scale of interest. With the equality scale as our scale
of interest, Py, =3x 10* Mpc®*/h* and P, =15 x
10* Mpc®/h3 are chosen for the QSO and LRG power
spectrum measurement, respectively. PYPOWER automati-
cally subtracts Poissonian shot noise. Thus, our nuisance
parameter s, o presents the residual shot noise.

A. Mock realizations

We make use of two sets of simulations: EZmocks [46]
and Abacus [47,48]. EZmocks use Gaussian random fields
to initialize density perturbations in the early Universe. The
evolution of these density perturbations is modeled under
the assumption of the Zel’dovich approximation and an
effective bias model, which is computationally less inten-
sive than full N-body simulations. This methodology
balances computational efficiency and accuracy, particu-
larly on these ultralarge scales that can be well described by
linear theory, allowing the creation of 1000 realizations per
galactic hemisphere with a box size of (6 Gpc/h)?. We use
two sets of realizations of EZmocks. For most applications,
we use the mocks described in detail in Sec. 3.3.2 of [26].

7https://github.com/cosmodesi/pypower, based on [45].

When estimating correlations with other DESI measure-
ments, in particular the BAO, we use EZmock realizations
described in Sec. 3.2 of [11].

Abacus mocks are constructed on the foundation of the
AbacusSummit simulations [47,48], a state-of-the-art set of
cosmological N-body simulations that use an advanced
GPU-accelerated codebase. These simulations are designed
to produce high-resolution outputs for large cosmological
volumes, making them particularly suited for DESI’s vast
survey footprint and stringent statistical requirements. With
up to trillions of particles, AbacusSummit enables precise
modeling of the dark matter density field and the resulting
halo distribution. The simulations cover volumes compa-
rable to or larger than the DESI survey, ensuring that
cosmic variance is minimized and rare structures are well-
sampled. Abacus mocks incorporate advanced halo mod-
eling techniques, such as the halo occupation distribution
(HOD), to populate halos with galaxies consistent with
DESTI’s target selection. Due to their higher computational
cost, we only have 25 Abacus mocks each with a box size
of (2 Gpc/h)? available.

B. The covariance matrix

To obtain the covariance matrix of the power spectrum,
we repeat all steps initially taken to compute the data power
spectra and apply them to all 1000 EZmock realizations
that have also been used in the covariance estimation for the
DESI PNG analysis [26]. This process yields the power
spectrum P (k) for each simulation s, with the average
denoted as P(k). We compute the sample covariance with
the formula

> [Py(k) = P(K)][Py(q) = P(q)]

ng— 1

Csamp(k’ Q) = (17)

where n,, = 1000 represents the number of mock realiza-
tions. This provides an unbiased estimate of the true
covariance matrix Cye(ki, k). Given that the inverse
covariance matrix follows an inverse Wishart distribution,
Caamp (k1. k2) is only a biased estimate of Cilo (ki ky). To
obtain an unbiased estimate, we multiply Cgr,, (ki k2) by
the Hartlap factor [49]

Np—Ng—2
Cy' (k. ky) Zﬁcsahp(k1,k2)7 (18)

m

where ny is the number of data points. Furthermore, when
using Cj' (ky, k,) instead of the unknown Cy(k;, k;) in
any parameter inference, the likelihood becomes wider due
to the marginalization over possible values of Cy.(k1, k).
This effect can approximately be accounted for by the
Percival factor [50]
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2+(nm_nd_])(nm_nd_4)+(nm_nd_2)(np+])

Coni(ky. ky) =

where n, =5 is the number of parameters. Finally, we
substitute Cy,. with Cpy in Eq. (14) to obtain the
covariance matrix used to measure the turnover.

Note that in the DESI full shape analysis [37], the
covariance matrix from the EZmocks is rescaled to
match the analytical prediction from RascalC [51].
This is necessary as the EZmocks used in [37] emulate
the fiber assignment of DESI, which in turn under-
estimates the covariance. Here, we use the EZmocks of
the DESI PNG measurement [26], which ignore the
impact of the fiber assignment. While this introduces
inaccuracies at small scales that are not relevant for us, it
has been shown that it does not underestimate the
covariance [26].

C. The window matrix and the
radial integral constraints

In power spectrum measurements, a window matrix
formalism usually accounts for the survey’s geometry,
masked regions, and incompleteness, ensuring accurate
modeling of the power spectrum [52]. The survey selection
function, W(x), describes the observed fraction of the
density field. The convolved power spectrum is computed
as a matrix multiplication between the unconvolved power
spectrum multipoles and the window matrix, as expressed
in Eq. (4.8) of the DESI PNG paper [26].

We make again use of the window matrix of Ref. [26].
For the monopole (£ = 0), the window matrix is derived
using the random catalog and normalized appropriately to
avoid bias. The implementation utilizes PYPOWER for
computing the window matrix and DESILIKE for the con-
volution with the theoretical model. Wide-angle corrections
are included in the window matrix at first order.

The redshift distribution used to generate random cata-
logs is typically inferred directly from the data catalog
using the shuffling method. This approach nulls radial
modes in the measured power spectrum, leading to the
radial integral constraint (RIC, [53]), which introduces
anisotropic and scale-dependent effects. The DESI PNG
paper [26] quantifies this contribution through an additive
correction to the power spectrum or a multiplicative
modification to the window function, W — W — WRIC,
ensuring that the RIC is properly accounted for without
biasing the measurement of f1°.

Reference [26] demonstrated that the RIC correction
affects both the monopole and quadrupole, with a sup-
pression of power on large scales that can bias [
measurements if not corrected. For the monopole, this
effect can be modeled by decreasing the effective value of

(i = ng = 1) (i = ng = 4) + (1 = nq = 2)(ng — )

Cq' (k. ka), (19)

¢, The validity of this correction for f)¢ has been
confirmed using 100 pairs of mock catalogs with shuffled
and unshuffled randoms and through a blinded procedure,
validating its robustness across different power spectrum
shapes. Using the same set of shuffled and unshuffled mock
realizations as Ref. [26], we tested that the position of TO is
unaffected by the RIC. However, the RIC affects the slope
m of superequality-horizon scales and the uncertainty of
ato- Hence, we adopt the RIC corrected window matrix
from the DESI PNG analysis [26].

Finally, since the covariance matrix obtained from
shuffled mocks is consistent with that derived from unshuf-
fled mocks, we can estimate the covariance from the full
set of 1000 unshuffled mocks. These steps ensure that both
the window matrix and RIC effects are correctly incorpo-
rated, allowing for unbiased parameter inference in our
analysis.

D. Validation of blinding

The DESI blinding strategy [42,43] was not designed
with a turnover measurement in mind. However, the turn-
over scale lies between the scales relevant for the PNG
analysis and the BAO scale, so, here, we test whether the
blinding developed for these measurements also blinds the
turnover measurement. Values of £ that are consistent
with Planck 18 data [54] only cause subpercent shifts in the
turnover scale [55]. However, the DESI blinding allows for
three times larger values, making the bias already scale-
dependent at the turnover scale.

Using a set of mocks generated from a single Abacus
realization but with different values of fglind yBlind
and w9 we measure the m, n, apo, by, and s,
posterior distributions of each mock, as shown in Fig. 4
for variation in fYin"d. We do not see any significant
change in the best-fitting parameters as wj"! and wh'ind
are changed. Nonetheless, the PNG blinding works
well also for the turnover measurement presented in

this work.

E. Correlation between quasar and
luminous red galaxies samples

The LRG and QSO samples overlap in the redshift
range of 0.8 < z < 1.1. To perform joint inference using
the turnover measurement from both samples, we need
to estimate the correlation between the two samples. We
can model the cross-power spectrum between two
samples as
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FIG. 4. Top: ato-m contours obtained from the same Abacus
LRG mock without any blinding applied (red), and with a
blinding corresponding to find = 420 applied. Bottom: the
dependence of the best-fitting values of m and arg and their
uncertainties as a function of fgind,

[ dzpi(2)p;(2)Pm(k.2)
Pij(k) = Tdam(2) [dan;(z)

with p;(z) = n;(z)K;(z), and n;(z) and K;(z) denoting
the number density and Kaiser factor [cf. below
Eq. (12)] of tracer i at redshift z, as well as P, (k)
being the underlying matter power spectrum which is
common to both tracers. A rough estimate for the
correlation between the two samples can be obtained by

(20)

0.00035 4
— nZe(@/([dz nire(2))?
2 2
0.00030 - — n3so(@/([dz ngso(2))
naso(2)Nira(2)
— 0.00025 - ([dz nire(2) [d z ngso(2))
)
sls 0.00020
N[N 0. B
2
NIR
S| & 0.00015 A
K]
"~ 0.00010 1
0.00005 A
0.00000 +
0.5 1.0 1.5 2.0 2.5 3.0
z
FIG. 5. Products of the normalized redshift distributions of the

LRG and QSO samples.

Pirgoso(k)

P= v/ Prre (k) Pgso (k)

de pLRG(Z)pQSO (Z)Dz(z)

N RPN L]

where we used P, (k,z) = D?*(z)P,(k,0) in the second
equality. Adopting the redshift distributions from [26],
illustrated in Fig. 5, we evaluate Eq. (21) and find a
percent-level correlation between the LRG and QSO
clustering. The full impact on the measurement of arq
would be best estimated in mock data. However, the
EZmocks built for the sample selections used in [26]
and this work are obtained from different realizations of
the underlying matter density field. We, thus, make
the conservative choice of estimating the correlation
between the LRG and QSO arp measurements from the
EZmock realizations used in the DESI direct tracer BAO
analysis [11]. This is conservative because the QSO
BAO mocks only extend up to redshift z = 2.1 and not
z = 3.1 as in this analysis. When computing the sample
covariance, we find a small correlation coefficient of
0.062, which we include in the cosmological parameter
estimation presented in Sec. V C. The correlation matrix,
along with BAO parameter correlations, is presented
in Fig. 7.

(21)

V. RESULTS

A. Measurement of the turnover scale

We present the model-independent results of our turn-
over measurement in Table I. The power spectrum can be
parametrized well around the turnover by the model-
independent parametrization of Eq. (12) as we find y2. =

81.2 and y2. =112.8 from the QSOs and LRGs,
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TABLE . Best-fitting parameter values and 1o quantiles for the
slope parameter m, as well as the turnover dilation parameter ar,
and the detection probability Py = P(m > 0). For m, we also
list the posterior mean in brackets.

m Paer (%) aro e
QSO  0.68(0.74) £ 0.41 98 1.049 £0.067  0.92
LRG 0.23(0.28) +0.25 90 0.988 £0.047 1.28

respectively. Having used 93 k-bins in both fits and with 5
free parameters, this corresponds to a reduced y? of 0.92
from the QSOs and 1.28 from the LRGs. After unblinding,
we detect the turnover with a 90% probability in the LRG
power spectrum and a 98% probability in QSO data. These
probabilities are estimated as the posterior volume with
P(m > 0). We show the apg-m posterior contours and their
respective marginalized 1D distributions in Fig. 6. As the m
posterior distribution is non-Gaussian with a pronounced
tail toward large positive values, we also list the m posterior
means in Table I alongside its best-fitting value. We notice
that the contours have shrunk after unblinding, a behavior
we also observe in the mocks (cf. Fig. 4). In both cases, the
goodness of fit has increased as well, with y2. = 100.0
from the blinded QSO sample and )(fnm = 156.5 from the
blinded LRG sample. In any case, as we can see in Fig. 3,
the unblinded power spectra are enhanced around the
turnover, making it easier to detect. Our best-fitting values
of the turnover scale parameter are apg = 1.049 £ 0.067
from the QSO sample and arg = 0.988 £ 0.047 from the
LRGs, in either case, consistent with arg = 1, and, in turn,
with the fiducial cosmological model.

—————— LRG, blind
—— LRG, unblinded
****** QSO, blind
—— QSO, unblinded

12| .
o 1.0
[
(o]

0.8 [ b

0 1 2 3 0.8 L0 12
m aTto
FIG. 6. atg-m contours from the blind (dashed) and unblinded

(solid) LRG and QSO catalogs.

B. Correlation between turnover
and BAO measurements

A measurement of atg can be translated into a highly
degenerate measurement of ,, and H,. One way to break
this degeneracy while remaining agnostic about the sound-
horizon scale r4 is to incorporate ., information from the
BAO. In the eBOSS analysis [2], we measured the turnover
from QSOs only and combined this measurement with
BAO measurements from the Lyman-a forest and tracers
other than QSOs to avoid correlations between the two
datasets. Since we are measuring the turnover from LRGs
here, we would also lose a considerable amount of
constraining power if we were disregarding the DESI
LRG and QSO BAO constraints.

This is why we use again the EZmock best-fitting values
of arg from Sec. IVE and correlate them with the best-
fitting BAO parameters «;,, and asp from the same mocks
used in the covariance estimation for the main DESI BAO
analysis [11]. We do not consider the BAO from the DESI
Lyman-a analysis [12] as it would be more complicated to
estimate its correlation with the turnover measurement
given that we use QSOs that have been used in the
Lyman-a analysis.

We illustrate the turnover-BAO correlations also in
Fig. 7. All these correlations are weaker than the correlation
between the QSO and LRG turnover parameters. The most
significant turnover-BAO (anti)correlation occurs between
QSOs and isotropic LRG BAO in the redshift bin of
0.4 < z < 0.6. Since these represent different populations
in nonadjacent redshift bins, we consider this and all other
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FIG. 7. Correlations in percentage between arg, as well as
postreconstruction a;,, and ap for the QSO and LRG samples in
percent. These correlation matrices have been estimated from
1000 EZmocks. We also show the correlations between the QSO
and LRG arq, as they overlap in redshift.
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FIG. 8. Constraints on the ACDM parameters H, and Q,, (top),

as well as w,, (bottom) using DESI turnover measurement (blue).
These are compared to constraints from PantheonPlus + SHOES
(yellow), DESI BAO + BBN (black), and Planck (magenta,
bottom panel only). Priors are imposed on @, and @.,. To
illustrate how these priors translate into priors on H, &, and @,,,
we randomly sample points from the priors and include their
contours in gold.

less correlated pairs to be coincidental correlations and thus
treat them as independent.

Additionally, DESI provides a further model-indepen-
dent approach to obtain information beyond BAO and RSD
parameters, the ShapeFit approach [56,57], which, how-
ever, has not been used for cosmological parameter
estimation [37]. We investigate the correlation between
turnover measurements and ShapeFit parameters in
Appendix B.

C. The turnover scale as a standard ruler

We have presented a model-independent measurement of
the power spectrum turnover scale in Table I. As outlined in

100
B DESI TO + BAO
DESI TO + PantheonPlus
90 1 DESI TO + Union3
DESI TO + DESY5
—_ — BAO + BBN
2 80
=
|
«© 4
z 70
=)
(=]
m 60 4
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ACDM
0.25 0.30 0.35 0.40 0.45
Qy
100
I DESI TO + BAO
DESI TO + DESY5
I DESI TO + BAO + DESY5
901 CMB
T
2801
=
T
270
j=i
=)
(=]
T 60
50
0.25 0.30 0.35 0.40 0.45

QHI

FIG. 9. Top: Q,,-H posterior contours when combining the
DESI turnover measurement with either the DESI BAO, or SN
constraints from PantheonPlus [59,60], Union3 [61], and DESY5
[62]. Bottom: similar to top panel exploring combinations of TO,
BAO, and SNe and comparing those with CMB constraints.

Sec. IIT A, we can use this measurement as a standard ruler to
make inferences on a particular cosmological model. We
begin with a basic flat ACDM model, wherein H(z) is
defined by H, and Q,, at lower redshifts, and by H, Q,, and
Q,, through to the matter-radiation equality epoch. By using
Egs. (2)~(5) and fixing the mean CMB temperature at 7', =
(2.72548 +£0.00057) K [58], €, effectively becomes de-
pendent solely on H,,. Consequently, we sample the H(-Q,,
posterior contour represented in blue in Fig. 8. These
contours are degenerate, hindering competitive constraints
on either H, or Q, independently. Nonetheless, as illus-
trated at the bottom of Fig. 8, we can sample instead o, =
Q. h? to obtain a CMB anisotropy-independent constraint of

Q. h? = 0.139 £ 0.036. (22)
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FIG. 10. Whisker plot comparing the ACDM H|, constraints from DESI TO and the external datasets employed in this work (purple)
with other TO based constraints (brown), CMB constraints (orange), BAO constraints obtained with BBN or CMB r4 priors (blue), and

SN distance ladder results (green).

This result aligns with Qs> = 0.15970047 derived from the
eBOSS QSO turnover measurement [2,23] and QA% =
0.1430 = 0.0011 obtained from the Planck mission [21].
One of the motivations for measuring the turnover was
obtaining a sound-horizon-free measurement of the
Universe’s expansion rate H,. One way to achieve this

TABLE II.

by relying entirely on DESI data is to break the turnover
H,-Q,, degeneracy. This can be done with uncalibrated
anisotropic BAO measurements, which provide indepen-
dent constraints on Q. We show our joint ACDM Q,-H,,
posterior distribution in Fig. 9 from which we obtain a
marginalized mean value of H, = 74.07]Z km/s/Mpc.

The results for cosmological parameters from turnover measurements, combined with external datasets and priors, are

presented within the baseline flat ACDM model and its wyw, extension. We report marginalized means and 68% credible intervals.

Model/dataset Q. H, [km s~ Mpc™'] ,, W W,
Flat ACDM

DESI TO 0.3547091° 65139 0.139 +0.036

DESI TO + BAO 0.295 +0.013 74.0173 0.162:100

DESI TO + PantheonPlus 0.329 £ 0.018 65.27¢3 0.14070:0)7

DESI TO + Union3 0.353 +0.026 60.733 0.13099%3

DESI TO + DESYS 0.350 +0.017 608726 0.130-001¢

DESI TO + BAO + PantheonPlus 0.308 £ 0.011 70,7j57'-97 0.155 £ 0.026

DESI TO + BAO -+ Union3 0.3080911 71.077% 0.1567 303

DESI TO + BAO + DESY5 0.319 £0.011 67.9+6.3 0.1481 092

CMB 0.3165 £ 0.0084 67.27 + 0.60 0.1432 £ 0.0013

Flat wyw,CDM

DESI TO 0.374100¢° 6317 0.140% 005 —0.90% % < -0.560
DESI TO + BAO 0.34410:959 66.5+7.2 0.152 £0.026 -0.5319:38 < -1.32
DESI TO + BAO + PantheonPlus 0.31159012 7018 0.155790%9 -0.865+0.073  —-0.56703)
DESI TO + BAO + Union3 0.331 £0.015 678 0.15109! —0.66 +0.12 —1.357068
DESI TO + BAO + DESY5 0.324 £0.014 6878 0.15010:927 -0.738 £0.087  —1.1110%/
BAO + CMB + DESY5 0.3163 + 0.0066 67.23 4+ 0.66 0.1429 £0.0011  -0.726 £0.070  —1.067933
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FIG. 11.
BAO + DESYS as these are ry dependent [13].

This is almost 2¢ higher than the Planck CMB value of
Hy=67.27£0.60 [21]. It is also higher than BAO H,
measurements with sound-horizon priors from either big
bang nucleosynthesis (BBN) or from the CMB (cf. Fig. 10)
but it is consistent with the 71.2 + 4.1 km/s/Mpc-meas-
urement from the DESI galaxy clustering only full-shape
analysis where the sound horizon has been marginalized
out [14], as well as the eBOSS TO + BAO and eBOSS
TO + Pantheon results [2,23].

Our DESI TO + BAO result is also close to the SHOES
measurement of Hy =73.04 £ 1.04 km/s/Mpc [63]
which we also add to the whisker plot in Fig. 10 for

Posterior contours for H, €, and the dark energy parameters w, and w,. Note, that we do not show any H contours for

comparison, showing a clear visualization of how our
results compare to previous measurements. As SNe also
provide a direct measurement of €, but a H, measurement
that is degenerate with intrinsic properties of SNe, we also
combine our DESI TO constraints with the SN likelihoods
considered in the DESI cosmological parameter inference
key articles [13,37], which are the PantheonPlus® [59,60],
Union3 [61], and the Year 5 SN analysis from the Dark

¥As in [37], we denote the originally named Pantheon+ dataset
henceforth as PantheonPlus to avoid ambiguity with the +
symbol used to denote combinations of datasets.
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Energy Survey (DESYS5) [62]. Interestingly, our analysis
indicates an inverse Hubble tension. The DESI TO +
Union3 and DESI TO + DESYS5 combinations yield sig-
nificantly lower values of H at 60.7f§_‘§ km/s/Mpc and
60.8f§f km/s/Mpc, respectively, compared to our DESI
TO 4 BAO constraints (see Table II and Figs. 9 and 10).
When combining with the PantheonPlus dataset, we
observe a milder tension, resulting in a marginalized mean
and 68% credible interval of Hy = 65.27¢ km/s/Mpc. It
is important to note that this inverse Hubble tension is not
indicative of an inconsistency within the DESI TO con-
straints. Instead, it reflects the differences in the values
of Q.: 0.295+0.015 from DESI BAO [13] versus
0.356709%8 from Union3 [61], to give as an example the
datasets that result in the highest tension when combining
with the DESI TO.

This €, tension can be resolved by allowing for
evolving dark energy. In this model, DESI BAO constrains
the matter density parameter at Q, = 0.344f8"8§g [13]. In
fact, DESI BAO + CMB + SNe favor evolving dark
energy over ACDM at the 2.50, 3.50, or 3.90 level
depending on whether the SN sample is PantheonPlus,
Union3, or DESYS [13]. Adopting the Chevallier-Polarski-
Linder (CPL, [64,65]) parametrization where the dark
energy equation of state w(a) = wy + w,(1 — a) at scale
factor a is defined by the present-day value w, and the
linear evolution parameter w,, we can see that in this
wow,CDM model, DESI TO + BAO provides an H
constraint of 66.5 + 7.2 km/s/Mpc that agrees well with
DESI TO + SNe.

Furthermore, we compare in Fig. 11 the posterior
contours of the data combination that provided the
strongest evidence for evolving dark energy, i.e.,
DESIBAO + DESYS + CMB, to that from replacing the
CMB with the DESI TO. While the TO yields less
information than the CMB, it still provides a valuable
consistency check when combined with BAO and super-
novae but without directly relying on the CMB. The TO +
BAO + DESY5 combination achieves competitive con-
straints with wy = —0.738 £0.087 and w, = —1.1170],
which are not far from the full DESI + CMB + DESY5
combination  (w, = —0.726 & 0.070, w, = —1.061053,
cf. Fig. 11). This suggests that the turnover can serve as
an independent low-redshift probe, offering cross-checks
and robustness tests against CMB-driven cosmological
models.

VI. SUMMARY

In this study, we present the first model-independent
detection of the power spectrum turnover in an autopower
spectrum using data obtained from DESI during its inau-
gural survey year, with a detection probability of 98%
in the QSO sample and 90% in the LRG sample. The
power spectrum turnover serves as a model-independent

measurement of the matter-radiation equality scale. Our
analysis, conducted with strict data blinding techniques
to mitigate confirmation bias, yields Dy (z = 1.651) =
(38.1 £2.5)ry from the quasars and Dy (z = 0.733) =
(21.8 + 1.0) ryg from the LRG sample. These turnover scales
are a crucial feature in the matter power spectrum and serve
as a standard ruler in cosmology, complementary to
the BAO.

Assuming three standard neutrino species and a vanilla
ACDM cosmology, these measurements allow us to derive
a constraint on the matter density parameter Q h> =
0.1391’8_‘8266. By combining this with low-redshift measure-
ments from type-la supernovae data (PantheonPlus,
Union3, and DESY5), we obtain an estimate of the Hubble-
Lemaitre parameter independent from BBN or CMB
priors: Hy = 60.77573 km/s/Mpc, 60.874¢ km/s/Mpc,
and 65.2fg.'§ km/s/Mpc, respectively, which aligns with
previous Quaia + Planck turnover analyses.

Furthermore, incorporating DESI BAO results, we esti-
mate H, = 74.0f;'52 km/s/Mpc, consistent with findings
from DESI full-shape analyses that marginalize the sound-
horizon scale [14]. Note that this value presents true
constraints from DESI alone without any external data,
whereas H( constraints from the BAO alone are either
presented as Hry or are broken with external data, such as
in Fig. 8 where the H-ry degeneracy has been broken with
external BBN priors. The apparent inversion of H, values
between Fig. 8 on one hand and Figs. 9 and 10 on the other,
is due to the exclusion of priors from BBN and SHOES
Cepheid host distances.

Notably, the (now inverted) discrepancy in Hy, arises due
to differences in the matter density measured by supernovae
compared to those measured by the DESI BAO. When
allowing for evolving dark energy, these differences are
reconciled with DESI TO + BAO providing Hy =
66.5 + 7.2 km/s/Mpc. However, the constraints on H
become less stringent. This work underscores the capacity
of the turnover scale as a robust cosmological probe,
providing valuable insights into the dynamics of the
Universe.

Importantly, this analysis only uses data from the first
year of DESI, representing just half of the area of the
expected final sample. With four more years of observa-
tions planned, the final DESI dataset will contain approx-
imately three times the effective volume of the first year
data [11], significantly enhancing statistical precision and
constraining power. Additionally, there are substantial
efforts in addressing emission line galaxy (ELG) system-
atics, which have prohibited including them in this analysis.
The recent implementation of improved imaging calibra-
tions will reduce systematic biases. These improvements
pave the way for incorporating ELG samples into future
turnover analyses, increasing the number of available
tracers by 50%, and, in turn, establishing the power
spectrum turnover as a competitive additional probe.
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APPENDIX A: TEST OF ato SCALING
RELATION ON MOCKS

This appendix details the test of the scaling relation for
ato given in Eq. (9) using mock galaxy catalogs. Figure 12
shows the residuals of this scaling relation as a function of
cosmological parameters. The test involves generating
mock data, computing the power spectrum, and fitting
for the turnover scale. The use of mocks is necessary to test
the impact of the fiducial cosmology.
(1) Mock data generation: Mock galaxy catalogs were
generated using MOCKFACTORY’S’ Lagrangian-
LinearMock routine, which first creates a linear
density field with a DESI-like fiducial cosmology
implemented in COSMOPRIMO. Then, it displaces
particles from their Lagrangian grid positions
using the first-order Lagrangian perturbation theory
(LPT)—i.e., the Zel’dovich approximation. The
fiducial parameters are
(1) Redshift: z=1.5
(i1) Linear power spectrum from the DESI fidu-
cial model

(iii) Number density: 7 = 10~ h?/Mpc?

(iv) Simulation box parameters: boxsize =
3500 Mpc/h, nmesh = 256

9https ://github.com/cosmodesi/mockfactory.
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Poisson sampling was used to populate the density field
with galaxies.

(2) Power spectrum computation: The power spectrum
monopole was computed using pypower .Cata-
logFFTPower. Shot noise and normalization were
accounted for. The covariance matrix was estimated
assuming a Gaussian approximation

2
Vo Vesr

Ck; k;) =

iy Pz(kl) + s%l,() 55

where V, are the Fourier-space volume elements.

The effective volume, V., was calculated consis-

tently with the main analysis.

Turnover scale fitting: The turnover scale, apg, was

extracted from the mock power spectra using the

same fitting pipeline described in the main text.

Briefly, this involves fitting a model to the power

spectrum around the turnover feature.

Testing the scaling relation: To assess the validity of

the scaling relation in Eq. (9), we varied the values of

®¢qm and h around the fiducial cosmology. For each
variation:

(i) The fiducial cosmology used in Eq. (9) and
when computing ry iy remained fixed.

(i) The mock power spectrum was recomputed
using the updated cosmology.

(iii) The turnover scale, apg, was refitted.

(iv) ato was then compared to its prediction from
Eq. (9), using ry calculated for the varied
cosmology.

The datapoints shown in Fig. 12 represent the left-hand side

of Eq. (9), whereas the solid lines show the expectation

from the right-hand side for these varied cosmologies.

3
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FIG. 12. Test of the arg scaling relation. Shown is the relative
difference of the left- and right-hand sides of Eq. (9) as a function
of @, and h. The data points correspond to aro from
simulations, whereas the solid lines show the expectation from
the right-hand side of Eq. (9). This demonstrates the validity of
the scaling relation for a range of cosmological parameters.

APPENDIX B: CORRELATION WITH SHAPEFIT

Here, we analyze the correlation of the turnover param-
eters with ShapeFit parameters. ShapeFit extends the
standard BAO and RSD measurements by including a
parameter mgg, which characterizes the shape of the power
spectrum, and df, which accounts for deviations from
standard growth predictions [56].

Using 1000 EZmock realizations, we estimate the
correlation matrices between arg, @, and a,p pre and

1.00
10, QSO 10.0250.048-0.028-0.006 0.053-0.084
0.75
m, QSO 10.3660.087-0.0310.031-0.028-0.1180.056
0.50
n, QSO 0.004 0.021-0.013-0.006-0.273 -0.12
Q@iso, post: QSO 10.0250.087 0.004 0.012/0.492-0.109-0.1190.189 0.25
@pp, post, QSO 10.048-0.0310.021 0.012 0.0110.347 0.035-0.273 0.00
Qiso, pre, QSO 10.0280.031-0.0130.492-0.011 10.036-0.1480.233 ~025
@pp, pre, QSO 10.006-0.028-0.006-0.1090.347-0.036 | 050
msr, QSO 40.053-0.118-0.273-0.1190.035-0.1480.099
-0.75
fog, QSO +0.0840.056 -0.12 0.189-0.2730.233
-1.00
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m, QSO 4

n, QSO 4

Qiso, post: QSO

Qiso, pre; QSO 4
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70, LRG - 0.50
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- 0.00
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FIG. 13. Correlation matrices between arg, ®s, and aap pre
and postreconstruction, as well as the ShapeFit parameter mgg
and df values for the QSO (left) and LRG (right) samples. These
correlation matrices have been estimated from 1000 EZmocks.
As the LRG sample is split into three redshifts bins for the BAO
and ShapeFit analyses, we refer with LRG1, LRG2, and LRG3 to
the redshift bins with 04 <z <0.6, 0.6 <z<0.8, and
0.8 <z < 1.1, respectively. We also show the correlations
between the QSO and LRG arq, as they overlap in redshift.
For clarity, in the right-hand panel, we only show parameters
whose correlation with the LRG arg is larger than 0.1.
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postreconstruction, as well as mgp and df for the QSO
and LRG samples. These correlations are displayed
in Fig. 13.

Since the LRG sample is split into three redshift bins for
the BAO and ShapeFit analyses, we refer to these bins as
LRG1 (0.4 < z < 0.6), LRG2 (0.6 < z < 0.8), and LRG3
(0.8 < z < 1.1). We also show the correlations between the
QSO and LRG arg values due to their overlapping red-
shift range.

Overall, we find that the correlation between turnover
and ShapeFit parameters is moderate, with the most
significant correlations occurring between n and mgg which
is expected due to both parameters describing the power

spectrum shape at scales smaller than the turnover. In terms
of arg, we do not see any strong correlations with ShapeFit
parameters. This analysis suggests that incorporating
ShapeFit parameters into joint fits may provide additional
cosmological insights beyond standard BAO and turnover
measurements since the shape parameter n is treated as a
nuisance parameter in this analysis, whereas the related
ShapeFit parameter mgp is what provides additional infor-
mation in the ShapeFit approach. It, therefore, seems
worthwhile future work to combine the two parametriza-
tions into a joint one, taking the information of both the
turnover position and the slope of the power spectrum close
to it into account.
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