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29Sorbonne Université, CNRS/IN2P3, Laboratoire de Physique
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Passeig de Llúıs Companys, 23, 08010 Barcelona, Spain

ar
X

iv
:2

50
5.

16
15

3v
2 

 [
as

tr
o-

ph
.C

O
] 

 4
 S

ep
 2

02
5

https://orcid.org/0000-0002-4578-4019
https://orcid.org/0000-0002-7464-2351
https://orcid.org/0009-0004-2558-5655
https://orcid.org/0000-0001-8996-4874
https://orcid.org/0000-0003-0920-2947
https://orcid.org/0000-0001-5957-332X
https://orcid.org/0000-0001-6098-7247
https://orcid.org/0000-0001-9712-0006
https://orcid.org/0000-0002-2169-0595
https://orcid.org/0000-0002-1769-1640
https://orcid.org/0000-0002-3033-7312
https://orcid.org/0000-0003-3142-233X
https://orcid.org/0000-0002-6550-2023
https://orcid.org/0000-0001-6558-0112
https://orcid.org/0000-0002-6024-466X
https://orcid.org/0000-0003-4207-7420
https://orcid.org/0000-0002-8828-5463
https://orcid.org/0000-0003-3510-7134
https://orcid.org/0000-0001-6356-7424
https://orcid.org/0000-0003-1838-8528
https://orcid.org/0000-0001-7178-8868
https://orcid.org/0000-0003-4962-8934
https://orcid.org/0000-0002-4279-4182
https://orcid.org/0000-0002-1125-7384
https://orcid.org/0000-0002-2733-4559
https://orcid.org/0000-0001-9070-3102
https://orcid.org/0000-0003-3188-784X
https://orcid.org/0000-0002-0644-5727
https://orcid.org/0000-0001-7145-8674
https://orcid.org/0000-0001-6979-0125
https://orcid.org/0000-0002-7522-9083
https://orcid.org/0000-0002-1609-5687
https://orcid.org/0000-0002-9646-8198
https://orcid.org/0000-0002-6588-3508
https://orcid.org/0000-0002-3461-0320
https://orcid.org/0000-0003-1704-0781
https://orcid.org/0000-0001-5381-4372
https://orcid.org/0000-0002-6684-3997
https://arxiv.org/abs/2505.16153v2


2

34Department of Physics and Astronomy, Siena College,
515 Loudon Road, Loudonville, NY 12211, USA

35Department of Physics and Astronomy, University of Waterloo,
200 University Ave W, Waterloo, ON N2L 3G1, Canada

36Perimeter Institute for Theoretical Physics, 31 Caroline St. North, Waterloo, ON N2L 2Y5, Canada
37Waterloo Centre for Astrophysics, University of Waterloo,
200 University Ave W, Waterloo, ON N2L 3G1, Canada
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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, inde-
pendent 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 auto-power spectrum, utilising the
distribution of quasars (QSO) 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 analyse 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 DV(z = 1.651) = (38.1± 2.5) rH from the quasars
and DV(z = 0.733) = (21.8± 1.0) rH from the LRG sample in units of the horizon rH at the matter-
radiation-equality epoch. Combining these two constraints and assuming a flat ΛCDM model with
three standard neutrino species, we can translate this into a constraint of Ωmh2 = 0.139+0.036

−0.046. We
can break the Ωm-H0 degeneracy with low-redshift distance measurements from type-Ia supernova
(SN) data from Pantheon+, we obtain a sound-horizon free estimate of the Hubble-Lemâıtre param-
eter of H0 = 65.2+4.9

−6.2 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
H0 = 74.0+7.2

−3.5 km/s/Mpc, in line with DESI-only full-shape results where the sound-horizon scale
is marginalised out. This discrepancy in H0 can be reconciled in a w0waCDM cosmology, where the
combination of DESI BAO and TO data yields H0 = 66.5± 7.2 km/s/Mpc.

PACS numbers: 98.80.Es

I. INTRODUCTION

The distribution of matter in the Universe is observed
through the distribution of tracer particles, such as galax-
ies, quasi-stellar objects (QSOs) or Lyman-alpha absorp-
tion systems at low-redshift or hot and cold spots in the
cosmic microwave background (CMB) at high-redshift.
The formation 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 emitted during recombination and the
size of fluctuations δρ

ρ ∼ 10−5. This early era of linear

growth, where cold dark matter (CDM) perturbations

∗ benedict.bahrkalus@inaf.it
† davidparkinson@kasi.re.kr

can grow without the restoring force of photon pressure
while the baryon perturbations experience acoustic os-
cillations, starts at the epoch of matter-radiation equal-
ity. At this epoch the two fluids have equal energy den-
sity, 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 experi-
ence continual enhancement. As such, the horizon scale
at matter-radiation equality appears in the matter den-
sity power spectrum as a peak.
This matter-radiation equality scale (also known as the

power spectrum turnover) is fixed in comoving coordi-
nates, 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 non-

mailto:benedict.bahrkalus@inaf.it
mailto:davidparkinson@kasi.re.kr
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relativistic energy densities, where the total energy den-
sity 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 indica-
tion was attempted using data from the WiggleZ Dark
Energy Survey [1], with an effective survey volume of
only 0.84 (Gpc/h)3. 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 catalogue, Quaia, and its cross-
correlation 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 ad-
ditional tracer from the Dark Energy Spectroscopic In-
strument (DESI), a multi-object fibre-fed spectroscopic
system with 5000 fibers covering the focal plane with a
∼ 3o 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 spectro-
graph 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 Dark Energy Spectroscopic Instrument
(DESI) is to determine the nature of dark energy through
the most precise measurement of the expansion 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 equa-
tion of state parameters w0 and wa relative to previous
Stage-III experiments. Here, the constraints on the dark
energy parameters are primarily coming from measure-
ments of the BAO standard ruler, which is sensitive to
both the angular diameter distance and the Hubble pa-
rameter, 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 marginalised over this physi-
cal 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 polar-
isation 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 spec-
trum, requiring only a knowledge of the total relativis-
tic energy density of the Universe, which comes from
the monopole CMB temperature, plus our understand-
ing of the neutrino sector. Because of this, it can be
used to make a measurement of the physical matter den-

sity (Ωmh2), in contrast to the BAO that are sensitive
to the matter density as a fraction of the critical density,
Ωm. 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 H0. Our companion projects
achieve this by either marginalising over the sound hori-
zon [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 section II we describe the physics of the matter-

radiation scale, and in section III we describe the method-
ology used to measure it. In section IV we describe the
DESI data, as well as the mock catalogues that we used
to validate our method and compute the covariances. In
section V we give the measured values and errors of the
matter-radiation scale, and the inferred cosmological pa-
rameter constraints. We summarise our findings in sec-
tion VI.

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 deceler-
ates, the Hubble-Lemâıtre rate falls, and primordial per-
turbations at super-horizon scales can re-enter the hori-
zon, restarting their evolution. However, for those per-
turbations that already re-enter during radiation domina-
tion, the pressure of the relativistic mass-energy prevents
gravitational collapse. It is only when non-relativistic
matter starts to dominate the dynamics that density per-
turbations can grow. The specific horizon size at the
epoch of matter-radiation equality is a significant scale
in the structure formation history of the Universe, de-
pending 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

rH = c

∫ aeq

0

d a

a2H(a)
, (1)

where the scale factor at matter-radiation equality aeq =
(1+zeq)

−1 = Ωr/Ωm can be expressed in terms of the ra-
tio of the radiation and matter density parameters. This
simple equation, used in [2], becomes slightly more com-
plicated in the presence of massive neutrinos.
For massless neutrinos, the energy density scales as a−4

in the same manner as photons. However, massive neu-
trinos are relativistic in the early Universe but become
non-relativistic later, functioning as a form of warm dark
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matter that slows gravitational collapse. Most cosmo-
logical Boltzmann codes treat the massive neutrinos in
this manner, as a fluid with some non-constant equation
of state. The evolution of the different density values is
shown in figure 1.
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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 neu-
trino 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 zeq is given by the point where the
blue (total relativistic energy density) and green (total non-
relativistic energy density) lines coincide. For comparison, we
also show the combined neutrino energy density in a cosmol-
ogy 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 neu-
trino.

Since massive neutrinos become non-relativistic at late
time, they should be considered as part of the relativis-
tic 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 the total effective number of neu-
trino species Neff adjusted accordingly. So, the redshift
of equality is given by

aeq = (1 + zeq)
−1 =

ργ + ρν
ρb + ρcdm

, (2)

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

ρν = Neff
7π2

120
T 4
ν . (3)

Here the neutrino temperature is

Tν =

(
11

4

)−1/3

Tγ , (4)

and the effective number of neutrino species Neff is equal
to the total effective number of neutrino species, includ-
ing massive and massless.

Considering the early Universe (i.e. a < aeq) 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

rH =
2c

(√
2− 1

)√
aeq

H0

√
Ωbc

(5)

which is inversely proportional to the square root of
ωbc = ωb + ωcdm, where ωi = Ωih

2 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 wavenumber

as keq = aeqH(aeq). Under the same assumptions that
led to (5), it is straight-forward to relate this quantity to
rH as [17]

keq = 2
(
2−

√
2
)
r−1
H (6)

This keq is approximately but not exactly the
turnover scale kTO. kTO has a weak depen-
dence on the baryon density ωb. The two scales
can be related by the fitting formula [17] kTO =
0.194
ω0.321

b

(
keq Mpch−1

)0.685−0.121 log10(ωb) to connect the

two scales. However, here we are going to take a more ac-
curate approach and find the maximum of fiducial power
spectra computed using the cosmoprimo interface1 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.
Thus, our distance measurements are relative to this fidu-
cial cosmology. Our fiducial cosmology matches the aver-
age cosmological parameter values from the Planck 2018-
ΛCDM base plikHM TTTEEE lowl lowE lensing chains
[21]. The key parameters are ωb = 0.02237, ωcdm =
0.1200, h = 0.6736, the effective number of ultra-
relativistic species Nur = 2.0328 and one massive neu-
trino with ων = 0.00064420. This is the fiducial cosmol-
ogy throughout DESI and also corresponds to the cos-
mology used when simulating the 25 base AbacusSummit
boxes. Computing the power spectrum for this fiducial
cosmology using cosmoprimo, we find a peak at

kTO,fid = 16.5h/Gpc. (7)

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

αTO =
kTO

kTO,fid
. (8)

1 https://github.com/cosmodesi/cosmoprimo

https://github.com/cosmodesi/cosmoprimo
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Even though the turnover scale kTO only approximates
the equality scale keq (cf. Section II), mock analyses show
that

αTO =
DV(z)

DV,fid(z)

rH,fid

rH
(9)

in analogy to the isotropic BAO (where DV(z) =
3

√
cz

H(z)D
2
M(z) andDM(z) is the comoving distance to red-

shift z) works well to link kTO to cosmology, as long as
the fiducial cosmology is not unreasonably different from
the true cosmology. We show in Appendix A and figure
12 that eq. (9) works well for a wide range of parameter
values. Whereas the modelling used for our eBOSS anal-
ysis [2] based on a fitting formula to link keq and kTO

yields biased results in cases where the true cosmology
has either a high value of h or a low value of ωcdm.
In order to compute the fiducial horizon size rH,fid, we

use (2) - (4) to first compute the redshift

zeq,fid = 3408 (10)

at which matter-radiation equality happened, which cor-
responds to a scale factor aeq = 2.93×10−4 and, in turn,
to

rH,fid = 112.7 Mpc. (11)

B. Parameterisation

Close to the turnover, we model the galaxy power

spectrum monopole as P̂ (k) = K(b1)Ptemplate(k) + sn,0
where Ptemplate is parameterised in the following model-
independent way:

Ptemplate(k) =

{
P 1−mx2

TO,fid for k
kTO,fid

< αTO

P 1−nx2

TO,fid for k
kTO,fid

≥ αTO,
(12)

with PTO,fid = Pfid(kTO,fid), x = ln(k Mpc/h)
ln(αTOkTO,fid Mpc/h) − 1

and the Kaiser factor K(b1) = b21 + 2
3b1ffid + 1

5f
2
fid [22]

evaluated for the growth rate ffid for the fiducial cos-
mology. We vary in total five parameters in our fits:
the scaling parameter αTO, the slope parameters m and
n, the linear bias parameter b1, and the residual shot
noise sn,0. This parameterisation is equivalent to the
one used in measurements of the matter-radiation equal-
ity 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 αTO

and the power spectrum amplitude by the linear bias
parameter b1. In this way, we are closer to the BAO
implementation in desilike 2 and, at the same time,

2 https://github.com/cosmodesi/desilike

emphasise that (12) is defined with respect to a fiducial
template power spectrum Pfid(k) which sets the power
spectrum peak postion kTO,fid and its amplitude PTO,fid.
Of course, the parameterisation given in (12) breaks

down the further we are from the turnover scale due to
the BAO, non-linear clustering and other small-scale ef-
fects. We could prevent these from biasing our results by
either an aggressive scale cut or modelling these effects;
however, in the former case, we lose valuable broad-band
information, and in the latter, we lose model indepen-
dence. Therefore, we follow [2, 23] and deproject out the
modelling systematic as follows:

1. We compute the mean of the power spectra of 1000
EZmock realisations P̄mock(k) (cf. section 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, fibre assignment
effects, etc. are properly included (cf. section IVA).

2. We fit (12) to the mean mock power spectrum over
the same k-range as the data, fixing αTO = 1 and
imposing weights inverse to σ2(k) = (k − kTO,fid)

2
.

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 modelling error, and as
(12) parameterises the power spectrum well close to
the turnover scale, we chose σ to reflect the distance
between k and the expected turnover scale. We call
the best-fitting power spectrum Pbf(k).

3. The k-dependence of our modelling inaccuracy can
then be described by f(k) = P̄mock(k) − Pbf(k).
We free the amplitude of our modelling system-
atic by introducing a nuisance parameter τ . The
true power spectrum then reads Ptrue(k) = P̂ (k) +

τf(k). Assuming independence between P̂ (k)
and f(k), the covariance taking our modelling in-

accuracy into account is given by Ĉ(k1, k2) =
Ctrue(k1, k2) + τ2f(k1)f(k2). We can analytically
marginalise out the nuisance parameter τ by tak-
ing its limit to infinity when inverting Ĉ(k1, k2),
yielding

Ĉ−1(k, q) = C−1
true(k, q)−∆C(k, q), (13)

with

∆C(k, q) =

∑
케,큐 C−1

true(k,케)f(케)f(큐)C−1
true(큐, q)∑

케,큐 f(케)C−1
true(케,큐)f(큐)

.

(14)

C. Likelihood and Fitting

In our eBOSS analysis [2], we identified a discrepancy
in determining kTO when adhering to the conventional
assumption of a Gaussian likelihood for the power spec-
trum. To rectify this bias, we opted for an alternative

https://github.com/cosmodesi/desilike
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approach by employing a likelihood derived from a Box-
Cox transformation [24] applied to the gamma distribu-
tion approximating the hypo-exponential distribution of
a binned, window-convolved power spectrum of a Gaus-
sian random field [25]. It is important to note that in this
approximation, the number of available k-modes corre-
sponds to the diagonal elements of the precision matrix
Ĉ−1(k, k). However, the application of (14) diminishes
the presumed count of modes, which inadvertently incor-
rectly enhances the non-Gaussian characteristics of the
likelihood at smaller scales. Consequently, we have de-
cided not to use the likelihood model employed in the
eBOSS TO analysis and utilise instead a conventional
Gaussian likelihood defined as:

χ2 =

kmax∑
(k1,k2)=kmin

∆P (k1)Ĉ
−1(k1, k2)∆P (k2), (15)

where ∆P (k) = P̃ (k) − Pconv(k). We will demonstrate
in Section IVA that for DESI, this approach provides an
unbiased measurement of the turnover scale.

We choose of kmin = 0.004 h/Mpc and kmax =
0.2 h/Mpc to be the same values as in the eBOSS
turnover analysis [2]. Our choice of kmin is slightly
more conservative than in the DESI primordial non-
Gaussianity (PNG) analysis [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 is significantly
larger than kmax = 0.08h/Mpc chosen for the PNG mea-
surement [26]. We can use this larger value because our
method down-weights these small scales, effectively using
only the broadband information from the power spec-
trum.

We show in Figure 2 the posterior contours of turnover
parameters obtained from minimising (15) for the mean
power spectrum of DESI Y1 LRG and QSO EZmock re-
alistations (cf. Section IVA), assuming the PNG anal-
ysis kmax = 0.08h/Mpc, the eBOSS turnover analy-
sis kmax = 0.2h/Mpc, and an intermediate kmax =
0.15h/Mpc. As expected, we see significant differences
in the marginalised 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 αTO – remain remarkably stable. The proba-
bility of not detecting the turnover feature (i.e. P(m ≤
0)) is remarkably stable when changing kmax, diminish-
ing from 21.6% in mock LRGs at kmax = 0.08h/Mpc
to 21.1% at higher kmax, and changing from 0.06% at
kmax = 0.08h/Mpc, to 0.04% at kmax = 0.15h/Mpc
and 0.08% at kmax = 0.2h/Mpc with mock QSOs. The
maximum a posteriori value of αTO is also stable under
variations of kmax (LRG: 0.99, 1.002, 0.995; QSO: 1.01,
1.007, 1.004, for kmax = [0.08, 0.15, 0.2]h/Mpc, respec-
tively). What we do notice for αTO is that by carving
away posterior space using small-scale broadband infor-
mation on n, we reduce the standard deviation on αTO

from 0.22 to 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 kmax = 0.2h/Mpc for our analysis, as it provides
tighter yet stable constraints on the parameters of inter-
est.
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FIG. 2. Constraints on turnover parameters from the mean
of DESI Y1 LRG and QSO EZmock power spectra obtained
with different values of kmax. The filled contours correspond
to the fiducial kmax = 0.2h/Mpc used throughout this article.

All inferences are performed using the emcee sam-
pler3[27] within the desilike framework. A practical
outline of our analysis pipeline is available as a Jupyter
notebook on the cosmodesi GitHub page.4

IV. DATA

We make use of data from the first year of spectro-
scopic 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 cat-
alogues of the 9th public data release of the DESI Legacy
Imaging Surveys [29]5 and assigned to each of the 5000 fi-
bres in the telescope’s focal plane. The observed data are

3 https://github.com/dfm/emcee
4 https://github.com/cosmodesi/desilike/blob/main/nb/

turnover_examples.ipynb
5 https://www.legacysurvey.org/dr9/

https://github.com/dfm/emcee
https://github.com/cosmodesi/desilike/blob/main/nb/turnover_examples.ipynb
https://github.com/cosmodesi/desilike/blob/main/nb/turnover_examples.ipynb
https://www.legacysurvey.org/dr9/
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processed by the DESI spectroscopic pipeline [30]. The
covered tile surface area is about 7, 500 deg2, i.e. roughly
half of DESI’s expected final coverage of 14, 200 deg2.
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 catalogue building, we refer
to [36].

In particular, we use the power spectra and covariance
matrices (cf. Figure 3) generated for constraints on the
scale-dependent bias signature of local-type PNG [26].
We will briefly summarise 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 targetted for Ly-α
forest analyses.

10 2 10 1
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P 0
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blind QSO
unblinded LRG
unblinded QSO

FIG. 3. DESI Y1 LRG and QSO power spectra. Pale data
points and errorbars show the blinded data, whereas opaque
ones the data after unblinding. The solid curves represent
the best fit (cf. Section V). The apparent mismatch between
data and best fit at small scales are the effect of the mode
deprojection of the modelling uncertainty at these scales far
from the power spectrum peak (cf. equation 14).

The QSO sample [34] used here thus contains 1,189,129
objects (thus about 40 per cent 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 zeff = 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 fibre 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 zeff = 0.733 using standard
FKP weights [26].

Variations in completeness, imaging systematics, and
spectroscopic efficiency are accounted for using addi-
tional weights as described in [40]. As imaging system-
atics are crucial to this analysis, the imaging system-
atics weights are further improved using the regression
code regressis [26, 41].6 However, as shown in figure
25 of [26], the systematic weights primarily affect super-
equality-horizon scales for the DESI QSO and LRG sam-
ples. This indicates that the αTO measurement is robust
against imaging systematics. However, imaging system-
atics can flatten the power spectrum at these scales or
even cause an upturn, which may result in an underesti-
mation of the slope parameter m and, in turn, we might
be prone to underestimating our detection probability.

We avoid confirmation bias by first testing and per-
forming our analysis on blinded data. The blinding strat-
egy and its validation is described in detail in [42, 43].
DESI is blinded at the catalogue level. At ultra-large
scales, the dominant blinding contribution comes from
imposing a randomly chosen value of fblind

NL ∈ [−15, 15]
onto a set of weights such that one will measure fobs

NL =
f cat
NL +fblind

NL , where f cat
NL is the local PNG parameter mea-

sured from the unblinded catalogue. To prevent unblind-
ing without knowing fblind

NL , the completeness weights
available to the collaboration before unblinding were mul-
tiplied by the blinding weights. The blinded power spec-
trum is shown in pale along their unblinded equivalents
in Figure 3. We show in section IVD using mocks that
the fNL 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 Ya-
mamoto estimator [44] implemented in pypower7 even
though we only consider the power spectrum monopole

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

https://github.com/echaussidon/regressis
https://github.com/cosmodesi/pypower
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here. FKP weights [39]

wFKP(x) =
1

1 + n̄(x)P0
(16)

are applied to minimise the uncertainty of the power
spectrum measurement, where P0 is the power spec-
trum at the scale of interest. With the equality scale
as our scale of interest, P0 = 3 × 104 Mpc3/h3 and
P0 = 5× 104 Mpc3/h3 are chosen for the QSO and LRG
power spectrum measurement, respectively. pypower au-
tomatically subtracts Poissonian shot noise. Thus, our
nuisance parameter sn,0 presents the residual shot noise.

A. Mock Realisations

We make use of two sets of simulations: EZmocks
[46] and Abacus [47, 48]. EZmocks use Gaussian ran-
dom fields to initialise density perturbations in the early
Universe. The evolution of these density perturbations
is modelled under the assumption of the Zel’dovich ap-
proximation and an effective bias model, which is com-
putationally less intensive than full N-body simulations.
This methodology balances computational efficiency and
accuracy, particularly on these ultra-large scales that can
be well described by linear theory, allowing the creation
of 1000 realisations per galactic hemisphere with a box
size of (6 Gpc/h)

3
. We use two sets of realisations of

EZmocks. For most applications, we use the mocks de-
scribed in detail in section 3.3.2 of [26]. When estimating
correlations with other DESI measurements, in particu-
lar the BAO, we use EZmock realisations described in
section 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 statisti-
cal requirements. With up to trillions of particles, Aba-
cusSummit enables precise modelling of the dark matter

density field and the resulting halo distribution. The sim-
ulations cover volumes comparable to or larger than the
DESI survey, ensuring that cosmic variance is minimised
and rare structures are well-sampled. Abacus mocks in-
corporate advanced halo modelling techniques, such as
the Halo Occupation Distribution (HOD), to populate
halos with galaxies consistent with DESI’s target selec-
tion. Due to their higher computational cost, we only
have 25 Abacus mocks each with a box size of (2 Gpc/h)

3

available.

B. The Covariance Matrix

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

Csamp(k, q) =

∑
s

[
Ps(k)− P̄ (k)

] [
Ps(q)− P̄ (q)

]
nm − 1

(17)

where nm = 1000 represents the number of mock re-
alisations. This provides an unbiased estimate of the
true covariance matrix Ctrue(k1, k2). Given that the
inverse covariance matrix follows an inverse Wishart
distribution, C−1

samp(k1, k2) is only a biased estimate of

C−1
true(k1, k2). To obtain an unbiased estimate, we multi-

ply C−1
samp(k1, k2) by the Hartlap factor [49]:

C−1
H (k1, k2) =

nm − nd − 2

nm − 1
C−1

samp(k1, k2), (18)

where nd is the number of data points. Further-
more, when using C−1

H (k1, k2) instead of the unknown
Ctrue(k1, k2) in any parameter inference, the likelihood
becomes wider due to the marginalisation over possible
values of Ctrue(k1, k2). This effect can approximately be
accounted for by the Percival factor [50]:

C−1
PH(k1, k2) =

2 + (nm − nd − 1)(nm − nd − 4) + (nm − nd − 2)(np + 1)

(nm − nd − 1)(nm − nd − 4) + (nm − nd − 2)(nd − np)
C−1

H (k1, k2), (19)

where np = 5 is the number of parameters. Finally, we
substitute Ctrue with CPH in eq. (14) to obtain the co-
variance matrix used to measure the turnover.

Note that in the DESI full shape analysis [37], the co-
variance matrix from the EZmocks is rescaled to match
the analytical prediction from RascalC [51]. This is nec-
essary as the EZmocks used in [37] emulate the fibre as-
signment of DESI, which in turn underestimates the co-

variance. Here, we use the EZmocks of the DESI PNG
measurement [26], which ignore the impact of the fibre
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].



9

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
modelling of the power spectrum [52]. The survey se-
lection function, W (x), describes the observed fraction
of the density field. The convolved power spectrum is
computed as a matrix multiplication between the uncon-
volved power spectrum multipoles and the window ma-
trix, as expressed in Equation (4.8) of the DESI PNG
paper [26].

We make again use of the window matrix of ref. [26].
For the monopole (ℓ = 0), the window matrix is derived
using the random catalogue and normalised appropri-
ately to avoid bias. The implementation utilises pypower
for computing the window matrix and desilike for the
convolution with the theoretical model. Wide-angle cor-
rections are included in the window matrix at first order.

The redshift distribution used to generate random cat-
alogues is typically inferred directly from the data cat-
alogue using the shuffling method. This approach nulls
radial modes in the measured power spectrum, leading to
the Radial Integral Constraint (RIC, [53]), which intro-
duces anisotropic and scale-dependent effects. The DESI
PNG paper [26] quantifies this contribution through an
additive correction to the power spectrum or a multi-
plicative modification to the window function, W →
W −WRIC, ensuring that the RIC is properly accounted
for without biasing the measurement of f loc

NL.

Ref. [26] demonstrated that the RIC correction affects
both the monopole and quadrupole, with a suppression of
power on large scales that can bias f loc

NL measurements if
not corrected. For the monopole, this effect can be mod-
elled by decreasing the effective value of f loc

NL. The va-
lidity of this correction for f loc

NL has been confirmed using
100 pairs of mock catalogues 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 realisations
as ref. [26], we tested that the position of TO is unaf-
fected by the RIC. However, the RIC affects the slope
m of super-equality-horizon scales and the uncertainty of
αTO. 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 un-
shuffled 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 in-
corporated, 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
turnover 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 f loc

NL
that are consistent with Planck 18 data [54] only cause
sub-per cent 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

realisation but with different values of fblind
NL , wblind

0 and
wblind

a , we measure the m, n, αTO, b1, and sn,0 posterior
distributions of each mock, as shown in figure 4 for varia-
tion in fblind

NL . We do not see any significant change in the
best-fitting parameters as wblind

0 and wblind
a 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 sam-
ples as

Pij(k) =

∫
d z pi(z)pj(z)Pm(k, z)∫
d z ni(z)

∫
d z nj(z)

, (20)

with pi(z) = ni(z)Ki(z), and ni(z) and Ki(z) denoting
the number density and Kaiser factor (cf. below equa-
tion 12) of tracer i at redshift z, as well as Pm(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

ρ =
PLRG,QSO(k)√
PLRG(k)PQSO(k)

=

∫
d z pLRG(z)pQSO(z)D

2(z)√∫
d z p2LRG(z)D

2(z)
√∫

d z p2QSO(z)D
2(z)

, (21)

where we used Pm(k, z) = D2(z)Pm(k, 0) in the second
equality. Adopting the redshift distributions from [26],
illustrated in figure 5, we evaluate equation (21) and find
a percent-level correlation between the LRG and QSO
clustering. The full impact on the measurement of αTO

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 realisations of the
underlying matter density field. We, thus, make the con-
servative choice of estimating the correlation between the
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blinding corresponding to fblind

NL = ±20 applied. Bottom: The
dependence of the best-fitting values of m and αTO and their
uncertainties as a function of fblind

NL .

LRG and QSO αTO measurements from the EZmock re-
alisations 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 in-
clude in the cosmological parameter estimation presented
in section VC. The correlation matrix, along with BAO
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FIG. 5. Products of the normalised redshift distributions of
the LRG and QSO samples.

parameter correlations, is presented in figure 7.

V. RESULTS

A. Measurement of the Turnover Scale

We present the model-independent results of our
turnover measurement in table I. The power spectrum
can be parameterised well around the turnover by the
model-independent parameterisation of equation (12) as
we find χ2

min = 81.2 and χ2
min = 112.8 from the QSOs

and LRGs, respectively. Having used 93 k-bins in both
fits and with 5 free parameters, this corresponds to a re-
duced χ2 of 0.92 from the QSOs and 1.28 from the LRGs.
After unblinding, we detect the turnover with a 90 per
cent probability in the LRG power spectrum and a 98
per cent probability in QSO data. These probabilities
are estimated as the posterior volume with P(m > 0).
We show the αTO-m posterior contours and their respec-
tive marginalised 1D distributions in figure 6. As the m
posterior distribution is non-Gaussian with a pronounced
tail towards large positive values, we also list the m pos-
terior means in table I alongside its best-fitting value. We
notice that the contours have shrunk after unblinding, a
behaviour we also observe in the mocks (cf. figure 4).
In both cases, the goodness of fit has increased as well,
with χ2

min = 100.0 from the blinded QSO sample and
χ2
min = 156.5 from the blinded LRG sample. In any case,

as we can see in figure 3, the unblinded power spectra
are enhanced around the turnover, making it easier to
detect. Our best-fitting values of the turnover scale pa-
rameter are αTO = 1.049 ± 0.067 from the QSO sample
and αTO = 0.988± 0.047 from the LRGs, in either case,
consistent with αTO = 1, and, in turn, with the fiducial
cosmological model.
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m Pdet αTO
χ2
min
dof

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

TABLE I. Best-fitting parameter values and 1σ quantiles for
the slope parameter m, as well as the turnover dilation pa-
rameter αTO, and the detection probability Pdet = P(m > 0).
For m, we also list the posterior mean in brackets.
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FIG. 6. αTO - m contours from the blind (dashed) and un-
blinded (solid) LRG and QSO catalogues.

B. Correlation between Turnover and BAO
measurements

A measurement of αTO can be translated into a highly
degenerate measurement of Ωm and H0. One way to
break this degeneracy while remaining agnostic about the
sound-horizon scale rd is to incorporate Ωm information
from the BAO. In the eBOSS analysis [2], we measured
the turnover from QSOs only and combined this mea-
surement with BAO measurements from the Lyman-α
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 consider-
able amount of constraining power if we were disregard-
ing the DESI LRG and QSO BAO constraints.

This is why we use again the EZmock best-fitting val-
ues of αTO from section IVE and correlate them with
the best-fitting BAO parameters αiso and αAP 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-α 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-α analysis.
We illustrate the turnover-BAO correlations also in fig-

ure 7. All these correlations are weaker than the corre-
lation between the QSO and LRG turnover parameters.
The most significant turnover-BAO (anti-)correlation oc-
curs between QSOs and isotropic LRG BAO in the red-
shift bin of 0.4 < z < 0.6. Since these represent different
populations in non-adjacent redshift bins, we consider
this and all other less correlated pairs to be coincidental
correlations and thus treat them as independent.
Additionally, DESI provides a further model-

independent approach to obtain information beyond
BAO and RSD parameters, the ShapeFit approach
[56, 57], which, however, has not been used for cos-
mological parameter estimation [37]. We investigate
the correlation between turnover measurements and
ShapeFit parameters in Appendix B.
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FIG. 7. Correlations in percentage between αTO, as well as
post-reconstruction αiso and αAP for the QSO and LRG sam-
ples in per cent. These correlation matrices have been esti-
mated from 1000 EZmocks. We also show the correlations
between the QSO and LRG αTO, as they overlap in redshift.

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 section IIIA, we can use this measurement
as a standard ruler to make inferences on a particu-
lar cosmological model. We begin with a basic flat
ΛCDM model, wherein H(z) is defined by H0 and Ωm

at lower redshifts, and by H0, Ωr, and Ωm through to
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the matter-radiation equality epoch. By using equa-
tions (2) - (5) and fixing the mean CMB temperature
at Tγ = (2.72548 ± 0.00057) K [58], Ωr effectively be-
comes dependent solely on H0. Consequently, we sam-
ple the H0-Ωm posterior contour represented in blue in
Figure 8. These contours are degenerate, hindering com-
petitive constraints on either H0 or Ωm independently.
Nonetheless, as illustrated at the bottom of Figure 8,
we can sample instead ωm ≡ Ωmh

2 to obtain a CMB
anisotropy-independent constraint of

Ωmh
2 = 0.139± 0.036. (22)

This result aligns with Ωmh
2 = 0.159+0.041

−0.037 derived
from the eBOSS QSO turnover measurement [2, 23] and
Ωmh

2 = 0.1430 ± 0.0011 obtained from the Planck mis-
sion [21].

One of the motivations for measuring the turnover
was obtaining a sound-horizon-free measurement of the
Universe’s expansion rate H0. One way to achieve
this by relying entirely on DESI data is to break the
turnover H0-Ωm degeneracy. This can be done with un-
calibrated anisotropic BAO measurements, which pro-
vide independent constraints on Ωm. We show our joint
ΛCDM Ωm-H0 posterior distribution in figure 9 from
which we obtain a marginalised mean value of H0 =
74.0+7.2

−3.5 km/s/Mpc. This is almost 2σ higher than the
Planck CMB value of H0 = 67.27 ± 0.60 [21]. It is also
higher than BAO H0 measurements with sound-horizon
priors from either Big Bang Nucleosynthesis (BBN) or
from the CMB (cf. figure 10) but it is consistent with the
71.2±4.1 km/s/Mpc-measurement from the DESI galaxy
clustering only full-shape analysis where the sound hori-
zon has been marginalised 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 SH0ES
measurement of H0 = 73.04± 1.04 km/s/Mpc [63] which
we also add to the whisker plot in figure 10 for com-
parison, showing a clear visualisation of how our results
compare to previous measurements. As SNe also pro-
vide a direct measurement of Ωm but a H0 measurement
that is degenerate with intrinsic properties of SNe, we
also combine our DESI TO constraints with the SN like-
lihoods considered in the DESI cosmological parameter
inference key articles [13, 37], which are the Pantheon-
Plus8 [59, 60], Union3 [61], and the Year 5 SN analy-
sis from the Dark Energy Survey (DESY5) [62]. Inter-
estingly, our analysis indicates an inverse Hubble ten-
sion. The DESI TO+Union3 and DESI TO+DESY5
combinations yield significantly lower values of H0 at
60.7+5.2

−7.0 km/s/Mpc and 60.8+4.6
−5.4 km/s/Mpc, respec-

tively, compared to our DESI TO+BAO constraints (see
table II and figures 9 and 10). When combining with

8 As in [37], we denote the originally named Pantheon+ dataset
henceforth as PantheonPlus to avoid ambiguity with the ’+’ sym-
bol used to denote combinations of datasets.
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FIG. 8. Constraints on the ΛCDM parameters H0 and Ωm

(top), as well as ωm (bottom) using DESI turnover measure-
ment (blue). These are compared to constraints from Pan-
theonPlus+SH0ES (yellow), DESI BAO+BBN (black), and
Planck (magenta, bottom panel only). Priors are imposed on
ωb and ωcdm. To illustrate how these priors translate into
priors on H0, Ωm and ωm, we randomly sample points from
the priors and include their contours in gold.

the PantheonPlus dataset, we observe a milder tension,
resulting in a marginalised mean and 68% credible inter-
val of H0 = 65.2+4.9

−6.2 km/s/Mpc. It is important to note
that this ’inverse Hubble tension’ is not indicative of an
inconsistency within the DESI TO constraints. Instead,
it reflects the differences in the values of Ωm: 0.295±0.015
from DESI BAO [13] versus 0.356+0.028

−0.026 from Union3 [61],
to give as an example the datasets that result in the high-
est tension when combining with the DESI TO.
This ‘Ωm tension’ can be resolved by allowing for evolv-

ing dark energy. In this model, DESI BAO constrains the
matter density parameter at Ωm = 0.344+0.047

−0.026 [13]. In
fact, DESI BAO+CMB+SNe favour evolving dark en-
ergy over ΛCDM at the 2.5σ, 3.5σ or 3.9σ level depend-
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model/dataset Ωm
H0 ωm w0 wa

[ km s−1 Mpc−1]

Flat ΛCDM

DESI TO 0.354+0.030
−0.11 65+20

−10 0.139± 0.036 – –

DESI TO+BAO 0.295± 0.013 74.0+7.2
−3.5 0.162+0.027

−0.017 – –

DESI TO+PantheonPlus 0.329± 0.018 65.2+4.9
−6.2 0.140+0.017

−0.023 – –

DESI TO+Union3 0.353± 0.026 60.7+5.2
−7.0 0.130+0.016

−0.023 – –

DESI TO+DESY5 0.350± 0.017 60.8+4.6
−5.4 0.130+0.016

−0.020 – –

DESI TO+BAO+PantheonPlus 0.308± 0.011 70.7+7.7
−5.9 0.155± 0.026 – –

DESI TO+BAO+Union3 0.308+0.011
−0.013 71.0+7.8

−5.5 0.156+0.030
−0.024 – –

DESI TO+BAO+DESY5 0.319± 0.011 67.9± 6.3 0.148+0.024
−0.029 – –

CMB 0.3165± 0.0084 67.27± 0.60 0.1432± 0.0013 – –

Flat w0waCDM

DESI TO 0.374+0.060
−0.16 63+20

−10 0.140+0.021
−0.058 −0.90+1.0

−0.86 < −0.560

DESI TO+BAO 0.344+0.039
−0.029 66.5± 7.2 0.152± 0.026 −0.53+0.38

−0.22 < −1.32

DESI TO+BAO+PantheonPlus 0.311+0.012
−0.014 70+8

−5 0.155+0.030
−0.022 −0.865± 0.073 −0.56+0.51

−0.39

DESI TO+BAO+Union3 0.331± 0.015 67+8
−6 0.151+0.031

−0.026 −0.66± 0.12 −1.35+0.68
−0.59

DESI TO+BAO+DESY5 0.324± 0.014 68+8
−6 0.150+0.029

−0.027 −0.738± 0.087 −1.11+0.57
−0.51

BAO + CMB + DESY5 0.3163± 0.0066 67.23± 0.66 0.1429± 0.0011 −0.726± 0.070 −1.06+0.35
−0.29

TABLE II. The results for cosmological parameters from turnover measurements, combined with external datasets and priors,
are presented within the baseline flat ΛCDM model and its w0wa extension. We report marginalised means and 68% credible
intervals.

ing on whether the SN sample is PantheonPlus, Union3,
or DESY5 [13]. Adopting the Chevallier-Polarski-Linder
(CPL, [64, 65]) parametrisation where the dark energy
equation of state w(a) = w0 + wa(1 − a) at scale fac-
tor a is defined by the present-day value w0 and the
linear evolution parameter wa, we can see that in this
w0waCDM model, DESI TO+BAO provides an H0 con-
straint of 66.5±7.2 km/s/Mpc that agrees well with DESI
TO+SNe.

Furthermore, we compare in figure 11 the poste-
rior contours of the data combination that provided
the strongest evidence for evolving dark energy, i.e.
DESI BAO+DESY5+CMB, to that from replacing the
CMB with the DESI TO. While the TO yields less
information than the CMB, it still provides a valu-
able consistency check when combined with BAO and
supernovae but without directly relying on the CMB.
The TO+BAO+DESY5 combination achieves compet-
itive constraints with w0 = −0.738 ± 0.087 and

wa = −1.11+0.57
−0.51, which are not far from the full

DESI+CMB+DESY5 combination (w0 = −0.726±0.070,
wa = −1.06+0.35

−0.29, cf. figure 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 auto-
power spectrum using data obtained from DESI during
its inaugural survey year, with a detection probability of
98 per cent in the QSO sample and 90 per cent 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
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DV(z = 1.651) = (38.1± 2.5) rH from the quasars and
DV(z = 0.733) = (21.8± 1.0) rH from the LRG sample.
These turnover scales are a crucial feature in the matter
power spectrum and serve as a standard ruler in cosmol-
ogy, complementary to the BAO.

Assuming three standard neutrino species and a vanilla
ΛCDM cosmology, these measurements allow us to
derive a constraint on the matter density parameter
Ωmh

2 = 0.139+0.036
−0.046. By combining this with low-

redshift measurements from type-Ia supernovae data
(PantheonPlus, Union3, and DESY5), we obtain an es-
timate of the Hubble-Lemâıtre parameter independent
from BBN or CMB priors: H0 = 60.7+5.2

−7.0 km/s/Mpc,

60.8+4.6
−5.4 km/s/Mpc, and 65.2+4.9

−6.2 km/s/Mpc, re-
spectively, which aligns with previous Quaia+Planck
turnover analyses.

Furthermore, incorporating DESI BAO results, we es-
timate H0 = 74.0+7.2

−3.5 km/s/Mpc, consistent with find-
ings from DESI full-shape analyses that marginalise the
sound-horizon scale [14]. Note that this value presents
true constraints from DESI alone without any external
data, whereas H0 constraints from the BAO alone are ei-
ther presented as H0rd or are broken with external data,
such as in figure 8 where the H0-rd degeneracy has been
broken with external BBN priors. The apparent inversion
of H0 values between figure 8 on one hand and figures 9
and 10 on the other, is due to the exclusion of priors from
BBN and SH0ES Cepheid host distances.
Notably, the (now inverted) discrepancy in H0 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 dif-
ferences are reconciled with DESI TO+BAO providing
H0 = 66.5 ± 7.2 km/s/Mpc. However, the constraints
on H0 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 obser-
vations planned, the final DESI dataset will contain ap-
proximately three times the effective volume of the first
year data [11], significantly enhancing statistical preci-
sion and constraining power. Additionally, there are sub-
stantial efforts in addressing emission line galaxy (ELG)
systematics, which have prohibited including them in this
analysis. The recent implementation of improved imag-
ing calibrations will reduce systematic biases. These im-
provements pave the way for incorporating ELG samples
into future turnover analyses, increasing the number of
available tracers by 50 per cent, and, in turn, establishing
the power spectrum turnover as a competitive additional
probe.

VII. DATA AVAILABILITY

Data from the plots in this paper are available on Zen-
odo at [66] as part of DESI’s Data Management Plan.
The data used in this analysis has been made public along
with Data Release 1 of DESI [67].9
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Appendix A: Test of αTO scaling relation on mocks

This appendix details the test of the scaling relation
for αTO given in Eq. (9) using mock galaxy catalogues.
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 cat-
alogues were generated using mockfactory’s10

LagrangianLinearMock routine, which first creates
a linear density field with a DESI-like fiducial cos-
mology implemented in cosmoprimo. Then, it dis-
places particles from their Lagrangian grid posi-
tions using the first-order Lagrangian perturbation
theory (LPT) – i.e., the Zel’dovich approximation.
The fiducial parameters are:

• Redshift: z = 1.5

• Linear power spectrum from the DESI fiducial
model

• Number density: n̄ = 10−3h3/Mpc3

• Simulation box parameters: boxsize = 3500
Mpc/h, nmesh = 256

Poisson sampling was used to populate the density
field with galaxies.

2. Power Spectrum Computation: The
power spectrum monopole was computed us-
ing pypower.CatalogFFTPower. Shot noise and
normalization were accounted for. The covari-
ance matrix was estimated assuming a Gaussian
approximation:

C(ki, kj) =

[
2

VnVeff
P 2(ki) + s2n,0

]
δKij

where Vn are the Fourier-space volume elements.
The effective volume, Veff , was calculated consis-
tently with the main analysis.

10 https://github.com/cosmodesi/mockfactory

3. Turnover Scale Fitting: The turnover scale,
αTO, was extracted from the mock power spec-
tra using the same fitting pipeline described in the
main text. Briefly, this involves fitting a model to
the power spectrum around the turnover feature.

4. Testing the Scaling Relation: To assess the va-
lidity of the scaling relation in Eq. (9), we varied
the values of ωcdm and h around the fiducial cos-
mology. For each variation:

• The fiducial cosmology used in Eq. (9) and
when computing rH,fid remained fixed.

• The mock power spectrum was recomputed
using the updated cosmology.

• The turnover scale, αTO, was re-fitted.

• αTO was then compared to its prediction from
Eq. (9), using rH calculated for the varied cos-
mology.

The datapoints shown in Figure 12 represent the
left-hand side of equation (9), whereas the solid
lines show the expectation from the right-hand side
for these varied cosmologies.
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FIG. 12. Test of the αTO scaling relation. Shown is the
relative difference of the left- and right-hand sides of Eq. (9)
as a function of ωcdm and h. The data points correspond
to αTO from simulations, whereas the solid lines show the
expectation from the right-hand side of equation (9). This
demonstrates the validity of the scaling relation for a range
of cosmological parameters.

Appendix B: Correlation with ShapeFit

Here, we analyse the correlation of the turnover pa-
rameters with ShapeFit parameters. ShapeFit extends
the standard BAO and RSD measurements by including
a parameter mSF, which characterises the shape of the

https://www.legacysurvey.org/
https://github.com/cosmodesi/mockfactory
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power spectrum, and df , which accounts for deviations
from standard growth predictions [56].

Using 1000 EZmock realizations, we estimate the cor-
relation matrices between αTO, αiso, and αAP pre- and
post-reconstruction, as well as mSF and df for the QSO
and LRG samples. These correlations are displayed in
figure 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 correla-
tions between the QSO and LRG αTO values due to their
overlapping redshift range.

Overall, we find that the correlation between turnover
and ShapeFit parameters is moderate, with the most sig-

nificant correlations occurring between n and mSF which
is expected due to both parameters describing the power
spectrum shape at scales smaller than the turnover. In
terms of αTO, we do not see any strong correlations with
ShapeFit parameters. This analysis suggests that incor-
porating 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 parametermSF is what pro-
vides additional information in the ShapeFit approach.
It, therefore, seems worthwhile future work to combine
the two parameterisations into a joint one, taking the in-
formation of both the turnover position and the slope of
the power spectrum close to it into account.

[1] G.B. Poole, C. Blake, D. Parkinson, S. Brough,
M. Colless, C. Contreras et al., The WiggleZ Dark
Energy Survey: probing the epoch of radiation
domination using large-scale structure, MNRAS 429
(2013) 1902 [1211.5605].

[2] B. Bahr-Kalus, D. Parkinson and E.-M. Mueller,
Measurement of the matter-radiation equality scale using
the extended baryon oscillation spectroscopic survey
quasar sample, MNRAS 524 (2023) 2463 [2302.07484].

[3] D. Alonso, O. Hetmantsev, G. Fabbian, A. Slosar and
K. Storey-Fisher, Measurement of the power spectrum
turnover scale from the cross-correlation between CMB
lensing and Quaia, arXiv e-prints (2024)
arXiv:2410.24134 [2410.24134].

[4] DESI Collaboration, A. Aghamousa, J. Aguilar,
S. Ahlen, S. Alam, L.E. Allen et al., The DESI
Experiment Part II: Instrument Design, arXiv e-prints
(2016) arXiv:1611.00037 [1611.00037].

[5] J.H. Silber, P. Fagrelius, K. Fanning, M. Schubnell,
J.N. Aguilar, S. Ahlen et al., The Robotic Multiobject
Focal Plane System of the Dark Energy Spectroscopic
Instrument (DESI), AJ 165 (2023) 9 [2205.09014].

[6] T.N. Miller, P. Doel, G. Gutierrez, R. Besuner,
D. Brooks, G. Gallo et al., The Optical Corrector for
the Dark Energy Spectroscopic Instrument, AJ 168
(2024) 95 [2306.06310].

[7] C. Poppett, L. Tyas, J. Aguilar, C. Bebek, D. Bramall,
T. Claybaugh et al., Overview of the Fiber System for
the Dark Energy Spectroscopic Instrument, AJ 168
(2024) 245.

[8] DESI Collaboration, B. Abareshi, J. Aguilar, S. Ahlen,
S. Alam, D.M. Alexander et al., Overview of the
Instrumentation for the Dark Energy Spectroscopic
Instrument, AJ 164 (2022) 207 [2205.10939].

[9] DESI Collaboration, A. Aghamousa, J. Aguilar,
S. Ahlen, S. Alam, L.E. Allen et al., The DESI
Experiment Part I: Science,Targeting, and Survey
Design, arXiv e-prints (2016) arXiv:1611.00036
[1611.00036].

[10] M. Levi, C. Bebek, T. Beers, R. Blum, R. Cahn,
D. Eisenstein et al., The DESI Experiment, a
whitepaper for Snowmass 2013, arXiv e-prints (2013)
arXiv:1308.0847 [1308.0847].

[11] DESI Collaboration, A.G. Adame, J. Aguilar, S. Ahlen,
S. Alam, D.M. Alexander et al., DESI 2024 III: Baryon
Acoustic Oscillations from Galaxies and Quasars, arXiv
e-prints (2024) arXiv:2404.03000 [2404.03000].

[12] DESI Collaboration, A.G. Adame, J. Aguilar, S. Ahlen,
S. Alam, D.M. Alexander et al., DESI 2024 IV: Baryon
Acoustic Oscillations from the Lyman Alpha Forest,
arXiv e-prints (2024) arXiv:2404.03001 [2404.03001].

[13] DESI Collaboration, A.G. Adame, J. Aguilar, S. Ahlen,
S. Alam, D.M. Alexander et al., DESI 2024 VI:
Cosmological Constraints from the Measurements of
Baryon Acoustic Oscillations, arXiv e-prints (2024)
arXiv:2404.03002 [2404.03002].

[14] E.A. Zaborowski, P. Taylor, K. Honscheid, A. Cuceu,
A. de Mattia, D. Huterer et al., A Sound Horizon-Free
Measurement of H0 in DESI 2024, arXiv e-prints
(2024) arXiv:2411.16677 [2411.16677].

[15] A. Krolewski, W.J. Percival and A. Woodfinden, A new
method to determine H0 from cosmological
energy-density measurements, 2403.19227.
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FIG. 13. Correlation matrices between αTO, αiso and αAP

pre- and post-reconstruction, as well as the ShapeFit param-
eter mSF 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 0.4 < 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 αTO, as they
overlap in redshift. For clarity, in the right-hand panel, we
only show parameters whose correlation with the LRG αTO

is larger than 0.1.
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