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We present updated bounds on ultralight axions (ULAs) as a subcomponent of dark matter, derived from
the full-shape analysis of the Dark Energy Spectroscopic Instrument (DESI) Data Release 1 galaxy power
spectra combined with cosmic microwave background (CMB) data from the Atacama Cosmology
Telescope and Planck. We focus on the mass window 10732 eV < m, < 107>* eV, employing state-of-the-
art analysis methods rooted in the Effective Field Theory of Large Scale Structure. For the smallest masses,
our joint analysis with DESI improves over CMB-only constraints by more than a factor of 2, establishing
the most stringent limits to date. For instance, for m, ~ 1072° eV ULAs are constrained to be a fraction as
small as 0.3% of the total matter energy density. The DESI Luminous Red Galaxy sample shows a mild
preference for an ULA subcomponent with m, ~ 1072 eV, mirroring previous hints from the Baryon
Oscillation Spectroscopic Survey, but this preference vanishes upon combination with CMB data. Probing
the largest masses, m, = 1072° eV, in future studies will benefit from extending the data analysis to smaller
scales, both for galaxy clustering and CMB lensing, but will also require concurrent improvements in the

theoretical modeling.
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I. INTRODUCTION

Dark matter (DM) is a pillar of the standard cosmological
model, but its fundamental nature has so far remained
elusive. As all the present experimental evidence for DM
stems from its gravitational interactions, the dark sector
may be secluded from the Standard Model, possibly
leaving astrophysics and cosmology as our only windows
into its properties. These fields offer complementary
perspectives: while astrophysics targets localized systems,
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yielding tests of the small-scale properties of the dark
sector, cosmology provides robust and statistically
grounded probes on the largest scales.

The anisotropies of the cosmic microwave background
(CMB) are a prime example of this robustness. As both the
observational measurement and theoretical modeling are
firmly established, they provide exquisite precision tests of
the nature of DM, finding so far no hints of deviations from
a purely cold and collisionless behavior. However, trans-
formative progress on both the observational and theoreti-
cal sides is bringing galaxy clustering on the same ground,
and in a very competitive position with the CMB. With the
advent of Stage IV surveys such as the Dark Energy
Spectroscopic Instrument (DESI), Euclid, and the Vera
C. Rubin Observatory, the precision and volume of large
scale structure (LSS) datasets are reaching unprecedented
levels. At the same time, the theoretical development of
the Effective Field Theory of Large Scale Structure
(EFTofLSS) [1,2] provides an analytical framework that
allows one to obtain from first principles, within or beyond
the standard cosmological model, a robust parameter
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inference, without phenomenological or poorly controlled
theoretical assumptions.

Ultralight axions (ULAs) are compelling DM candidates
for which the prime observable of spectroscopic galaxy
surveys, namely the full shape of the galaxy power
spectrum, is expected to add genuine new sensitivity.
Originally proposed as a solution to the strong CP
problem [3-5], axions as dark sector components are also
motivated from string theory [6,7] (see, e.g., recent dis-
cussions in Refs. [8,9]). For what concerns the cosmologi-
cal evolution, an important feature of axions is that once the
Hubble parameter becomes comparable to the axion mass,
H(z) ~ m,, the field begins to coherently oscillate [10-12]
and its background energy density redshifts as nonrelativ-
istic matter from that time onwards. As a result, axions
could form a component of DM today provided that
m, > 1073 eV (even lighter axions would behave as dark
energy today).

What makes the ultralight part of the axion DM mass
range especially interesting, is that ULAs, while matching
the background evolution of standard cold DM (CDM),
exhibit deviations from a cold species at the level of
cosmological perturbations. Indeed, due to their macro-
scopic de Broglie wavelength, axions develop a character-
istic, time-dependent scale below which the growth of
perturbations is suppressed [13—16]. This physical scale
decreases for heavier axions and along the expansion of the
Universe, leading to an upper bound on m, for ULAs to
leave discernible imprints on cosmological observables.
Broadly speaking, the suppression is imprinted on astro-
physical/cosmological scales if m, <107!® eV, and in
particular it can be probed with galaxy clustering and
CMB (lensing) data if m, < 1074 eV.

Hence, there exists a mass window of about 8 orders of
magnitude, 10732 eV <m, < 1072* eV, where a DM
abundance made of ULAs can be probed with a joint
analysis of CMB and spectroscopic galaxy clustering. The
overall consistency between data and the predictions of
pure CDM implies that ULAs in this mass window cannot
constitute the totality of DM. Nevertheless, they may form
a subcomponent of DM, and that is the possibility we
focus on here, as sketched in Fig. 1. Recent data from

DESI [17-19] and the Atacama Cosmology Telescope
(ACT) [20-23] stand out for their potential to probe this
scenario.

The latest data release 1 (DR1) from DESI [18,19]
provides a timely opportunity to test the presence of an
ULA DM subcomponent. Comprising spectroscopic mea-
surements of luminous red galaxies (LRGs), emission line
galaxies and quasars, as well as a sample of bright galaxies,
DR1 maps nearly 6 million LSS tracers spanning an
effective cosmic volume of approximately 18 Gpc®. This
is an improvement by a factor of ~3 compared to Sloan
Digital Sky Survey DR12 [24] data, which were used to
derive previous constraints on ULAs from the full shape of
the galaxy power spectrum [25]; see also Refs. [26,27] for
earlier results. The official DESI analysis [28,29] and later
reanalyses [30-32] of DRI full-shape data within the
EFTofLSS framework have demonstrated its remarkable
constraining power, but have so far been restricted to the
baseline ACDM model and a few of its standard extensions.
Given the pristine quality of the data, there is strong
motivation to push these boundaries and exploit this dataset
as a laboratory to probe fundamental physics.

In this paper, we therefore present the first application of
DESI DRI full-shape data to constrain noncold compo-
nents of the dark sector, adopting ULAs as a benchmark
scenario. Rather than relying on standard pipelines hard-
coded for ACDM, we perform an independent reanalysis of
the DESI dataset. For this purpose, we employ a self-
consistent EFTofLSS framework explicitly tailored to
capture the signatures of mixed (i.e., cold + noncold)
DM models, based on our previous work [25]. Modeling
the nonlinear dynamics, redshift-space distortions, and
galaxy bias from first principles ensures that the distinc-
tive beyond the Standard Model dynamics of ULAs is
consistently isolated from, and not mistaken for, poorly
controlled astrophysical or nonlinear effects. Furthermore,
by combining this LSS pipeline with ACT DR6 [20-23]
and Planck [33-35] data, we are able to break background
parameter degeneracies and isolate the clustering signal.

The rest of this paper is organized as follows: in Sec. Il
the essential features of ULAs are reviewed, focusing on
the linear cosmology evolution. Section III then presents
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FIG. 1.

Schematic representation of the cosmological features of ULAs, in the range of masses for which the suppression scale kg, as

defined in Eq. (4), is on cosmological scales (middle row). Which observables carry the strongest observational imprints (bottom row)
mainly depends on the background evolution after the redshift of matter-radiation equality, z., (top row). This work focuses on

m, < 1072* eV, where a perturbative modeling of the observables is possible.
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the datasets employed in the present study, and the methods
with which they were analyzed. Our main results, including
updated upper limits on the abundance of an ULA DM
component as a function of the ULA mass, are presented in
Sec. IV. We focus first on CMB data alone, then on the
DESI DRI full shape, and finally on their combination.
Section V highlights the outcomes of this work and outlines
future directions. Appendixes A and B provide further
technical details on our analysis.

II. LINEAR COSMOLOGY
OF ULTRALIGHT AXIONS

ULAs are described by a scalar field ¢, minimally
coupled to gravity but otherwise decoupled from all the
other cosmic species, with a potential that is well approxi-
mated by a pure mass term, V() = m2¢?/2'. The evo-
lution of the background value of the field, (/7) is governed
by the Klein-Gordon equation,

@'+ 2HY + a*mie =0, (1)

where primes denote derivatives with respect to conformal
time and H = aH, with a denoting the scale factor. The
initial conditions are ¢b(a;), which is traded in practice for
the present-day fraction of energy density in ULAs, Q,h?,
and ¢'(a;) = 0. At first, the field remains stuck due to
Hubble friction and acts as a dark energy component,
p. x a’. Once the expansion of the Universe has slowed
down to a sufficient degree, namely around a = a,, with
3H(a,, ) = m,, the field begins to oscillate rapidly around
the minimum of its quadratic potential. Upon averaging
over the coherent oscillations, the energy density in ULAs
redshifts as nonrelativistic matter, p, « a=>.

In an effective fluid description for the linear cosmo-
logical perturbations, in the matter-dominated era and on
subhorizon scales (k> H), the Euler equation for the
axion component develops a sound speed term with
c? = k*/(4m2a?) [13,16,38-40]. Therefore, ULA pertur-
bations cannot grow below the characteristic (Jeans) scale
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In the mixed DM scenario we consider, ULAs form a DM
subcomponent gravitationally coupled to the CDM +
baryon fluid (denoted in this work by c; cold dark matter
alone is denoted by CDM), with fractional matter energy
density

'Following the implementation in the Boltzmann solver
axiCLASS [36,37], the ULA potential is modeled as
V(g) = m2f2[1 —cos(¢p/f,)], where f, is set to 0.4Mp. We
have verified that this produces negligible differences with
respect to a pure mass term in the parameter space we consider.

Q,

faxEQC+Qa-
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The linear matter power spectrum, PL, (where the matter
field m includes both CDM + baryons and ULAs), shows a
steplike suppression as a consequence of the Jeans scale, as
shown in the left panel of Fig. 2. The fraction f,
determines the depth of the step, whereas the mass m,
sets the location: the smallest wave number affected by the
suppression is kgrop = ky(min{z,, , zeq}), Or
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depending on whether the ULAs start to oscillate during
radiation or matter domination, respectively. The step in the
matter power spectrum flattens out above k,(z), where z is
the redshift of observation. For k > k(z), the ULA pertur-
bations are completely negligible, while the linear growth
rate of the cold fluid is suppressed by 1 — 3f,,/5 relative to
the ACDM expectation. Figure 1 sketches how the con-
straining power of different cosmological observables
depends on the value of m,. A broader class of such mixed
DM scenarios have been recently explored in Ref. [41].

III. DATA AND METHODS

A. Datasets

a. CMB. We employ the state-of-the-art combination of
ACT DR6 [20-23] and Planck [33,34] legacy CMB
datasets, supplemented by reconstructed lensing measure-
ments. The optimal primary CMB combination that we
consider, dubbed P-ACT in Ref. [22], merges the high-
resolution temperature and polarization measurements
from ACT with the large-scale full-sky observations from
Planck. To avoid overlap, the Planck high-£ likelihood
is explicitly truncated at ¢,,,, = 1000(600) for TT (TE,
EE) [22], where T denotes temperature and E refers to E-
mode polarization.

Analogously, we make use of the CMB lensing combi-
nation of Planck Public Release 4 (PR4) + ACT DR6 in
the same setup of the official ACT analysis [20,21,35].
While Planck lensing covers a larger sky area, ACT probes
smaller scales with better precision; we consider the
baseline range of multipoles 40 < L < 763, while fitting
the extended spectrum (up to L = 1300) [42] is left to
future work, for reasons outlined in what follows.

b. DESI DRI full-shape. Starting from the DESI DR1
catalogs [18] we measured the power spectra with
pypower2 [43], which implements the 6-cut, removing
all pair counts with angular separation 6 < 0.05° [44] to
mitigate fiber assignment incompleteness. The numerical

2https ://github.com/cosmodesi/pypower.
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FIG. 2. Left: Linear matter power spectrum at z = 1 in a ULA cosmology with m, = 1072’ eV and f,, = 10%, compared to ACDM.
The two relevant scales kyy, and k; (z) discussed in Sec. II are marked by vertical dot-dashed lines. Right: Monopole of the galaxy
power spectrum for the LRG1 bin of DESI DR1, chosen for illustration. Points with error bars correspond to the data, while lines show
theoretical predictions for a ULA cosmology with m, = 1072° eV. The blue line is the best fit, which is compatible with pure CDM,
having negligible f,,. The predictions for cosmologies with increasing f,, are shown by the color gradient, whereas the cyan dashed line
corresponds to the largest value allowed by data (DESI-only analysis) at 95% CL, f,x =~ 7%. When Q,h? is increased, Q 4, 4” is reduced
keeping their sum fixed; for illustrative purposes, all other parameters are kept fixed.

covariances have been measured from the approximate
EZmocks catalogs [45]. The mixing matrices relevant for
the convolution of the theory model with the survey mask,
are then obtained following standard methods [45,46] with
the convo’ code.

For each tracer, we make use of the P, , multipoles with
¢ = 0 and 2, discarding the hexadecapole due to the poor
SNR. We adopt a fixed scale cut of k,, = 0.22 Mpc~! as
in previous analyses [28,30,45]. Compared to the official
analysis, we do not apply a further rotation to the data
vector, as it has been observed that the quite nondiagonal
structure of the window matrix does not affect inference
[44,45], performing the convolution up to k., =
0.35h Mpc~! as discussed in Ref. [44]. We anyway tested
the stability of our main results for the joint analysis against
further increases of k.,,,, confirming the lack of appreci-
able differences in the cosmological parameter posteriors.
Further details are reported in Appendix B.

B. CMB theoretical predictions

Linear power spectra are computed using the Boltzmann
solver axiCLASS [36,37], which implements the ULA
dynamics. However, CMB lensing is sensitive to non-
linearities in P,,,. The previous ULA analyses based on
Planck+ Baryon Oscillation Spectroscopic Survey
(BOSS) data [25,27] (see also Refs. [26,47]) computed
the lensing potential power spectrum using linear predic-
tions, which was shown not to bias the results for Planck

3https://jacoposalvalaggio. gitlab.io/convo.

error bars. The ACT DR6 four-point function measure-
ments from which the lensing potential is extracted,
however, probe smaller (hence, more nonlinear) scales
with better precision, therefore this aspect needs to be
revisited [48-50].

The left panel of Fig. 3 compares two different pre-
dictions for the lensing convergence power spectrum, C}~,
both of which include nonlinear corrections through halo
model-based fitting functions: the standard ACDM-based
HMcode [51] (to which we give the total PL . comprising
the ULA component, as input) and axionHMcode, which
was developed in Ref. [52] specifically to include ULA
nonlinearities. The ACT DR6 lensing error bars are also
displayed, for reference. For sufficiently light ULAs,
m, <107%7 eV, the fraction f,, is constrained to be
subpercent and, as a consequence, genuine ULA non-
linearities are negligible for ACT scales and error bars. On
the other hand, we see that a linear prediction is not
sufficient, as it entails a systematic error of the order of the
statistical one.

Larger ULA masses, for which the allowed fraction is
larger, pose a theoretical challenge in the description of
genuine ULA nonlinearities. This is shown in the right
panel of Fig. 3, taking m, = 1073 eV, for which f, =
15% is allowed by the combination of CMB (excluding
lensing) and DESI data. We see that, as already noted in
Ref. [49], the two axionHMcode halo-model implemen-
tations available for this heavier ULA regime [52,53] yield
different predictions. Furthermore, Ref. [49] has shown that
cosmological inference of Q,h? is highly sensitive to the
choice of the halo-model-based nonlinear prescription,

083506-4
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Fractional difference between C}* computed with different prescriptions for the nonlinear corrections to P,,,,, and the result

obtained using the standard HMcode [51]. The ACT DR6 error bars are also shown for reference. Two values of the ULA mass are
considered, while f,, is set close to the upper limit allowed by the data in each case (see Table I). The extended range 763 < L < 1300,
not included in the present study, is shaded in gray. Left: m, = 10727 eV. The solid blue line employs axionHMcode in the version of
Ref. [52] for the nonlinear corrections. We do not show the version of Ref. [53], because it was calibrated to simulations at the much
larger mass m, = 107>*3 eV. The linear result is reported in orange. Right: m, = 107> eV. Solid blue and green lines employ the two
different versions of axionHMcode [52,53] for the nonlinear corrections. Dashed lines correspond to our EFTofLSS predictions, with
the counterterm c,,(0) adjusted to reproduce the axionHMcode results.

already with the baseline scale window L < 763. This can
even produce an artificial preference for ULAs with
m, ~1072* eV [49]. Hence, nonlinear modeling is a
theoretical systematic uncertainty that, at present, chal-
lenges a robust exploration of the m, = 1072 eV regime.
In this work, we therefore adopt a perturbative modeling
of CMB lensing, focusing on multipoles with L < 763, for
which the bulk of the CMB lensing amplitude lies on
quasilinear scales. The one-loop prediction for the matter
power spectrum in the framework of the EFTofLSS is

Pk, z) = Ph (k. z)

+ PP (k. 2) = 26,0 ()P (K, 2), (5)
where P,l,;,l,‘,’(’p(k, z) is the next-to-leading-order correction,
while the last term is proportional to the EFT coefficient
(counterterm) c,, that absorbs any small-scale dependence,
beyond the perturbative regime, of the loops. Notice that
standard CDM and baryons are treated as indistinguishable
on large scales. The challenge is that the broad redshift span
of the CMB lensing kernel requires knowledge of the time
dependence of c,,. To address this, several approaches have
been put forward [54-58] that still allow one to use the bulk
of information on large scales from perturbation theory.
Here, as a proof of principle, we show that for ACT error
bars, the one-loop model above is already sufficient to
capture these deviations from linear theory. Following
Ref. [54], we assume

cn(2) = cw(0)D(2)", (6)

where D(z) is the linear growth factor, normalized to unity
at z = 0. We take p = 3 as motivated by comparison with
N-body simulations [54]. In the right panel of Fig. 3, we
observe that by adjusting the value of ¢,,(0) (red and dark
green dashed lines) we are able to reproduce both halo-
model prescriptions that include ULA nonlinearities,
shown by the blue and light green solid lines. In this
respect, our analysis is more conservative than the recent
one in Ref. [50], which employed the halo model, as we
marginalize over one extra free parameter, namely the value
of ¢,,(0). Appendix A reports additional tests of our
theoretical modeling, showing in particular that, on the
scales considered here, the prediction is quite insensitive to
the value of p in Eq. (6). In summary, for m, > 1072° eV
we adopt the conservative EFTofLLSS modeling, while for
lighter ULAs (m, < 10727 eV) the standard HMcode is
sufficient, due to the smallness of the allowed f,.

Achieving a computationally efficient, yet accurate,
evaluation of P,l,{if,’OP(k, z) in Eq. (5) is a separate challenge,
as the presence of the ULA Jeans scale increases the
complexity of cosmological perturbation theory beyond
linear order. For this purpose we apply the results of
Ref. [25], where we presented the extension of the
EFTofLSS to general mixed DM scenarios, including
cosmologies with a DM subcomponent made of ULAs.
The framework of Ref. [25] is based on a perturbative
expansion for small f,,, which is justified in the mass
range where DESI data have sensitivity, m, < 1072° eV.
More details of this modeling are presented in Sec. III C,
since they are shared by the predictions for galaxy
clustering.

083506-5
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C. Galaxy clustering model: EFTofLLSS with two fluids

The EFTofLLSS provides the state-of-the-art modeling of
the galaxy power spectrum. However, its original
formulation [1,2] is tailored to a pure-CDM, scale-free
cosmology, and therefore unsuitable to perform inference
in mixed DM scenarios, where one component has a
characteristic Jeans scale. For this purpose, in Ref. [25] we
developed a two-fluid extension of the EFTofLSS. The main
theoretical challenge stems from the fact that the standard
Eulerian perturbation theory, upon which the EFTofLSS is
based, relies on the factorization of the time-dependent
growth factors to compute loop integrals. This factorization
applies only to scale-free cosmologies. Extensions to scenar-
ios with scale-dependent growth have been discussed in
relation to massive neutrinos [59-61]; however, that can also
be approximated as a scale-free problem, because the
characteristic (free-streaming) scale of the standard neutrinos
is very large, well into the linear regime (see also Ref. [62] for
another recently proposed approach).

An important practical obstacle encountered by beyond-
CDM attempts is that evaluating the exact one-loop power
spectra for the two coupled fluids is computationally
expensive and generally requires numerical integration
for all kinematic configurations. However, in Ref. [25]
we showed that in the limits where the nonlinear solutions
are analytically tractable, a precise structure of the pertur-
bative series emerges, as a consequence of the equivalence
principle. This allowed us to devise a prescription to
compute the new kernels in an accurate, if approximate,
way. The prescription respects the limits discussed
above and at the same time permits a computationally
efficient evaluation of the loops, suitable for Markov chain
Monte Carlo inference.

Concretely, the nonlinear ULA density contrast at order

n, denoted as 5£,"], is evaluated by rescaling the correspond-
ing perturbation for the CDM + baryon fluid by the ratio of
their linear transfer functions,

ooy _ (00K g
30 = (S oo )

and analogously for the nonlinear ULA velocity divergence

9&"](k), which enters the predictions of the galaxy power
spectrum multipoles P, through redshift-space distor-
tions. Operatively, this allows us to compute the one-loop
corrections involving the ULA perturbations using standard
momentum integrals with Einstein—de Sitter kernels.
Beyond the complexity of computing nonlinearities in
the presence of scale-dependent growth, since we are
dealing with biased tracers we must account for the
presence of two distinct underlying matter components,
in order to avoid overconfident and potentially biased
inference [25,63]. At the tracer level, we thus adopt a
two-fluid bias expansion where the galaxy number density

perturbation traces, in general, both the cold and the ULA
density fields, as follows:

8, bebe + by, (8)

One extra linear bias parameter, b,, is therefore present
compared to the standard case. To properly capture small
deviations from pure ACDM, it is crucial to compute o, up
to the appropriate nonlinear order by means of our
prescription in Eq. (7), avoiding spurious effects that would
arise if, e.g., it were treated as a strictly linear field. The
inclusion of the §, field in the bias expansion demands two
new counterterms,

ng.f(k’ Z) o) _2Cca.szpga(k7 Z) - 2caa,fk2Péa(k7 Z)? (9)

in addition to the standard counterterm for the cold compo-
nent. In principle, the two-fluid treatment also entails several
new bias parameters beyond linear level [64—66]; however,
these are expected to be poorly constrained by the data, and
therefore are not included in our analysis [25]. For further
details, including the treatment of redshift-space distortions,
we refer the reader to Ref. [25].

The right panel of Fig. 2 shows the measurement of the
galaxy power spectrum monopole for the LRGI bin of
DESI DR1 (yellow data points with error bars), together
with illustrative theoretical predictions for m, = 10726 eV.
The blue line corresponds to the best-fit model discussed in
Sec. IV, which is compatible with f,, = 0, while the color
gradient shows the effect of increasing the amount of
energy density in ULAs. For reference, the dashed cyan
line shows the prediction with f,, set to the 95% CL upper
bound of the DESI-only analysis.

D. Parameters and priors

In the analysis, we consider a set of ULA mass values
spaced logarithmically in the range [107%2,1072%] eV, and
for each m, we vary the parameters reported in Table II; see
Appendix B.

Concerning the cosmological parameters, when
combining with the CMB, we use wide uninformative
priors on all of them, as they are well constrained by the
data. In the DESI-only analysis, as in Ref. [45], we instead
set a big bang nucleosynthesis Gaussian prior on
Q,h* ~ N(0.02218,0.00055%), and an informative, but
still wide, prior on n, ~ N (0.9649, 0.04222), while fixing
Treio = 0.0544. The sum of neutrino masses is always fixed
to its minimum allowed value, > | m, = 0.06 eV. While the
possible interplay of light scalar field dynamics and
neutrino mass inference is receiving attention in light of
current tensions [67], we note that allowing the neutrino
masses to take larger values would yield tighter constraints
on the ULA density.

In the baseline analysis, we assume wide uninformative
priors for the bias and counterterm parameters related to the
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TABLE L

expressed as a percentage.

95% CL upper limits on the fraction of energy
density in ULAs, Q,h%. The corresponding upper limit on f,, is

95% CL upper limit on Q,h%(fyx)

m, [eV] Planck+ DESI (FS) Planck+ ACT + DESI (FS)
10°% 0.017(12%) 0.022(16%)

10726 0.0051(3.6%) 0.0048(3.4%)

10777 0.0015(1.1%) 0.0011(0.81%)

10728 0.00055(0.39%) 0.00064(0.46%)

1072 0.00038(0.27%) 0.00047(0.33%)

10739 0.00044(0.31%) 0.00045(0.32%)

10731 0.00061(0.43%) 0.00063(0.45%)

10732 0.0012(0.84%) 0.0012(0.83%)

axion component, analogously to the cold fluid. However,
when the fraction of noncold DM is constrained to be very
small, one expects that galaxy properties should display a
proportionally suppressed sensitivity to this subcomponent
[25]. Hence, as a proof of principle we also consider O(f )
theoretical priors on the ULA parameters,

b, NN(Oa (bé\CDMfax)z)’
Ceats Caar ™~ N(O’ (60fax)2)’ (10)
where f,, is fixed at the conservative 95% CL upper bound

reported in Table I, while 52“PM is the linear bias parameter
inferred from a ACDM analysis.

m, = 10" eV
- P];nck

mg, = 1072% eV

Planck+ACT

(1-loop lensing)

me = 1072 eV
- Planck+DESI (FS)

1 1 1
0.12 .
(2}
QE 0.11 | .
T o010 fF -/
G
0.09 [ .
l 1 1
1 1 1 1 1
0.69 =4 .
0.68 =+ ‘ .
=
0.67 | - .
0.66 [ =+ .
1 1 1 1 1 1
0.01 0.02 0.03 0.10 0.12  0.66 0.68
2 2
Quh Qcamh h

IV. RESULTS

The results for the analysis setup discussed above are
presented first for the CMB alone, followed by the DESI
DRI full shape as the main novelty of this work, and finally
their combination. As we never find a preference for
deviations from pure ACDM in the joint analysis, the final
results are summarized in Fig. 6 as an exclusion plot in the
Q,h? vs m, plane. The corresponding numerical values are
reported in Table I.

a. Planck and ACT DR6. Figure 4 shows the posterior
distributions for the CMB-only dataset given by the
combination of Planck and ACT DR6, including lensing.
In the left panel, we take m, = 1073 eV, i.e., a case where
the ULA background evolution transitions to nonrelativistic
matter early in radiation domination. As such, lensing is
expected to be the main source of constraining power for
this data combination (see Fig. 1). As argued in Sec. III B,
matter nonlinearities are relevant for CMB lensing pre-
dictions and when the allowed ULA fraction f,, is rather
large, the axion’s own nonlinear effects may also become
important for properly evaluating the tails of the posterior.
For this reason, we adopted a treatment based on pertur-
bation theory, which can effectively marginalize over
the theoretical systematics due to different halo-model
assumptions. As shown in Appendix A, we find that the
perturbative treatment widens the constraints on Q,h*
(whereas the impact is negligible for the other cosmological
parameters). This can be explained by the degeneracy
between the ULA energy density and the counterterm:

mg, = 1072%eV

Planck+ACT

m, = 10°22 eV
B k4 DESI (FS)

0.125 [~ -1

0.120 =1

chmh2

0.115 =1

0.64 -T- -1
1 1 1 1 1 )
0.0010.002 0.116 0.120 0.124 0.64 0.66 0.68

Qqh? Qecamh? h

FIG. 4. Marginalized posteriors for Planck alone, Planck+ ACT, and Planck+ DESI full-shape data. Left: m, = 102> eV. The
ULA field begins to redshift as nonrelativistic matter early in radiation domination, hence Q,/? shares a strong degeneracy with Q gy, h?
and the ULA signatures are mainly in perturbations. To remain agnostic over theoretical systematics, nonlinearities for ACT CMB
lensing have been modeled in a perturbative EFTofLLSS approach. Right: m, = 1072° eV. The ULA field behaves as a dark energy
component until well after recombination, therefore it is mainly constrained by the modification of the distance to last scattering, as

evidenced by the degeneracy between Q, h” and h.
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notice that, according to Eq. (5), a negative c,,(0) counter-
acts the shape suppression caused by the ULAs.

We also comment on m, = 1072* eV, the largest mass
considered in our analysis. In this case, the ULA subcom-
ponent is even less constrained by our conservative modeling
of reconstructed lensing for the baseline scale cut of ACT
(Lpax = 763). Nevertheless, we include this point in Fig. 6
as a dashed line, as an indication of the sensitivity of the
dataset, albeit with a possibly large theoretical error. We
further note that our Planck + ACT constraints on Q,h?* for
m, = 10726(107%) eV are weaker by a factor of 1.6(2.6)
compared to the results of Ref. [50], which employed the
version of axionHMcode from Ref. [53] with an extended
scale cut (quoted as L, = 1250 in [50]). While the
analysis presented here is agnostic to different halo-model
assumptions, we leave for future work a more direct
comparison of the two approaches, for instance by consid-
ering an informative prior on the c,, nuisance parameter.

In the right panel of Fig. 4, we consider much lighter
ULAs, with m, = 1072° eV, which behave as a dark
energy component until z,, =~ 250, well after recombina-
tion. In this case, the constraining power is dominated by
primary CMB anisotropies, especially through the impact
on the angular size of the sound horizon at recombination,
0., and on the integrated Sachs-Wolfe effect at very low
¢ [16]. The addition of ACT to Planck does not lead to an
appreciable change in the axion density marginalized
posterior, despite the small effects it entails for other
parameters. The visible Q, h?-h degeneracy direction can
be readily interpreted as stemming from keeping 6,, which
is measured very accurately by the CMB primaries, fixed. It
is, therefore, a geometric constraint.

More generally, for m, < 10720 eV, ACT has additional
constraining power compared to Planck-only, as reported
by the orange vs red exclusions in Fig. 6. As noted in

Ref. [23], this is partially driven also by the degeneracy
with ng, for which ACT favors a slightly higher value.

b. DESI DRI full shape. Figure 5 reports the posterior for
Q,h* obtained from the full shape of DESI DR1 galaxy
power spectra, for three masses where DESI is expected to
be informative independently of the CMB. Remarkably, as
shown in the left panel for m, = 1072 eV, for the heaviest
ULAs considered in this work the galaxy power spectrum
alone is more constraining than the combination of primary
CMB anisotropies and geometric information from DESI
DR1 Baryon Acoustic Oscillations (BAO). This genuinely
stems from the fact that the small-scale P, , data points
probe a suppression of power compared to the amplitude on
large scales, and would strongly benefit from reaching even
larger k, such as could be achieved with the real-space
combination Q, [68,69]. However, that is beyond the
recommended DESI DRI data cuts and therefore not
included here.

For m, = 10726 eV, the middle panel of Fig. 5 shows the
posterior obtained from single-redshift-bin analyses, as
well as their combination. As can be seen, two LRG bins
(LRG2 and, albeit less strongly, LRG3) show a preference
for a nonzero value of Q,4”. Interestingly, for the same m,
a similar preference was found in the full-shape analysis of
BOSS LRGs [25,27]. This should not be totally unex-
pected, as DESI DR1 shares 27% of targets with the BOSS
LRG catalog [45]. Nevertheless, all other tracers do not
exhibit a preference for any deviation from pure CDM and,
accordingly, the joint-bin analysis only exhibits a very mild
preference, fully compatible with a statistical fluctuation.

¢. Combined. The combination of CMB and galaxy
power spectrum full shape is, of course, expected to be the
most informative one. Qualitatively, the heavier ULAs
considered in this work are mainly probed via the shape
suppression, while CMB primary anisotropies calibrate the

ma =102 eV ma =10">% eV ma = 1077 eV
Planck+ACT Planck+ACT+DESI (FS)
(no lensing) (two-fluid, baseline)
+ DESI (BAO) LRG2 Planck+ACT+DESI (FS)
DESI (F'S) LRG3 (two-fluid, fax prior)
ELG2
Qso
joint
1 T 1 T 1 1 T T
0.00 0.01 0.02 0.03 0.04 0.00 0.01 0.02 0.000 0.001 0.002
Q,h? Q,h? Q.h?

FIG. 5.

Results involving the full shape of DESI DR1 galaxy power spectra. Left: Full-shape constraint for a model with m, =

1072% eV compared against a combination of “geometry” probes given by CMB primaries + DESI DR1 BAO. This shows that for the
largest ULA masses the shape suppression of the galaxy power spectrum is the prime source of constraining power. Middle: Single-
redshift-bin results for ULAs with m, = 1072 eV. Two LRG bins hint at a preference for a nonzero value of Q,h>. However, the
statistical significance is mild, gets further reduced in the joint-bin analysis and disappears when combining with the CMB. Right:
Comparison of the constraints obtained for m, = 107>’ eV by employing wide agnostic priors, vs theoretically-motivated O(f )
priors, on the ULA linear bias parameters and counterterms. See Sec. III D for further details.
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FIG. 6. 95% CL upper bounds on the energy density in ULAs today as functions of the ULA mass, obtained in this work from large-
scale perturbative probes. The results of DESI, ACT and BOSS are individually combined only with Planck. The hatched areas
correspond to the novel exclusions derived in this work. The combined constraints for m, > 107> eV are shown by dashed lines, as
they are subject to theoretical systematics due to the large allowed value of the ULA fraction f,,. The gray horizontal lines mark the

different orders of magnitude for f,,.

standard cosmological parameters. For lighter ULAs,
which are already well-constrained by primary CMB
anisotropies, galaxy clustering is also able to add further
information about the expansion at late times.

We first derive Planck + DESI constraints without
including ACT, to highlight the genuine constraining power
of the full-shape analysis. These are reported in purple in
Fig. 4, showing that both at the high and low ends of the mass
range we consider, the improvement from adding DESI is
considerable. For m, = 1072 eV, shown in the right panel
of Fig. 4, beyond the nondegenerate information that is
added, the improvement is also driven by the DESI pref-
erence for a higher value of the Hubble parameter. Indeed,
along the degeneracy direction at fixed 6, imposed by CMB
data alone, a higher £ is only compatible with a lower Q />,

The right panel of Fig. 5 shows, for m, = 10727 eV, the
further gain in constraining power one can obtain by using
the theoretically motivated priors given in Eq. (10). This
improvement, which is indeed expected to be most relevant
in a mass window around m, ~ 10727 eV [25], would be
important especially if data were to show a preference for a
ULA subcomponent. The validity of such narrower priors
may be assessed, for instance, using N-body simulations, as
done for massive neutrinos [70-72]. We leave this for
future investigation.

Finally, Fig. 6 and Table I summarize the main results of
this work, in the form of upper limits on Q,/* as functions
of the ULA mass. We see that in large portions of the
parameter space the addition of DESI data, and of ACT data
to a lesser extent, reduce the allowed ULA energy density
by more than a factor of 2 compared to previous analyses.
These are among the leading constraints on ULAs in
the considered mass range. The prescription in Eq. (7),

which our theoretical modeling relies on, is robust for
m, < 1072 eV, where the ULA fraction allowed by data is
fax S O(10%) [25]. We do not include here results from
probes of smaller scales, whose modeling lies beyond the
perturbative regime. These include for example the Lyman-
a forest [73—77], which has anyway not been studied in the
range of ULA masses relevant to this work, or counts of
high-redshift galaxies in the UV band [78-80].

V. CONCLUSIONS

In this paper, we presented the first joint analysis of
DESI DRI full-shape and state-of-the-art CMB data aimed
at probing a noncold DM component, taking ULAs as our
benchmark scenario.

We performed an independent reanalysis of the DESI
DR1 galaxy power spectra, consistently modeling the
observables from first principles. Our implementation
builds on the two-fluid EFTofLSS framework developed
in Ref. [25], which allowed us to constrain the signatures of
Q_h* without resorting to phenomenological assumptions
(such as on bias parameters) calibrated only on ACDM or
massive neutrino cosmologies. Our analysis shows that the
combination of galaxy clustering with CMB primary
anisotropies and CMB lensing achieves exquisite sensitiv-
ity to deviations from pure CDM, restricting the fraction of
matter energy density in ULAS, f,,, to be below 1% for all
masses m, < 10727 eV, and as small as 0.3% for
m, ~ 1072 eV. For the lightest ULAs considered in this
work, the addition of DESI DR1 full-shape information to
Planck + ACT tightens the bounds on Q,h? by a factor of
~2, as the galaxy power spectrum breaks the geometric
degeneracies that otherwise limit the CMB-only constraints.
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The DESI DRI full shape provides new constraining power
also at the highest end of the mass range, where it directly
probes the suppression of power caused by the ULA Jeans
scale: as shown in Fig. 6 and Table I, for m, = 107> eV the
combination of DESI with Planck gives the tightest bound.
Our results represent the most stringent limits on the
abundance of ULAs from the combination of galaxy cluster-
ing and CMB observables, which admit a perturbative
modeling.

Anintriguing feature of the DESI DR full-shape analysis
is a mild preference for a nonzero ULA fraction at
m, ~ 1072° eV; see the middle panel of Fig. 5. This is
driven primarily by the LRG2, and partially the LRG3,
redshift bins and follows a previous hint from BOSS
analyses [25,27]. However, the preference is substantially
diluted once all DESI tracers are combined, and disappears
entirely upon combination with CMB data. We thus interpret
itas a statistical fluctuation, rather than a hint of new physics.

Several developments would further sharpen our results
and extend their reach. On the galaxy clustering side, at the
upper end of the ULA mass window, the constraints are
driven by the shape suppression and would therefore
benefit considerably from the inclusion of information
from smaller scales, beyond the k,,, = 0.2h Mpc™' rec-
ommended by the DESI Collaboration but still in the
perturbative regime. On the CMB side, extending the ACT
DR6 lensing analysis to the extended multipole range with
Lax = 1300 [42,50] would add valuable constraining
power, particularly for the largest masses, provided the
nonlinear modeling of the ULA contribution to the matter
power spectrum is brought under sufficient theoretical
control. Indeed, pushing this framework to masses above
107% eV, where the allowed f,, is large enough for
genuine ULA nonlinearities to be important, will require
a dedicated study. Our one-loop perturbative treatment of
CMB lensing is a first step in this direction, but a more
complete analysis will be needed to robustly extend the
exclusion limits into that regime. Simulations could also be
leveraged, for instance to devise physically motivated
priors on the axion bias and counterterm parameters b,
Cear» and c,, ¢, refining the conservative priors adopted
here. We leave these directions for future work.
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APPENDIX A: DETAILS ON THE
PERTURBATION THEORY MODELING
OF CMB LENSING

In Sec. III B, we have presented our EFTofL.SS-based
modeling of the CMB lensing power spectrum for
m, > 1072° eV. In this appendix, we provide some addi-
tional details.

For the EFT counterterm c,,, we have assumed the time
dependence in Eq. (6), where the value p = 3 is motivated
by numerical studies [54]. We tested that other values of p
produce, for what concerns C%*, an equally good fit to the
HMcode prediction when letting ¢,,(0) free to vary, as
shown in Fig. 7 assuming a ACDM cosmology. This is
expected, as for the range L < 763 considered in this work
the lensing power spectrum integral is dominated by a
limited range in redshift, rendering the precise time
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FIG.7. Tests on perturbation theory models for CMB lensing in
ACDM, given ACT DR6 error bars. This assumes Eq. (6) for the
counterterm, where ¢,,(0) has been fit to match the HMcode
prediction. We display two different values for the exponent, p =
3 and p = 1, showing that the fit is not very sensitive to this
assumption. The linear and the bare one-loop (c,, = 0) predic-
tions are also reported.

dependence of c,, a minor effect. This statement may need
to be revised if the lensing analysis is extended to smaller
scales, or new data become available with significantly
smaller error bars.

Turning now to the impact on parameter constraints, Fig. 8
reports the results of Planck + ACT analyses in ACDM
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¥
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FIG. 8. Constraints from Planck + ACT for an ULA cosmol-

ogy with m, = 107> eV and in ACDM, where nonlinearities for
CMB lensing have been modeled with the one-loop perturbative
approach (solid), or computed using the standard HMcode
(dashed). The perturbative modeling requires a counterterm,
for which the form in Eq. (6) has been assumed, where p =3
while ¢,,(0) (with dimensions of #~2 Mpc?) is fit to data.

and m, = 1072 eV cosmologies, performed both using
HMcode and applying our EFT modeling for CMB lensing.
The ACDM analysis is useful to show that the prior for ¢,,(0)
assumed in this work, see Table II, is wide enough and the
posterior is constrained by the data. The m, = 107 eV
results show that, as expected, the one-loop analysis yields
broader constraints compared to computing nonlinearities with
HMcode, which does not have nuisance parameters. As argued
in Sec. IV, our one-loop analysis effectively marginalizes over
different theoretical assumptions on ULA nonlinearities, keep-
ing this systematic uncertainty under control.

APPENDIX B: DETAILS ON THE DESI DR1
FULL-SHAPE ANALYSIS

In the DESI full-shape analysis of galaxy clustering, we
fit the monopole and quadrupole of the galaxy power
spectrum up to k., = 0.2h Mpc~! for all six redshift bins.
This matches the baseline choice of previous analyses in
Refs. [28,45] and Ref. [30]; the latter reference also
includes the hexadecapole, which however has a very

TABLE II. Parameters and priors used in the analysis, for each
assumed value of the ULA mass m,. For the cosmological
parameters we always use wide uninformative priors, with the
exception of Q,h%, n, and 7., when not combining with the
CMB, as in Ref. [45]. The counterterms c,,(0), c.cz, Ccar and
Caa.r have dimensions of A= Mpc?. Since we fit the monopole
and quadrupole of the galaxy power spectrum, the index ¢ in the
table runs over O and 2.

Cosmological
Q. Qunh® Qh2  h o log(104,)  ng T
CMB nuisance (sampled)
Parameter Prior/value
Axct N(1, 0.032)
PACT [0.9, 1.1]
APlanck AACT
cn(0) N(0,10%)
EFTofLSS nuisance (sampled)
Parameter Prior
bca&c [0’ 3]
baGS.c [_3’ 3}
blaé,c N(O’ 52)
bgz Ué,(' N(O’ 52)

EFTofLSS nuisance (analytically marginalized)
Parameter Prior Parameter  Prior
CL‘CA,f N(O, 302)2//:0, N(30, 302)f:2 b]"3 N(O. 52)
Ceal N((), 602) Pshot N(07 12)
Caar N(0,60%) a, N(0,5%)
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low SNR. We do not perform a combination with post-
reconstruction BAO information.

Our theoretical model is based on the EFTofLLSS [1,2,82]
and is given, as a function of the wave number &, by

Py =PL .+ P %% + Pt 4 SN (B1)

99- 99.¢ 9, 99.¢°
where the one-loop contribution is computed with the
same bias expansion and counterterms as in Ref. [25].
Concerning the stochastic contribution, before expanding
in multipoles it is given by [45]

1 k \?2
PoN(k,pu) == |:Psh0t + ar? (—> } (B2)
n kNL

as the Poissonian prediction is already subtracted from the
measurements. Here 4 = k - Z/k, where Z is the unit vector
along the line of sight. We set ky. = 0.45h Mpc~!,
although its exact value is not important, as a, is margin-
alized over with a wide prior.

The full list of parameters is reported in Table II, along
with the priors employed. They are divided into three
classes: cosmological, sampled nuisance, and analytically
marginalized nuisance parameters. The theoretical model is
then convolved with the survey window function, account-
ing also for the #-cut, and compared to data with a Gaussian
likelihood. We employ the covariance numerically com-
puted from the EZmocks mocks [83] and rescaled by the
appropriate factor to match the analytic-based estimates
[18,45]. The likelihood is computed within the pBJ* [84]
code, embedded in the cobaya framework [85] for the
purpose of combination with the other datasets, and then
sampled with the Nautilus sampler [86].

We tested our pipeline by comparing ACDM results
against both the official [45] and independent [30] analyses,
finding remarkable consistency, both for single redshift
bins as well as for the joint case.

4https://chiaramoretti. gitlab.io/pbj.
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