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Hypothetical axion-like particles (ALPs) are of interest because of
their potential to act as dark matter or to reveal information about yet

undiscovered fundamental constituents of matter. Such particles may be
created when photons traverse regions of magnetic fields. The conversion
probability depends on both the magnetic field parameters and the photon
energy, leading to several spectral absorption features as light passes
through magnetized regions. Traditionally, astrophysical searches have
focused on detecting such features inindividual objects. However, our
limited understanding of the properties of cosmic magnetic fields has
hindered progress. Here we introduce a new approach based on analysing
the stacked (rather than individual) spectra of active galactic nuclei behind
galaxy clusters, which are gigantic magnetic field reservoirs. Stacking
efficiently averages over the uncertainties in magnetic fields, predicting
adistinct step-like spectral signature of photon-to-ALP conversion. With
this approach, we advance into previously inaccessible regions of the ALP

parameter space for nano-electronvolt masses. Adopting this method using
datafromdifferent telescopes and increasing the size of the stacked datasets
will significantly improve existing bounds across a wide range of masses. The
Cherenkov Telescope Array Observatory will enable this method to probe a

broad region of parameter space where ALPs could serve as dark matter.

Cosmic environments provide unique physical conditions (densities,
temperatures, and spatial and temporal scales) unattainable in ter-
restrial experiments. Consequently, astrophysical sites can serve as
alternative laboratories for particle physics. In particular, they offer
unique opportunities to study hypothetical particles that interact mini-
mally with known forms of matter’. Extreme astrophysical conditions
may facilitate the production of these particles. Thus, their presence
could be deduced from astronomical observations.

Many extensions of the Standard Model of particle physics predict
the existence of new, currently undetected particles. These extensions

are motivated by observational challenges, such as the existence of
dark matter and the absence of primordial antimatter in the Universe,
and by quests to understand the underlying structure of physical
theories. Seerefs.2-4 for areview.

Axions are prime examples of such particles. Originally postulated
inan attempt to solve the so-called strong-CP problem—a mysterious
cancellation between two seemingly unrelated contributions, leading
tothe absence of charge-plus-parity violationin stronginteractions**—
they were quickly recognized as promising dark matter candidates™.
The subsequent development of the idea led to a broader concept of
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Fig.1|Illustration of how stacking spectrareveals information about
photon-to-ALP conversion. Left: AGNs have featureless spectra of y-ray
emission. If ALPs exist in nature, some of the AGN photons will be converted to
ALPs while passing through galaxy clusters that are large reservoirs of magnetic
fields. Sucha photon-to-ALP conversion creates a set of absorption features
inthe AGN spectra. Centre: for each particular AGN, these features cannot be
predicted due to the lack of detailed knowledge about the magnetic field in
individual clusters. Right: by stacking many observational pairs (AGNs plus
clusters), the overall absorption feature becomes regularly shaped. v,, photon
frequency; F,,, spectral flux density.

axion-like particles (ALPs), which are light pseudo-scalar bosons with
mass m, whose interaction with electromagnetic fields is governed by

Line = gayE -Ba. (1)

Hereaisthe ALPfield, and Eand B are the electricand magneticfields,
respectively (Methods). The unknown ALP-photon coupling constant
&,y characterizes the strength of the interaction and is measured in
gigaelectronvolts.

The interaction term given by equation (1) causes energy-
dependent photon-to-ALP conversions when photons traverse
regions with strong or large-scale magnetic fields'. Specifically, as
photons emitted by an astrophysical object pass through such
regions, photon-to-ALP conversion results in spectral irregularities
(for example, several absorption features) in the observed emission.
The detection of these features in the otherwise smooth spectra of
astrophysical objects would be a smoking gun for the existence of
ALPs. This approach thus offers a compelling method for identifying
ALPs and highlights astrophysical sites like neutron stars®'°, white
dwarfs'2 active galactic nuclei (AGNs)®, supernovae'*" and clusters
of galaxies'? as prime laboratories for ALP searches.

The search for ALP-induced absorption features in individual
bright astrophysical sources typically uses a statistical approach to
detect spectral irregularities. The specific characteristics of these
spectral features are determined by the exact distribution of the inter-
vening magnetic field. Even minor variations in the orientation, spatial
distribution or strength of the magnetic field affect the photon-to-ALP
conversion probability in a quasi-random way, asillustrated in Figs. 1
and 2. To address the substantial uncertainties and poor knowledge
about the magnetic fields, existing methods, therefore, require mar-
ginalizing over a large number of potential realizations of random
magnetic fields within a selected object? . Therefore, the improve-
ment of astrophysical bounds on ALP couplings has been hindered by
the challenge of accounting for all the unknowns.

Stacked analysis

Inthis work, we explore adistinctly different approach (Fig.1). Rather
than focusing on individual bright sources of photons and marginal-
izing over the details of the magnetic field distribution within these

objects, we exploit the power of ensemble averaging over a large
number of sources. Figure 2 illustrates this approach. The blue curves
show the survival probability of aphoton asit traversesaregion of the
magnetic field (for example, a galaxy cluster), with each curve repre-
senting a different realization of the field. This probability (and the
resulting absorption features in the observed spectrum) has acomplex
shape, withlittle similarity between different realizations. However, the
averages over alarge number of such curves (shown asblacklines) are
much smoother and show apparent similarities. Moreover, the black
curves exhibitadistinct, realization-independent spectral signature—a
step-like suppression at high energies—which serves asaclearindicator
for ALP searches. This makes studying photon-to-ALP conversionina
stacked set of clusters substantially simpler than conducting searches
inindividual objects.

References ***>* have previously put constraints on ALPs using
several extragalactic objects. Our approach introduces a key distinc-
tion: by averaging over previously unknown parameters—the magnetic
fieldsingalaxy clusters—we effectively reduce the inherent uncertain-
ties, making the sought-after signal predictable.

To implement this idea, we stack the spectra of y-ray-bright
AGNs behind galaxy clusters. AGNs have smooth spectra in the
giga-electronvolt energy range, and galaxy clusters serve as vast res-
ervoirs of magnetic fields. Consequently, photon-to-ALP conversion
may occur, leading to a suppression of the high-energy portions of
AGN spectra.

Main steps of the data analysis

Using the most recent Fermi Large Area Telescope (Fermi/LAT)
catalogue®** and galaxy cluster catalogues® ™, we identified 32
AGNs that are located behind known galaxy clusters (Extended Data
Table1). The selection procedure is detailed in Methods. We fit each
AGN spectrum with a log-parabola (smooth 3 parametric function,
known to describe well the AGN y-spectra®). We also account for the
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Fig. 2| Photon survival probability and its averages. Photon survival probability
(P,,) when passing through one galaxy cluster for different realizations of the
cluster magnetic field (blue lines). All realizations have a magnetic field with the
same radial profile, but they vary randomly in their orientation in the photon
polarization plane and in the sizes of the domains where the field remains
approximately constant. Black lines demonstrate the effect of averaging over

32 randomly selected realizations. The red dotted-dashed line shows the
analytical approximation to these lines, given by equation (2) with parameters
Po=0.23,E.=5.5GeVand k = 3.14. The red-shaded region represents the
systematic uncertainty due to the finite number of sources used in our analysis.
The ALP parameters for all curves are (m,, g,,) = (3 neV,2 x10 2 GeV"). Blue curves
were obtained by numerically solving the ALP propagation equations with the
ALPro code®.
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interaction of y-ray photons with extragalactic background light (EBL),
which produces electron—-positron pairs. Suchaninteraction leads to
the suppression of the high-energy part of the AGN spectrum, partially
mimicking the effect of photon-to-ALP conversion. The suppressionis
afunction of the AGN redshift only and does not increase the number
of fitting parameters. This fit is our baseline model.

Subsequently, we repeat the spectral analysis by multiplying each
ofthe above functions by acommon smooth function (red lineinFig. 2):

Po
Py =1—(Pa(B)=1- —20 @)
vy (Pya(E)) 1+(EC/E)k

Here p, represents the suppression depth at high energies, £. denotes
the characteristic transition energy and k determines the sharpness
of the transition; all three parameters are functions of m,and g,,, as
Extended DataFig.lillustrates. By demanding that the resulting y? of the
fitworsensby Ay? > 6.2, we draw the 95% confidence level contoursin the
plane (m,, g,,), thus excluding ALPs with the corresponding parameters.

Results

Thegreensolidlinein Fig. 3 defines the excluded region of ALP param-
eters and represents our main result. We have strengthened the existing
constraints*’by up toafactor of 4 for ALP massesintherange1to10 neV.
Inderiving thisbound, we assumed that all clustersin our sample have
magnetic fields like that of the Coma cluster. The green-shaded area
around thelinereflects how the uncertainty inboth the magnitude and
spatial distribution of the magnetic field of the Coma cluster propa-
gates to the ALP bounds. The blue dashed-dotted line represents an
alternative scenario where the magnetic field strength correlates with
cluster mass, asindicated by some numerical simulations*. However,
existing observations do not support such ascaling* **. See Methods
and Extended Data Fig. 2 for details. Therefore, we consider this sce-
nario overly pessimistic.

These results take into account systematic uncertainties arising
from theimprecise knowledge of the Fermi/LAT effective area. Follow-
ing the collaboration guidelines (see the Fermi/LAT website: https://
fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/AeffSystematics.html),
we assume energy-dependent systematics ranging from 3% to 10%.
We allow p, and E_ to vary by 20% and 12%, respectively, to account
for the finite sample size, and we treat these uncertainties as 1o errors
(Extended DataFig.3). For comparison, we also present a purely statisti-
calbound (the dotted line), derived without including such systematic
uncertainty. In this case, the constraints on g,, improve the existing
bounds by up to afactor of 7.5. The improved bounds extend into the
region of the parameter space where ALP particles could potentially
serve as dark matter candidates™®.

Intriguingly, a second disjoint exclusion region appears in this
case. Between the tworegions, the ALP actually improves the fit quality,
indicatingamarginal detection atapproximately the 2clevel (Extended
DataFig. 4). The shape of this region follows a g,, « m2relation, which
maintains a constant characteristic energy £.in equation (2) (Extended
DataFig.1). Although most AGN spectraexhibit a consistentimprove-
ment in fit quality when the characteristic energy is around
E.=600 MeV, two objects (NGC1275 and 4FGL J0038.2-2459 (PKS0035-
252)) show the most pronounced effect (Extended Data Table 2). Given
the limited sample size and low statistical significance, however, it is
too early todraw firm conclusions regarding this potential detection.
Note that the ALP parameters that show the maximal Ay’ improvement
arein the region of parameter space where the existence of such par-
ticles has previously been suggested based on tera-electronvolt trans-
parency arguments*® and stellar evolution studies®.

Future improvements
Inthis work, we put forward anew method of searching for ALPs based
onusingthestacked spectraof AGNs behind galaxy clusters. Collectively
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Fig. 3 | ALP-photon coupling constraints from AGN-cluster pairs. The green
solid curve represents the 95% upper limits on the coupling g,, derived from the
stacked analysis of the spectra of AGNs behind galaxy clusters and based on our
estimate of the average magnetic field across the sample. The green-shaded
region surrounding this curve indicates the uncertainty in the field estimate.
Theblue dashed-dotted lineillustrates a pessimistic scenario where the
magnetic field weakens with decreasing cluster mass. The green dotted line
shows constraints based solely on statistical errors. Between the two disjoint
regions, the quality of fitimproves by up to 2o when including an ALP. The red
dotted-dashed line highlights potential improvements achievable with the
CTAO using the same AGN-cluster pairs. Grey regions display existing exclusion
bounds fromref. 40. SN, supernova; SNe, supernovae. CAST, CERN Axion Solar
Telescope; SHAFT, the Search for Halo Axions with Ferromagnetic Toroids;
ABRACADABRA, A Broadband/Resonant Approach to Cosmic Axion Detection
with an Amplifying B-field Ring Apparatus (ABRA); MWD, magnetic white dwarf;
ADMX, Axion Dark Matter Experiment; ADMX SLIC, Superconducting LC Circuit
Investigating Cold Axions; RBG, Rochester-Brookhaven-Fermilab; UF, University
of Florida; CAPP, Center for Axion and Precision Physics Research.

fitting many spectraallows usto search for aregular step-like suppres-
sionfeature rather thanforirregular photontransparencyinindividual
clusters. The uncertainties related to the unknown characteristics
and distribution of magnetic fields in individual galaxy clusters are
reduced to essentially one number—the average magnetic field across
the sample (Extended Data Fig. 3 and Supplementary Information).

Our method not only proposes the most competitive constraints
but also shows a great potential for improvement. The observations
of a similar number of sources at other wavelengths with current
or future missions, for example, at kilo-electronvolt energies with
Swift, at mega-electronvolt energies with the All-sky Medium Energy
Gamma-ray Observatory and GECCO, and at tera-electronvolt energies
with the Cherenkov Telescope Array Observatory (CTAO)***°, would
result in a substantial extension of the derived limits to lower and
higher ALP masses. This is illustrated by the red dashed line in Fig. 3,
which shows the potential reach of similar searches performed with
the CTAO. Different energy ranges of the CTAO open access to larger
ALP masses and promise an order of magnitude improvementin g,,.
In particular, such searches will explore a part of the ALP dark matter
parameter space.

The currentanalysisis based on only 32 AGN-cluster pairs. Further
progress (Extended DataFig. 5) willbe achieved as more galaxy clusters
are detected due to the Sunyaev-Zeldovich effect with present-day
X-ray all-sky surveys, such as eROSITA*. Further significant advances
will come fromall-sky polarization radio surveys, such as those planned
with the Square Kilometre Array, which will greatly expand the number
of galaxy clusters detected and enhance our understanding of intra-
cluster magnetic fields**.

Future studies should also address several aspects beyond this
proof-of-concept work. These include amore detailed investigation of
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magnetic field distributions in galaxy clusters and the development of
aphysically motivated model for background AGN emission. We also
note that constraining the average magnetic field properties across
alarge sample of clusters may be more tractable than modelling the
magnetic field of anindividual cluster in detail.

Methods
ALP propagation equations
Inthis section, we summarize the key theoretical ingredients relevant
tothestudies of ALPs and photon-to-ALP conversionin external mag-
netic fields. An extensive review of the subject can be found in, for
example, ref. 53.

The interactions of ALPs with an electromagnetic field are gov-
erned by the following Lagrangian:

1 1 1 -
L= —ZFﬂvFl‘V +5 (0,a0"a — m2a?) + ZgayF,,vF”V a. 3)

Here aiis the ALP field, m, is its mass, F,, is the electromagnetic field
strengthtensorand £, = ésﬂvngP"isthe electromagnetic dual tensor,
wheree,, is the totally antisymmetric tensor in 4D (Levi-Civita tensor).
The photon-ALP coupling constant g,, characterizes the interaction
strength. The coupling between ALPs and electromagnetic fields,
described by the third term in equation (3), can be expressed as in
equation (1). We use natural Lorentz-Heaviside unitswithAi=c=k; =1,
where fiis the reduced Planck constant, c the speed of light and k; the
Boltzmann constant. The fine-structure constant a = €*/41 = 1/137,
where eisthe electron charge.

The Lagrangian in equation (3) indicates that a photon can con-
vert into an ALP when passing through a magnetic field". To derive
the relevant formulas, consider a photon with energy E propagating
through the magnetic field in the z direction. The component of the
magnetic field perpendicular to the propagationdirectionis denoted
by B, =B - B,e,, where e, is a unit vector in the z direction. The joint
evolution of the perpendicular photon components (4,,A,) and ALP a
are described by the equation'****

Ax
.0
E— IEZ — M(my, 84y, BL(2)) || Ay [ =0, 4)
a

where the mixing matrix M(m,,g,, B, (2)) depends onthe strengthand
orientation of the magnetic field, the ALP mass m, and the coupling
constantg,,. For mega- to giga-electronvolt photon energies and typical
microgauss-scaleintracluster magnetic fields, the cosmic microwave
background term* and the quantum electrodynamics term" are neg-
ligible, so the matrix M is given by:

0 0 A,y cos

Agysing |, (5)
Ay cosp Ay, sing A,

where cos¢ = B, - e,/B, =+/1—-sin’¢and
_om N L m, 2( E )"1 .
Aa = —5p #~7:04x10 (3><10—9eV) 1cev) P¢>

1 _ 8ay B, _
Ay = g, B, ~3.05x10-6 [ — ¥ (—) L.
a = 8t <2><10—12(3ev“) G/ P

M= 0 0

For lower energies, the plasma frequency of the galaxy clusters
and the possibility of resonant photon-to-ALP conversion should
be taken into account; see, for example, refs. 56,57. It is instructive
to solve equation (4) for the scenario where a photon propagates

through a region with a constant magnetic field. The probability of
photon-to-ALP conversionis energy-dependent, and after travelling
adistance/, itis given by':

(Agl”
(Aoscl/2)’

ya

sin’ (Azsc [> . %)

Here the oscillation wavenumber 4. is given by

) 5 V2 E\
Age v [A2 44227 =24, [14+ (f) , ®)

and E_ represents the characteristic energy of oscillations in P,;:

-1

2 -1
zllSGeV(ﬂ) (B_i> (L) . )
3neV/ \1uG/ \ 3y 10-12Gev~!

A
E, = F—2
€T 24,

Conversion probability averaged across many domains and
objects

The above formulas are for an idealized set-up of photon-to-ALP con-
versionina constant magnetic field. More relevant for our discussion
is the case when the field changes along the trajectory of the photon.
Towit, consider Ndomains of size /, with the amplitude of the magnetic
field being the same in each of them. The conversion probability ina
single domain P, is given by equation (7). It can be shown'******* that
by crossing N > 1 domains and averaging over the orientations of the
magnetic field across many similar objects, the conversion probability
simplifiesto

(P} ~ % (1 e-3VRa2), (10)

Thus defined, (P,,) is a step-like function of the photon energy E.
Althoughatlow energies (E < E.), we have (P,,) = 0, it saturates toacon-
stant at £> E with a saturation level proportional to g,, for (P,,) <1/3
and asymptotically reaching1/3 withanincrease of g,,.

The{...)symbolstresses that this result appears only after averag-
ing over many objects. Without such averaging, we would not obtaina
step-like suppression (corresponding to the black curvesin Fig.2) but
rather have the random blue curve.

Photon-to-ALP conversion in the inhomogeneous magnetic
field of galaxy clusters

Finally, we describe how we obtained the expression (P,,) when not only
the orientation but also the amplitude of the magnetic field changes
alongtheline of sight. For the magnetic field of a cluster with arealistic
spatial profile, we solved equation (4) numerically using the ALPro
code’”inthe ‘custom model’ mode. This mode accepts as aninput the
list of magnetic field magnitudes and orientations in a set of domains
along the trajectory of the light. Within each of these domains, the
strength and the orientation of the magnetic field are constant. We
assumed that the strength of the magnetic field in each cluster is pro-
portional to the density of plasma electrons and depends only on the
distance to the centre of the cluster r:

B(r) = Bo[ne(n/no]", ()

where B(r) is the amplitude of the magnetic field, B(r) = |B(r)|. The
parameters in equation (11) were adopted from those of the Coma
cluster, the only galaxy cluster for which the strength profile of the
magnetic field has been determined fairly well°>®’, The density of
electrons n. is described by the f-model, n.(r)/n, = [1+ (r/r.),] **with
ny,=3.44x102cm™,B=0.75and r. =291 kpc (refs. 61,62). The values of
(Bo, n) = (5.2 uG, 0.67) were adopted fromref. 61. We note that adapting
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the parameters of the Perseus cluster fromref. 63 to model the contri-
bution from NGC 1275 did not change the presented results.

The domain sizes were distributed randomly between 2 and
34 kpc, based on refs. 61,64. The cluster radius was set to 1.5 Mpc, as
the substantial presence of the magnetic field at this distance has been
reportedinrefs. 64,65.For each cluster, we performed 10°realizations
of the magnetic field, randomly varying the orientation of the field
in each domain and distributing the line-of-sight distance from the
cluster centre randomly within 0 to 500 kpc. We confirmed that using
actual distancesinstead of random distributions did not significantly
affect the results.

For eachrealization of the magneticfield, we calculated P,,(E) for
aset of ALP parameters (m,, g,,) (bluelinesinFig. 2). We averaged this
functionover the described realizations to obtain (P,,(E)), shownas the
blacklinesinFig.2. This functionis well approximated by equation (2)
and is represented by the red line in the same figure. This procedure
establishes arelation between the parameters (p,, E, k) of the photon
survival probability functionP,, =1~ (P,,) and the ALP parameters (m,,
&), shownin Extended Data Fig. 1.

Asthe ALP-to-photon conversion probability depends on the prod-
uct of the magnetic field strength and the size of the region (equation
(7)), we neglected the effects of the magnetic field of the Milky Way in
our analysis. Although the magnetic field strengths in the Milky Way
and galaxy clusters are comparable, the path length through galaxy
clusters is larger by 1-2 orders of magnitude, making the cluster con-
tribution dominant.

Dispersion of magnetic field strength
We repeated our analysis but spreading the values of fand by up to
+90% around their adopted values. The characteristic energy £.and the
plateau height p, remained constant within 5%. Variations in the distri-
bution of domainsizes had anegligibleimpact onthe averaged curves.
As the photon-to-ALP conversion probability is directly propor-
tional to the magnetic field value, we varied the parameter B, by an
order of magnitudein each direction (from 0.52 uG to 52 pG). Extended
DataFig. 3 (left) shows thatinthis case, p, varies by about 20%, whereas
the function (P,,(E)) maintained its shape, as given by equation (2). This
demonstrates that averaging over clusters with significantly different
magnetic field properties does not result in a conversion probability
dominated by the extreme values within the distribution. Instead, the
conversion probability is primarily governed by the average magnetic
field strength across the sample of clusters.

Shifting the magnetic field amplitude

To estimate the potential impact of the change in the central value of
By, wevarieditfrom3.1 1Gto 6.5 uG. The values of B,and n are strongly
correlated, with a smaller 7 corresponding to a smaller B,. This cor-
relation arises because the directly observed quantity is the rotation
measure (RM):

By

3B+ -1 12

RM = 812f neB, d¢ [rad m_z] o«
l.o.s.

The RM is sensitive to the mean value of the magnetic field along the
line of sight (l.0.s.) and is measured with typically lower uncertainties
than the derived parameters B, and . Therefore, we accompanied
a change in B, by changing the slope  between 0.4 and 0.7. Such a
variation corresponds roughly to the 95% confidence level ranges
reported for the Coma cluster®’. The associated uncertainty is shown
asthegreen-shaded regioninFig.3.Itamountstoachangeing, fora
fixed m, by about 20%.

Properties of the small-scale turbulent magnetic field
Equation (11) describes the radial dependence of the magnetic
field amplitude. Within the spatial range defined by A, and A,,,,

the magnetic field is turbulent, characterized by a power spectrum
|B,|> =< k. Typical values for A, and A,,,, are illustrated in Extended
DataFig. 2a. For afurther discussion, see ref. 66.

Toreproduce the statistical properties of the turbulent magnetic
field in numerical simulations of ALP propagation, the ALPro code
samples domainsizes L from a power-law distribution P(L) < L™ For a
Kolmogorov turbulence spectrum, theindex was found** tobe a =1/3.
We have explicitly adopted this value in our simulations, along with
Amin=2kpcand A,,,, = 34 kpc, motivated by the corresponding values
reported for the Coma cluster®®®, These parameters are representa-
tive of galaxy clusters, as Extended Data Fig. 2 illustrates. The choice
of A, liesonthe lower end of the observed range of values. Given that
the conversion probability scales as B2, with the turbulent magnetic
field exhibiting greater power at larger scales, this choice represents
aconservative estimate.

The value n=11/3, corresponding to the Kolmogorov turbulent
spectrum, is broadly consistent with observational data. However,
the strong correlation among the parameters n, A, and A, (see, for
example, ref. 67) complicates definitive conclusions about the univer-
sality of this value. Extended Data Fig. 2b highlights the variability in
thevalues of nreported in the literature.

To account for the potential non-universality of the index n, we
considered variations in the parameter a. Like other parameters, such
as B, and 1, the stacking procedure substantially reduces the scatter
in the predicted photon-to-ALP conversion probabilities. The right
panel of Extended Data Fig. 3 illustrates the conversion probability
P,, for specific values of a and for when a is drawn from a uniform
distribution 0 < @ <1.2, with the upper limit inferred from ref. 21. The
figure demonstrates that, in the latter scenario representing the case
of non-universality of the index a, the predicted value of p, would
degrade by approximately 10%. This reduction remains well within the
systematic uncertainty that weimpose. Similarly, varying A,;, and A,
by up to a factor of 2 resulted in only a negligible change in P,,. Con-
sequently, the derived constraints are insensitive to the exact values
inindividual clusters and instead depend on their average behaviour
across the sample.

Alongwiththe potential non-universality of global cluster-to-cluster
turbulent characteristics, these properties can also vary within the same
clusterasafunction of the off-centre distance (see, for example, ref. 68)
aswellasduetolocal environmental effects, including cool cores, radio
relics, merger-driven shocks and cold fronts. However, these features
tend toincrease thelocal value of the magnetic field (see, for example,
refs. 69,70), meaning that our estimates remain conservative.

Average magnetic field strength across the sample of clusters

A crucial factorin our analysis is the estimate of the average magnetic
field strength in our sample of galaxy clusters. This estimate could
potentially be biased due to acorrelation between the central magnetic
field strength (B,) and the cluster mass (Ms,). The log-average mass
of our sample is Mgy, =~ 1.6 x 10"* M, (Extended Data Table 1), which is
approximately four times smaller than My, = 6 x 10" M, the mass of
the Comacluster”.

Current observational datado not reveal any obvious correlation
between B, and M, as Extended Data Fig. 2c illustrates. Moreover,
different methods of evaluating the strength of the magnetic field
(Faraday rotation, synchrotron diffuse radio emission and inverse
Compton hard X-ray emission) provide different estimates of the mag-
netic field strength in clusters due to differences in measurement
techniques, spatial scales and the complex structure of magnetic
fieldsin cluster environments. See, for example, the discussionin refs.
44,72.Furthermore, an analysis comparing clusters with high and low
temperatures revealed nosignificant variationsinthe RM data”. These
findings, therefore, indicate the absence of astrong relation between
the magnetic field and the cluster mass, given the well-established
mass-temperature relation for clusters of galaxies; see, for example,
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ref. 74. Given this lack of adiscernible trend, we argue that the magnetic
field profile of the Coma cluster (with B,= 5.2 uG) can be considered
representative of our entire cluster sample.

Recent N-body simulations* indicate, however, ascaling relation
By ~ Mégo. If this relation holds, the average B, in our sample would be
approximately 1.6 times lower than in massive clusters like Coma.
To assess the potential impact of this scaling on our results, we per-
formed another analysis. We explicitly downscaled the magnetic field
inour (P,,(E)) calculations based on the M;,, masses of clustersin our
sample (Extended Data Table 1) and the aforementioned scaling. The
resulting limits on ALP parameters are shown as a blue
dashed-dot-dotted linein Fig. 3. These limits are afactor of 1.6 weaker
than those obtained using the characteristic magnetic field profile.

We note that the dependency of the central magnetic field on the
redshift*” of the clusters can be neglected, as the clusters are at low
redshifts (z;c $0.4).

Correction for the finite sample size

Todetermine the relation between the parametersinequation (2) and
the ALP parameters, we performed 200 simulations of P, for each pair
(m,,g,,) and computed the average. The resulting values are presented
in Extended Data Fig. 1. However, for our sample of 32 objects, rely-
ing solely on the central value of p, may overestimate the exclusion
strength. Extended Data Fig. Sillustrates how p,and £.depend on the
sample size. For our dataset, the dispersion in p, is 20%, whereas the
variation in £, is 12%, which is considerably smaller than the size of
the Fermi/LAT energy bins. Notably, for this sample of 32 objects, the
log-width of the distribution remains nearly constant acrossall (m,, g,,)
combinations. This consistency allowed us to adopt the same range of
variations for p,and E_ for all ALP parameter sets that we use in deriving
the bounds as described below.

Selection of AGN-cluster pairs

Weidentified y-ray-bright AGNs located beyond or within known galaxy
clusters based on the most recent catalogue of high-altitude (|b| >10°)
sources, 4LAC-DR3-h’¢, and the catalogue of Sunyaev-Zeldovich, X-ray
and optically identified galaxy clusters®**%, Among 1,806 AGNs with
known redshifts and emissionin the giga-electronvolt range and 47,600
clusters with known redshifts, we were able to identify 32 AGN-cluster
pairs for which the line of sight to the AGN passes through the cluster
atacomoving distance not exceeding R,,,, = 500 kpc (refs. 36,77) and
Zxon = Zge- Note that the magnetic field typically continues to much
larger radii, assumed tobe 1.5 Mpcin thisworkin agreement with refs.
64,65. We additionally included in the sample two nearby AGNs (NGC
1275 and M87), located within the Perseus and Virgo clusters, respec-
tively. The basic properties of the sample of AGNs and galaxy clusters
aresummarized in Extended Data Table 1.

Data and data analysis
The AGN spectraare provided by the Fermi/LAT collaboration as part of
the 4FGL-DR4 catalogue®*** and correspond to 14-year time-averaged
spectra. For each object from the selected sample, we considered its
Fermi/LAT spectral energy distributionin eight energy bins, asreported
inthe 4FGL catalogue. We also assumed that, in addition to the statisti-
caluncertainty, the spectral points are characterized by a certain level
of systematic uncertainty (added in quadrature). We considered two
choices of systematic uncertainty: (1) optimistic (systematic set to 0)
and (2) ‘nominal’ (3% systematics at all energies except £ <100 MeV and
E>100 GeV, for which it was 10%). We present in this work the results
for each of these choices.

We fitted the AGN spectra with the ‘baseline’ EBL-corrected
log-parabola models:

dn

S = No(E/Eg)™ P8 50) s gy (E, Zpgn)s

dE 13

where the normalization N, and spectral parameters a and S are the free
fitting parameters and £, =1 GeV. The EBL-correction factor kg, (£, 2)
was calculated for AGN redshift z,gy with the help of the absorption
model provided within the naima Python module’ based on the
adopted EBL model”.

Aiming to probe photon-to-ALP conversion as the AGN photons
propagate through the clusters of galaxies, we considered an ALP
model for arange of ALP masses and coupling constants:

dn

S = No(E/Eg) P850 s kg (E, zaon)Py

aF (14)

Vs
where P, is given by equation (2). Three extra parameters of the func-
tion P,, (p,, E., k) are related to the ALP parameters (m, and g,,), as
discussed above. The dependency of p, and E. on the ALP parameters
isshownin Extended Data Fig. 1.

The difference between the joint best-fitting y* for the baseline
model and ALP modelis shown in Extended Data Fig. 4. In addition to
the uncertainties for the spectral points discussed above, we allowed
poand E.tovary by 20% and 12%, respectively, and treated these uncer-
taintiesasloerrors (‘Correction for the finite samplessize’). The green
contoursinthis figurerepresent adeteriorationin the fit with the ALP
model by Ay? = 6.2 with respect to the baseline model, correspond-
ing to a 20 excluded region for two degrees of freedom. The green
dotted line indicates the limits for the statistical-only uncertainty
(0% systematics). The green solid line corresponds to the nominal
Fermi/LAT systematics. The shaded region corresponds to the varia-
tionsinthe limits derived for the nominal level of Fermi/LAT systemat-
ics for the different profiles of the magnetic field of the Coma cluster
(seeabove). The dashed-dotted regionindicates the weakening of the
limits when the magnetic field in each of the clusters in the sample is
scaled withrespect to the mass of the cluster, as discussed above. These
same contours are depicted in Fig. 3.

The region bordered by the orange dotted-dashed line is where
ALPswere detected with a >2ossignificance (Ay* < —6.2) inthe absence
of systematic uncertainty (purely statistical bound). The maximal
improvement of the fit corresponds to Ay?> = -7.1 for m,~1neV and
8.y~ 2 %1072 GeV™. See Extended Data Table 2 for asummary of the Ay?
improvement inindividual objects. We note that this detection is not
statistically significant and disappears in the presence of systematic
uncertainties.

CTAO sensitivity

To estimate the sensitivity of the forthcoming tera-electronvolt CTAO
for similar studies, we simulated a similar sample of 32 AGNs. We
assumed that the AGN spectra continue as power laws in the energy band
0.03-10 TeV and that the CTAO will be able to measure eight spectral
pointsin this energy band. We further assumed that the uncertainties
of the flux measurements are dominated by 10% systematic uncertain-
ties. We repeated the procedure described above for ALP searches in
the simulated CTAO-only dataset. The estimated level of exclusions
derived fromsuchadatasetis shownwith ared dot-dashed linein Fig. 3.

Data availability

The data from Fermi/LAT observations used in this paper were taken
from the publicly available 4FGL-DR4 catalogue®. The AGN sam-
ple was taken from the catalogue of high-altitude (|b| > 10°) objects
4LAC-DR3-h" and the catalogue of clusters identified by the all-sky
surveys 2MASS, WISE, Planck SZ, X-ray and SuperCOSMOS*¢3,
The catalogue names of the Fermi sources used in this paper can be
found in Extended Data Tables1and 2.

Code availability

The ALP propagation code used in this study is the publicly available
code ALPro (Axion-like Propagation)®*, available via GitHub at https://
github.com/jhmatthews/alpro.
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Extended Data Fig. 1| Dependence of the averaged photon survival probability function’s shape parameters on ALP parameters. Dependence of the shape
parameters £.and p,, as defined by Equation (2), on the ALP parameters (m,, g,,) for the range of parameters considered in this work. The parameter k is normally

distributed with the mean 2.71and the standard deviation 0.33.
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Extended DataFig. 2 | Properties of the magnetic fields across the samples of central magnetic field strength (B,). Error bars indicate the measurement
galaxy clusters. Panel (a) illustrates the coherence lengths of magnetic fields. uncertainties (from minimal to maximal value reported in the literature) of B,,
The minimal coherence lengths (An;,) are represented by blue circles, while the and arrows signify upper limits on the magnetic field measurements. Horizontal
maximum coherence lengths (A,,,) are denoted by red squares. Panel (b) linesin all panels represent the parameter values adopted in this study. The data
presents the magnetic field power spectrumindex, n (blue circles), while red points for individual galaxy clusters are derived fromrefs. 25,43,62,67,73,80-89.

squares represent the index n as defined in Equation (11). Panel (¢) displays the
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Extended Data Fig. 3| Dependence of the photon-to-ALP conversion distribution as a proxy for the turbulent magnetic field power spectrumslope.
probability on assumed magnetic field properties. Left panel: Average The nominal value a=1/3 corresponds to the Kolmogorov turbulence spectrum.
conversion probability over 32 realizations for the Coma cluster (bluelines) and Allowing variationin aresultsin the dotted line, which remains within the
Coma-like clusters (orange lines). For the blue curves, each realization varies the uncertainty range. Inboth panels, the red dashed-dotted curve represents1-P,,,
magnetic field direction and domain size distribution while maintaining a fixed where P, is given by Equation (2) with nominal values of p,, £, and k
radial profile (Equation (11)) with magnetic field and electron density values corresponding to the ALP parameters (m,, g,,) = (3neV,2x10GeV™). Thered
matching those of the Coma cluster. For the orange curves, the central magnetic shaded regionindicates a + 20% systematic uncertainty, accounting for
field amplitude, B, is also varied, sampled from a log-uniform distribution (0.52 corrections due to the finite size of our sample. Domain sizes vary randomly
to 52 uG), resultingin a-20% change in the average absorption feature. Right between Apin = 2kpcand A, = 34 kpc.

panel:Sensitivity of the results to the parameter a, which governs the domain size
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Extended Data Fig. 4| x> change and ALP exclusionregions. The colorsillustrate
the change in y’ between the baseline and the ALP models for the combined fit of
32 AGNs, assuming statistical-only uncertainties. The green contours represent
20-excluded regions (4y*= 6.2 for 2 d.o.f.) for two different treatments of the
systematic uncertainties. Dotted and solid lines correspond to the zero (that is,
statistical only) and nominal levels of Fermi/LAT data systematic uncertainties.

The shaded region shows the uncertainty related to the magnetic field estimation
inthe Coma cluster. The dash-dot-dotted region illustrates the weakening of

the limits for the maximally conservative choice of the magnetic field in the
selected sample of galaxies (for the nominal level of Fermi/LAT systematics).

The dash-dotted orange region corresponds to a 2o detection region where the
ALP model actually improves 4x* by at least 6.2.
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Extended DataFig. 5| Corrections to the parameters of the ALP model due to
thefinite V. Left panel: The probability density of finding a given value of p, as
afunction of the number of realizations. The width of the distribution for N=25
is 20%. Right panel: the same but for the characteristic energy .. The width of
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the distribution for N=25is12%. Vertical lines indicate the size of the Fermi/LAT
energy bin, showing that the scatter of values lies well within the bin size.
Allresults correspond to (m,, g,,) = (3neV,2x10™°GeV?).
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Extended Data Table 1| List of Fermi/LAT AGNs located behind/within galaxy clusters

Fermi/LAT source ZaaN Cluster Zao D Ms00 Reference
(kpe) | (10MM)
4FGL J0014.2+0854 0.163 J001419.74-085401 0.159 192.8 2.9 T1 36
4FGL J0038.2-2459 1.196 J003757.6-250425 0.064 478.8 1.9 T1 36
4FGL J0049.0+2252 0.264 J004857.84-225427 0.151 392.3 1.1 T1 36
4FGL J0132.7-0804 0.148 J013241.2-080405 0.136 130.0 2.4 T1,T3 36
4FGL J0317.8-4414 0.076 J031757.7-441418 0.061 58.4 3.0 T1,T3,P1 3637
4FGL J0617.7-1715 0.098 J061733.4-171525 0.093 237.1 2.8 T1 36
4FGL J0912.5+1556 0.212 J091230.54+155658 0.196 254.5 1.1 T1 36
4FGL J0914.4+0249 0.427 J091428.24+-025036 0.160 141.2 2.0 T1 36
4FGL J1010.8-0158 0.896 J101056.5-015927 0.196 463.8 4.3 T1 36
4FGL J1013.7+3444 0.208 J101350.84-344251 0.143 277.9 2.3 T1 36
4FGL J1058.4+0133 0.890 J105811.04+-013617 0.038 254.1 2.0 T1,T3, E1 36:38
4AFGL J1202.5+3852 0.805 J120230.54+385219 0.283 350.9 1.1 T1 36
4FGL J1213.0+5129 0.796 J121246.74+513250 0.084 467.4 0.9 T1 36
4FGL J1303.0+2434 0.993 J130303.44-243456 0.295 135.0 2.6 T1 36
4FGL J1353.2+3740 | 0.216 J135314.1+374114, 0.216 95.1 1.8 T1 36
J135318.54+-373838 0.094 291.7 1.9 T1 36
4FGL J1508.8+2708 0.270 J150843.14+-271046 0.081 269.7 1.4 T1 36
4FGL J1516.8+2918 0.130 J151641.64+291809 0.130 339.6 1.2 T1,T3 36
4FGL J1615.6+4712 0.199 J161541.34+471004 0.198 498.5 2.3 T1 36
4FGL J2041.9-3735 0.099 J204154.9-373849 0.093 413.9 1.2 T1 36
4FGL J2314.0+1445 0.164 J231357.44+144423 0.143 237.9 2.2 T1 36
4FGL J2321.9+42734 1.253 J232159.14-273443 0.093 53.0 1.9 T1,T3 36
4FGL J2336.6+2356 0.127 J233642.14+-235529 0.105 205.0 2.3 T1,T3 36
4FGL J2338.9+2124 0.291 J233853.34+-212753 0.071 326.3 1.3 T1 36
4FGL J0303.3-7913 1.115 J030351.6-791228 0.189 383.8 0.3 T2 36
4FGL J0309.4-4000 0.193 J030937.3-400045 0.141 353.4 0.2 T2 36
4FGL J0654.4+4514 0.928 J065427.74+451447 0.374 174.7 0.6 T2 36
AFGL J1242.9+7315 0.075 J124311.34+731559 0.074 87.7 0.3 T2 36
4FGL J1144.9+1937 0.022 PSZ2 G234.59+73.01 0.021 478.6 1.67 P137
4FGL J0805.2-0110 1.388 1eRASS J080515.1-011145 0.095 137.6 1.65 E138
4FGL J1116.6+2915 0.047 1eRASS J111634.6+291527 0.047 55.1 1.02 E138
4FGL J0319.84+4130 | 0.017559 Perseus 0.017559 — 6.1 NED®®
4FGL J1230.84+1223 | 0.004283 Virgo 0.004283 - 3.36 NED?®?

The table summarizes the names of AGNs as presented in the 4FGL Fermi/LAT catalog, their redshifts z,4,, corresponding clusters, and their redshifts z,.. The comoving distance at the redshift

1.08

of the cluster, corresponding to the angular separation between the AGN and the cluster’s center, is given by D. The Mg, of the clusters® is estimated as Msoo ~ 0.5 X 10Mg(R;,./8.0) .
The reference column specifies the source from which the clusters’ data were adopted.
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Extended Data Table 2 | Best-fit x? of the models fitting Fermi/LAT AGNs

Formi/LAT source | Average si Cor
IFGL J0014.2+0854 597 2
4FGL J0038.2-2459 97.56 13.73
4FCL J0049.0+2252 0.97
4FGL J0132.7-0804 2.24
AFGL J03 156
4FGL J0617. 3.84 .05
4FGL J0912.541556 3.08 0.06
4FGL J0914.44-0249 1.20 -0.15
4FGL J1010.8-0158 1.98 | 0.08
AFGL J1013.7+3444 5.43 | 0.36
4FCL J1058.4+0133 318 | 0.30
4FGL J1202.5+3852 1.86
4FQL J1213.045129 449
4FGL J1. 1.52
4FCL J1 2.56
AFGL J1508.8+2708 0.76
AFCL J1516.8+2918 7.66 1.31
4FCL J1615.6+4712 20.86 242
4FGL J2041.9-3735 14.21 0.96
4FGL J2314.0+1445 22.79 4.72
4FGL J2321.9+42734 36.10 4.92
12.05 5.80
17.84 1.53
10.82 3.49
4FGL J0309.4-4000 7.53 1.05
4FCL J0654.4-+4514 36.34 3.64
4FGL J1242.9+7315 12.31 7.97
4FGL J0319.8+4130 251.54 2.81
4FGL J1230.8+1223 46, 10.79
4FGL J1144.941937 5.10
4FGL J0805.2-0110 2.97
AFGL J1116.6+2915 1.40
Total 118.54 | 111.47

A summary of the best-fit x? of the models fitting the spectra of selected Fermi/LAT sources with ()(QALP) and without ()((2)) ALP components; see the text for more details. The mass and coupling
constant of the ALP were selected to match the parameters of the marginal 20 detection (m, = 9.1x10™ eV, g,, = 2.1x10™” GeV"). The negative Ay? = x , — X% indicates an improvement of the
ALP-invoking model compared to the baseline fit model. The “Average significance” column indicates the average significance of the given source according to the 4FGL catalog.
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