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Constraints on axion-like particles from 
active galactic nuclei seen through galaxy 
clusters
 

Denys Malyshev    1  , Lidiia Zadorozhna    2,3, Yuriy Bidasyuk    4, 
Andrea Santangelo    1 & Oleg Ruchayskiy    2 

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 in individual 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 
a distinct 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 
data from different 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 matter1. 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. See refs. 2–4 for a review.

Axions are prime examples of such particles. Originally postulated 
in an attempt to solve the so-called strong-CP problem—a mysterious 
cancellation between two seemingly unrelated contributions, leading 
to the absence of charge-plus-parity violation in strong interactions5,6—
they were quickly recognized as promising dark matter candidates7,8. 
The subsequent development of the idea led to a broader concept of 
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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 a photon as it traverses a region 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 a complex 
shape, with little similarity between different realizations. However, the 
averages over a large number of such curves (shown as black lines) are 
much smoother and show apparent similarities. Moreover, the black 
curves exhibit a distinct, realization-independent spectral signature—a 
step-like suppression at high energies—which serves as a clear indicator 
for ALP searches. This makes studying photon-to-ALP conversion in a 
stacked set of clusters substantially simpler than conducting searches 
in individual objects.

References 24,32,33 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 
fields in galaxy clusters—we effectively reduce the inherent uncertain-
ties, making the sought-after signal predictable.

To implement this idea, we stack the spectra of γ-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) 
catalogue34,35 and galaxy cluster catalogues36–38, we identified 32 
AGNs that are located behind known galaxy clusters (Extended Data 
Table 1). 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 γ-spectra39). We also account for the 

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

ℒint = gaγE ⋅ Ba. (1)

Here a is the ALP field, and E and B are the electric and magnetic fields, 
respectively (Methods). The unknown ALP–photon coupling constant 
gaγ 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 fields1. 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 stars9,10, white 
dwarfs11,12, active galactic nuclei (AGNs)13, supernovae14–17 and clusters 
of galaxies18–21 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, as illustrated 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 object20–31. Therefore, the improve-
ment of astrophysical bounds on ALP couplings has been hindered by 
the challenge of accounting for all the unknowns.

Stacked analysis
In this work, we explore a distinctly 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 
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Fig. 1 | Illustration of how stacking spectra reveals information about 
photon-to-ALP conversion. Left: AGNs have featureless spectra of γ-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. Such a photon-to-ALP conversion creates a set of absorption features 
in the 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. νγ, photon 
frequency; Fνγ, spectral flux density.
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Fig. 2 | Photon survival probability and its averages. Photon survival probability 
(Pγγ) 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 
p0 = 0.23, Ec = 5.5 GeV and 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 (ma, gaγ) = (3 neV, 2 × 10−12 GeV−1). Blue curves 
were obtained by numerically solving the ALP propagation equations with the 
ALPro code31,59.
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interaction of γ-ray photons with extragalactic background light (EBL), 
which produces electron–positron pairs. Such an interaction leads to 
the suppression of the high-energy part of the AGN spectrum, partially 
mimicking the effect of photon-to-ALP conversion. The suppression is 
a function 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 
of the above functions by a common smooth function (red line in Fig. 2):

Pγγ ≡ 1 − ⟨Pγa(E)⟩ = 1 − p0

1 + (Ec/E )
k
. (2)

Here p0 represents the suppression depth at high energies, Ec denotes 
the characteristic transition energy and k determines the sharpness 
of the transition; all three parameters are functions of ma and gaγ, as 
Extended Data Fig. 1 illustrates. By demanding that the resulting χ2 of the 
fit worsens by Δχ2 ≥ 6.2, we draw the 95% confidence level contours in the 
plane (ma, gaγ), thus excluding ALPs with the corresponding parameters.

Results
The green solid line in Fig. 3 defines the excluded region of ALP param-
eters and represents our main result. We have strengthened the existing 
constraints40 by up to a factor of 4 for ALP masses in the range 1 to 10 neV. 
In deriving this bound, we assumed that all clusters in our sample have 
magnetic fields like that of the Coma cluster. The green-shaded area 
around the line reflects how the uncertainty in both 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, as indicated by some numerical simulations41. However, 
existing observations do not support such a scaling42–44. 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 the imprecise 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 p0 and Ec to vary by 20% and 12%, respectively, to account 
for the finite sample size, and we treat these uncertainties as 1σ errors 
(Extended Data Fig. 3). For comparison, we also present a purely statisti-
cal bound (the dotted line), derived without including such systematic 
uncertainty. In this case, the constraints on gaγ improve the existing 
bounds by up to a factor of 7.5. The improved bounds extend into the 
region of the parameter space where ALP particles could potentially 
serve as dark matter candidates45.

Intriguingly, a second disjoint exclusion region appears in this 
case. Between the two regions, the ALP actually improves the fit quality, 
indicating a marginal detection at approximately the 2σ level (Extended 
Data Fig. 4). The shape of this region follows a gaγ ∝ m2

a relation, which 
maintains a constant characteristic energy Ec in equation (2) (Extended 
Data Fig. 1). Although most AGN spectra exhibit a consistent improve-
ment in fit quality when the characteristic energy is around 
Ec ≈ 600 MeV, two objects (NGC 1275 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 to draw firm conclusions regarding this potential detection. 
Note that the ALP parameters that show the maximal Δχ2 improvement 
are in the region of parameter space where the existence of such par-
ticles has previously been suggested based on tera-electronvolt trans-
parency arguments46 and stellar evolution studies47.

Future improvements
In this work, we put forward a new method of searching for ALPs based 
on using the stacked spectra of AGNs behind galaxy clusters. Collectively 

fitting many spectra allows us to search for a regular step-like suppres-
sion feature rather than for irregular photon transparency in individual 
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)48,49, 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 improvement in gaγ. 
In particular, such searches will explore a part of the ALP dark matter 
parameter space.

The current analysis is based on only 32 AGN–cluster pairs. Further 
progress (Extended Data Fig. 5) will be achieved as more galaxy clusters 
are detected due to the Sunyaev–Zeldovich effect with present-day 
X-ray all-sky surveys, such as eROSITA50. Further significant advances 
will come from all-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 fields51,52.

Future studies should also address several aspects beyond this 
proof-of-concept work. These include a more detailed investigation of 
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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 gaγ 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. 
The blue dashed-dotted line illustrates 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 fit improves by up to 2σ 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 from ref. 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; 
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magnetic field distributions in galaxy clusters and the development of 
a physically motivated model for background AGN emission. We also 
note that constraining the average magnetic field properties across 
a large sample of clusters may be more tractable than modelling the 
magnetic field of an individual cluster in detail.

Methods
ALP propagation equations
In this section, we summarize the key theoretical ingredients relevant 
to the studies of ALPs and photon-to-ALP conversion in 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:

ℒ = − 1
4 FμνF

μν + 1
2 (∂μa∂μa −m2

aa
2) + 1

4gaγFμν
̃Fμν

a. (3)

Here a is the ALP field, ma is its mass, Fμν is the electromagnetic field 
strength tensor and ̃Fμν ≡

1
2
εμνρσF

ρσ is the electromagnetic dual tensor, 
where ϵμν is the totally antisymmetric tensor in 4D (Levi–Civita tensor). 
The photon–ALP coupling constant gaγ 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 units with ℏ = c = kB = 1, 
where ℏ is the reduced Planck constant, c the speed of light and kB the 
Boltzmann constant. The fine-structure constant α = e2/4π ≈ 1/137, 
where e is the electron charge.

The Lagrangian in equation (3) indicates that a photon can con-
vert into an ALP when passing through a magnetic field11. 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 propagation direction is denoted 
by B⊥ = B − Bzez, where ez is a unit vector in the z direction. The joint 
evolution of the perpendicular photon components (Ax, Ay) and ALP a 
are described by the equation11,26,54

[E − i ∂
∂z

−ℳ(ma, gaγ,B⟂(z) )]
⎛
⎜
⎜
⎝

Ax

Ay

a

⎞
⎟
⎟
⎠

= 0, (4)

where the mixing matrix ℳ(ma, gaγ,B⟂(z)) depends on the strength and 
orientation of the magnetic field, the ALP mass ma and the coupling 
constant gaγ. For mega- to giga-electronvolt photon energies and typical 
microgauss-scale intracluster magnetic fields, the cosmic microwave 
background term55 and the quantum electrodynamics term11 are neg-
ligible, so the matrix ℳ  is given by:

ℳ =
⎛
⎜
⎜
⎝

0 0 ∆aγ cosϕ

0 0 ∆aγ sinϕ

∆aγ cosϕ ∆aγ sinϕ ∆a

⎞
⎟
⎟
⎠

, (5)

where cosϕ = B⟂ ⋅ ex/B⟂ = √1 − sin2
ϕ and

∆a = −
m2

a
2E ≈ −7.04 × 10−4( ma

3 × 10−9 eV )
2
( E
1GeV )

−1
pc−1,

∆aγ =
1
2gaγB⟂ ≈ 3.05 × 10−6 (

gaγ

2 × 10−12GeV−1
) ( B⟂

1 μG ) pc−1.

(6)

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 conversion is energy-dependent, and after travelling 
a distance l, it is given by11:

Pγa ≈
(∆aγl)

2

(∆oscl/2)
2 sin2 (∆osc l

2 ) . (7)

Here the oscillation wavenumber Δosc is given by

∆osc ≈ [∆2
a + 4∆2

aγ]
1/2

= 2∆aγ√1 + (Ec
E
)
2
, (8)

and Ec represents the characteristic energy of oscillations in Pγa:

Ec ≡ E
∆a
2∆aγ

≈ 115GeV( ma
3 neV )

2
( B⟂
1 μG )

−1
(

gaγ

2 × 10−12GeV−1
)
−1

. (9)

Conversion probability averaged across many domains and 
objects
The above formulas are for an idealized set-up of photon-to-ALP con-
version in a constant magnetic field. More relevant for our discussion 
is the case when the field changes along the trajectory of the photon. 
To wit, consider N domains of size l, with the amplitude of the magnetic 
field being the same in each of them. The conversion probability in a 
single domain Pγa is given by equation (7). It can be shown16,23,56,58 that 
by crossing N ≫ 1 domains and averaging over the orientations of the 
magnetic field across many similar objects, the conversion probability 
simplifies to

⟨Pγa⟩ ≈
1
3 (1 − e−3NPγa/2) . (10)

Thus defined, 〈Pγa〉 is a step-like function of the photon energy E. 
Although at low energies (E ≪ Ec), we have 〈Pγa〉 ≈ 0, it saturates to a con-
stant at E ≫ Ec with a saturation level proportional to gaγ for 〈Pγa〉 ≪ 1/3 
and asymptotically reaching 1/3 with an increase of gaγ.

The 〈…〉 symbol stresses that this result appears only after averag-
ing over many objects. Without such averaging, we would not obtain a 
step-like suppression (corresponding to the black curves in 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 〈Pγa〉 when not only 
the orientation but also the amplitude of the magnetic field changes 
along the line of sight. For the magnetic field of a cluster with a realistic 
spatial profile, we solved equation (4) numerically using the ALPro 
code31,59 in the ‘custom model’ mode. This mode accepts as an input 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) = B0[ne(r)/n0]
η, (11)

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 well60,61. The density of 
electrons ne is described by the β-model, ne(r)/n0 = [1 + (r/rc)2]−3β/2 with 
n0 = 3.44 × 10−3 cm−3, β = 0.75 and rc = 291 kpc (refs. 61,62). The values of 
(B0, η) = (5.2 μG, 0.67) were adopted from ref. 61. We note that adapting 
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the parameters of the Perseus cluster from ref. 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 
reported in refs. 64,65. For each cluster, we performed 103 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 distances instead of random distributions did not significantly 
affect the results.

For each realization of the magnetic field, we calculated Pγa(E) for 
a set of ALP parameters (ma, gaγ) (blue lines in Fig. 2). We averaged this 
function over the described realizations to obtain 〈Pγa(E)〉, shown as the 
black lines in Fig. 2. This function is well approximated by equation (2) 
and is represented by the red line in the same figure. This procedure 
establishes a relation between the parameters (p0, Ec, k) of the photon 
survival probability function Pγγ ≡ 1 − 〈Pγa〉 and the ALP parameters (ma, 
gaγ), shown in Extended Data Fig. 1.

As the 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 β and η by up to 
±90% around their adopted values. The characteristic energy Ec and the 
plateau height p0 remained constant within 5%. Variations in the distri-
bution of domain sizes had a negligible impact on the averaged curves.

As the photon-to-ALP conversion probability is directly propor-
tional to the magnetic field value, we varied the parameter B0 by an 
order of magnitude in each direction (from 0.52 μG to 52 μG). Extended 
Data Fig. 3 (left) shows that in this case, p0 varies by about 20%, whereas 
the function 〈Pγa(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 
B0, we varied it from 3.1 μG to 6.5 μG. The values of B0 and η are strongly 
correlated, with a smaller η corresponding to a smaller B0. This cor-
relation arises because the directly observed quantity is the rotation 
measure (RM):

RM = 812∫
l.o.s.

neB∥ dℓ [radm−2] ∝ B0
3β(η + 1) − 1

. (12)

The RM is sensitive to the mean value of the magnetic field along the 
line of sight (l.o.s.) and is measured with typically lower uncertainties 
than the derived parameters B0 and η. Therefore, we accompanied 
a change in B0 by changing the slope η between 0.4 and 0.7. Such a 
variation corresponds roughly to the 95% confidence level ranges 
reported for the Coma cluster61. The associated uncertainty is shown 
as the green-shaded region in Fig. 3. It amounts to a change in gaγ for a 
fixed ma 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 Λmin and Λmax, 

the magnetic field is turbulent, characterized by a power spectrum 
∣Bk∣2 ∝ k−n. Typical values for Λmin and Λmax are illustrated in Extended 
Data Fig. 2a. For a further discussion, see ref. 66.

To reproduce the statistical properties of the turbulent magnetic 
field in numerical simulations of ALP propagation, the ALPro code 
samples domain sizes L from a power-law distribution P(L) ∝ L−a. For a 
Kolmogorov turbulence spectrum, the index was found28 to be a = 1/3. 
We have explicitly adopted this value in our simulations, along with 
Λmin = 2 kpc and Λmax = 34 kpc, motivated by the corresponding values 
reported for the Coma cluster28,61. These parameters are representa-
tive of galaxy clusters, as Extended Data Fig. 2 illustrates. The choice 
of Λmax lies on the lower end of the observed range of values. Given that 
the conversion probability scales as B2l2, with the turbulent magnetic 
field exhibiting greater power at larger scales, this choice represents 
a conservative 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, Λmin and Λmax (see, for 
example, ref. 67) complicates definitive conclusions about the univer-
sality of this value. Extended Data Fig. 2b highlights the variability in 
the values of n reported 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 B0 and η, 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 
Pγa for specific values of a and for when a is drawn from a uniform 
distribution 0 ≤ a ≤ 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 p0 would 
degrade by approximately 10%. This reduction remains well within the 
systematic uncertainty that we impose. Similarly, varying Λmin and Λmax 
by up to a factor of 2 resulted in only a negligible change in Pγγ. Con-
sequently, the derived constraints are insensitive to the exact values 
in individual clusters and instead depend on their average behaviour 
across the sample.

Along with the potential non-universality of global cluster-to-cluster 
turbulent characteristics, these properties can also vary within the same 
cluster as a function of the off-centre distance (see, for example, ref. 68) 
as well as due to local environmental effects, including cool cores, radio 
relics, merger-driven shocks and cold fronts. However, these features 
tend to increase the local 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 factor in 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 a correlation between the central magnetic 
field strength (B0) and the cluster mass (M500). The log-average mass 
of our sample is M500 ≈ 1.6 × 1014 M⊙ (Extended Data Table 1), which is 
approximately four times smaller than M500 ≈ 6 × 1014 M⊙, the mass of 
the Coma cluster71.

Current observational data do not reveal any obvious correlation 
between B0 and M500, 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 
fields in cluster environments. See, for example, the discussion in refs. 
44,72. Furthermore, an analysis comparing clusters with high and low 
temperatures revealed no significant variations in the RM data73. These 
findings, therefore, indicate the absence of a strong 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 a discernible trend, we argue that the magnetic 
field profile of the Coma cluster (with B0 ≈ 5.2 μG) can be considered 
representative of our entire cluster sample.

Recent N-body simulations41 indicate, however, a scaling relation 
B0 ≈ M1/3

500. If this relation holds, the average B0 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 
in our 〈Pγa(E)〉 calculations based on the M500 masses of clusters in our 
sample (Extended Data Table 1) and the aforementioned scaling. The 
resulting limits on ALP parameters are shown as a blue 
dashed-dot-dotted line in Fig. 3. These limits are a factor 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 
redshift41,75 of the clusters can be neglected, as the clusters are at low 
redshifts (zGC ≲ 0.4).

Correction for the finite sample size
To determine the relation between the parameters in equation (2) and 
the ALP parameters, we performed 200 simulations of Pγγ for each pair 
(ma, gaγ) 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 p0 may overestimate the exclusion 
strength. Extended Data Fig. 5 illustrates how p0 and Ec depend on the 
sample size. For our dataset, the dispersion in p0 is 20%, whereas the 
variation in Ec 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 across all (ma, gaγ) 
combinations. This consistency allowed us to adopt the same range of 
variations for p0 and Ec for all ALP parameter sets that we use in deriving 
the bounds as described below.

Selection of AGN–cluster pairs
We identified γ-ray-bright AGNs located beyond or within known galaxy 
clusters based on the most recent catalogue of high-altitude (∣b∣ > 10°) 
sources, 4LAC-DR3-h76, and the catalogue of Sunyaev–Zeldovich, X-ray 
and optically identified galaxy clusters36–38. Among 1,806 AGNs with 
known redshifts and emission in 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 
at a comoving distance not exceeding Rmax = 500 kpc (refs. 36,77) and 
zAGN ≥ zGC. Note that the magnetic field typically continues to much 
larger radii, assumed to be 1.5 Mpc in this work in 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 
are summarized in Extended Data Table 1.

Data and data analysis
The AGN spectra are provided by the Fermi/LAT collaboration as part of 
the 4FGL-DR4 catalogue34,35 and correspond to 14-year time-averaged 
spectra. For each object from the selected sample, we considered its 
Fermi/LAT spectral energy distribution in eight energy bins, as reported 
in the 4FGL catalogue. We also assumed that, in addition to the statisti-
cal uncertainty, 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 E < 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
dE

= N0(E/E0)
−α−β log(E/E0) × κEBL(E, zAGN), (13)

where the normalization N0 and spectral parameters α and β are the free 
fitting parameters and E0 = 1 GeV. The EBL-correction factor κEBL(E, z)  
was calculated for AGN redshift zAGN with the help of the absorption 
model provided within the naima Python module78 based on the 
adopted EBL model79.

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

dN
dE

= N0(E/E0)
−α−β log(E/E0) × κEBL(E, zAGN)Pγγ, (14)

where Pγγ is given by equation (2). Three extra parameters of the func-
tion Pγγ (p0, Ec, k) are related to the ALP parameters (ma and gaγ), as 
discussed above. The dependency of p0 and Ec on the ALP parameters 
is shown in Extended Data Fig. 1.

The difference between the joint best-fitting χ2 for the baseline 
model and ALP model is shown in Extended Data Fig. 4. In addition to 
the uncertainties for the spectral points discussed above, we allowed 
p0 and Ec to vary by 20% and 12%, respectively, and treated these uncer-
tainties as 1σ errors (‘Correction for the finite sample size’). The green 
contours in this figure represent a deterioration in the fit with the ALP 
model by Δχ2 = 6.2 with respect to the baseline model, correspond-
ing to a 2σ 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-
tions in the limits derived for the nominal level of Fermi/LAT systemat-
ics for the different profiles of the magnetic field of the Coma cluster 
(see above). The dashed-dotted region indicates the weakening of the 
limits when the magnetic field in each of the clusters in the sample is 
scaled with respect 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 
ALPs were detected with a ≳2σ significance (Δχ2 ≤ −6.2) in the absence 
of systematic uncertainty (purely statistical bound). The maximal 
improvement of the fit corresponds to Δχ2 ≈ −7.1 for ma ≈ 1 neV and 
gaγ ≈ 2 × 10−12 GeV−1. See Extended Data Table 2 for a summary of the Δχ2 
improvement in individual 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 
points in 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 from such a dataset is shown with a red dot-dashed line in Fig. 3.

Data availability
The data from Fermi/LAT observations used in this paper were taken 
from the publicly available 4FGL-DR4 catalogue35. The AGN sam-
ple was taken from the catalogue of high-altitude (∣b∣ > 10°) objects 
4LAC-DR3-h76 and the catalogue of clusters identified by the all-sky 
surveys 2MASS, WISE, Planck SZ, X-ray and SuperCOSMOS36–38.  
The catalogue names of the Fermi sources used in this paper can be 
found in Extended Data Tables 1 and 2.

Code availability
The ALP propagation code used in this study is the publicly available 
code ALPro (Axion-like Propagation)31,59, 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 Ec and p0, as defined by Equation (2), on the ALP parameters (ma, gaγ) for the range of parameters considered in this work. The parameter k is normally 
distributed with the mean 2.71 and the standard deviation 0.33.
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Extended Data Fig. 2 | Properties of the magnetic fields across the samples of 
galaxy clusters. Panel (a) illustrates the coherence lengths of magnetic fields. 
The minimal coherence lengths (Λmin) are represented by blue circles, while the 
maximum coherence lengths (Λmax) are denoted by red squares. Panel (b) 
presents the magnetic field power spectrum index, n (blue circles), while red 
squares represent the index η as defined in Equation (11). Panel (c) displays the 

central magnetic field strength (B0). Error bars indicate the measurement 
uncertainties (from minimal to maximal value reported in the literature) of B0, 
and arrows signify upper limits on the magnetic field measurements. Horizontal 
lines in all panels represent the parameter values adopted in this study. The data 
points for individual galaxy clusters are derived from refs. 25,43,62,67,73,80–89.
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Extended Data Fig. 3 | Dependence of the photon-to-ALP conversion 
probability on assumed magnetic field properties. Left panel: Average 
conversion probability over 32 realizations for the Coma cluster (blue lines) and 
Coma-like clusters (orange lines). For the blue curves, each realization varies the 
magnetic field direction and domain size distribution while maintaining a fixed 
radial profile (Equation (11)) with magnetic field and electron density values 
matching those of the Coma cluster. For the orange curves, the central magnetic 
field amplitude, B0, is also varied, sampled from a log-uniform distribution (0.52 
to 52 μG), resulting in a ~ 20% change in the average absorption feature. Right 
panel: Sensitivity of the results to the parameter a, which governs the domain size 

distribution as a proxy for the turbulent magnetic field power spectrum slope. 
The nominal value a = 1/3 corresponds to the Kolmogorov turbulence spectrum. 
Allowing variation in a results in the dotted line, which remains within the 
uncertainty range. In both panels, the red dashed-dotted curve represents 1 − Pγγ, 
where Pγγ is given by Equation (2) with nominal values of p0, Ec, and k 
corresponding to the ALP parameters (ma, gaγ) = (3 neV, 2 × 10−12 GeV−1). The red 
shaded region indicates a ± 20% systematic uncertainty, accounting for 
corrections due to the finite size of our sample. Domain sizes vary randomly 
between Λmin = 2 kpc and Λmax = 34 kpc.
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Extended Data Fig. 4 | χ2 change and ALP exclusion regions. The colors illustrate 
the change in χ2 between the baseline and the ALP models for the combined fit of 
32 AGNs, assuming statistical-only uncertainties. The green contours represent 
2σ-excluded regions (Δχ2 = 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 
in the 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 2σ detection region where the 
ALP model actually improves Δχ2 by at least 6.2.
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Extended Data Fig. 5 | Corrections to the parameters of the ALP model due to 
the finite N. Left panel: The probability density of finding a given value of p0 as 
a function of the number of realizations. The width of the distribution for N = 25 
is 20%. Right panel: the same but for the characteristic energy Ec. The width of 

the distribution for N = 25 is 12%. Vertical lines indicate the size of the Fermi/LAT 
energy bin, showing that the scatter of values lies well within the bin size.  
All results correspond to (ma, gaγ) = (3 neV, 2 × 10−12GeV−1).
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Extended Data Table 1 | List of Fermi/LAT AGNs located behind/within galaxy clusters

The table summarizes the names of AGNs as presented in the 4FGL Fermi/LAT catalog, their redshifts zagn, corresponding clusters, and their redshifts zgc. The comoving distance at the redshift 
of the cluster, corresponding to the angular separation between the AGN and the cluster’s center, is given by D. The M500 of the clusters36 is estimated as M500 ∼ 0.5× 1014M⊙(RL∗/8.0)

1.08. 
The reference column specifies the source from which the clusters’ data were adopted.
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Extended Data Table 2 | Best-fit χ2 of the models fitting Fermi/LAT AGNs

A summary of the best-fit χ2 of the models fitting the spectra of selected Fermi/LAT sources with ( χ2ALP) and without ( χ20) 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 2σ detection (ma = 9.1 × 10−10 eV, gaγ = 2.1 × 10−12 GeV−1). The negative Δχ2 = χ2ALP − χ20 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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