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ARTICLE INFO ABSTRACT

Keywords: Axion-like particles (ALPs) are pseudo-Nambu-Goldstone bosons that emerge in various theories beyond the
Axion standard model. These particles can interact with high-energy photons in external magnetic fields, influencing
Axion-like particles the observed gamma-ray spectrum. This study analyzes 41.3 h of observational data from the Perseus Galaxy
Gamma rays

Cluster collected with the MAGIC telescopes. We focused on the spectra the radio galaxy in the center of the
cluster: NGC 1275. By modeling the magnetic field surrounding this target, we searched for spectral indications
of ALP presence. Despite finding no statistical evidence of ALP signatures, we were able to exclude ALP
models in the sub-micro electronvolt range. Our analysis improved upon previous work by calculating the
full likelihood and statistical coverage for all considered models across the parameter space. Consequently,
we achieved the most stringent limits to date for ALP masses around 50 neV, with cross sections down to
g, =3% 10712 GeV1.

Galaxy cluster
Imaging atmospheric Cherenkov telescopes

Strong-CP problem by Peccei and Quinn [1] and further discussed
in [2,3]. The original Peccei-Quinn axion had a mass proportional

1. Introduction to f, at the eV scale (visible axion) and was soon experimentally
discarded [4]. However, it was realized that axion-like particles (ALPs),

Axions are pseudo-Nambu-Goldstone bosons that emerge after the similar to axions but lighter in mass and having a mass independent on
spontaneous breaking at a large energy scale f, of a U(l) symmetry, the coupling, arise in many theories beyond the Standard Model, from
called Peccei-Quinn, originally introduced as a solution to the so-called four-dimensional extensions of the Standard Model [5], to compactified
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Kaluza—Klein theories [6] and especially string theories [7-9], see
e.g., Jaeckel and Ringwald [10] for a review. These ALPs are natural
candidates to constitute the dark matter (DM) in the Universe [11,12].
The parameter space of ALPs is wide, with reasonable masses from peV
to MeV and a couplings below 10~!° GevV~!, and for such reason they
are also called Weakly Interacting Slender Particles (WISPs), as opposed
to the more massive Weakly Interacting Massive Particles (WIMPs) at
the GeV scale.

ALPs display a coupling to photons, which happens through a two-
photon vertex in the presence of the external electromagnetic field
expressed as [13,14]:

g - -
L, = —%Fwwva =g, E-Ba, .1

where a is the ALP field, g, is the interaction strength, inversely
proportional to the Peccei-Quinn symmetry breaking scale f,, and F,,
is the electromagnetic tensor field. E is the electric field of a beam
photon, and B is the external magnetic field. Several experimental
approaches utilize in-lab strong magnetic fields, such as the “light-
shining-through-a-wall” class of experiments, in which a laser is shot
through a strong magnetic field, and photons are searched for behind
a wall that is opaque to photons, and that can only be crossed by
ALPs [15-17]. Alternatively, the conversion is sought for in resonant
cavities, named haloscopes, filled with strong magnetic fields tuned
to frequencies where detection of microwave photons converted from
invisible axions is possible. The mass of these axions is of the order
of p eV, in some cases probing the conventional models of invisible
axions, as well as the case in which axions are viable candidates for the
DM [12,18]. The interior of the Sun is also supposed to host significant
photon-ALP conversions with an ample ALP flux toward the Earth that
can be sampled with experiments searching for back-conversion of
these ALPs into photons in strong magnetic fields [19,20]. See Irastorza
and Redondo [21],Graham et al. [22] for recent reviews.

In the following, instead, we make use of the fact that interactions
taking place in astrophysical environments influence the high-energy
gamma-ray spectrum received at Earth [23-27]. The probability of os-
cillation P,_,, [13,14,24,25] depends on the ALP mass m,, the coupling
of the ALPs to photons g,,, the ambient magnetic field intensity B in
the polarization plane of the incoming photon E,, and its coherence
length s (also called B domain size) [13]:

8qy Bs ]
Py»a = Sin2(29) sin? |: “72 1 4 —crit 1.2)

where 6 is an effective mixing angle, connected to the geometry be-
tween the incoming photon and B. To mark the reference energy above
which the interaction (mixing) of photon beam and ALPs becomes sig-
nificant and enters the strong-mixing regime, one can define a critical

energy parameter E,.;, that can be expressed as

2

10 uG 1 Gev~!

Epyy = 247 <l> ( - )(10 GeV >TeV 1.3)
peV B gay

where m* = |m? —will is the difference between the ALP mass m,

and the local electron plasma frequency w, = +/4zan,/m, where n,
and m, are the electron density and mass. For a value of magnetic
field around pG, coupling at about 10-''GeV~' and ALP masses in
the sub-p eV scale (and assuming a negligible w,, which is often the
case), E,,; is at the GeV-TeV energy scale, and therefore sub-p eV
ALP signatures have been predicted to be observable by gamma-ray
instruments [23-25,27,28] for a decade already.

The equations of motion of the photon-ALP system can be solved
using the methodology by Raffelt and Stodolsky [14]. The result
of the calculation is an average photon survival probability Py, =
P,_ ., (B,m,g,), defined as the probability that the photon initially
emitted from the very-high-energy (VHE) gamma-ray source is con-
verted to an ALP and converted back to a photon. One can, generally
speaking consider four different regions of B (for an extragalactic
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target as considered in this work): that one at the emission region
where gamma rays are emitted, e.g. in ultra-relativistic jets; a second
in the region around the source, as for example the core of galaxy
clusters (GC); a third is the Intergalactic Magnetic Field (IGMF) and
finally the Milky Way (MW) magnetic field. The relative importance
of each of the contributions to the overall conversion is debated in the
literature [23-25,28,29]. We will come back to this when discussing the
case of GCs under scrutiny of this work. A concurring process affecting
the probability of observing a high-energy gamma ray from a distant
object is the production of electron-positron pairs in scatterings of high-
energy gamma rays off UV-optical ambient photons of the Extragalactic
Background Light (EBL). The EBL is made up of direct stellar light and
light reprocessed by intergalactic dust. The probability that the photon
survives the EBL is determined by PyEyBL « 7(E,, z), which is related
to the optical depth 7, that depends on the photon energy E, and the
source redshift z. The astrophysical gamma-ray flux @, observed at
Earth is related to the intrinsic one @,,, at the emission point by a
combination of the two effects:

déobs d@,—m EBL .
“E - dF P (E, 0,84, B, 2) 1.4
where P.,";EBL (hereafter P,, for simplicity) combines the probability of

EBL absorption and ALP oscillation. Three regimes can be defined as a
function of the critical energy: weak, oscillatory and maximal. In the
weak mixing regime, where E, < E_,;,, the conversion probability is
small and any ALP signature is negligible. In the case when E, > E,;,
the mixing is maximal, and the conversion probability becomes energy-
independent, resulting in a slow curvature of an observed astrophysical
gamma-ray spectrum with a corresponding softening or hardening,
according to the specific target under scrutiny [24,25,30]. The reason
is that at the TeV scale, due to strong EBL absorption, if P,_,, is large at
the source, it is possible [25] that the ALP flux from a faraway target
is much larger than its expected photon flux. Even the conversion of a
fraction of these ALPs back to photons, e.g. in the MW magnetic field,
would result in a spectral hardening. However, the exact computation
of this softening/hardening requires accurate modeling of both the EBL
and the intrinsic flux [25,28]. The situation is different for E, ~ E,;;,
where the mixing is oscillatory and this results in the formation of
spectral irregularities, or “wiggles”, in the gamma-ray spectra. One
of the first studies of ALPs in the VHE regime was carried out by
the H.E.S.S. collaboration, estimating the irregularities induced by the
mixing in the spectrum of the BL Lac object PKS 2155-304 [31]. The
results of this study have set the coupling value g, to be smaller
than 2.1 x 107!" GeV~! for masses of the ALPs m, in the range (15 —
60) neV [31]. The search for these (although tiny) spectral wiggles does
not require an accurate knowledge of the intrinsic source flux or the
EBL for detection in case of low-redshift objects, as we will outline in
this study.

In this work we search for imprints of ALPs in the observed spectrum
an active galactic nuclei (AGNs) located in the center of the Perseus
GC. Perseus is the brightest X-ray GC, displaying a dense population of
electrons and a strong magnetic field at its core [32,33]. In its center,
Perseus hosts a very bright TeV-emitting radio galaxy: NGC 1275 [34-
37]. NGC 1275 has been extensively sampled by MAGIC, producing
a wealth of scientific results because of its intense flaring activities.
Further studies on the energy density in the Perseus cluster and on dark
matter can be found in [38-40], respectively. Apart from the sizeable
MAGIC dataset, Perseus deems to be an interesting target for ALPs
searches due to the strong magnetic field permeating the cluster over
large distances (in order of hundreds of kpc), as well as for its proximity
to Earth which allows to minimize the discrepancies that arise from a
different choice of the EBL model.

A second bright head-tail radio galaxy, IC 310, is located at 0.6 deg
off-center and has shown strong flaring activities observed with MAGIC
[41]. The projected angular distance corresponds to about 750 kpc from
the GC center. The true distance is probably much larger considering
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Table 1
The three datasets used for the analysis. For each dataset we report the observation date, the duration in hours, the global number of events in the ON and OFF region (N, N
respectively), number of excess events (N,.), and the significance of the excess signal in the dataset S (Eq. (2.2)). We report the spectral features corresponding to the null

hypothesis (no ALP), namely “EPWL” for exponential cut-off power law, including the photon index I', the normalization flux &, computed at a normalization energy E, = 0.3 TeV
in all cases, and the cut-off energy E,.

Target Date Duration N, Nog Ny S Spectrum r @,/1071° E,

[h] [em=2 57! Tev1] [TeV]

1 Jan 2017 2.5 6632 6703 EPWL 0.72+0.11
02-03 Jan 2017 2.8 4376 6060 EPWL 0.29 +0.04
Sep 2016-Feb 2017 36.0 28830 68943 EPWL 0.5+0.12

39838 81706 12602 60.8 - - - -

NGC 1275 4397 61.3
2356 37.8

5849 31.8

-2.31+0.06
-1.79+0.14
-2.54+0.13

122+ 1.0
114 +2.1
1.1+£02

Sum 41.3

the largest redshift of IC 310, estimated to be z = 0.0189, in comparison
to the redshift of NGC 1275 of z = 0.0176. Even at its projected distance,
the magnetic field appears to be reduced for about a factor 10 (see
Fig. A.6), while at its true distance could be much smaller or vanishing.
The IC 310 dataset consists of 1.9 h taken on the November 13th, 2012
and it provided a detection of a strong fast flare with a sensitivity of
18 standard deviation off the residual background, globally less than
that of NGC 1275. Considering the turbulent nature of the GC magnetic
field, the P;‘;EBL for NGC 1275 and IC 310 should not strongly differ due
to the different location only, but it would be affected by the magnetic
field intensity as well. Before modeling the magnetic field in IC 310,
we tried a naive combination of the two dataset assuming the same
Py“y’EBL for both targets. We found that IC 310 data are only minorly
affecting the constraints obtained with NGC 1275 only. We therefore
decided not to consider IC 310 altogether. For the calculation of the
photon-ALP oscillation probability, we model the propagation using
the gammaALPs open-source code,' which also includes the effects of
the EBL and the modeling of magnetic fields.

In this work our main interest is to investigate the possible os-
cillations in the spectra around the critical energy causing spectral
anomalies. We describe the signal model in Section 2 together with
the modeling of the magnetic fields. In Section 3, we outline the novel
statistical approach used in the analysis. Finding no significant spectral
anomalies, in Section 4 we compute 99% CL upper limits on the photon-
ALP coupling as a function of the ALP mass. The results are discussed in
Section 5. In the Appendices we discuss the systematics of the analysis
and provide further validation of the statistical approach.

2. Data preparation and signal modeling

Our search for ALP signatures relies on the modeling of the observed
high-energy gamma-ray spectrum of NGC 1275 from MAGIC data, and
the conversion probability P,,. The latter depends on the modeling of
the magnetic field at the Perseus Cluster, the IGMF and magnetic field
in the Milky Way. These are hereafter described.

2.1. Preparation of the NGC 1275 dataset

NGC 1275 is an AGN classified as a radio galaxy, located at the cen-
ter of the Perseus Galaxy Cluster at the redshift z = 0.0176. Observations
of NGC 1275 with the MAGIC telescopes include about 400 h of data
over many years [34-41]. For this study we selected the NGC 1275 data
from the period of September 2016 to February 2017, corresponding to
the period with highest flux from the source. This is motivated by the
fact that the spectral distortion introduced by ALPs is small and only
observable when the spectral points are very significant, as it is the case
during the high states of the source. The NGC 1275 data are further
classified into three datasets, including the strong flare activity detected
by MAGIC in Jan 2017, the post-flaring state in the same period, and
the baseline emission over two consecutive years (see Table 1). The
whole dataset of NGC 1275 includes ~ 41 h of data [37]. The data were

! Hosted on GitHub (https://github.com/me-manu/gammaALPs) and
archived on Zenodo [42]. See [43] for an overview.
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Fig. 1. SED of NGC 1275 (different states) obtained with gammapy for the three
brightness periods in consideration.

processed with the proprietary MAGIC Analysis and Reconstruction
Software MARS [44], following the already published analysis [34,37,
41]. We have converted the so-called MAGIC proprietary melibea
files? into the so-called DL3 format. DL3 (Data Level 3) is the standard
format adopted by the next-generation Cherenkov Telescope Array
(CTA) consortium [45] as described by Nigro et al. [46]. This was moti-
vated by the fact that DL3 data are analyzable with the cross-platform,
multi-instrument, gammapy® open-source software [47].

Modeling of ngc 1275 intrinsic spectra. We first present the spectral
energy distribution (SEDs) of the three datasets at hand in Fig. 1. In
the figure, the solid lines represent the best fit of the spectral points
assuming no—-ALP (null hypothesis) and the shaded areas represent the
statistical uncertainties on the best fit curve. The best fit curves for the
intrinsic energy spectrum, in agreement with Refs. [37,41] are modeled
as a power law with an exponential cut-off (EPWL):

(2.1)

i
cp::nr(E’) = (Dé) <§_,> eE’/E,"’
0
for each i-th dataset of NGC 1275, where E’ is the reconstructed energy,
@, is the normalization flux computed at the energy scale E,. I is
the photon index and E, is the cutoff energy for the EPWL reported in
Table 1. One can clearly see that NGC 1275 displays spectral variation
in function of the source state.

2 melibea files contain reconstructed stereo events information such as
estimated energy, direction, and a classification parameter called hadroness h
related to the likelihood of being a gamma-like event (h — 0 for gamma-like
candidates).

3 gammapy is an open-source python package for gamma-ray astronomy
https://gammapy.org/. It is used as core library for the Science Analysis tools
of CTA and is already widely used in the analysis of existing gamma-ray
instruments, such as H.E.S.S., MAGIC, VERITAS and HAWC.


https://github.com/me-manu/gammaALPs
https://gammapy.org/

H. Abe et al.

EBL absorption. A high-energy gamma ray interacts with two main
diffuse ambient radiation fields during its propagation through the
Intergalactic Medium: the Cosmic Microwave Background (CMB) in the
mm range and the UV-optical-IR photons (10~ — 10* pm) of the EBL. If
the interaction is efficient, such gamma-ray radiation at high energies
is lost through the process of pair production. The UV-optical EBL
photon field is the result of the optical-IR direct star light around 1 pm
and the light reprocessed into 100 pm-range IR light by surrounding
dust throughout the evolution of the Universe. This interaction is
particularly strong for TeV photons, with optical depths of 7 (z =
05,E, = 1TeV) ~ 4 and 7 (z = 05, E, = 10 TeV) ~ 30 [48, Fig. 12].
In this work, the target is in relative proximity with z ~ 0.0176. As
a result, the EBL absorption only plays a minor role at this distance,
with an optical depth of 7 (300 GeV) ~ 0.03 and 7 (10 TeV) ~ 0.4 [48,
Fig. 12]. We model the optical depth due to EBL following Dominguez
et al. [49]. However, there are several other well-motivated models in
the literature such as the aforementioned Franceschini and Rodighiero
[48]. There are uncertainties around the true value of the EBL, how-
ever, during the past decade, models have been converging to a higher
level of agreement. Stanev and Franceschini [50],Protheroe and Meyer
[51],de Angelis et al. [52] realized that the observation of TeV photons
was implying an EBL intensity lower than previously expected. This fact
first motivated the introduction of the ALP as a way to escape or soften
this tension [24,28,30,51-56]. For this work, the specific choice of the
model of Franceschini and Rodighiero [48] does not have a sizeable
impact on the ALP limits, as discussed also by Abdalla et al. [57].

Data binning and significance. We have divided the i-th dataset in k-
energy bins both in the ON and OFF regions. The ON region is the
Region Of Interest (ROI) in which the signal is expected. Events from
the ON region are comprised of both signal and irreducible signal-like
background events.* To estimate this number of signal events we use
three background control OFF regions in which no signal is expected.
The signal is then estimated by the number of excess (EXC) events
over the estimated number of background events in the ON region,
and normalized with an acceptance parameter a between ON and OFF
observation. In Table 1 we report the total number N, Ny¢r, Nexe
events for the three datasets, as well as the significance S of N,
computed both for the individual datasets and a joined one, following
Eq. 27 of Li and Ma [58]:

+ 1N, + 1N,
S = Q[Nonln(u)_,_/voff]n(u)], 2.2)
a(Non+Noff) Non+Noff

2.2. Modeling of ALP induced signal

The presence of ALPs represents our alternative hypothesis. According
to Eq. (1.3), we are sensitive in the sub-p eV, so we prepare a scan
of a parameter space with 154 models of ALPs, logarithmically spaced
between 4 x 107 eV and 1 x 107 ¢V in mass m,, and 5 x 1013 GeV~!
and 5 x 107! GeV~! in coupling &y We computed P, (E,; B) using
gammaALPs for each of these points, as a function of the different
magnetic fields.

Magnetic fields modeling. Specific studies for the magnetic field of
Perseus BS are found in Churazov et al. [32] and Taylor et al. [33].
A recent comparison between magnetic field models in Perseus was
also made by CTA Coll. [59]. Given the large extension of the core
and the present magnetic field, the number of domains N crossed by
the photon beam is very large and therefore the effective magnetic
field encountered (B(r)) = 0, while the RMS can be computed as the

4 Background events include mostly proton induced events, followed by
electrons and heavier cosmic ray nuclei. Trigger and data reconstruction
system allow to reject more than 99% of the background but an irreducible
number of counts usually remains.
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average B-field intensity of (B,) following the recipe of Meyer et al.
[60]. Further parameters defined in gammaALPs for the magnetic field
of Perseus are taken from Ajello et al. [61]: the electron spatial indices
of Churazov et al. [32, Eq. 4] set at ny = 3.9 - 1072 cm™> and density
parameter f = 1.2 at 80 kpc, n, = 4.05- 1073 cm™ and §, = 0.58
at 280 kpc, the extension of the cluster r4,,,; = 500 kpc, and the
scaling of the B field with the electron density parameter n = 0.5.
The turbulence is modeled in accordance with the A2199 cool-core
cluster with maximum and minimum turbulence scale k; = 0.18 kpc™
and kg = 9 kpc™!' respectively and turbulence spectral index ¢ =
—2.8 following Vacca et al. [62]. These parameters are summarized
in Table A.3 (upper row). In Appendix A.1 we compare our choice of
GC magnetic field, based on the work of [61], to the recent one used
in [59].

As for the strength of BIOMF| there are still large uncertainties, with
upper limits at the nG scale [63] and lower limits at the 10~8 nG
scale [64]. When inserting such values in Eq. (1.2) one finds that, at
TeV-scale energies, the photon-ALP beam is in the weak-mixing regime,
with negligible contributions to the photon-ALP mixing.

Finally, the modeling of BMY is based on the work of Jansson and
Farrar [65]. The magnetic field is modeled with a turbulent component,
with 1072 pc domain size, and a regular component that varies between
1.4 — 4.4 pG from the Sun vicinities to the exterior.

3. Statistical framework

The primary objective of the analysis discussed in this article is to
evaluate the hypotheses of the existence of signatures of ALPs in the
observed gamma-ray spectra. These signatures are derived by setting
the coupling constant g,, and mass m, to the values assumed to occur
in nature. The null hypothesis assumes that no-ALP effects are present,
implying that only EBL absorption occurs. We achieve this objective by
employing a likelihood maximization method.

We define a binned likelihood as follows

L(24y» Mg 1, b, BID) = [ | £14(8ay> Mar by BID ), (3.1
ik

where y; are the SED nuisance parameters (flux amplitude, spectral
index and cut-off energy, see Table 1) for the i-th sample in our dataset,
b, are the expected background counts in the OFF region, and D, =
(Nf,‘,f, NL’;’fkf) are the number of ON and OFF events observed in the k—th
energy bin from the i-th sample (see Section 2). With B we indicate one
possible magnetic-field realization. The likelihood is by definition the
probability of observing the data D, assuming the model parameters
g, and m, to be true:

Ly =P (NG syt aby) xP (N 1) 3.2)

with P being the Poisson probability mass function for observing n
counts with expected count rate r: P(n|r) = r"e™"/n!. The parameter
a is the exposure ratio of the ON and OFF region (see Section 2), while
s; . is the expected signal counts in the energy bin AE, in the ON region
for the i—th sample:

S = /A ., dE @), (E; g4, m,, i, B, 2). (3.3)
k

In Eq. (3.3) we have introduced the observed flux for the i—th sample

[ =/dE’ @& (E';u)P, (E") - IRF(E|E"). 3.9

Thus, in order to perform the integrals in Egs. (3.3) and (3.4), and
get the likelihood expression from Egs. (3.1) and (3.2), we need to
determine the following quantities:

+ the instrument response function IRF/(E|E’) for the i-th sample,
i.e. the probability of detecting an event with true energy E’ and
assigning it an energy E;
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» the survival probability
PW(E’ $0, 845 B, 2) in which both ALPs induced absorptions in GC
and MW, together with EBL attenuation in the IGMF, are taken
into account.

« The intrinsic energy spectra @' described in Section 2 for each
dataset. See also Table 1.

We have therefore 9 nuisance parameters y; coming from the intrinsic
spectrum: 3 for each of the EPWLs of the 3 states of NGC 1275. Further
nuisance parameters of the analysis are the magnetic-field realization
B, as discussed in Section 2, and the expected background counts b;
which are fixed to the values b;, that maximize it for a fixed s,, as
shown by Rolke et al. [66]:

N+ /N2 4401+ 1/0) 514 Noge
Lk = 201+ a)

S

s (3.5)

with N = Noy + Nok — (14 1/a) s

Given the likelihood in Eq. (3.1), the statistic 7S is defined as:

TS(g4ym,) = —24In L

L£(g4y-mg. 1. b, B|D) (3.6
n 7 ,
where £ is the maximum value of the likelihood over the parameter
space, while i and B are obtained from profiling the likelihood, i.e. by
fixing them to the values that maximize the likelihood for a given
coupling g,, and mass m,.

For the nuisance parameter B instead, given the limitations of com-
putational power, it is improbable that the magnetic-field realization
B which maximizes the likelihood function £ is included among the
simulated magnetic-field realizations. Thus, instead of profiling over
B, we sort the likelihoods £ in each ALP grid point in terms of the
magnetic-field realization. At this point, for each ALP grid point we use
the likelihood value that corresponds to a specific quantile Q = 0.95 of
the obtained distribution of £.°

The statistic defined in Eq. (3.6) is known as the likelihood ratio.
According to the Neyman-Pearson lemma [67], it is the goodness-of-
fit test with maximum power, and according to Wilks’ theorem [68] it
follows a y2-distribution with 2 degrees of freedom. This is because the
log-likelihood defined in Eq. (3.6) is a function of only two parameters,
m, and g,,. In our analysis, however, the primary conditions necessary
for a direct application of Wilks’ theorem are not satisfied. For example,
one prerequisite stipulates that two distinct points within the parameter
space should yield two unique predictions. Unfortunately, this condi-
tion does not hold up when considering values of the couplings g,,
close to zero (i.e., there is no ALP effect). In such cases, any variation in
the mass m, will inevitably lead to identical predictions, thus violating
this essential criterion. Therefore assuming a y2-distribution with two
degrees of freedom for the statistic 7 S(g,,,m,) would lead to a wrong
coverage. For this reason, we have computed the correct coverage by
getting the effective distribution of the statistic from Monte Carlo (MC)
simulations.

In previous works [57] this was done by computing these distri-
butions for few ALP points (generally 2 or 3 points that produce the
most pronounced features in the energy flux) and taking the most
conservative one, i.e. the one with larger 0.95 (or 0.99) quantile. This
was motivated also by the computing power needed to extract these
distributions for different points. In our analysis we applied a more

=-21

5 If one could have been sure about the presence of the B field that
maximizes £ in the simulations, then a proper treatment of the nuisance
parameter B would correspond to putting O = 1, i.e. profiling over B. This
procedure for the treatment of the nuisance parameter B is the same adopted
in [57] in which it was found (and confirmed by our analysis) that putting
O = 0.95 and not to 1 is insensitive to the ad-hoc choice of number (100 in
our analysis) of realizations.
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Fig. 2. The likelihood-ratio statistic 7.S of Eq. (3.6) is computed over 154 ALP points
with m, and g, using the data in Table 1. For each point, the obtained statistic is
then compared to the distribution of 7S one would get assuming the corresponding
ALP hypothesis m, and g, to be true. The obtained p-value is converted in the 1-
dimensional-Gaussian equivalent standard deviations ¢ (also known as z-scores). See
Appendix B for more details. The black dashed line shows a significance of 1.96 ¢
while the black solid one a significance of 2.58 (corresponding to a 95% and 99%
confidence level, respectively).

accurate approach that consists of computing the distribution of the
statistic 7S(g,,,m,) for each of the 154 points in the ALP parameter
space. In this way, we can now directly translate a certain 7 S(g,,, m,)
into a significance for excluding the ALP hypothesis (g,,,m,), expressed
in standard deviation of the corresponding Gaussian or the z-score. The
resulting exclusion significance for each ALP hypothesis considered in
this analysis is discussed in Section 4.

4. Results

Using the datasets of Table 1 and following the prescription de-
scribed in detail in Section 3, we compute the statistic 7 S(g,,.m,) in
Eq. (3.6) for each of the 154 points in our ALP parameter space. As
described in further details in Appendix B, these observed statistics are
used to compute the rejection significance of the ALP hypotheses.

The rejection significance is shown in Fig. 2 for each point
(smoothed for graphical purposes) expressed in numbers of the 1-
dimensional-Gaussian equivalent standard deviations ¢ = \/E erf~1(CL),
where erf~! is the inverse of the error function and CL is the confidence
level for excluding the hypothesis (see Appendix B for more details).
The dark red area corresponds to ALP models that are excluded above
5 standard deviations. Dark blue area corresponds to ALP models that
are better in agreement with the data, i.e. they have a low significance
rejection. The model that better agrees with the observation is the one
corresponding to m, = 1.0x 1077 eV and g,, =2.71 x 10-'° GeV~'. The
null hypothesis of no—ALP effect is disfavored with a ~ 26 confidence
level in favor of the alternative hypothesis, which is not enough to
claim any discovery of ALP effects. As further discussed in Appendix C,
the spectral points of Fig. 1 are nicely fit with simple dependency as
Eq. (2.1): the null hypothesis yielded:

—2InL(g,, =0GeV™',m, =0eV, 1, B|D) =622, (4.1)

which is an expected value considering the total number of degrees
of freedom,’ indicating a good fit to the data. However, the alternative

¢ The total number of degrees of freedom are given by the difference
between the number of energy bins and the number of free parameters used
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Fig. 3. Py, for a selection of models in our scan of the parameter space. ALP mass (in neV) and coupling (in 107"1Gev™") are displayed in the inlays. The background image is
the significance distribution of Fig. 2 with the addition of the 99% CL curve (dashed white line) obtained with the conservative coverage computation method of Abdalla et al.
[57] (see also Section 5). The black dashed line is the 99% CL curve obtained from the point-by-point coverage computation as described in Section 3.

hypothesis corresponding to m, = 2.15 x 107% eV and 8y = 381 x
10712 GeV~! demonstrated an even better agreement with

—21In £(g,,,m,, fi, BID) = 55.4. (4.2)

Following Eq. (3.6) we obtain for the null hypothesis a statistic of
TS = 6.8. As discussed in Appendix B, assuming the null hypothesis to
be true a more extreme value of 6.8 would have been observed only
4.2% of the times, which corresponds to a rejection significance for the
null hypothesis of 2.03 ¢. Since the null hypothesis is already excluded
at 95.8% CL in favor of the alternative hypothesis, the exclusion region
of the ALPs parameter space obtained here will be shown at 99% CL.

5. Discussion
5.1. Point by point coverage computation

The computation of the rejection significance is done through the
likelihood ratio test statistic of Eq. (3.6), and, as discussed in Section 3,
the use of the Wilks’ [68] theorem for the nested hypothesis cannot be
blindly applied. For this reason, for each point of the ALP parameter
space the correct coverage is obtained through MC simulations (see
Appendix B). In our work we have managed to compute the coverage
for each point, which allowed us to calculate the z-score reported in
Fig. 2. This is a relevant improvement with respect to earlier similar
computations such as done in Abdalla et al. [57] where it is explicitly
mentioned that the coverage of the test statistic is not computed point
by point but only for 3 points, among which the one that yields the most
conservative exclusion is used. This approach was thereafter needed

in the model, summed over all datasets. Such a value corresponds for this
analysis to 60.

due to the substantial computational resources required to generate MC
simulations for all ALP points.

In Fig. 3 we compare our method with the assumption of Abdalla
et al. [57]. This is shown in the significance inlay of the figure were,
besides our 99% CL excluded region, we also report the 99% CL region
that we would have obtained using the previous, more conservative
coverage-computation method of Abdalla et al. [57]. One can clearly
see that the conservative coverage method computation significantly
reduces the strength of the limits.

5.2. Effect of wiggles and jumps

In Fig. 3 we also report the corresponding P,, for a selection of 8
points in the parameter space. It is interesting to note the evolution of
this probability: going from smaller to larger m,, P,,in general becomes
more oscillating; going from large to small g,, the oscillations change
pattern in an irregular way.

In the figure we clearly see how the strongest constraints come
from a region in which P,, has sudden jumps rather than just wiggles:
compare e.g. the right column of P,, versus the central one. This follows
from the fact that spectral jumps are more easily identified in the
observed gamma-ray spectra, or alternatively that wiggles are too small
to be detected due to the limited statistic and energy resolution of the
instrument. This has important consequences in the search for ALP
signatures with IACTs considering that in previous publications, the
search was focused specifically on wiggles. This is further discussed in
the next section.

5.3. Comparison with current limits and CTA projection
Our limits displayed in Fig. 2 show the highest significance for

ALP masses ~ m, = 200 neV for couplings to photons between g,, =
50x107"" Gev™' and g,, = 5.0x 10-'* GeV~'. However, similar limits
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Table 2

The two datasets of mock NGC 1275 data used to cast our limits to compare them with
Abdalla et al. [57]. For each dataset we report the status, the duration in hours, the
global numbers N, and N, of events in the ON and OFF region, respectively, and
the significance of the excess signal in the dataset S. We do not report the spectral
parameter for the null hypothesis (no ALP) as they correspond to those in Table 1 for
the respective states.

Target State Duration N, Ngr Neye S
[h]
NGC 1275 Flare 10 18154 12046 14138 129.0
(mock) Baseline 252 201735 482674 40852 83.9
Sum 262 219889 494720 54990 110.0
10~ 10

[1/GeV]

— 1071
§

|g.
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Fig. 4. 95% CL exclusion region obtained with CTA projection from Abdalla et al. [57]
(black line) compared to the projection of the MAGIC limits (dashed black line, 95%
CL) obtained in this work, assuming a larger observation time of 262 h corresponding
to a global excess significance S| ;g\, of 110 as in Table 2. The background color map
shows the rejection significance expressed in number of standard deviations o. The
color coding is the same of Fig. 2.

obtained with H.E.S.S. [31] or forecast with CTA [57] are also sensitive
to lower ALP masses around 10 neV. We decided to further investigate
this discrepancy. In particular, the results from the CTA were obtained
by extrapolating a portion of the NGC 1275 dataset that we are using to
generate this result: Abdalla et al. [57] consider that during the lifetime
of CTA Perseus could be observed for 260 h, during which NGC 1275
would be in the baseline emission state for 250 h and in flaring state for
10 h. The authors model the baseline and flaring state with the values
measured by MAGIC and reported here [37,41].

We therefore adopt the same approach and recompute our limits
as if we had taken 250 h of baseline and 10 h of flaring states.
As done in [57], we neglect the post-flaring state of NGC 1275, see
Table 2. To do so we are using the previously defined datasets where
the observations are convoluted with the IRFs, ultimately giving us the
predicted number of counts. To extend our flaring state and baseline
to 10 h and 252 h respectively, we simulated with gammapy ~ 4 and
~ 7 times more total predicted counts in comparison to the original
datasets of the flaring state and baseline used in the main part of this
article.

The significance distribution is shown in Fig. 4. We can clearly see
that adding significantly more data allows to become sensitive to the
parameter region with ALP masses around 1 — 10 neV, in agreement
with Abdalla et al. [57]. When comparing our findings with those from
the Cherenkov Telescope Array (CTA), it is essential to acknowledge
that the CTA limits might be more conservative. This is due to their
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Fig. 5. The 99% CL limits obtained with this work in comparison with current 95%
CL limits in similar part of the parameter space, gathered in [72].

consideration of discrete step-wise variations in the effective area,
which have been smoothed at the energy-resolution scale and were
assumed to have an amplitude of +5%. These variations were taken to
occur at energies where one subsystem of telescopes begins to assume
dominance in terms of point-source sensitivity. Therefore, a direct
comparison should account for these methodological differences.

Lastly, in Fig. 5, we juxtapose the limits established by MAGIC
with the currently accessible limits [31,57,61,69-71] within the cor-
responding range of the ALPs parameter space. Our constraints are
consistent with limits obtained using similar astrophysical data analysis
techniques, and represent the most competitive constraints for ALP
masses m, in the range of 40 — 90 neV.

6. Summary and conclusions

In this work we have analyzed 41 h of high-energy gamma-ray data
coming from the direction of the Perseus galaxy cluster in search for
spectral irregularities induced by ALPs in the sub-p ¢V mass range. We
have used gamma-ray beams of the radio galaxy in the center of the
cluster: NGC 1275, during its high emission state to have a significant
detection. We have tested the alternative hypothesis (presence of ALP)
on 154 points regularly selected in the ALP parameter space. For each
model we have computed P,, over 100 realizations of the magnetic
field around the target. The test statistic, once calibrated, does not
provide significant detection, which allowed us to compute 99% CL
exclusion upper limits in the ALP parameter space. These limits are
shown in Fig. 5 in comparison with other results and constrain ALP
masses in the range 40 — 400 neV. The excluded area matches that by
earlier results and forecast for CTA. In particular in Fig. 4 we show
how larger observation times or significance of this target would allow
to constraint also part of the parameter space at lower masses, around
the neV.

In Fig. 3 we have computed the significance point by point show-
ing that this allows to improve the constraining power of the data
with respect to vigorously conservative assumption on the coverage.
In the same figure we have shown how IACTs are sensitive to ALP
spectral induced jumps rather than wiggles, a fact which is usually not
appreciated.

To date, these results offer the strongest constraints on ALP masses
in the range of 40—90 neV, with the greatest sensitivity for ALP masses
of m, = 40 neV, reaching the photon-axion coupling down to g,, =
3.0x 10712 Gev~'.
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Appendix A. Systematics discussion
A.1. Relevance of magnetic field modeling

As discussed in Section 2.2, the modeling of the magnetic field
in Perseus is still only fairly known up to date. To address this, the
CTA Consortium recently conducted a detailed study comparing various
magnetic field models available for Perseus CTA Coll. [see 59, Fig. 1].
For their study, they adopted a configuration based on Taylor et al.
[33] with a reference magnetic field value By, =25 pG and n = 2/3. All
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Table A.3
The parameters used for the modeling of the Perseus magnetic field. B is representing
the parameters used in the main analysis of this article [61]. B,, are taken from CTA
Coll. [59].

B, n ny ny T'eore/Tcore, B/,
uG cm™? cm™? kpc
B 10 0.5 39.1072 4.05-107 80 / 280 1.2 / 0.58
B,, 25 2/3 461073 3.60-1073 57 / 278 1.2 /071
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Fig. A.6. Comparison of magnetic field’s radial profile. Blue dashed line is the reference
model used in this work. Dashed orange line is the magnetic field model of CTA Coll.
[59]. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

remaining parameters of this modeling are reported in Table A.3 and
compared with our primary choice, based on Ajello et al. [61].

A visual comparison of the B(r) is reported in Fig. A.6. One can
see that [59] displays a larger magnetic field toward the center of the
cluster without models in the region beyond 100 kpc. The effect on
the choice of magnetic field on the upper limits is significant and is
reported in Fig. A.7.

A.2. Relevance of the energy scale

The MAGIC telescopes reconstruct the energy with a precision of the
order of 10— 15% depending on the energy, which is considered during
data reconstruction and an irreducible energy bias, which introduce
energy scale uncertainties estimated to be around +15% [73].

To evaluate this effect, we artificially scaled the ALP energy-depen-
dent signatures in the spectra by +15% and checked the effects on the
bounds. The resulting discrepancies in the exclusion regions are shown
in Fig. A.8. The effect is not negligible, but it does not alter our main
conclusions. This uncertainty will be strongly reduced with upcoming
IACT arrays, like CTA, whose energy scale systematics are expected to
go down to ~ 4% [74].

Appendix B. Computation of the coverage

The likelihood ratio statistic, as described in (Eq. (3.6)), is expected
to follow a chi-squared distribution with a number of degrees of free-
dom equal to the number of independent parameters, according to
Wilks’ theorem [68]. In our case, there are two independent parame-
ters: the ALP mass (m,) and the axion—photon coupling (gay). However,
Wilks’ theorem is not applicable for this analysis, necessitating the
determination of proper coverage through Monte Carlo simulations. We
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Fig. A.7. Comparison of the limits in the ALPs parameter space obtained with the
Perseus cluster magnetic field from the main part of the article with an alternative
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Fig. A.8. Discrepancies in the exclusion regions resulting from shifting the energy
scale by —15% (dashed green) and +15% (dashed orange) in the ALP signatures in the
spectra. For comparative purposes, we also depict in dashed black the exclusion regions
obtained in this study, as presented in the main text in Fig. 5.

perform this assessment on a point-by-point basis, in contrast to the ap-
proach taken by Abdalla et al. [57], where the most conservative point
among the few investigated was selected. In Fig. B.9, we present the
Cumulative Distribution Functions (CDFs) of the statistic 7~ S(my, g4,)
obtained from MC simulations, considering various axion masses (m,)
and two distinct axion-photon couplings: g,, = 5.0x 10713 Gev~! (upper
plot) and g, = 1.7x107!! GeV~! (bottom plot). It is noteworthy that, for
the lowest coupling considered in this analysis (g,, = 5.0x107'? GeV™),
the CDFs of the statistic exhibit minimal variation across different m,
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values. This observation is consistent with expectations, as the ALP
effects on the observed SED are relatively subtle for such a low coupling
value, leading to only minor changes in the statistic’s distribution when
the ALP mass is altered.

On the upper plot of Fig. B.9, we emphasize (using a thicker line)
the CDF for the lowest ALP mass (m,) and coupling (gay) considered
in this analysis. Taking into account the telescope’s energy resolution,
the expected counts under this hypothesis align with those under the
null hypothesis (no ALP effect). Indeed both the observed statistic
and the CDF obtained from MC simulations are identical for the null
hypothesis and for the hypothesis with m, = 4.6 x 10710 eV and g,, =
50x 10713 Gevl.

Finally, each distribution of the statistic for each of the 154 ALP
points considered is fitted using the gamma distribution G:

ﬂ(l
G(x;a,f) = ——x*"le P,

T@ (B.1)

Here, a represents the shape parameter, while # denotes the rate
parameter. The function I'(x) is defined as:

[s+]
I'(x)= / e ds.
0

The chi-squared distribution with k degrees of freedom is a special case
of the gamma distribution G, characterized by a shape parameter of
k/2 and a rate parameter of 1/2. The fitted gamma distributions are
subsequently employed to compute the confidence level (CL) at which
each of the 154 ALP hypotheses can be excluded:

(B.2)

S,

CL = / o G(x;a, p)dx, (B.3)
0

with 7S, the observed statistic for a given ALP point derived from

Eq. (3.6). In order to obtain Fig. 2 each CL is converted to the Gaussian

equivalent deviation ¢ through the inverse of the error function: ¢ =

V2erf=1(CL).

Lastly, it is worth noting that if we had uncritically applied Wilks’
theorem and utilized the chi-squared CDF with 2 degrees of freedom
(displayed as a reference in gray in Fig. B.9), this would have led to
undercoverage. The reason for this is that the chi-squared distribution
results in a lower threshold for rejecting a given hypothesis, thereby
increasing the likelihood of Type I errors (false positives).

Appendix C. Comparison of spectral counts between null and ALP
hypotheses

Fig. C.10 presents a comparison of the observed excess counts
per energy bin (multiplied by the center value of the energy bin for
visualization purposes) for the three datasets in this work (refer to
Table 1) with those from the null hypothesis model and the best-
fit ALP model. As discussed in Section 4, the latter corresponds to
m, = 2.15x 1078 eV and g,, = 3.81 x 1072 GeV™'. In the figure, one
can observe how the expected counts from the ALP hypothesis (blue
line) show better agreement with the observed counts (black points)
compared to the expected counts assuming the null hypothesis (orange
line). Additionally, the flaring state appears to be the most constraining
of the three datasets, as it is the only one in which the alternative
hypothesis may be significantly favored over the null hypothesis. These
facts are emphasized in the bottom part of each of the three plots
in Fig. C.10, where the relative distance between the observed and
expected counts is displayed for all energy bins under both hypotheses,
defined as (N, — s)/oy, . In this expression, N, = N,, — aN,,

=4/N,, +@>N,;,, and s is given by Eq. (3.3).

o
Nexe
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Fig. B.9. Cumulative Distribution Functions (CDFs) of the statistic 7S(m,,g,,) (see Eq. (3.6)) obtained from Monte Carlo simulations for different axion masses (m,) and two
axion—photon couplings: g,, = 5.0 x 107" GeV™' (upper plot) and 8y = 17X 10""'GeV™" (bottom plot). The thicker blue line in the upper plot highlights the CDF for the lowest
ALP mass and coupling considered, which aligns with the null hypothesis. The gray line in both plots represents the chi-squared CDF for comparison, illustrating that using the
chi-squared CDF with 2 degrees of freedom would lead to undercoverage. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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values maximizing the likelihood. The observed counts are represented by black points. The bottom part of each plot highlights the relative distance between the observed and

expected counts for all energy bins under both hypotheses. This is shown for all the three datasets in Table 1, here referred in the title of each plot as “FLARE”, “POST FLARE”,

and “BASELINE”, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

References [4] Y. Asano, E. Kikutani, S. Kurokawa, T. Miyachi, M. Miyajima, Y. Nagashima, T.
Shinkawa, S. Sugimoto, Y. Yoshimura, Search for a rare decay mode k* — 7 *
v overlinev and axion, Phys. Lett. B 107 (1981) 159-162, http://dx.doi.org/10.

[1] R.D. Peccei, H.R. Quinn, CP conservation in the presence of pseudoparticles,
1016/0370-2693(81)91172-2.

Phys. Rev. Lett. 38 (1977) 1440-1443, http://dx.doi.org/10.1103/PhysRevLett.

38.1440. [5] N. Turok, Almost Goldstone bosons from extra dimensional gauge theories,
[2] S. Weinberg, A new light boson? Phys. Rev. Lett. 40 (1978) 223-226, http: Phys. Rev. Lett. 76 (1996) 1015-1018, http://dx.doi.org/10.1103/PhysRevLett.
//dx.doi.org/10.1103/PhysRevLett.40.223. 76.1015, arXiv:hep-ph/9511238.
[3] F. Wilczek, Problem of strong P and T invariance in the presence of instantons, [6] S. Chang, S. Tazawa, M. Yamaguchi, Axion model in extra dimensions with

Phys. Rev. Lett. 40 (1978) 279-282, http://dx.doi.org/10.1103/PhysRevLett.40.
279.

TeV scale gravity, Phys. Rev. D 61 (2000) 084005, http://dx.doi.org/10.1103/
PhysRevD.61.084005, arXiv:hep-ph/9908515.

11


http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.38.1440
http://dx.doi.org/10.1103/PhysRevLett.40.223
http://dx.doi.org/10.1103/PhysRevLett.40.223
http://dx.doi.org/10.1103/PhysRevLett.40.223
http://dx.doi.org/10.1103/PhysRevLett.40.279
http://dx.doi.org/10.1103/PhysRevLett.40.279
http://dx.doi.org/10.1103/PhysRevLett.40.279
http://dx.doi.org/10.1016/0370-2693(81)91172-2
http://dx.doi.org/10.1016/0370-2693(81)91172-2
http://dx.doi.org/10.1016/0370-2693(81)91172-2
http://dx.doi.org/10.1103/PhysRevLett.76.1015
http://dx.doi.org/10.1103/PhysRevLett.76.1015
http://dx.doi.org/10.1103/PhysRevLett.76.1015
http://arxiv.org/abs/hep-ph/9511238
http://dx.doi.org/10.1103/PhysRevD.61.084005
http://dx.doi.org/10.1103/PhysRevD.61.084005
http://dx.doi.org/10.1103/PhysRevD.61.084005
http://arxiv.org/abs/hep-ph/9908515

H. Abe et al.

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

E. Witten, Some properties of O(32) superstrings, Phys. Lett. B 149 (1984)
351-356, http://dx.doi.org/10.1016/0370-2693(84)90422-2.

P. Svrcek, E. Witten, Axions in string theory, J. High Energy Phys. 2006
(2006) 051, http://dx.doi.org/10.1088/1126-6708/2006/06/051, arXiv:hep-th/
0605206.

J.P. Conlon, The QCD axion and moduli stabilisation, J. High Energy Phys.
2006 (2006) 078, http://dx.doi.org/10.1088/1126-6708/2006/05/078, arXiv:
hep-th/0602233.

J. Jaeckel, A. Ringwald, The low-energy frontier of particle physics, Ann. Rev.
Nucl. Part. Sci. 60 (2010) 405-437, http://dx.doi.org/10.1146/annurev.nucl.
012809.104433, arXiv:1002.0329.

P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Redondo, A. Ringwald, WISPy
cold dark matter, J. Cosmol. 2012 (2012) 013, http://dx.doi.org/10.1088/1475-
7516/2012/06/013, arXiv:1201.5902.

T. Braine, et al., (ADMX), Extended search for the invisible axion with the axion
dark matter experiment, Phys. Rev. Lett. 124 (2020) 101303, http://dx.doi.org/
10.1103/PhysRevLett.124.101303, arXiv:1910.08638.

P. Sikivie, Experimental tests of the invisible axion, Phys. Rev. Lett. 51
(1983) 1415-1417, http://dx.doi.org/10.1103/PhysRevLett.51.1415, https://
link.aps.org/doi/10.1103/PhysRevLett.51.1415.

G. Raffelt, L. Stodolsky, Mixing of the photon with low mass particles, Phys.
Rev. D 37 (1988) 1237, http://dx.doi.org/10.1103/PhysRevD.37.1237.

K. Ehret, et al., New ALPS results on hidden-sector lightweights, Phys. Lett. B
689 (2010) 149-155, http://dx.doi.org/10.1016/j.physletb.2010.04.066, arXiv:
1004.1313.

R. Ballou, et al., (OSQAR), New exclusion limits on scalar and pseudoscalar
axionlike particles from light shining through a wall, Phys. Rev. D 92 (2015)
092002, http://dx.doi.org/10.1103/PhysRevD.92.092002, arXiv:1506.08082.
Katharina-Sophie Isleif, ALPS Collaboration, The any light particle search ex-
periment at DESY, Mosc. Univ. Phys. 77 (2022) 120-125, http://dx.doi.org/10.
3103/5002713492202045X, arXiv:2202.07306.

C.M. Adair, et al., Search for dark matter axions with CAST-CAPP, Nature Com-
mun. 13 (2022) 6180, http://dx.doi.org/10.1038/s41467-022-33913-6, arXiv:
2211.02902.

J.K. Vogel, et al., The next generation of axion helioscopes: The international
axion observatory (IAXO), Phys. Proc. 61 (2015) 193-200, http://dx.doi.org/10.
1016/j.phpro.2014.12.031.

V. Anastassopoulos, et al., (CAST), New CAST limit on the axion-photon in-
teraction, Nat. Phys. 13 (2017) 584-590, http://dx.doi.org/10.1038/nphys4109,
arXiv:1705.02290.

1.G. Irastorza, J. Redondo, New experimental approaches in the search for axion-
like particles, Prog. Part. Nucl. Phys. 102 (2018) 89-159, http://dx.doi.org/10.
1016/j.ppnp.2018.05.003, arXiv:1801.08127.

P.W. Graham, L.G. Irastorza, S.K. Lamoreaux, A. Lindner, K.A. van Bibber, Exper-
imental searches for the axion and axion-like particles, Annu. Rev. Nucl. Part.
65 (2015) 485-514, http://dx.doi.org/10.1146/annurev-nucl-102014-022120,
arXiv:1602.00039.

A. De Angelis, O. Mansutti, M. Roncadelli, Axion-like particles, cosmic magnetic
fields and Gamma-ray astrophysics, Phys. Lett. B 659 (2008) 847-855, http:
//dx.doi.org/10.1016/j.physletb.2007.12.012, arXiv:0707.2695.

D. Hooper, P.D. Serpico, Detecting axion-like particles with Gamma ray
telescopes, Phys. Rev. Lett. 99 (2007) 231102, http://dx.doi.org/10.1103/
PhysRevLett.99.231102, arXiv:0706.3203.

D. Horns, L. Maccione, M. Meyer, A. Mirizzi, D. Montanino, M. Roncadelli,
Hardening of TeV gamma spectrum of AGNs in galaxy clusters by conversions
of photons into axion-like particles, Phys. Rev. D 86 (2012) 075024, http:
//dx.doi.org/10.1103/PhysRevD.86.075024, arXiv:1207.0776.

G. Galanti, F. Tavecchio, M. Roncadelli, C. Evoli, Blazar VHE spectral alterations
induced by photon-ALP oscillations, Mon. Not. R. Astron. Soc. 487 (2019)
123-132, http://dx.doi.org/10.1093/mnras/stz1144, arXiv:1811.03548.

G. Galanti, M. Roncadelli, Axion-like particles implications for high-energy as-
trophysics, Universe 8 (2022) 253, http://dx.doi.org/10.3390/universe8050253,
arXiv:2205.00940.

M.A. Sanchez-Conde, D. Paneque, E. Bloom, F. Prada, A. Dominguez, Hints of
the existence of Axion-Like-Particles from the gamma-ray spectra of cosmological
sources, Phys. Rev. D 79 (2009) 123511, http://dx.doi.org/10.1103/PhysRevD.
79.123511, arXiv:0905.3270.

J. Davies, M. Meyer, G. Cotter, Relevance of jet magnetic field structure for
blazar axionlike particle searches, Phys. Rev. D 103 (2021) 023008, http://dx.
doi.org/10.1103/PhysRevD.103.023008, arXiv:2011.08123.

A. De Angelis, O. Mansutti, M. Persic, M. Roncadelli, Photon propagation and the
VHE gamma-ray spectra of blazars: how transparent is really the Universe? Mon.
Not. R. Astron. Soc. 394 (2009) L21-125, http://dx.doi.org/10.1111/j.1745-
3933.2008.00602.x, arXiv:0807.4246.

A. Abramowski, et al., (H.E.S.S.), Constraints on axionlike particles with H.E.S.S.
from the irregularity of the PKS 2155-304 energy spectrum, Phys. Rev. D
88 (2013) 102003, http://dx.doi.org/10.1103/PhysRevD.88.102003, arXiv:1311.
3148.

12

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Physics of the Dark Universe 44 (2024) 101425

E. Churazov, W. Forman, C. Jones, H. Bohringer, Xmm-newton observations
of the perseus cluster I: the temperature and surface brightness structure,
Astrophys. J. 590 (2003) 225-237, http://dx.doi.org/10.1086/374923, arXiv:
astro-ph/0301482.

G.B. Taylor, N.E. Gugliucci, A.C. Fabian, J.S. Sanders, G. Gentile, S.W. Allen,
Magnetic fields in the center of the perseus cluster, Mon. Not. R. Astron. Soc. 368
(2006) 1500-1506, http://dx.doi.org/10.1111/j.1365-2966.2006.10244.x, arXiv:
astro-ph/0602622.

J. Aleksic, et al., (MAGIC), Detection of very high energy gamma-ray emission
from NGC 1275 by the MAGIC telescopes, Astron. Astrophys. 539 (2012) L2,
http://dx.doi.org/10.1051/0004-6361/201118668, arXiv:1112.3917.

J. Aleksié, et al., (MAGIC), Contemporaneous observations of the radio galaxy
NGC 1275 from radio to very high energy y-rays, Astron. Astrophys. 564 (2014)
A5, http://dx.doi.org/10.1051/0004-6361/201322951, arXiv:1310.8500.

M.L. Ahnen, et al., (MAGIC), Deep observation of the NGC 1275 region with
MAGIC: search of diffuse y-ray emission from cosmic rays in the Perseus
cluster, Astron. Astrophys. 589 (2016) A33, http://dx.doi.org/10.1051/0004-
6361/201527846, arXiv:1602.03099.

S. Ansoldi, et al., (MAGIC), Gamma-ray flaring activity of NGC1275 in 2016-
2017 measured by MAGIC, Astron. Astrophys. 617 (2018) A91, http://dx.doi.
org/10.1051/0004-6361,/201832895, arXiv:1806.01559.

J. Aleksic, et al., (MAGIC), MAGIC Gamma-ray telescope observation of the
perseus cluster of galaxies: Implications for cosmic rays, dark matter and NGC
1275, Astrophys. J. 710 (2010) 634-647, http://dx.doi.org/10.1088/0004-637X/
710/1/634, arXiv:0909.3267.

J. Aleksic, et al., (MAGIC), Constraining cosmic rays and magnetic fields in the
perseus galaxy cluster with TeV observations by the MAGIC telescopes, Astron.
Astrophys. 541 (2012) A99, http://dx.doi.org/10.1051/0004-6361/201118502,
arXiv:1111.5544.

V.A. Acciari, et al., (MAGIC), Constraining dark matter lifetime with a deep
gamma-ray survey of the perseus galaxy cluster with MAGIC, Phys. Dark Univ. 22
(2018) 38-47, http://dx.doi.org/10.1016/j.dark.2018.08.002, arXiv:1806.11063.
J. Aleksic, et al., (MAGIC), Detection of very high energy gamma-ray emission
from the perseus cluster head-tail galaxy IC 310 by the MAGIC telescopes,
Astrophys. J. Lett. 723 (2010) L207, http://dx.doi.org/10.1088,/2041-8205/723/
2/L207, arXiv:1009.2155.

M. Meyer, J. Davies, J. Kuhlmann, gammalps, 2021a, http://dx.doi.org/10.5281/
zenodo.6344566.

M. Meyer, J. Davies, J. Kuhlmann, gammaALPs: An open-source python package
for computing photon-axion-like-particle oscillations in astrophysical environ-
ments, PoS ICRC 2021 (2021b) 557, http://dx.doi.org/10.22323/1.395.0557,
arXiv:2108.02061.

R. Zanin, MARS, the MAGIC analysis and reconstruction software, in: 33rd
International Cosmic Ray Conference, 2013, p. 0773.

B.S. Acharya, et al., (CTA Consortium), Science with the cherenkov telescope
array, WSP (2018) http://dx.doi.org/10.1142/10986, arXiv:1709.07997.

C. Nigro, T. Hassan, L. Olivera-Nieto, Evolution of data formats in very-high-
energy Gamma-ray astronomy, Universe 7 (2021) 374, http://dx.doi.org/10.
3390/universe7100374, arXiv:2109.14661.

C. Deil, R. Zanin, J. Lefaucheur, C. Boisson, B. Khelifi, R. Terrier, M. Wood, L.
Mohrmann, N. Chakraborty, J. Watson, R. Lopez-Coto, S. Klepser, M. Cerruti,
J.P. Lenain, F. Acero, A. Djannati-Atai, S. Pita, Z. Bosnjak, C. Trichard, T.
Vuillaume, A. Donath, C. Consortium, J. King, L. Jouvin, E. Owen, B. Sipocz,
D. Lennarz, A. Voruganti, M. Spir-Jacob, J.E. Ruiz, M.P. Arribas, Gammapy
- a prototype for the CTA science tools, in: 35th International Cosmic Ray
Conference (ICRC2017), in: Volume 301 of International Cosmic Ray Conference,
2017, p. 766, arXiv:1709.01751.

A. Franceschini, G. Rodighiero, The extragalactic background light revisited and
the cosmic photon-photon opacity, Astron. Astrophys. 603 (2017) 34, http:
//dx.doi.org/10.1051/0004-6361/201629684, arXiv:1705.10256.

A. Dominguez, et al., Extragalactic background light inferred from AEGIS galaxy
SED-type fractions, Mon. Not. R. Astron. Soc. 410 (2011) 2556, http://dx.doi.
org/10.1111/j.1365-2966.2010.17631.x, arXiv:1007.1459.

T. Stanev, A. Franceschini, Constraints on the extragalactic infrared background
from gamma-ray observations of MKN 501, Astrophys. J. Lett. 494 (1998)
L159-L162, http://dx.doi.org/10.1086/311183, arXiv:astro-ph/9708162.

R.J. Protheroe, H. Meyer, An Infrared background TeV gamma-ray crisis? Phys.
Lett. B 493 (2000) 1-6, http://dx.doi.org/10.1016/50370-2693(00)01113-8,
arXiv:astro-ph/0005349.

A. de Angelis, M. Roncadelli, O. Mansutti, Evidence for a new light spin-
zero boson from cosmological gamma-ray propagation? Phys. Rev. D 76 (2007)
121301, http://dx.doi.org/10.1103/PhysRevD.76.121301, arXiv:0707.4312.

A. Mirizzi, G.G. Raffelt, P.D. Serpico, Signatures of axion-like particles in the
spectra of TeV Gamma-ray sources, Phys. Rev. D 76 (2007) 023001, http:
//dx.doi.org/10.1103/PhysRevD.76.023001, arXiv:0704.3044.

A. de Angelis, G. Galanti, M. Roncadelli, Relevance of axionlike particles for
very-high-energy astrophysics, Phys. Rev. D 84 (2011) 105030, http://dx.doi.
org/10.1103/PhysRevD.84.105030, arXiv:1106.1132.

F. Tavecchio, M. Roncadelli, G. Galanti, G. Bonnoli, Evidence for an axion-like
particle from PKS 1222+216? Phys. Rev. D 86 (2012) 085036, http://dx.doi.
org/10.1103/PhysRevD.86.085036, arXiv:1202.6529.


http://dx.doi.org/10.1016/0370-2693(84)90422-2
http://dx.doi.org/10.1088/1126-6708/2006/06/051
http://arxiv.org/abs/hep-th/0605206
http://arxiv.org/abs/hep-th/0605206
http://arxiv.org/abs/hep-th/0605206
http://dx.doi.org/10.1088/1126-6708/2006/05/078
http://arxiv.org/abs/hep-th/0602233
http://arxiv.org/abs/hep-th/0602233
http://arxiv.org/abs/hep-th/0602233
http://dx.doi.org/10.1146/annurev.nucl.012809.104433
http://dx.doi.org/10.1146/annurev.nucl.012809.104433
http://dx.doi.org/10.1146/annurev.nucl.012809.104433
http://arxiv.org/abs/1002.0329
http://dx.doi.org/10.1088/1475-7516/2012/06/013
http://dx.doi.org/10.1088/1475-7516/2012/06/013
http://dx.doi.org/10.1088/1475-7516/2012/06/013
http://arxiv.org/abs/1201.5902
http://dx.doi.org/10.1103/PhysRevLett.124.101303
http://dx.doi.org/10.1103/PhysRevLett.124.101303
http://dx.doi.org/10.1103/PhysRevLett.124.101303
http://arxiv.org/abs/1910.08638
http://dx.doi.org/10.1103/PhysRevLett.51.1415
https://link.aps.org/doi/10.1103/PhysRevLett.51.1415
https://link.aps.org/doi/10.1103/PhysRevLett.51.1415
https://link.aps.org/doi/10.1103/PhysRevLett.51.1415
http://dx.doi.org/10.1103/PhysRevD.37.1237
http://dx.doi.org/10.1016/j.physletb.2010.04.066
http://arxiv.org/abs/1004.1313
http://arxiv.org/abs/1004.1313
http://arxiv.org/abs/1004.1313
http://dx.doi.org/10.1103/PhysRevD.92.092002
http://arxiv.org/abs/1506.08082
http://dx.doi.org/10.3103/S002713492202045X
http://dx.doi.org/10.3103/S002713492202045X
http://dx.doi.org/10.3103/S002713492202045X
http://arxiv.org/abs/2202.07306
http://dx.doi.org/10.1038/s41467-022-33913-6
http://arxiv.org/abs/2211.02902
http://arxiv.org/abs/2211.02902
http://arxiv.org/abs/2211.02902
http://dx.doi.org/10.1016/j.phpro.2014.12.031
http://dx.doi.org/10.1016/j.phpro.2014.12.031
http://dx.doi.org/10.1016/j.phpro.2014.12.031
http://dx.doi.org/10.1038/nphys4109
http://arxiv.org/abs/1705.02290
http://dx.doi.org/10.1016/j.ppnp.2018.05.003
http://dx.doi.org/10.1016/j.ppnp.2018.05.003
http://dx.doi.org/10.1016/j.ppnp.2018.05.003
http://arxiv.org/abs/1801.08127
http://dx.doi.org/10.1146/annurev-nucl-102014-022120
http://arxiv.org/abs/1602.00039
http://dx.doi.org/10.1016/j.physletb.2007.12.012
http://dx.doi.org/10.1016/j.physletb.2007.12.012
http://dx.doi.org/10.1016/j.physletb.2007.12.012
http://arxiv.org/abs/0707.2695
http://dx.doi.org/10.1103/PhysRevLett.99.231102
http://dx.doi.org/10.1103/PhysRevLett.99.231102
http://dx.doi.org/10.1103/PhysRevLett.99.231102
http://arxiv.org/abs/0706.3203
http://dx.doi.org/10.1103/PhysRevD.86.075024
http://dx.doi.org/10.1103/PhysRevD.86.075024
http://dx.doi.org/10.1103/PhysRevD.86.075024
http://arxiv.org/abs/1207.0776
http://dx.doi.org/10.1093/mnras/stz1144
http://arxiv.org/abs/1811.03548
http://dx.doi.org/10.3390/universe8050253
http://arxiv.org/abs/2205.00940
http://dx.doi.org/10.1103/PhysRevD.79.123511
http://dx.doi.org/10.1103/PhysRevD.79.123511
http://dx.doi.org/10.1103/PhysRevD.79.123511
http://arxiv.org/abs/0905.3270
http://dx.doi.org/10.1103/PhysRevD.103.023008
http://dx.doi.org/10.1103/PhysRevD.103.023008
http://dx.doi.org/10.1103/PhysRevD.103.023008
http://arxiv.org/abs/2011.08123
http://dx.doi.org/10.1111/j.1745-3933.2008.00602.x
http://dx.doi.org/10.1111/j.1745-3933.2008.00602.x
http://dx.doi.org/10.1111/j.1745-3933.2008.00602.x
http://arxiv.org/abs/0807.4246
http://dx.doi.org/10.1103/PhysRevD.88.102003
http://arxiv.org/abs/1311.3148
http://arxiv.org/abs/1311.3148
http://arxiv.org/abs/1311.3148
http://dx.doi.org/10.1086/374923
http://arxiv.org/abs/astro-ph/0301482
http://arxiv.org/abs/astro-ph/0301482
http://arxiv.org/abs/astro-ph/0301482
http://dx.doi.org/10.1111/j.1365-2966.2006.10244.x
http://arxiv.org/abs/astro-ph/0602622
http://arxiv.org/abs/astro-ph/0602622
http://arxiv.org/abs/astro-ph/0602622
http://dx.doi.org/10.1051/0004-6361/201118668
http://arxiv.org/abs/1112.3917
http://dx.doi.org/10.1051/0004-6361/201322951
http://arxiv.org/abs/1310.8500
http://dx.doi.org/10.1051/0004-6361/201527846
http://dx.doi.org/10.1051/0004-6361/201527846
http://dx.doi.org/10.1051/0004-6361/201527846
http://arxiv.org/abs/1602.03099
http://dx.doi.org/10.1051/0004-6361/201832895
http://dx.doi.org/10.1051/0004-6361/201832895
http://dx.doi.org/10.1051/0004-6361/201832895
http://arxiv.org/abs/1806.01559
http://dx.doi.org/10.1088/0004-637X/710/1/634
http://dx.doi.org/10.1088/0004-637X/710/1/634
http://dx.doi.org/10.1088/0004-637X/710/1/634
http://arxiv.org/abs/0909.3267
http://dx.doi.org/10.1051/0004-6361/201118502
http://arxiv.org/abs/1111.5544
http://dx.doi.org/10.1016/j.dark.2018.08.002
http://arxiv.org/abs/1806.11063
http://dx.doi.org/10.1088/2041-8205/723/2/L207
http://dx.doi.org/10.1088/2041-8205/723/2/L207
http://dx.doi.org/10.1088/2041-8205/723/2/L207
http://arxiv.org/abs/1009.2155
http://dx.doi.org/10.5281/zenodo.6344566
http://dx.doi.org/10.5281/zenodo.6344566
http://dx.doi.org/10.5281/zenodo.6344566
http://dx.doi.org/10.22323/1.395.0557
http://arxiv.org/abs/2108.02061
http://refhub.elsevier.com/S2212-6864(24)00007-4/sb44
http://refhub.elsevier.com/S2212-6864(24)00007-4/sb44
http://refhub.elsevier.com/S2212-6864(24)00007-4/sb44
http://dx.doi.org/10.1142/10986
http://arxiv.org/abs/1709.07997
http://dx.doi.org/10.3390/universe7100374
http://dx.doi.org/10.3390/universe7100374
http://dx.doi.org/10.3390/universe7100374
http://arxiv.org/abs/2109.14661
http://arxiv.org/abs/1709.01751
http://dx.doi.org/10.1051/0004-6361/201629684
http://dx.doi.org/10.1051/0004-6361/201629684
http://dx.doi.org/10.1051/0004-6361/201629684
http://arxiv.org/abs/1705.10256
http://dx.doi.org/10.1111/j.1365-2966.2010.17631.x
http://dx.doi.org/10.1111/j.1365-2966.2010.17631.x
http://dx.doi.org/10.1111/j.1365-2966.2010.17631.x
http://arxiv.org/abs/1007.1459
http://dx.doi.org/10.1086/311183
http://arxiv.org/abs/astro-ph/9708162
http://dx.doi.org/10.1016/S0370-2693(00)01113-8
http://arxiv.org/abs/astro-ph/0005349
http://dx.doi.org/10.1103/PhysRevD.76.121301
http://arxiv.org/abs/0707.4312
http://dx.doi.org/10.1103/PhysRevD.76.023001
http://dx.doi.org/10.1103/PhysRevD.76.023001
http://dx.doi.org/10.1103/PhysRevD.76.023001
http://arxiv.org/abs/0704.3044
http://dx.doi.org/10.1103/PhysRevD.84.105030
http://dx.doi.org/10.1103/PhysRevD.84.105030
http://dx.doi.org/10.1103/PhysRevD.84.105030
http://arxiv.org/abs/1106.1132
http://dx.doi.org/10.1103/PhysRevD.86.085036
http://dx.doi.org/10.1103/PhysRevD.86.085036
http://dx.doi.org/10.1103/PhysRevD.86.085036
http://arxiv.org/abs/1202.6529

H. Abe et al.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

G. Galanti, M. Roncadelli, A. De Angelis, G.F. Bignami, Hint at an axion-like
particle from the redshift dependence of blazar spectra, Mon. Not. R. Astron.
Soc. 493 (2020) 1553-1564, http://dx.doi.org/10.1093/mnras/stz3410, arXiv:
1503.04436.

H. Abdalla, et al., (CTA), Sensitivity of the cherenkov telescope array for probing
cosmology and fundamental physics with gamma-ray propagation, J. Cosmol.
02 (2021) 048, http://dx.doi.org/10.1088/1475-7516,/2021/02/048, arXiv:2010.
01349.

T.P. Li, Y.Q. Ma, Analysis methods for results in gamma-ray astronomy,
Astrophys. J. 272 (1983) 317-324, http://dx.doi.org/10.1086,/161295.

CTA Coll., (CTA), Prospects for gamma-ray observations of the perseus galaxy
cluster with the Cherenkov telescope array, J. Cosmol. Astropart. Phys. (2023)
submitted to.

M. Meyer, D. Montanino, J. Conrad, On detecting oscillations of gamma rays
into axion-like particles in turbulent and coherent magnetic fields, J. Cosmol.
09 (2014) 003, http://dx.doi.org/10.1088/1475-7516,/2014/09/003, arXiv:1406.
5972.

M. Ajello, et al., (Fermi-LAT), Search for spectral irregularities due to photon-
axionlike-particle oscillations with the Fermi large area telescope, Phys. Rev.
Lett. 116 (2016) 161101, http://dx.doi.org/10.1103/PhysRevLett.116.161101,
arXiv:1603.06978.

V. Vacca, M. Murgia, F. Govoni, L. Feretti, G. Giovannini, R.A. Perley, G.B.
Taylor, The intracluster magnetic field power spectrum in A2199, Astron.
Astrophys. 540 (2012) A38, http://dx.doi.org/10.1051/0004-6361/201116622,
arXiv:1201.4119.

D. Grasso, H.R. Rubinstein, Magnetic fields in the early universe, Phys. Rep.
348 (2001) 163-266, http://dx.doi.org/10.1016/50370-1573(00)00110-1, arXiv:
astro-ph/0009061.

V.A. Acciari, et al., (MAGIC), A lower bound on intergalactic magnetic fields from
time variability of 1ES 0229+200 from MAGIC and Fermi/LAT observations,
Astron. Astrophys. 670 (2023) A145, http://dx.doi.org/10.1051/0004-6361/
202244126, arXiv:2210.03321.

13

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Physics of the Dark Universe 44 (2024) 101425

R. Jansson, G.R. Farrar, A new model of the galactic magnetic field, Astrophys.
J. 757 (2012) 14, http://dx.doi.org/10.1088/0004-637X/757/1/14, arXiv:1204.
3662.

W.A. Rolke, AM. Lopez, J. Conrad, Limits and confidence intervals in the
presence of nuisance parameters, Nucl. Instrum. Methods A 551 (2005) 493-503,
http://dx.doi.org/10.1016/j.nima.2005.05.068, arXiv:physics/0403059.

J. Neyman, E.S. Pearson, K. Pearson, Ix. on the problem of the most efficient
tests of statistical hypotheses, Philos. Trans. R. Soc. Lond. Ser. A 231 (1933) 289-
337, http://dx.doi.org/10.1098/rsta.1933.0009, https://royalsocietypublishing.
org/doi/abs/10.1098/rsta.1933.0009.

S.S. Wilks, The large-sample distribution of the likelihood ratio for testing
composite hypotheses, Ann. Math. Stat. 9 (1938) 60-62, http://dx.doi.org/10.
1214/aoms/1177732360.

C. Zhang, Y.-F. Liang, S. Li, N.-H. Liao, L. Feng, Q. Yuan, Y.-Z. Fan, Z.-Z.
Ren, New bounds on axionlike particles from the Fermi Large Area Telescope
observation of PKS 2155-304, Phys. Rev. D 97 (2018) 063009, http://dx.doi.
org/10.1103/PhysRevD.97.063009, arXiv:1802.08420.

J.-G. Cheng, Y.-J. He, Y.-F. Liang, R.-J. Lu, E.-W. Liang, Revisiting the analysis
of axion-like particles with the Fermi-LAT gamma-ray observation of NGC1275,
Phys. Lett. B 821 (2021) 136611, http://dx.doi.org/10.1016/j.physletb.2021.
136611, arXiv:2010.12396.

J. Guo, H.-J. Li, X.-J. Bi, S.-J. Lin, P.-F. Yin, Implications of axion-like particles
from the Fermi-LAT and H.E.S.S. observations of PG 1553+113 and PKS 2155-
304, Chin. Phys. C 45 (2021) 025105, http://dx.doi.org/10.1088/1674-1137/
abcd2e, arXiv:2002.07571.

C. O’Hare, Cajohare/axionlimits: Axionlimits, 2020, http://dx.doi.org/10.5281/
zenodo.3932430, https://cajohare.github.io/AxionLimits/.

J. Aleksic, et al., (MAGIC), The major upgrade of the magic telescopes, part ii:
A performance study using observations of the crab nebula, Astropart. Phys. 72
(2016) 76-94, http://dx.doi.org/10.1016/j.astropartphys.2015.02.005.

M. Gaug, S. Fegan, A.M.W. Mitchell, M.C. Maccarone, T. Mineo, A. Okumura,
Using muon rings for the calibration of the cherenkov telescope array: A
systematic review of the method and its potential accuracy, Astrophys. J. Suppl.
Ser. 243 (2019) 11, http://dx.doi.org/10.3847/1538-4365/ab2123.


http://dx.doi.org/10.1093/mnras/stz3410
http://arxiv.org/abs/1503.04436
http://arxiv.org/abs/1503.04436
http://arxiv.org/abs/1503.04436
http://dx.doi.org/10.1088/1475-7516/2021/02/048
http://arxiv.org/abs/2010.01349
http://arxiv.org/abs/2010.01349
http://arxiv.org/abs/2010.01349
http://dx.doi.org/10.1086/161295
http://refhub.elsevier.com/S2212-6864(24)00007-4/sb59
http://refhub.elsevier.com/S2212-6864(24)00007-4/sb59
http://refhub.elsevier.com/S2212-6864(24)00007-4/sb59
http://refhub.elsevier.com/S2212-6864(24)00007-4/sb59
http://refhub.elsevier.com/S2212-6864(24)00007-4/sb59
http://dx.doi.org/10.1088/1475-7516/2014/09/003
http://arxiv.org/abs/1406.5972
http://arxiv.org/abs/1406.5972
http://arxiv.org/abs/1406.5972
http://dx.doi.org/10.1103/PhysRevLett.116.161101
http://arxiv.org/abs/1603.06978
http://dx.doi.org/10.1051/0004-6361/201116622
http://arxiv.org/abs/1201.4119
http://dx.doi.org/10.1016/S0370-1573(00)00110-1
http://arxiv.org/abs/astro-ph/0009061
http://arxiv.org/abs/astro-ph/0009061
http://arxiv.org/abs/astro-ph/0009061
http://dx.doi.org/10.1051/0004-6361/202244126
http://dx.doi.org/10.1051/0004-6361/202244126
http://dx.doi.org/10.1051/0004-6361/202244126
http://arxiv.org/abs/2210.03321
http://dx.doi.org/10.1088/0004-637X/757/1/14
http://arxiv.org/abs/1204.3662
http://arxiv.org/abs/1204.3662
http://arxiv.org/abs/1204.3662
http://dx.doi.org/10.1016/j.nima.2005.05.068
http://arxiv.org/abs/physics/0403059
http://dx.doi.org/10.1098/rsta.1933.0009
https://royalsocietypublishing.org/doi/abs/10.1098/rsta.1933.0009
https://royalsocietypublishing.org/doi/abs/10.1098/rsta.1933.0009
https://royalsocietypublishing.org/doi/abs/10.1098/rsta.1933.0009
http://dx.doi.org/10.1214/aoms/1177732360
http://dx.doi.org/10.1214/aoms/1177732360
http://dx.doi.org/10.1214/aoms/1177732360
http://dx.doi.org/10.1103/PhysRevD.97.063009
http://dx.doi.org/10.1103/PhysRevD.97.063009
http://dx.doi.org/10.1103/PhysRevD.97.063009
http://arxiv.org/abs/1802.08420
http://dx.doi.org/10.1016/j.physletb.2021.136611
http://dx.doi.org/10.1016/j.physletb.2021.136611
http://dx.doi.org/10.1016/j.physletb.2021.136611
http://arxiv.org/abs/2010.12396
http://dx.doi.org/10.1088/1674-1137/abcd2e
http://dx.doi.org/10.1088/1674-1137/abcd2e
http://dx.doi.org/10.1088/1674-1137/abcd2e
http://arxiv.org/abs/2002.07571
http://dx.doi.org/10.5281/zenodo.3932430
http://dx.doi.org/10.5281/zenodo.3932430
http://dx.doi.org/10.5281/zenodo.3932430
https://cajohare.github.io/AxionLimits/
http://dx.doi.org/10.1016/j.astropartphys.2015.02.005
http://dx.doi.org/10.3847/1538-4365/ab2123

	Constraints on axion-like particles with the Perseus Galaxy Cluster with MAGIC
	Introduction
	Data Preparation and Signal Modeling
	Preparation of the NGC 1275 Dataset
	Modeling of ALP induced signal

	Statistical Framework
	Results
	Discussion
	Point by point coverage computation
	Effect of wiggles and jumps
	Comparison with current limits and CTA projection

	Summary and Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A. Systematics Discussion
	Relevance of magnetic field modeling
	Relevance of the energy scale

	Appendix B. Computation of the coverage
	Appendix C. Comparison of spectral counts between null and ALP hypotheses
	References


