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Abstract

The mixing of high-energy photons with axion-like particles (ALPs) in external magnetic fields can imprint observable irregularities
on the gamma-ray spectra of blazars. We analyse four blazars — Mrk 421, Mrk 501, BL Lacertae and 1ES 1959+650 — observed
with the Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes between 2014 and 2024 and with the first Large-
Sized Telescope (LST-1) of the Cherenkov Telescope Array Observatory (CTAO) between 2020 and 2024, for a total of 980.7 h and
the largest dataset assembled to date for a ground-based ALP search. MAGIC data are reconstructed with the automated pipeline
autoMAGIC, and both instruments are analysed identically after reconstruction.

The central element of this work is a statistical framework that combines data at the likelihood level within and across instruments.
The dataset is segmented into 442 Bayesian Blocks (BBs), each an interval of statistically constant flux state, and each block
contributes a profile test statistic and a Monte-Carlo-calibrated number of degrees of freedom evaluated over the ALP parameter
grid. Because these quantities are computed after profiling over all nuisance parameters, blocks are additive: further sources,
observation periods or instruments can be incorporated by summation, without recomputing the full likelihood. We find that few
high-flux BBs dominates the constraining power, so that rare flaring episodes dominate the combined result.

No statistically significant evidence for ALPs is found. We report upper limits on the ALP—photon coupling for masses between
1 and 1000 neV, derived under a specified model of the jet, Galactic and intergalactic magnetic fields, which are consistent with
existing bounds in this range. We quantify the associated systematic uncertainties and discuss their implications for ALP searches

towards variable gamma-ray sources.
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1. Introduction 22

23

Axion-like particles (ALPs) are light spin-0 bosons predicted ,,
in various extensions of the Standard Model, typically arising ,,
from the spontaneous breaking of global symmetries. The first
realization of this idea was the so-called visible axion, proposed ,,
in the 1970s (Peccei and Quinn, 1977; Wilczek, 1978; Wein-
berg, 1978) as a solution to the Strong CP Problem. Although ,,
this first prediction was ruled out by experiments, more gen- .
eral ALP scenarios have gained increasing attention since, and
even more so recently, since ALPs could comprise a signifi- ,
cant fraction—or even the entirety—of Dark Matter (DM) in
the Universe (Arias et al., 2012), and may help explain anoma- _,
lies in the expected absorption of astrophysical TeV gamma
rays due to pair production with the Extragalactic Background
Light (EBL) (see, e.g., Franceschini and Rodighiero, 2017), for ,
instance from sources at z ~ 1 (Galanti et al., 2023). "

ALPs can be searched for experimentally thanks to their ,
predicted couplings to photons, electrons, neutrons, protons, ,,
and quarks. These interactions are explored in many labora-
tories worldwide—both surface and underground—in accelera-
tors, and through a wide range of astrophysical limits (Particle
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Data Group, 2024). A continuously updated collection of ex-
perimental constraints is maintained by O’Hare (2020)'.

In this work, we investigate ALP—photon mixing in astro-
physical magnetic fields. High-energy photons and strong
magnetic fields are present in the ultra-relativistic jets of ac-
tive galactic nuclei (AGNs), where the activity of a supermas-
sive black hole (BH) generates a powerful ejection of colli-
mated particles and radiation perpendicular to the accretion
disk (Urry and Padovani, 1995). When a jet is oriented to-
ward the Earth, relativistic beaming enhances the visibility of
these distant objects. The collimation of the jet and the accel-
eration of particles within it are sustained by structured mag-
netic fields, whose exact nature remains under active investi-
gation (Pudritz et al., 2012). Magnetic fields inside the jet are
expected to be of order 1073~ 1 G (see, e.g., Potter and Cotter,
2015). Magnetic fields are also observed around AGNs—for
example, if the host galaxy lies within the core of a galaxy clus-
ter (intra-cluster medium)—with strengths of order uG (see,
e.g. Govoni and Feretti, 2004, for a review) (see, e.g., MAGIC,

'Web: https://cajohare.github.io/AxionLimits/
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2024a, for an ALP oriented search). Intergalactic magnetic s
fields (IGMFs), the subject of intense ongoing research, are ex- s
pected to have strengths between 107!® G and 1 nG (Durrer s
and Neronov, 2013). Finally, uG magnetic fields are present s
in the Milky Way halo (see, e.g., Unger and Farrar, 2023). ¢
All these magnetic-field environments contribute, with differ-
ent strengths, to photon—ALP mixing.

The photon—ALP conversion depends on the intensity and *
geometry of these fields with respect to the photon propaga-'""
tion direction, and is a function of the ALP mass m, and cou-"""
pling g4,. The interaction becomes efficient above a critical™
energy (Hooper and Serpico, 2007): o

98

104

2 2 105

ma,neV - wpl,neV 106
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. . . . 108

where W nev is the plasma frequency in units of neV, B, is the,

magnetic-field strength in G, and g1 = gy - 10'' GeV. For,
E < E ;i mixing is negligible; for E ~ E_; the system enters
an oscillatory regime; and for £ > E_; the mixing approaches
the strong regime. For ~1 TeV photons—the energies investi-r
gated in this work—the critical energy corresponds to m, ~ 1—
1000 neV. 112
At these photon energies, ALP—photon mixing competests
with another process: the absorption of high-energy photonsii4
via pair production yy — e*e” on the diffuse EBL permeatingts
the intergalactic medium (Franceschini and Rodighiero, 2017).11
The EBL consists of direct starlight and light reprocessed by
interstellar dust, with a spectral distribution spanning UV to IR.11s
The resulting optical depth 7(E, z;) depends on the photon en-11
ergy E and the source redshift z,. 120
To date, searches for spectral irregularities consistent withrar
ALP-induced modulations have been performed using H.E.S.S.
observations of PKS 2155-304 (Abramowski et al., 2013),:,
Fermi-LAT studies of NGC 1275 (Ajello et al., 2016), as well
as MAGIC and VERITAS observations of the same source in'*
the strongly magnetized environment of the Perseus cluster'™
core (MAGIC, 2024a; Adams et al., 2025). A review of gamma-125
ray—based limits can be found in Batkovié et al. (2021). In par-"*
ticular, MAGIC has shown that, unless the spectrum is very127
finely sampled (as in the case of LAT), sensitivity is greater to'**
sudden spectral modulations induced by ALP mixing than to'®
smaller-scale wiggles (MAGIC, 2024a). 0

131

In this work, we search for spectral irregularities in thers
GeV-TeV gamma-ray spectra of four blazars: BL Lac,s
Mrk 421, Mrk 501, and 1ES 1959+650 observed with theiss
Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC)1ss
telescopes from 2014 to 2024 and the first Large-Sizediss
Telescope (LST-1) (Cortina, 2019), the first installment ofis
the 13-telescope CTAO array at the Northern site (CTAO-1ss
N) (LST, 2023b), between 2020 and 2024, for a total ofiss
980.7 h of data — the largest dataset assembled to date for aiw
ground-based gamma-ray ALP search (Batkovi¢ et al., 2021).141
MAGIC and LST-1 are instruments of the Imaging Atmo-ie
spheric Cherenkov Telescope (IACT) class, that detect cosmici4s
gamma-rays through the Cherenkov light generated within ex-1s

2

tended atmospheric particle showers (Chadwick, 2021; Mir-
zoyan, 2022). We distribute data over consecutive time-varying
Bayesian Blocks (BBs, Scargle et al., 2013), and combine limits
among BBs and across experiments, with a newly-introduced,
tailored statistical framework.

This article is organized as follows. In Sect. 2 we report the
methodology: in Sect. 2.1 we present the analyzed datasets,
their basic properties (variability, etc.), and the experimental se-
tups; Sect. 2.2 introduces photon—ALP mixing and its interplay
with EBL absorption, while Sect. 2.3 details the magnetic-field
environments traversed by the gamma-ray beam; Sect. 2.4 com-
pletes the signal model by combining these ingredients with
the intrinsic astrophysical spectra into the observed flux; and
in Sect. 2.5 we discuss the statistical framework used to infer
ALP properties from wiggles in the gamma-ray spectra. Our
results are shown in Sect. 3. We discuss our findings and con-
clude in Sect. 4. Appendices focus on technical aspects of the
BB-sampling and study of systematics.

2. Methodology

In Sect. 2.1 we present our data preparation in Bayesian
Blocks for the two instruments. Sect. 2.2 introduces photon—
ALP mixing and its interplay with EBL absorption, while
Sect. 2.3 details the magnetic-field environments traversed by
the gamma-ray beam, which together determine the photon sur-
vival probability. Sect. 2.4 completes the signal model by spec-
ifying the intrinsic astrophysical spectra and combining them
with this survival probability into the observed flux. Finally,
Sect. 2.5 presents the statistical framework used to test the ALP
hypothesis against the data.

2.1. Experimental Data Preparation

We analyzed four bright, well-studied blazars (see Tab. 1
for redshifts, exposure and global statistics): Mrk 421 and
Mrk 501, two nearby TeV BL Lacs with frequent high states
and hard spectra; 1ES 1959+650, an HBL known for intense
flaring and “orphan” TeV activity; and BL Lacertae (BL Lac),
the class prototype with a typically softer VHE spectrum.
Throughout, we adopt the standard SED-based blazar taxon-
omy (Padovani et al., 2017): low-synchrotron-peaked (LSP)
sources have a synchrotron peak frequency v < 10'*Hz,
intermediate-synchrotron-peaked (ISP) sources fall in 10'* <
vs < 10" Hz, and high-synchrotron-peaked (HSP) sources have
vs 2> 10" Hz. This classification correlates with the inverse-
Compton peak: LSPs typically peak at MeV-GeV, whereas
HSPs often extend into the GeV-TeV band, making them prime
targets for IACT observations and for searches of ALP-induced
spectral modulations. In our sample, Mrk 421, Mrk 501, and
1ES 1959+650 are HSPs, while BL Lac is an LSP.

The observations used in this study combine MAGIC data
taken in years 2014-2024 and data from LST-1, overall be-
tween 2020-2024. We restrict our analysis to optimal qual-
ity data, that is data obtained under dark-sky conditions and
with atmospheric transmission above 0.8. Tab. 1 summarizes
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Target Class z MAGIC LST

Period Duration oM  BBs Period Duration o1 BBs
Mrk 421 HSP 0.031 | 2014.12-2024.12 263.6h  438.5 175 | 2020.12-2024.02 71.7h 69.5 36
Mrk 501 HSP 0.034 | 2015.07-2024.09 235.0h 85.2 55 | 2020.03-2023.06 55.7h 17.1 29
BL Lac LSP 0.069 | 2015.06-2024.11 90.9h 101.9 43 | 2021.08-2022.11 31.8h 31.6 17
1ES 1959+650 HSP  0.048 | 2015.03-2024.12 217.1h 2242 78 | 2020.08-2023.09 14.9h 5.2 9

Table 1:

Summary of MAGIC and LST observations. Classes: HSP/LSP denote High/Low Synchrotron Peak blazars. z is the redshift. o is the Test Statistic

(global significance in standard deviations relative to the background-only hypothesis), computed following Li and Ma (1983). BBs is the number of Bayesian

Blocks (see text).

the complete dataset along with some statistics. This com-1s
prises most of the data from the selected targets observed byor
each experiment, constituting the largest dataset analyzed tosse
date, both for each target and for ground-based gamma-ray ALP1ss
searches (Batkovi€ et al., 2021). Data sets partially overlappingis
with those considered here have been used in previous astro-s
physical studies by the MAGIC and LST-1 collaborations, in-1ss
cluding, for MAGIC, (e.g. MAGIC, 2015a, 2018, 2020b, 2019,1s7
2020a), and, for LST-1, (LST, 2025). 198

The data for each instrument are reconstructed up to DL31
(Data Level 3), following a uniform (non-tailored) pipeline,zo0
with the aim of generating an algorithm to extend ALP-orientedzo1
analysis to increasingly larger datasets. DL3 is a community
data standard (gamma-astronomy data format; GADF) deﬁned203
within the CTAO framework (Nigro et al., 2021; Gamma-ray204
astronomy community, 2018) and now increasingly adopted by, _
MAGIC as well as by other gamma-ray instruments (H.E.S.S.,206
VERITAS, HAWC, Fermi-LAT, etc.). Its adoption and tool-207
ing within MAGIC are detailed in MAGIC (2024c). DL3 ﬁles208
provide event lists together with the corresponding instrument209
response functions, enabling fully reproducible scientific anal-
ysis. These products are directly compatible with the open-
source Python package Gammapy (Deil et al., 2017), which haxs212
become the reference tool for IACT data analysis.

In the present work, reconstruction is instrument-specific;,,,
the ALP analysis pipeline from DL3 onward is identical for,,
MAGIC and LST-1.

213

216

MAGIC. MAGIC is an IACT system operating since217
2003, but only since 2009 in stereoscopic mode (two tele-
scopes) (MAGIC, 2016b,c). Our datasets for BL Lac, Mrk 421,”"
Mrk 501, and 1ES 1959+650 encompass all stereoscopic ob-""
servations with sufficient instrument stability to perform mas-
sive unsupervised reconstruction. This is done using the recent
automatic reconstruction pipeline called autoMAGIC. This is™
an automated, database-driven workflow and open-source soft-""
ware presented in Schubert (2023); Walther et al. (2025). The™
pipeline automates the execution of the MAGIC Analysis and™
Reconstruction Software (MARS; Zanin et al., 2013) by wrap—226
ping each step in Python, tracking jobs in a relational database,”’
and submitting them to the Port d’Informacié Cientifica (PIC)228
cluster. This enables reproducible analyses and the production229
of standardized DL3 data products with minimal human inter-
vention (see Appendix A for details). !
Starting from single-telescope camera events, calibrated
and image-cleaned, the analysis applies Hillas parameteriza-

tion (Hillas, 1985) to each shower image. The pipeline then
combines stereo information, matches the corresponding Monte
Carlo response functions, and reconstructs the event energy, ar-
rival direction, and time. A Random Forest classifier assigns a
gammaness parameter, quantifying the probability that an event
is a gamma-ray rather than hadronic background. The resulting
DL3 event lists and instrument response functions are compli-
ant with community standards (Gamma-ray astronomy commu-
nity, 2018; MAGIC, 2024c). Before this step, the proprietary
MAGIC melibea files are converted into DL3 format using
the magic-d13 tool developed by the collaboration (MAGIC,
2024c). More details are provided in Appendix A.

LST-1. This is the first installation of the CTAO Northern Ar-
ray (Cortina, 2019). The final array will comprise four LSTs,
of 23 m diameter, and 9 Medium Size Telescope (MSTs) of
12 m diameter. We use all available LST-1 data after 2020 and
the LST proprietary reconstruction pipeline lstchain (LST,
2023a), which is still under development. The algorithm is
very similar to that presented for MAGIC, except for the stereo-
scopic combination, which is currently not applied since LST-1
operates as a single telescope. We make use of official DL3-
releases from the LST collaboration. The format follows the
same GADF DL3 conventions (Gamma-ray astronomy com-
munity, 2018) and Gammapy can be agnostic as to the specific
origin of DL3 as long as they are correctly formatted. A subset
of these data is studied for astrophysical interpretation in LST
(2025).

2.1.1. Bayesian Blocks definition

Blazars are highly variable sources, typically observed in a
baseline (low) state but capable of sudden flares with flux in-
creases by factors of 10-100 that last from minutes to days,
sometimes preceded or followed by pre-/post-flare activity (see,
e.g., Peiiil et al., 2024, for a recent discussion). During flares,
a blazar can outshine the Crab Nebula, the standard candle of
high-energy gamma-ray astronomy; fluxes are therefore often
expressed in Crab Units (C.U.)> above 300 GeV. Targets are
observed in a sparse cadence, with intensive campaigns over
consecutive nights interleaved with periods of no observations
(e.g., during flares or multi-instrument campaigns). As a re-
sult, the datasets are biased toward specific source states. The
TeV portion of a blazar’s gamma-ray spectral energy distribu-
tion (SED) typically exhibits a smooth yet steep profile (Gréaux

21 C.U. = Fg(> 300 GeV) = 7- 107! erg cm™? s™! (MAGIC, 2015b)
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et al., 2023) that can be modeled with different functions, as de-zss
scribed below. The optimal spectral function can vary betweenzss
targets and between different states of the same target. Conse-zs0
quently, time binning plays a central role. 291
In general, data are obtained in runs (both MAGIC and LSTazs
runs are ~20 min) or grouped night-wise. In the following,ze
we operate on a list of run-wise data units to improve thesss
granularity of our dataset. Because we are particularly inter-sss
ested in spectral features superimposed on a smooth astrophys-zs
ical continuum, we use an adaptive binning scheme based onzs;
Bayesian Blocks (BBs) that accounts for both source activityzss
and mean spectral hardness. We used the measures option inss
the astropy implementation. The algorithm groups consec-sw
utive data into blocks, considering both data uncertainties andao
time separation, controlling the departure from a ’constant flux’se
hypothesis. The penalty term is controlled by a user parametersos
Ppo that represents the false positive rate for introducing changeso.
points. In this work we set py = 0.0027, corresponding to thess
two-sided 3o tail probability of a Gaussian distribution. In or-ses
der to better compare BBs across targets, datasets and experi-so;
ments, we define a common energy-binning scheme. We testedaos
different binning choices, e.g. 5, 10, 15 logarithmically spacedsos
bins per decade, and selected 10 log-spaced bins per decade,so
as the results are essentially insensitive to this choice. In ad-s1
dition, we split BBs spanning over long periods to avoid indi-s:
vidual BBs to include extended gaps without observations. Seeais
Sect. B.1 for more details on the BB methodology. 314
We identify the following numbers of Bayesian Blocks (BBs)a1s
and exposure per source (see Tab. 1). Mrk 421: 211 BBssie
(MAGIC 175 / 263.6 h; LST-1 36 / 71.7 h), total 335.3 h;s-
Mrk 501: 84 BBs (55 / 235.0 h; 29 / 55.7 h), total 290.7 h;sie
BL Lac: 60 BBs (43 / 90.9 h; 17 / 31.8 h), total 122.7 h;;sie
1ES 1959+650: 87 BBs (78 /217.1h; 9/14.9 h), total 232.0 h.
Altogether, the dataset amounts to 980.7 h. Each BB is treated_,,
as an independent analysis unit: For each BB we select the
best-fitting spectral function among EPWL and LP (see Eq. 3
below), accounting for absorption by the extragalactic back-
ground light (EBL). Depending on the source state, different®
models may be preferred. The resulting best-fit SED parameters®*
are treated as nuisance parameters in the maximum-likelihood®®
search for ALP signatures. 528

321

322

327

2.2. ALP propagation and EBL

Photon—ALP propagation in an external magnetic field is de-s
scribed by a Schrodinger-like evolution for a three-state sys-ses
tem (two photon polarizations plus one ALP state) (Raffelt andsso
Stodolsky, 1988). The off-diagonal term responsible for mix-ss:
ing is proportional to g,,B, while the diagonal terms includess
the ALP mass contribution (cc mZ /2E) and photon dispersion insss
the medium (plasma frequency and QED vacuum-polarizationsss
effects). The competition among these terms introduces anass
energy-dependent mixing angle and oscillation wavenumber,sss
leading to an oscillatory photon survival/conversion probabil-ss
ity. 338

The transition between regimes is conveniently characterizedas
by the critical energy introduced in Eq. 1: for £ < E 4 mixX-aso
ing is suppressed; for E ~ E.; the system develops energy-s

4

dependent oscillations; and for E > E;; mixing approaches
the strong regime, where the beam tends toward equipartition
between photons and ALPs. The oscillations when E ~ E 4
imprint wiggle-like deviations on top of the smooth intrinsic
blazar spectra and motivate our spectral search strategy. Photon
survival probability computed for the 4 sources under scrutiny,
and for different oscillatory regimes, are shown in Fig. 3.

In realistic lines of sight, the beam traverses multiple mag-
netic environments with different field strengths and orienta-
tions (jet, host galaxy/cluster, intergalactic medium, and the
Milky Way). We compute the total photon survival probabil-
ity P,,(E) numerically by propagating through these domains
and including EBL absorption, using the open-source package
gammaALPs (Meyer et al., 2021b,a) with the magnetic-field and
EBL models specified in the next section.

Photon—ALP oscillations do not act in isolation: TeV
gamma rays from cosmological distances are simultaneously
attenuated by pair production on the Extragalactic Back-
ground Light (EBL), the diffuse radiation field of starlight
and dust-reprocessed infrared emission that fills the intergalac-
tic medium. The two effects combine multiplicatively in the
photon survival probability (Eq. 4): EBL absorption imprints
a smooth, energy- and redshift-dependent suppression of the
spectrum, on top of which ALP mixing can superimpose the os-
cillatory features that are the target of this search. We model the
EBL opacity using Dominguez et al. (2011), as implemented in
gammaALPs. A more recent EBL model has since been pro-
posed (Banerjee et al., 2026), but is not yet implemented in
gammaALPs. Given the relatively low redshifts of our targets
(z £ 0.07; see Tab. 1), where EBL attenuation is modest and
differences between models are correspondingly small, we do
not expect this choice to have a sizeable impact on our results.

2.3. Magnetic fields along the line of sight

Modeling the magnetic fields from the emission region to
Earth is essential. While the propagation of gamma rays
through astrophysical environments is not directly affected by
magnetic fields, they become crucial in the presence of ALPs,
as they mediate photon—ALP conversion seen in Sect. 2.2. This
makes a detailed description of the magnetic structures encoun-
tered along the line of sight necessary.

2.3.1. Ultra-relativistic jet magnetic field

For blazars — whose relativistic jets are closely aligned with
our line of sight — the magnetic field at the source plays a partic-
ularly significant role, and is expected to dominate photon—ALP
mixing over the other propagation environments (host galaxy,
intergalactic medium, Milky Way) discussed below.

In our study, we adopt the model developed by Davies et al.
(2021), based on the jet structure proposed by Potter and Cot-
ter (2012a,b, 2013a,b, 2015) (PC), which assumes a parabolic,
accelerating base near the BH that transitions into a conical,
slowly decelerating jet at larger distances (see Fig. 1). The tran-
sition region, located at r; = ry, is also the point of equipartition
between magnetic and particle energy densities, and is iden-
tified with the very-high-energy emission region, 7y = rygg.
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Figure 1: Schematic structure of a relativistic jet (not to scale). The innermost,,¢
region near the BH is magnetically dominated and parabolic, where the plasma
is accelerated. At the transition region, located at a distance x7 from the BH,
the jet plasma reaches equipartition between magnetic and particle energy den-
sities, with bulk Lorentz factor yr = yygg and magnetic field strength of ordersze
G. Beyond this point, the flow expands into a slowly decelerating conical jet.
Adapted from Davies et al. (2021).
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Jet parameters for each target, derived from SED modeling byss
Potter and Cotter (2015) and Tavecchio et al. (2010), are re-ss:
ported in Tab. 2. The field is generally described as helical,ss
with a poloidal component dominating the parabolic base andsss
a toroidal component dominating the conical regime. Super-sss
imposed on the ordered helical field, the model includes a tan-sss
gled component. We assign a fraction f; = 0.7 of the mag-ss
netic energy density to this component and set its coherencess
length equal to the local jet width (the jetwidth option ofsss
gammaALPs), so that it varies along the jet rather than beingsse
held fixed; the helical-to-toroidal transition radius is rr = rg andsso
therefore differs between sources, as listed in Tab. 2. Most ofso
the magnetic energy in our jet field is therefore in a disorderedssz
component. This is the value adopted by Davies et al. (2021)sss
in their study of Mrk 501, and the range f; = 0-0.7 that theyse
consider is itself taken from Murphy et al. (2013), who fit thesss
tangled fraction to rotation-measure maps of that source. Theas
degree of disorder of the field is thus set by radio polarimetryser
rather than assumed, and our choice lies at the most disorderedsss

end of what those data allow. 309
400
Target Mrk 421 Mrk 501 BLLac 1ES 1959+650
7o Lpcl 6.02 0.3 0.12 0.10 w2
B, [G] 0.03 0.8 2.68 1.88 N
1o [em™] 85-10° 45-104 8-10° 7102
i [103pe] | 9.72 3.24 16.20 32.41 o
Gmin 9 2 5 4 40
Zmax 12 9 8 8
@ 1.55 1.68 1.95 1.60 e

407

Table 2: Parameters of the jet magnetic field model; radius ro where B field is4%®
equal to By, electron density ng at ro, jet length rj., jet Lorentz factors gin4o9
and guqay at 7jer and ry, respectively, power-law index of electron energy dis-,
tribution function «, radius at which helical field becomes toroidal r7 and dis-

tance of gamma-ray emission region from BH rygg. In this work we assume™'
r; = ryHE = ro. Values are taken from Potter and Cotter (2015), with exception4'2
of no which are provided in Tavecchio et al. (2010). 113

1

414

This jet magnetic-field model is, among all propagation en-«:s
vironments considered in this work, the one with the largestss
impact on the derived ALP constraints, and it is subject to sig-s17

5

nificant theoretical and observational uncertainty.

Two features of this model are worth stressing, since they
limit the freedom available in the description of the field.
First, the PC model is extended and inhomogeneous rather
than one-zone: the emission is computed by integrating
along the whole jet and fitted to the radio data simultane-
ously with all other wavelengths, so that the optically-thick-
to-thin synchrotron break constrains the radius of the bright-
est synchrotron-emitting region, identified with ry (Potter and
Cotter, 2015). Within this framework 7 is therefore measured
rather than assumed. Second, what governs photon—ALP mix-
ing is, in general, the integral of the magnetic field across the
propagation length (e.g. Marsh et al., 2022). Thus ALP-photon
mixing does not depend on By or r separately but on their prod-
uct: for a toroidal field the mixing integral is

¥jet
f Bdl = Bor, ln(—), P
ro

and the invariant By ry is the quantity probed by VLBI core-shift
observations, with which our adopted parameters are compati-
ble. The residual uncertainty therefore concerns the field struc-
ture — the balance between ordered and tangled components
along the escape path — rather than its overall normalisation.
We discuss both points, and the comparison with analyses based
on one-zone modelling, in Sect. C.2.

We further assume a static, large-scale field configuration
throughout each source’s observation period. This choice is
motivated by the fact that photon—ALP mixing accumulates
over the kpc-scale path traversed by gamma rays within the jet
before they escape into the intergalactic medium, and is there-
fore governed by the large-scale, ordered field structure rather
than by the sub-parsec perturbations thought to drive individ-
ual flares. A fully time-dependent treatment, linking the field
configuration to the flux state of each Bayesian Block, would in
principle be preferable, but requires quasi-simultaneous mul-
tiwavelength SED coverage for each state, which is available
only for limited periods of our targets (see Sect. C.2). We dis-
cuss the validity of this assumption, and quantify the impact of
the resulting uncertainty on our results, in Sect. C.2.

We finally point out that, while spectral irregularities are gen-
erally dependent on the chosen magnetic-field model, a spectral
hardening at TeV energies is a universal effect of cosmological
ALP-photon conversions, which would represent a clear hint of
the existence of ALPs if detected (Sanchez-Conde et al., 2009).

2.3.2. Magnetic field in the host galaxy cluster and the inter-
galactic medium

There is no evidence that any of the targets in this work re-
side in gas-rich galaxy clusters hosting strong magnetic fields.
The magnetic field associated with the relativistic jet is there-
fore expected to be the dominant factor governing photon—ALP
conversion, and we neglect any contribution from the intra-
cluster medium hereafter. This assumption is also adopted by
most previous ALP studies including these sources, disregard-
ing the possible impact of the host cluster magnetic field on
photon—ALP propagation (Li et al., 2021; Gao et al., 2024; Li
et al., 2025, 2024).
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Figure 2: Photon survival probability in the case of BL Lac, assuming gg,, =466
2.0-107''GeV~!, four different ALP masses and three magnetic-field configu-,¢;
rations. The solid lines correspond to photon—ALP mixing in the jet, the IGMF,
and the Milky Way, where EBL attenuation is included in the IGMF modeling.
The dashed lines represent the case including the jet magnetic field, EBL atten-*°
uation, and the Milky Way magnetic field, but without the IGMF contribution.470
For comparison, the finely dashed line shows the photon survival probability,,,
considering EBL attenuation only.

468

472

473

Current observational constraints place lower limits on
the strength of the IGMF 10~'® G and upper limits around
10~° G inferred from cosmic microwave background (CMB)475
anisotropies and Faraday rotation measurements (Durrer and*’®
Neronov, 2013; Ade et al., 2016; Alves Batista and Saveliev,*”
2021). 478

479

To assess the possible impact of the IGMF on photon-ALP
mixing for BL Lac, we perform a test assuming a cell-like struc-"*
ture of the IGMF with present-day coherence length [, = 1 Mpc™'
and intensity By = 107! G, compatible with current constraints**
(e.g. Durrer and Neronov, 2013; Abdalla et al., 2021). Sev-
eral combinations of m, and g,,, are considered and compared
with p,, obtained when only EBL attenuation is included in‘**
the calculation (see Fig. 2). One can see that the IGMF intro-**
duces some additional spectral irregularities in the 1 neV range,
while these effects are subleading in comparison to those intro-
duced by the magnetic fields of the jet and the Milky Way (see
Fig. 2) for higher masses. We have tested that our results are
not significantly affected by the IGMF above 10 neV. However,
further exclusion curves appear between 1 and 10 neV. Because
the value of IGMF is ultimately not known, we prefer not tosss
include this contribution. 487

0

483

This finding aligns with previous studies (e.g. Ajello et al.,®
2016; Davies et al., 2021, 2023; MAGIC, 2024b; Gao et al.,®
2024), which similarly report that IGMFs of such strength4o
or weaker have a minimal effect on photon-ALP conversions#!
in the considered part of ALP parameter space. The IGMF4
constitutes the dominant astrophysical uncertainty in extract-4s
ing ALPs limits from VHE gamma-ray observations of dis-4
tant sources such as GRB 221009A (Han et al., 2026) or
PKS 2155-304 (Wouters and Brun, 2012; Abramowski et al.,
2013), as its strength, coherence length, and stochastic proper-
ties can substantially shift the derived exclusion contours.

2.3.3. Magnetic field of the Milky Way

Following the studies performed up to date, we use the
Galactic Magnetic Field (GMF) model with a turbulent
component and a regular component. In several previous
works (MAGIC, 2024a; Ajello et al., 2016), the model devel-
oped by Jansson and Farrar (2012b,a, JF12) was used. Recently
some of those authors compiled a new model based on more re-
cent data (Unger and Farrar, 2023, UF23). In fact, UF23 model
includes eight distinct realizations, all of which are compati-
ble with current Faraday rotation and synchrotron observations.
These realizations were systematically compared by Landgraf
(2024) to JF12 and by Pshirkov et al. (2011) in terms of their
impact on photon—ALP propagation and conversion probabili-
ties. Since all UF23 variants are consistent with observational
constraints, one cannot a priori state which is the “correct”
model. However, for studies aiming at continuity with previous
earlier GMF-based ALP analyses, Landgraf (2024) notes that
the NeCL realization provides the most consistent comparison,
whereas the Base and ExpX models can be regarded as providing
an estimate of the maximal systematic range.

In this work we therefore make use of the NeECL model, to
better compare with earlier results, and study the effect of un-
certainties on the GMF by bracketing them with the Basg and
expX models, in Sect. C.3.

2.4. Signal model

The signal model is determined by the intrinsic astrophysi-
cal emission, discussed in Sect. 2.4.1, combined with the pho-
ton survival probability introduced in Sect. 2.2 and Sect. 2.3
above, which encodes the effects of EBL absorption, photon—
ALP mixing, and the magnetic-field environments traversed by
the beam. Sect. 2.4.2 brings these ingredients together into the
observed differential flux.

2.4.1. Astrophysical spectra of targets
We model the intrinsic TeV spectra of the blazar targets with
one of the following functions:

E\" E
EPWL : ¢(E) = q)O(E—O) exp(—E—),

—a—Blog(E/Eo)
LP: (E) = do (E—) 3)
0
Here, ¢ is the normalization at reference energy Ey, I the pho-
ton index, and E. the cutoff energy for the EPWL model. For
the log-parabola model, the photon index varies with energy
according to a + Blog(E/Ey).

For each BB for any of the targets in Tab. 1, the intrinsic
spectra of Eq. 3 are tested during the regression with unbound
spectral parameters. We select the spectral fit with the best y?
after including EBL absorption and ALP mixing, as discussed
in the next section.

3We remark that a widely used fit is the simple power-law (PL): ¢(E) =
¢o (E /Eo)™Y. We did not include it because PL is a special case of of EPWL
with E. = coor LP with =0
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Figure 3: Photon survival probability for the four sources considered in this work, shown for m, = 50neV and three values of the ALP-photon coupling constant
8ay- From left to right, the chosen g, values represent: (i) a point where ALP-induced effects are barely noticeable, (ii) a point where the effects become significant,
and (iii) a point where strong modulations appear, representative of the region that is most strongly excluded by our analysis. The comparison illustrates both the
dependence of the survival probability on the ALP parameters and the differences arising from the intrinsic jet magnetic-field modeling and source distance.

2.4.2. Photon survival probability and observed flux 507
The observed differential flux is related to the intrinsic sourceses
emission through the photon survival probability: 509
d® st dq)int
dEC, = dE . Pyy(E‘y;ma’ga‘y’ B,Z)’ (4)

where P,, accounts for both ALP—photon mixing along the line
of sight and absorption due to gamma rays scattering on EBL
photons. Here, B denotes the set of magnetic-field environ-

ments traversed by the beam. 510
511
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Figure 4:  Spectral energy distribution of a representative Bayesian Block

from the MAGIC observations of Mrk 421. The red points show the re-522
constructed flux measurements with their statistical uncertainties. The blacks2s
dashed line represents the best-fit intrinsic spectral model of Eq. (3) after,,,
EBL attenuation, assuming the EBL model of Dominguez et al. (2011) and
no ALPs. The green curve shows the corresponding observed spectrum of™®®
Eq. (4) including photon—ALP mixing for the benchmark point (m,, gay) =
22 1078 ev, 2.7 10710 /GeV), corresponding to the ALP hypothesiss2s
yielding the largest discrepancy with respect to the null hypothesis for thissy;
Bayesian Block. The lower panel displays the residuals with respect to the52
null-hypothesis model.

8

The spectral energy distribution (SED) is shown in Fig. 4 for
a representative BB from the MAGIC observation of Mrk 421.

2.5. Statistical Analysis
Our analysis aims to determine whether ALP signatures are
present in the observed gamma-ray spectra. To investigate these

potential signatures, for each i-th data block (see Sect. 2.1.1)
with intrinsic SED described by a parametric model with pa-
rameters y;, we build the Poisson ON/OFF likelihood

N; i

LiGaymap) = |

J=1

.. . i ..
(S’/ + a’b’/) e~ Gitraibi) o Y = by

I’l,‘j! m,'_,-!

®

which is, by definition, the probability of observing the counts
n;j (ON) and m;; (OFF) in the energy bin j of block i when
the expected signal and background count are s;; and b;; re-
spectively. Here N; is the number of energy bins for each i-th
block and «; is the exposure ratio (ON/OFF). The dependence
on (gay, M,) and on the SED parameters u; enters via the signal
expectation

Sik = fA EdE f dE' @] (E'; ;) Pyy(E'; 8ay»my) IRF'(E | E'),
J
(6)

where, in order of appearance:

. CDi"n ((E’; p;) is the intrinsic energy spectrum (see Sect. 2.4.1);

e P, (E'; g4y, m,) is the photon survival probability that in-
cludes the EBL attenuation and photon—ALP mixing (see
Sect. 2.2);

e IRFI(E | E") = A/(E") G'(E | E') is the instrument response
for block i, with effective area A’ and G'(E|E’) is the prob-
ability density for a gamma ray with true energy E’ to be
assigned an estimated energy E.

The likelihood in Eq. 5 reaches its maximum value £; for
Sij = Njj — @im;; and bij = mij, while for any given Sijs it is
maximized by b;; = b,'j(sij).4

4Dropping the indices i, j for readability, one finds Cowan et al. (2011);
D’ Amico (2022)

n+m—(1+1/a)s+ \/(n+m—(1 +1/a)s)? +4(1 + 1/a)sm

bls) = 21 +a)
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Putting u; equal to f1;(g4y, M), i.e., the SED parameters thatsss
maximize £; at fixed (gqy, mg),> we can define the followingsse
variable (sometimes referred to as Wstat (Knodlseder et al.,seo

2019)) 561
. n 562
Wi(gay,my) = -2 IOgLi(gay’ mg; i) + 2log L; = 563
Ni R R 564
=2 Z( sij+ (1 + @i)bij —nijlog(sij + aibi)) 565
J 566
- mijlog(hij) - C) (T)esr
568
with 560
570
C = n;j + m;; — nj;log(n;;) — m;;log(m;;) (8)

571

The statistics defined in Eq. 7 has the advantage of being®?
asymptotically a sz- variable with effective number d; of de-*"

grees of freedom (d.o.f.) approximately o7
575

&)

where p; is the number of free SED parameters fitted in block®®
i (e.g. {¢o,I,E.} for EPWL or {¢g,@,B} for LP; see Eq. 3).
In practice, low counts, empty or nearly empty bins can in-
duce non-negligible deviations from the assumption in Eq. 9.
Therefore we calibrate the d.o.f. d; of W, for each BB over the
(8ay>mg) plane by dedicated Monte Carlo simulations; details
of this calibration are provided in Sect. B.2.

After computing the block-wise profile statistics Wi(gay, 1),
we form the global test statistic by summation over all data
blocks:

di ~ N;-pi, pi =3,

W(Zaysma) = ) Wilay> ma), (10)

which can be treated as )(é—distributed with number of d.o.f.,

AGay>1a) = ) di(8ays o). (11)

A given point in the ALP parameter space (g,,,m,) can be
excluded with a statistical significance quantified by the p-value

d ay»s a W ay»s a
P(Zays 1) = Q( (‘“2'" ! (g; - )), (12)
where . .
= — s=lgt 577
(s, x) = TGs) fx e ldt (13)

578
is the regularized upper incomplete gamma function ©. Smallerss
p-values indicate stronger exclusion of the corresponding ALPss
parameters. This p-value can be directly converted into ansst
equivalent Gaussian significance o, defined as the number ofss2
standard deviations corresponding to the same tail probabilitysss
in a standard normal distribution, through the inverse of the er-se
ror function: o = V2erf™ (1 — P)- 585

586

587
5The values [1i(gay-m,) are obtained by fitting the data with gammapy

Deil et al. (2017), where the photon survival probabilities are computed with®®®
gammaALPs Meyer et al. (2021b,a). 589
©This function is implemented in the Python library scipy as gammaincec. se0

8

An important advantage of this y?-block-wise approach is its
modularity. For each data block, one only needs to compute
and store the values of W;(g4y,m,) and the corresponding cal-
ibrated degrees of freedom d;(g,,,m,) over a grid in the ALP
parameter space dafter the marginalization (or profiling) over
all nuisance parameters, such as the magnetic-field configura-
tion. Once these nuisance parameters have been treated at the
single-block level, each block provides a self-contained statisti-
cal contribution that depends only on (g4, m,). This block de-
sign, together with the likelihood analysis, allows for great flex-
ibility and scalability: if additional data blocks become avail-
able (e.g., from new sources or future observations), they can
be seamlessly incorporated into the analysis by computing their
individual W; and d; values and summing them into the global
test statistic W and total degrees of freedom d as in Eq. 10 and
Eq. 11, respectively. This avoids the need to recompute like-
lihoods from scratch for the entire dataset, enabling efficient
updates and iterative refinement of the exclusion limits.

3. Results and Discussion

Significance / o

" s 1 6
Y A0 Y N

mg [ eV ]

Figure 5: Exclusion significance, expressed in Gaussian standard deviations,
over the ALP parameter space obtained by combining all MAGIC and LST-1
observations listed in Tab. 1. The solid black line marks the 95% confidence-
level exclusion contour. The significance is evaluated on a grid of 121 ALP
parameter points, while the color map is obtained with Matplotlib contourf
function by interpolation between the sampled points.

In Fig. 5 we show the exclusion significance, expressed in
Gaussian standard deviations o, over the ALP parameter space
explored in this work. The result is obtained by combining all
MAGIC and LST-1 observations listed in Tab. 1, corresponding
to the four blazars considered in this analysis and a total expo-
sure of 980.7 h. The solid black contour indicates the boundary
of the 95% confidence-level exclusion region. The scan covers
ALP masses in the range m, € [107°, 2x 107%] eV and photon—
ALP couplings g, € [10712, 5 x 107!] GeV~!. From Fig. 5
we can see that ALP models with m, € [1078,3 x 1077] eV are
excluded with large significance down to interaction strength
8ay 22 x 10711 GeV~1.

It is instructive to look at how this global result is built up
from the individual data blocks. Fig. 6 shows the contribu-
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Figure 6: Contribution of the individual Bayesian Blocks (BBs) to the ALP exclusion obtained with the MAGIC dataset. Each panel corresponds to one source.
Along the x axis, the BBs are ordered by decreasing constraining power, quantified as the maximum exclusion significance over the 121 sampled points in the
(mg, 8ay) parameter space. The y axis shows, for each BB, the exclusion significance (in Gaussian standard deviations) of each individual ALP hypothesis. The
color of each point identifies the corresponding ALP parameter point and follows the same colormap used in Fig.5: blue points correspond to ALP hypotheses not
excluded in the combined analysis, orange points lie within the ~ 20~ exclusion region, and red points correspond to the most strongly excluded hypotheses. The
black star denotes the no-ALP hypothesis (g4, = 0). The rightmost column shows the exclusion significance obtained after combining all BBs of the corresponding

source.

tion of each BB separately for the MAGIC datasets, with onesos
panel per source. Every vertical column of points correspondseos
to a single BB and contains 121 points, one for each ALP hy-eo
pothesis of the grid, whose colour identifies the correspondingeos
(Mg, 84y) pair following the same colour scale as Fig. 5; thess
vertical axis gives the exclusion significance in Gaussian stan-sio
dard deviations, and the black star marks the no-ALP hypothe-s
sis g4y = 0. The columns are ordered along the horizontal axise:z
by decreasing constraining power of the block, defined as thees
largest significance that block reaches over the whole grid, sosis
that the leftmost column is the single most constraining BB ofis:s
that source. The rightmost, detached column of each panel issis
the result of combining all blocks of that source through Eq. 10.
Fig. 6 shows a steep distribution in all four cases. The

most constraining block reaches ~ 90 for Mrk 421 and ~ 60
for both Mrk 501 and 1ES 19594650, after which the signif-
icance decreases rapidly, with the majority of blocks showing
little or no exclusion for either the ALP or no-ALP hypotheses
(black star). For Mrk 421, the combined significance reaches
~ 240, substantially exceeding that of any individual block.
This demonstrates that, for this source, the block-wise combi-
nation in Eq. 10 genuinely accumulates information rather than
simply inheriting the constraint from the single most constrain-
ing block. For the weaker sources, the improvement from com-
bining blocks is much more limited, or even absent ’

To better understand how the different instruments, sources,

"This is expected: the per-block maximum is taken independently over the
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Figure 7: Distribution of the Bayesian Blocks (BBs) used in this analysis
as a function of their intrinsic flux normalization and their constraining power
on the ALP parameter space. Each point corresponds to one BB. The vertical
axis shows the best-fit intrinsic flux normalization ¢ (at the reference energy
E.s = 0.5 TeV) obtained by fitting the data with the intrinsic spectral model
including only EBL attenuation. The horizontal axis reports the maximum ex-
clusion significance, expressed in Gaussian standard deviations, reached by that
BB over the explored ALP parameter space. Marker colors identify the source,
while circles and crosses denote MAGIC and LST-1 observations, respectively.

and observing periods contribute to the combined exclusion” .
shown in Fig. 5, we investigate the constraining power of the 4:
individual Bayesian Blocks (BBs). For each BB we define o
its sensitivity as the maximum exclusion significance reached’ "
over the explored ALP parameter space, and compare it with o
the best-fit intrinsic flux normalization ¢, (at the reference en-
ergy Ef = 0.5 TeV) obtained from the preferred 1ntr1n51c o
spectral model (EPWL or LP) including only EBL attenuation.
The result is shown in Fig. 7, where circles and crosses de-
note MAGIC and LST-1 observations, respectively, while col-
ors identify the four blazar targets. s
A clear positive correlation is observed between the 1nt1r1n-656
sic flux normalization and the maximum ALP exclusion s1g-657
nificance. This is explained by the fact that brighter emission658
states provide larger photon statistics and, therefore, more pre-
cise spectral measurements (see Fig. 4), that in turn provide o
stronger sensitivity to ALP signatures. Consequently, the over-
all exclusion is not driven uniformly by the 442 BBs cons1dered o
in this work (see Tab. 1), but is instead dominated by a relatlvely663
small number of high-flux BBs. These typically correspond to_,
bright flaring episodes, which individually provide substantially665
greater constraining power than the majority of lower-flux ob—666
servations. wr
To further quantify the relative contribution of the different
targets to the final exclusion, we repeated the analysis while_
progressively removing sources from the combined dataset.

Starting from the full dataset, we first removed the least con-
670

. . . . . . . 671
entire (g, gay) grid, so different blocks can reach their maximum significance

at different ALP parameter values. The global combination, instead, sums W;57
coherently at fixed ALP parameters. 673
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Figure 8: Comparison of the 95% CL exclusion obtained with different sub-
sets of the dataset. The solid black curve shows the exclusion derived using
all MAGIC and LST-1 observations. The gray curves show the result after
progressively removing the least constraining sources, ultimately leaving only
Mrk 421. The shaded gray region corresponds to the exclusion obtained using
only the ten most constraining Bayesian Blocks of Mrk 421. These ten BBs
provide a good approximation of the full Mrk 421 exclusion and are therefore
used in the systematic studies presented in the appendix, where repeating the
full analysis on all 442 BBs would be computationally prohibitive.

straining source (BL Lac), followed by 1ES 1959+650, and fi-
nally Mrk 501, leaving only Mrk 421, which is the most sensi-
tive target in this analysis. We additionally performed the analy-
sis using only the ten most constraining Bayesian Blocks (BBs)
of Mrk 421. The resulting exclusions are shown in ??. Three
features are worth noting. First, discarding BL Lac leaves the
limit essentially unchanged over the whole mass range: despite
contributing 60 BBs and 122.7 h, this target adds almost noth-
ing to the combination, consistent with its softer VHE spec-
trum and lower flux states (see Fig. 7). Second, removing
1ES 1959+650 as well degrades the limit moderately, while fur-
ther removing Mrk 501 — leaving Mrk 421 alone — weakens it
appreciably in the m, ~ 1078-107 eV range, where the combi-
nation is strongest. The constraining power is therefore shared
mainly between Mrk 421 and Mrk 501, with the two remaining
targets playing a marginal role. Third, and consistently with
the correlation discussed above, the ten most constraining BBs
alone — roughly 2% of the sample — already reproduce the
shape of the full exclusion.

This observation further supports the conclusion drawn from
Fig. 7 that the exclusion is driven primarily by a relatively small
number of bright flaring states. It also motivates the systematic
studies presented in the appendix, where, due to the substan-
tial computational cost of repeating the full ALP analysis with
modified likelihoods, we perform the tests only on these ten
BBs.

4. Conclusions

We have searched for ALP-induced spectral irregularities in
the GeV-TeV spectra of four blazars — Mrk 421, Mrk 501,
BL Lacertac and 1ES 1959+650 — observed with MAGIC
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between 2014 and 2024 and with LST-1 between 2020 andros
2024, for a total of 980.7 h. To our knowledge this is therr
largest dataset assembled to date for a ground-based ALP7es
search. MAGIC data were processed with the newly developedros
automated reconstruction pipeline autoMAGIC, while LST-1710
data were reduced with the standard 1stchain pipeline; froms
DL3 onward the two datasets were analyzed with an identical,7
instrument-independent procedure. 713

The methodological contribution of this work is the statis-714
tical framework of Sect. 2.5. The dataset is segmented intozis
442 Bayesian Blocks, each an interval of statistically constantrs
flux state, and each block contributes a profile test statistic W;77
together with a Monte-Carlo calibrated number of degrees ofrs
freedom d;, evaluated over the ALP parameter grid. Becauseris
each block contributes independently once its nuisance param-7zo
eters are profiled out, the method is naturally modular and read-z21
ily extensible: additional data, sources, or instruments can berz
incorporated by simply adding their likelihood contributions,zs
without repeating the analysis of the existing dataset. 724
725
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Figure 9: The 95% CL exclusion contour on the ALP-photon coupling gay as
a function of the ALP mass m, obtained in this work (solid black line, with’4®
the excluded region shaded) combining all MAGIC and LST-1 observations
of BL Lac, Mrk 421, Mrk 501, and 1ES 1959+650, compared with existing
constraints from laboratory experiments and astrophysical probes. This in-
cludes limits from the CAST helioscope, star cooling, and SN 1987A, together744
with exclusion contours from previous gamma-ray ALP searches with H.E.S.S.
(PKS 2155-304), Fermi-LAT (NGC 1275), and earlier MAGIC analyses. 745

746

We find no statistically significant evidence for photon—ALP747
mixing, and therefore derive 95% confidence-level upper limits.,,
on the ALP-photon coupling g., for m, € [1,1000] neV. The,,,
combined exclusion exceeds 20 significance over the region of
the ALP parameter space m, € [~ 1078,~ 107] eV for cou-,,,
plings down to g, > 2 x 107! GeV~!, broadly consistent with,,,
previous gamma-ray searches (Fig. 9).

Two features of the combined analysis are worth highlight-
ing. The constraining power is concentrated in a small num-7ss
ber of high-flux blocks: the ten most constraining BBs, ap-7ss
proximately, 2% of the sample, already reproduce the shaperss
of the full exclusion, and rare flaring episodes, therefore, mat-7s,
ter more than long integrations in the baseline state. Fur-7s
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thermore, the combined constraint is driven predominantly by
Mrk 421 and Mrk 501, with the two remaining targets contribut-
ing marginally.

Despite the unprecedented size of the dataset, this exclusion
does not substantially extend current astrophysical constraints
— a limitation of blazar-based ALP searches rather than of the
statistical power of the present analysis. Unlike searches based
on galaxy clusters or the Galactic magnetic field, photon—ALP
conversion in blazars is governed by the magnetic-field struc-
ture of the relativistic jet, which cannot be directly measured
and constitutes the dominant source of uncertainty in the anal-
ysis. The limits derived here, as in previous blazar-based ALP
searches, should therefore be read as conditional on the adopted
jet field model (e.g. Davies et al. 2021; Gao et al. 2025; Gao
et al. 2024). The dominant systematic remains the jet magnetic-
field model, as it is for every blazar-based ALP search. We have
quantified it in Sect. C.2, together with the absolute energy
scale, the effective collection area and the Galactic field model,
and we have argued that the quantity governing the mixing,
Boryp, is more tightly constrained by VLBI core-shift measure-
ments than By and ry are individually. The residual uncertainty
concerns the structure of the field rather than its normalization,
and we have measured the associated realization-to-realization
dispersion explicitly. The limits reported here should be read
as conditional on the adopted field model, as is the case for all
published constraints of this type.

While the exclusion derived in this work is ultimately lim-
ited by the current understanding of AGN jet magnetic fields,
the statistical framework presented here is independent of any
particular dataset or instrument. Its modular, likelihood-level
combination of Bayesian Blocks provides a scalable approach
for incorporating new observations without reanalyzing exist-
ing data. With CTAO-N approaching completion, the natural
continuation of this work is to extend the block list to fur-
ther sources and observatories. Given that a handful of flaring
blocks carries most of the sensitivity, the most effective gain
will come not from longer exposures but from catching more of
the rare, bright states.
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A. The autoMAGIC Framework Rl
1148
The MAGIC data analyses presented in this work employ'*
autoMAGIC, a database—driven pipeline for automated MAGIC'®
data reduction, reported in Schubert (2023); Walther et al.™
(2025). Its design philosophy is to minimize human interven-
tion while ensuring full reproducibility of results. At the core,,
of the system lies a relational SQL database that manages all,,,
analysis information through approximately eighty interlinked
tables. These include job tables for each MARS executable,
data tables for observation runs and Monte Carlo simulations,

14

and logic tables to enforce dependencies and consistency across
the workflow.

Analyses are defined by a lightweight configuration file in
TOML format, where the user specifies the target, observation
time range, quality cuts, and analysis parameters. From this
configuration, autoMAGIC queries the database to identify the
relevant runs, generates the required jobs in a bottom—up fash-
ion, and submits them to the Port d’Informaci6 Cientifica (PIC)
computing cluster’. Each reconstruction step, performed with
MARS proprietary code (Zanin et al., 2013), is wrapped by a
Python layer that handles execution, error reporting, and com-
munication with the database. This design ensures that jobs are
only executed when all prerequisites are satisfied, avoiding re-
dundant computation and allowing efficient scaling to large data
volumes.

The output consists of standardized DL3 data prod-
ucts (Gamma-ray astronomy community, 2018; MAGIC,
2024c), complemented by meta—information such as observ-
ing conditions and quality flags. These are fully compat-
ible with open—source high—level analysis frameworks like
Gammapy (Deil et al., 2017). The integration of a relational
database with automated job management makes autoMAGIC
a powerful tool for reproducible, scalable, and transparent
MAGIC data analysis. See also Nigro et al. (2021) for a broader
review.

Some samples of the MAGIC data analyzed in this work us-
ing autoMAGIC were used to produce SEDs, whose spectral
parameters were cross-checked against those obtained by con-
ventional MARS analysis in order to ensure consistency within
statistical errors.

B. Statistics studies

B.1. Details on the Bayesian Block binning

DL3 data from MAGIC and LST-1 are structured in units of
runs of < 20 minutes duration. Shorter units (sub-runs) can
appear if fractions of runs are excluded. If the intrinsic source
variability is slower than this timescale—which is typically the
case—sub-runs and even full runs are often grouped into night-
bins. This approach must be done carefully because the instru-
ment acceptance changes continuously during the night, most
notably due to the changing zenith angle of the target, which
influences the energy reconstruction. With the adoption of a
common DL3 formalism (Nigro et al., 2021; Gamma-ray as-
tronomy community, 2018), the community is therefore shift-
ing toward analysis based on individual events, each associated
with its own IRF (Bernete et al., 2026).

To handle variability without imposing fixed night-bins, we
apply the Bayesian Blocks (BB) algorithm to the time series of
N original runs

(. y;, O—j)}?/:p

where ¢; is the run center, y; the measured flux (or counts),
and o; its uncertainty. The algorithm partitions the index set

8https://www.pic.es/
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{1,..., N} into contiguous “blocks.” A block B is thus a groupisz
of M consecutive original runs, within which the signal is mod-+1ss
eled as constant with mean value u. We did not consider sub-
runs.

For a candidate block B, the Gaussian log-likelihood is

1199

(Y /1) 1200

In Lp(w) = —% Z =L " 4 const,
JjeB O—j 1201
1202

which is maximized at the weighted average
1203

L XjeBWiYj R

HMB = > Wj=0'j . 1204
2 jeBWj

1205
Substituting back gives the block fitness 1208
2 1207
7 = 1 (ZjeBijj) 1208
B 2 ZjeB w; ' 1209

The Bayesian Blocks algorithm then selects the partition that
maximizes 1210

Zﬂ; — Kncp_prior, 121
B

where K is the number of blocks. The penalty term ncp_prior
regulates the odds against introducing a new change point. In
the astropy.stats.bayesian_blocks implementation used
by gammapy, this is controlled by the user parameter pO, the
false positive rate for change points. Smaller values of pO yield
fewer splits and thus larger blocks (containing more original
bins), while larger values of pO lead to more frequent splits
and finer resolution. Although the closed-form calibration of
ncp-prior was originally derived for event data (Scargle et al.,
2013), it is widely and effectively applied as a practical heuristic
to Gaussian flux measurements as well.

Compared to the event-based fitness (appropriate for un-
binned photon arrival times) or the regular_events option
(equal-width Poisson bins), the measures fitness used here
directly incorporates heteroscedastic uncertainties through the
weights w;. This makes it particularly well suited to gamma-
ray light curves with flux measurements and per-point errors,
and ensures compatibility with community-standard DL3 anal-
yses.

B.2. Calibration of the Effective Degrees of Freedom
The statistic W;(g4y,m,) defined in Eq. 7 is asymptotically

x>-distributed with N;— p; degrees of freedom (see Eq. 9). How-

ever, low counts and empty or nearly empty bins can induce
non-negligible deviations from the asymptotic expectation. For,,,
this reason, the number of degrees of freedom d;(gay, M) Ofz1s
each Bayesian Block (BB) must be determined by a dedicated,,,
Monte Carlo (MC) calibration.

For a given data block i and for a fixed point (g4y, m,) in thez:s
ALP parameter space, the calibration proceeds as follows: 121

1. Fit to real data. We perform the fit described in App. 2. 5 o1
for the chosen (gay,m,), obtaining the expected signal, A
counts s;; and background estimates b, i(sij). These rep1220
resent the model prediction under the hypothesis that the
ALP parameters (gqy, m,) are the true ones.

15

2. Generate MC realizations.
ON/OFF observations by drawing

We generate synthetic

nMC ~ Poisson(s;; + a;b;)), m%lc

ij ~ Poisson(b;;),

i.e. we simulate what would be observed if the ALP hy-
pothesis were true.

3. Refit each MC realization. For each simulated dataset,
we refit the SED parameters g; and compute the corre-
S d. . . MC
ponding statistic W;">(gay, ma).

4. Extract the effective d.o.f. The resulting distribution of
WiMC is well described by a )(2 distribution, as illustrated
in Fig. B.10, where both the null and an ALP hypothesis
are shown for comparison. Its effective degrees of freedom
di(84y, M) are given by the expected value of the distribu-
tion,

= E[W)(gay- ma)]

as predicted for a y? random variable where E[y?] = d is
the number of degrees of freedom.

di(ga‘yv ma)

—— \* distribution d = 17.3
MCs assuming m, = 0 and |g,,| = 0
== Observed W
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Figure B.10: Distribution of the MC-simulated test statistic WIMC for a given
BB under two different hypotheses. Top: Null hypothesis with m, = 0
and g, = 0. Bottom: ALP hypothesis with m, = 4.6 - 108 eV and
Igayl = 27.1 - 107" GeV~!. The blue histograms show the WlMC values ob-

tained from pseudo-experiments, while the red curves represent the best-fit y?
distributions. The vertical dashed lines indicate the observed W; value from real
data. The reported p-values and corresponding Gaussian significances quantify
the level of disagreement between the model and data.

This procedure is repeated for every BB and point of the grid
in the ALP parameter space for which exclusion limits are com-
puted.

Treatment of blocks with poor intrinsic SED fits. In some BBs,
the intrinsic SED models (EPWL or LP) may provide a poor
fit under the null hypothesis (no ALPs), leading to a global W
value (see Eq. 10) significantly larger than the expected y? dis-
tribution. First, we verify that ALPs do not improve the fit by
checking that

W(gay =0,m; =0) S W(gay, my), (B.1)
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1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

i.e., the mismatch is due to the spectral model, not to missingzs
ALP effects.

Rather than discarding such blocks, we adjust the Montezss
Carlo simulations to reflect this disagreement. Let WMC(0, 0)zs7
be the mean of the simulated values W under the null hypothe-+ss
sis and W90, 0) the value obtained from the real data. If

1235

1239

1240

w20, 0) > WM<(0,0), (B.2)es

1242

we shift the simulated distribution by 1243
1244

A = W0, 0) — WMC(0,0), (B.3)us

1246
so that for each point of the grid in the ALP parameter space ,,
1248

(B.4),s6

1250

This shift (which is also visually described in Fig. B.11) en-
sures that the MC-calibrated degrees of freedom match the ob-
served discrepancy, allowing BBs that are not well described “zs:
by the intrinsic spectral model to contribute consistently to the
global exclusion analysis.

WM (g4, my) — WMC(gay, my) + A.
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Figure B.11: Illustration of the correction applied to MC-simulated distri1269
butions of the test statistic W. The histograms show the distribution of wMazr
values obtained under two hypotheses: the null hypothesis (blue) with m, = 0271
and g4y = 0, and an ALP benchmark hypothesis (red) with m, = 2.2 - 1078 eVare
and |g4y| = 0.4 - 10" GeV~!. Solid curves represent the best-fit x? distri;273
butions, while vertical lines indicate the corresponding W9 values for each
hypothesis (blue for null, red for benchmark ALP). Light grey vertical lines*
show observed W values for other ALP hypotheses. Top: Original (uncor#275
rected) MC distributions. Bottom: Same distributions after applying a shiff,,
A = w90, 0) — WMCE(0,0) that aligns the simulated null distribution with the _

7
observed value.

1278
1279

1280

For completeness, we also repeated the analysis by removing BBs whosd?®!
null-hypothesis fit showed a discrepancy larger than 20~ with respect to the y32s2
expectation. The resulting exclusion limits were consistent with those obtained
using the shift prescription in Eq. B.4. We nevertheless prefer the shift approach
because discarding BBs requires defining what constitutes a “bad” block (e.gt283
adopting a 20 threshold), which is an intrinsically arbitrary choice that can
affect the outcome. The shift method avoids this ambiguity and incorporated?®*
the observed discrepancy in a well-defined and continuous manner. 1285
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Validation of the shift prescription. The validity of the shift
prescription in Eq. B.4 was tested with dedicated toy MC sim-
ulations. We first generated ON/OFF counts under the null hy-
pothesis of no ALP signal and performed the complete analysis
on this fake dataset, obtaining the corresponding exclusion re-
gion in the (m,, g4,) parameter space. We then repeated the
procedure after artificially increasing or decreasing the signal
counts in selected energy bins, thereby introducing a spectral
mismatch analogous to that of a BB with a poor intrinsic SED
fit. For this modified dataset, the calibration was performed us-
ing the shift prescription described above. The resulting exclu-
sion regions were found to be consistent with those obtained
from the unmodified dataset. This procedure was repeated,
yielding each time consistent results. This test provide an em-
pirical validation that the shift prescription does not introduce a
significant bias in the derived ALP exclusion and can therefore
be safely applied to BBs with a poor intrinsic SED fit.

C. Systematic studies

C.1. Errors in the energy scale

An imperfect reconstruction of the gamma-ray energy mod-
ifies the position of the ALP-induced spectral features with re-
spect to the observed spectrum and may therefore affect the de-
rived exclusion limits. The absolute energy-scale uncertainty
is estimated to be of order +15% for both MAGIC (MAGIC,
2016a) and LST-1 over the energy range relevant to this work.
To estimate the corresponding systematic uncertainty, we re-
compute the photon survival probability assuming that the true
photon energy is shifted by +£15%, while leaving the recon-
structed data unchanged. This effectively shifts the position of
the ALP-induced oscillations in energy and provides a conser-
vative estimate of the impact of the energy-scale uncertainty on
the exclusion limits.

Since repeating the full analysis for the complete dataset
of several hundred Bayesian blocks would be computationally
prohibitive, we perform this study on the largest and most con-
straining individual dataset, namely the MAGIC observations
of Mrk 421. Within this dataset, we select the 10 most con-
straining BB (ranked according to its individual constraining
power on the ALP parameter space), which provides a represen-
tative and computationally tractable benchmark for evaluating
the impact of this systematic uncertainty.

Fig. C.12 illustrates the effect of the energy-scale uncertainty
for this representative set of BBs. The upper and lower panels
compare the ALP exclusion limits obtained without applying
any energy correction (blue contour) with the ones (in orange)
obtained with a positive and negative shift, respectively. Over-
all, the limits remain stable under the assumed energy-scale un-
certainty. The largest variation is observed for a negative energy
shift (—15%), which slightly weakens the exclusion.

C.2. Modeling of the relativistic jet magnetic field

As discussed in Sect. 2.3.1, the jet magnetic field is expected
to have the largest impact on photon—ALP mixing among the
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Figure C.12: Impact of the uncertainty in the absolute energy scale on the”

derived ALP exclusion limits. The blue contour shows the nominal exclusior®®
obtained without applying any energy correction, while the orange region corre+3s7
sponds to the exclusion obtained after shifting the true photon energy by —15%4,

(top) and +15% (bottom), respectively. 13

1340

propagation environments considered in this work, and its mod+**'
eling is subject to both theoretical and observational uncer!**
tainty. Here we discuss the origin of this uncertainty and quani*®

tify its impact on the derived ALP constraints. 1344
1345

Comparison with one-zone based analyses. A number of presss
vious blazar ALP analyses adopt a simple toroidal field B oc r~hes7
whose normalisation is taken from one-zone synchrotron self+s4s
Compton (SSC) fits to the SED, in which the field strength Bs+
at the emission site and its distance ry from the BH are onlysso
loosely constrained, or largely degenerate with one another inss
some cases (Zhou et al., 2025): Li et al. (2022) and Gao et alss2
(2024) find that varying ro over 10'°~10'® cm shifts the excluass
sion contour by one to two orders of magnitude in g,,. In ass
one-zone model the fit determines the field only within a sin+sss
gle compact emission region of size ~ 10'3-10'¢ cm, whilesss
the field further out — the region that dominates photon—ALRPss
mixing — follows from an assumed power-law extrapolation:sss
Other works, similarly to ours, adopt the extended PC jet struc+sse
ture (Davies et al., 2021, 2023), in which the emission is com-3e
puted by integrating along the whole jet and fitted to the radioss
data simultaneously with all other wavelengths. This matterges?
here because the optically-thick-to-thin synchrotron break, ob4ss
served at radio frequencies, tightly constrains the radius of the

brightest synchrotron-emitting region, which the model iden***
tifies with the transition region ro (Potter and Cotter, 2015)**

. . . . 1366
within this framework r( is measured rather than assumed.

1367

Validity of the static, large-scale field assumption. The PC
model was originally developed to fit quiescent SEDs of

17

blazars, without attempting to reproduce short-timescale vari-
ability (Potter and Cotter, 2012b, 2013a,b). This is reflected in
the values of Ry (the size of the parabolic-to-conical transition
region) reported by Potter and Cotter (2015), which typically
correspond to light-crossing times longer than the variability
observed in our targets. Furthermore, the multiwavelength data
used to constrain the model are often not strictly simultaneous,
so that the resulting parameters cannot be expected to capture
the time-dependent behavior of any single source. Neverthe-
less, the inferred magnetic-field strengths and emission-region
distances are compatible with independent estimates: assuming
a toroidal field scaling as B(r) = By(r/ro)”! (e.g. Meyer et al.,
2014), the resulting field intensities at r = 1 pc from the central
BH agree with values inferred from core-shift VLBI measure-
ments (e.g. O’Sullivan and Gabuzda, 2009; Pushkarev et al.,
2012; Liu et al., 2026). It has also been noted (Potter and Cotter,
2013a) that the PC model remains compatible with fast flares,
provided these originate in the accelerating parabolic base of
the jet — where light-crossing times are shorter — rather than in
the transition region itself, which is the region relevant to our
ALP search. That statement was made for Compton-dominant
blazars rather than for BL Lac objects, but its geometrical con-
tent — a smaller jet radius, and hence a shorter light-crossing
time, in the parabolic base than at the transition region — does
not depend on the source class.

For what concerns ALP searches specifically, after emission
gamma rays travel several kpc within the jet magnetic field be-
fore escaping into intergalactic space. While rapid flares can
plausibly be produced by sub-pc perturbations of the field, we
expect the large-scale structure described by the PC model to
be comparatively stable, and therefore suitable to describe the
jet field integrated over the gamma-ray escape path during dif-
ferent activity states. A fully time-dependent model, linking
the field configuration to the flux state of each Bayesian Block,
remains desirable. The Bayesian Block segmentation already
prevents spectra taken in different source states from being av-
eraged together, so that ALP-induced features are not smeared
out by construction; what remains is that the same static field
is assumed for all blocks, whereas the true configuration may
differ between them. The direction of the resulting bias is un-
favourable: if the assumed field is more ordered than the true
one, the predicted spectral features fall where the data do not
show them, the ALP hypothesis fits poorly, and the correspond-
ing parameter point is excluded for the wrong reason. Esti-
mating field parameters for each activity period would require
quasi-simultaneous multiwavelength coverage and a broadband
SED fit for each state; tools such as the Markarian Multiwave-
length Data Center (MMDC; Sahakyan et al., 2024)'° exist for
this purpose, but such an attempt remains challenging given
non-simultaneous variability across bands.

Constraints on the field normalisation. This core-shift compar-
ison is a solid constraint. Although By and r; are individually
poorly determined — which is the origin of the large uncer-
tainty reported by Gao et al. (2025) — photon—ALP mixing

Onttps://mmdc. am/
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depends on them only through the product appearing in Eq. 224
and it is precisely this product that core-shift measurements de+ss
termine, being conventionally quoted as Bipe = Bo7g/(1 pc)iazs
The parameters of Tab. 2 illustrate this: Byry equals 0.184r
0.24, 0.32 and 0.19 G pc for Mrk 421, Mrk 501, BL Lac andazs
1ES 1959+650 respectively, so that although r( varies by a fac+zs
tor ~ 60 and By by a factor ~ 90 across the sample, their productsso
varies by less than a factor of two. 1431

BL Lacertae is the only target of our sample with direct core-
shift determinations, which give Bi,. = 0.139 G (O’Sullivan
and Gabuzda, 2009) and 0.134-0.201 G depending on the as-
sumed core-position index k, (Liu et al., 2026), against a me-
dian By = 0.4%07 G for 18 BL Lac objects (Pushkarev et al.,
2012). Our value of 0.32 G pc lies between the two. For the re-
maining three targets only this class-level distribution applies,
and their values (0.18-0.24 G pc) fall within it. The factor ~ 3
between individual and class determinations, and the compara-
ble dispersion among independent determinations for the same
object, reflect the assumptions on k,, equipartition and jet kine-
matics entering the derivation: the comparison constrains By g
at the level of a factor of two rather than more precisely. Two
caveats apply. For Mrk 421, whose ry = 6.02 pc exceeds the
fiducial radius, quoting B, formally requires extrapolating in-
wards into the parabolic base, although the invariant By ry re-
mains well defined. And while the parameters of Tab. 2 are
obtained from SED fitting (Potter and Cotter, 2015) without
reference to core-shift data, the underlying jet geometry of the
PC model was itself partly constrained using core-shift rela-
tions (Potter and Cotter, 2013a); the agreement is therefore a
consistency check on the field normalisation rather than a fully
independent determination.

Coverage of this kind does exist for limited periods. The
2017 multiwavelength campaign on Mrk 421 (Acciari et al.,
2021) provides SSC parameters for individual activity phases,
and Li (2022) used them to repeat an ALP analysis adopting a
distinct jet field for each phase, finding that the resulting con-
straints did not degrade substantially with respect to the static
case. Comparable coverage is, however, not available for the
large majority of the 442 BBs analysed here. We leave a full
time-dependent treatment to future work, and instead bracket
the impact of this uncertainty through the parameter variationss
described below. 1433
1434
Sensitivity to the emission-region distance ry. Gao et al. (2025)435
showed that, within this model, the ALP-mixing uncertainty issss
dominated by the accuracy with which the distance ry of thess
emission region from the central BH is known — the locationsss
where particle acceleration and high-energy gamma-ray pro+s
duction peak, and which we identify with the transition radiusao
rr = 105rg (r, = 2GM/c*; Davies et al. 2021). As notedas
above, however, the core-shift comparison constrains the prod+ae
uct By rp, so that at fixed By ry the residual dependence of theas
mixing integral on ry is only logarithmic. A moderate varia+ss
tion is therefore sufficient to bracket this parameter, and so weass
vary ro by +30% for each source in our sample to assess thass
sensitivity of our results to this parameter, using the same rep+7
resentative BB sample adopted for the energy-scale systematigs
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in App. C.1. The impact on the derived ALP exclusion limit
is seen in Fig. C.13 and confirms the importance of ry in deter-
mining the final constraints. The largest overall variation is ob-
served for smaller values of ry, although the exclusion becomes
stronger in the most sensitive mass range. In contrast, increas-
ing ry produces an exclusion contour that remains broadly sim-
ilar to the nominal case, with only a slight weakening of the
limits in the most constraining mass range.
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Figure C.13: Impact of a £30% variation of the jet transition-region distance
ro on the derived ALP exclusion limits, for the same representative BB sample
used in Fig. C.12. Blue contour shows the nominal exclusion obtained without
applying any energy correction, while the orange region corresponds to the
exclusion obtained after shifting the jet transition-region distance ro by —30%
(top) and +30% (bottom), respectively.

Field structure. Once the product By ry is fixed by the core-
shift comparison, the residual uncertainty on the jet field con-
cerns its structure rather than its normalisation, that is, the de-
gree to which the field remains ordered along the escape path.
This question was addressed by Davies et al. (2021) in the work
that introduced the model adopted here, and we follow their
prescription. Importantly, the degree of disorder is not a free
parameter: the tangled fraction adopted here, f; = 0.7, is the
value used by Davies et al. (2021) for Mrk 501, and the range
fi = 0-0.7 they consider derives from Murphy et al. (2013),
who fit this quantity to rotation-measure maps of that source.
Our analysis therefore already assumes a strongly tangled field,
at the most disordered end of what radio polarimetry allows,
rather than a coherent one. Zhou et al. (2025) examined the im-
pact of this choice for Mrk 501 by comparing a purely toroidal
field with a helical-plus-tangled configuration, finding trans-
verse field strengths that differ by nearly an order of magnitude
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beyond ~ 1 pc, with the toroidal model yielding the more strin-
gent limits in the mass range m, ~ 107’—107% eV. The helical-
plus-tangled configuration adopted here is therefore the more
conservative of the two over that range.

We have also examined how the tangled component affects
the ALP signature itself, using 100 realisations of the field com-
puted for Mrk 421 at f; = 0, 0.3 and 0.7. Contrary to what might
be expected, a larger tangled fraction does not smear the spec-
tral features out: the RMS amplitude of the modulation grows
with f; over most of the mass range, by some 30% from f; = 0.3
to 0.7 at m, =~ 100 neV. The reason is that the tangled compo-
nent contributes a transverse field everywhere along the path,
whereas in the ordered helical configuration the poloidal part
does not drive mixing; a more disordered field therefore pro-
duces more conversion, not less. Our choice of f; is conse-
quently not conservative in this respect, and we do not attempt
an independent scan of the structural parameters here.

Stochasticity of the tangled component. At fixed f; the tangled
field is a random realisation, controlled in gammaALPs by a
seed: different realisations of the same physical configuration
yield different P,,(E). We quantify this using the 100 realisa-
tions mentioned above. Fig. C.14 shows, as a function of ALP
mass, the ratio between the realisation-to-realisation dispersion
of P,, and the amplitude of the ALP signal itself, both eval-
uated as RMS averages over the energy range of the analysis.
Within the mass range excluded in this work the ratio is of order™
0.35-0.45 for the adopted f, = 0.7: the choice of realisation is""
therefore a non-negligible but sub-dominant contribution, com""
parable to the other systematics considered in this appendix.”
The f; = 0 curve, for which no tangled component is present, -
provides the numerical floor set by the seed-dependent domain™°
subdivision; subtracting it in quadrature, between 80% and 95%° "
of the dispersion is attributable to the tangled field itself rathet*™
than to discretisation. 1918

The limits reported in this work correspond to a single, fixed®"
realisation. The complete statistical treatment consists in re*"
peating the spectral fit for every realisation and adopting thé®"®
0.95 realisation quantile, as done by Davies et al. (2023); we dd°”
not apply it here, and the dispersion quantified above should be
taken as the associated uncertainty.

8

9

1518
C.3. Modeling of the Galactic magnetic field

GMF model is constantly under development, with severalsis
models available and regularly updated with new observationsszo
of Faraday rotation measures and polarized synchrotron emis4szi
sion. The most recent model is proposed by Unger and Farrarse-
(2023) and consists of eight different realisations, each represzs
senting a different combination of disk-field geometry, halo+szs
field morphology, thermal electron density model, and cosmicszs
ray electron distribution. All eight variants are consistent withszs
the present observational data and thus jointly span the curss
rent systematic uncertainty on the coherent GMF. In the con+szs
text of photon—ALP propagation, Landgraf (2024) showed thatsze
while all UF23 models produce qualitatively similar behaviorysso
they differ in the magnitude of the conversion probability, espe-
cially at low energies. The NeCL realization, which employs the
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Figure C.14: Ratio between the dispersion of P, over 100 realisations of the
tangled field and the amplitude of the ALP signal, as a function of ALP mass,
for three values of the tangled fraction f;. Lines show the median over the ALP-
photon couplings that drive the exclusion (g4y > 4.3 % 10711 Gev~1), bands the
interquartile range. The shaded vertical strip marks the mass range excluded in
this work. The f; = O curve carries no tangled component and measures the
numerical floor due to the seed-dependent domain subdivision.

NE2001 thermal electron distribution—also used in the Jansson
and Farrar (2012b) and Pshirkov et al. (2011) models — was
found to yield conversion probabilities most similar to those
obtained with the Jansson and Farrar (2012b) model used so far
in our studies. Landgraf (2024) notes that the NECL realization
provides the most consistent comparison, whereas the BASE and
expX models can be regarded as providing an estimate of the
maximal systematic range.

For this reason, and to ensure continuity with previous pho-
ton—ALP mixing studies, we adopt the UF23—-NeCL realisation
as our default GMF model. A comparison of the ALPs con-
straints obtained with the Basg, as well as expX realisation of
the GMF model, seen in Fig. C.15 confirms that both produce
similar results.

D. Systematic uncertainty in the effective collection area

The instrument response functions (IRFs) used to compute
the expected signal counts are derived from Monte Carlo simu-
lations and are therefore affected by finite statistical uncertain-
ties. These uncertainties propagate into the effective collection
area and consequently into the expected signal counts in each
energy bin. Since the ALP search relies on detecting energy-
dependent oscillatory features in the gamma-ray spectrum, sta-
tistical fluctuations in the effective area from bin to bin may
partially mimic or absorb such signatures. To account for this
possibility, we introduce an additional nuisance parameter &;;
for each energy bin, representing a fractional uncertainty on the
expected signal yield,

sij — sij(1 + &ij), (D.1)
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Figure C.15: Impact of the choice of the GMF model realisation on the deriw;—:(i560
ALP exclusion limit. The blue contour shows the nominal exclusion obtained®®'
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respectively. 1564
1565
where each g;; is assumed to follow an Gaussian prior, 1966
1567

(D.2)568
1569
with o, denoting the relative uncertainty on the effective area. 1s7o
The ON/OFF likelihood introduced in Eq. 5 is then extendedsr

1572

Eij ~ N(Os 0-8)9

to
1573

nij
(51,1 + 1)) + @b 1574

e Silltey)-aibij
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. I’l,“! 1575
=1 J
! s 5 1576
b." &
ij  —p. ij 1577
X—e bilexp| -5 |, (D.3)
mjj. 20",9 1578

1579
where the exponential term corresponds to the Gaussian con-
straint on the nuisance parameter.

As in the nominal analysis, the likelihood is first profiled with
respect to the background expectation b;;, which still admits an
analytic solution after replacing s;; by s;;(1 + &;;). The likeli-
hood is then profiled over &;; by solving the stationarity condi-
tion

olnL
6.9,- j -

0. (D.4)

After substituting the profiled background estimate, this condi-
tion reduces to a cubic equation (dropping the index i and j for
simplicity),

@& +AE*+BE+C =0, (D.5)

where the coefficients A, B and C depend on the observed
counts, the expected signal s, the exposure ratio a, and the as-
sumed uncertainty o,

A= so?(@-D+a (D.6)
B= o’ (oz(s -m-n)—s— 520'2) {D.7)
C=c*'sn—-am-s). (D.)

The physically admissible real solution € is obtained analyt-
ically using Cardano’s formula and substituted back into the
likelihood.

20

Finally, the corresponding profile likelihood is used to define
the modified test statistic

We(ZaysMa) = =210 £(gay» ma: 1, €) + 2In L, (D.9)
which reduces to the standard statistic of Eq. 7 in the limit o7, —
0.

To assess the impact of uncertainties in the effective collec-
tion area, we repeat the ALP analysis using the modified likeli-
hood of Eq. D.3, assuming a relative uncertainty of o = 0.1,
corresponding to a conservative 10% uncertainty on the ex-
pected signal yield in each energy bin. As discussed above,
independent fluctuations of the effective area across energy bins
may introduce oscillatory distortions in the reconstructed spec-
trum that could mimic, or partially absorb, the spectral signa-
tures expected from photon-ALP oscillations. As in the study
of the other systematic uncertainties, the analysis is performed
on a representative subset of the data, namely, the 10 most con-
straining BBs of the MAGIC observations of Mrk 421.

The resulting exclusion contour is shown in Fig. D.16. The
nominal exclusion obtained with the standard likelihood is
shown in blue, while the exclusion derived with the modified
likelihood including the nuisance parameter € is shown in or-
ange. As expected, allowing independent variations of the ex-
pected signal yield in each energy bin reduces the sensitivity to
the oscillatory signatures induced by photon-ALP mixing, lead-
ing to a noticeable shrinkage of the excluded region. Neverthe-
less, the overall morphology of the exclusion contour remains
quite unchanged in the mass range between 108 — 1077 neV, in-
dicating that the constraining power of the analysis is degraded
but not qualitatively altered in this mass range by this source of
systematic uncertainty.
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Figure D.16: The blue contour shows the nominal exclusion obtained with the
standard likelihood, while the orange contour is obtained using the modified
likelihood of Eq. (D.3), assuming an independent 10% uncertainty (o = 0.1)
on the expected signal yield in each energy bin.
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