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Abstract: High energy photons traveling through astrophysical magnetic fields have the potential to undergo oscil-

lations with axion-like particles (ALPs), resulting in modifications to the observed photon spectrum. High energy y-

ray sources with significant magnetic field strengths provide an ideal environment to investigate this phenomenon.

Ton 599, a flat spectrum radio quasar with a magnetic field strength on the order of Gauss in its emission region,

presents a promising opportunity for studying ALP-photon oscillations. In this study, we analyze the effects of ALP-

photon oscillations on the y-ray spectrum of Ton 599, as observed by Fermi-LAT. Our investigation considers the

potential influences of the broad-line region and dusty torus on the y-ray spectrum of Ton 599. We set the con-

straints on the ALP parameters at a 95% confidence level and show that the constraints on g4y can reach approxim-

ately 2x 10712 GeV~! for m, ~ 1079 eV.
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I. INTRODUCTION

Axion-like particles (ALPs), a class of extremely light
pseudoscalar bosons, are anticipated in various exten-
sions of the Standard Model [1—3]. Unlike the axions as-
sociated with the solution to the strong CP problem with-
in the standard model [4—7], ALPs offer a broader para-
meter space that is yet to be fully investigated. The effect-
ive coupling between ALPs and photons can induce ALP-
photon oscillations in the presence of external magnetic
fields. Given the prevalence of astrophysical magnetic
fields, the phenomenon of ALP-photon oscillation has at-
tracted significant attention in the field of astrophysics
[8—43]. The oscillation between ALPs and photons may
lead to irregularities in high energy y-ray spectra. Vari-
ous astrophysical sources, including blazars [26, 28, 33,
35, 44], gamma-ray bursts [36, 45—48], galaxy clusters
[49-51], supernova remnants [31, 52], and pulsars
[53—55], have been utilized to investigate the properties
of ALPs. Notably, extragalactic sources, from which high
energy photons traverse magnetic field environments on
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larger spatial scales compared to Galactic sources, hold
great promise for investigating the effects of ALPs.
Among extragalactic sources, blazars have garnered
significant attention for their prominence in the ex-
tragalactic y-ray sky. Blazars are a subclass of active
Galactic nuclei (AGNSs) characterized by the presence of
relativistic jets typically oriented toward Earth. They are
further classified into two categories: BL Lacertae (BL
Lac) objects and flat-spectrum radio quasars (FSRQs),
based on the rest-frame equivalent width of the emission
lines observed in their optical spectra. FSRQs show
strong broad emission lines with equivalent widths ex-
ceeding 5 A, whereas BL Lacs exhibit either absent or
weak emission lines. The presence of these broad emis-
sion lines suggests that FSRQs contain rapidly moving
gas clouds near the central black hole, known as the
broad-line region (BLR). Furthermore, infrared observa-
tions of FSRQs indicate the presence of a dusty torus
(DT) located beyond the BLR. In FSRQs, both the BLR
and DT play critical roles in reprocessing photons from
the accretion disk, resulting in the emission of low-en-
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ergy radiation. The BLR primarily emits a high density of
ultraviolet photons, whereas the DT generates infrared
photons. High-energy photons emitted from the emission
region can interact with these ultraviolet and infrared
photons, potentially being absorbed through the e*e™ pair
production process. This intricate astrophysical environ-
ment of FSRQs surpasses that of BL Lac objects, prompt-
ing previous investigations to primarily focus on BL Lac
sources.

Despite the increased complexity of FSRQs com-
pared to BL Lacs, they can serve as important targets for
investigating ALP-photon oscillations. The detection of
very high energy photons from FSRQs may provide evid-
ence of ALP-photon oscillations [56, 57], offering a po-
tential solution to avoiding the substantial absorption ef-
fects induced by the BLR and DT. The analysis of the y-
ray spectra of FSRQs can also be used to set constraints
on the ALP parameters [20, 58—61]. The rate of ALP-
photon oscillations is significantly influenced by the in-
tensity of external magnetic fields. The magnetic field
strength within the emission region of FSRQs is typically
in the range of O(1) to O(10) G, whereas that of many BL
Lacs typically ranges from O(0.1) to O(1) G [20, 62, 63].
In the Third LAT AGN Catalogs, the median magnetic
field strength values of FSRQs are nearly an order of
magnitude larger than those of BL Lacs, as shown in Ref.
[64]. Therefore, FSRQs have the potential to exhibit a
significant ALP-photon oscillation rate.

In this study, we consider the observations of FSRQ
Ton 599. This source is positioned at Right Ascension
(RA) = 179.88° and Declination (Dec) = 29.25°, with a
redshift of z=0.725. Ton 599 has been observed by vari-
ous instruments including EGRET [65], Fermi-LAT [66],
and VERITAS [67]. Ton 599 presents significant variab-
ility in both optical and y-ray energy bands, with observa-
tions of this source typically classified into quiescent and
bursting phases. Recently, in Ref. [68], a detailed analys-
is of data from five distinct periods, encompassing both
quiescent and bursting phases, was conducted using ob-
servations from Fermi-LAT. The multi-wavelength ana-
lysis indicates a magnetic field strength in the emission
region on the order of Gauss. In this work, we set con-
straints on the ALP parameters based on these results of
Ton 599.

This paper is organized as follows. In Section II, we
introduce the ALP-photon oscillation effect. In Section
ITI, we introduce the astronomical environment of Ton
599 and calculate the survival probability of photons
from the FSRQ. In Section IV, we describe the process of
fitting the gamma-ray spectra and the statistical method.
In Section V, we present the constraints on the ALP para-
meters from the Fermi-LAT observations of FSRQ Ton
599 and combined constraint from the observations of all
epochs. Finally, we present the conlusions in Section V1.

IO. ALP-PHOTON OSCILLATION

The two key parameters in the effective theory influ-
encing the ALP-photon oscillation are the ALP mass m,
and ALP-photon coupling g,,. The state of the ALP-
photon system can be characterized by the density matrix
p=¥eV¥', where ¥ =(A,, A, )" . Here, a represents the
ALP field, and A, and A; denote the photon polarization
amplitudes perpendicular and parallel to the transverse
component of the external magnetic field B, respectively.
When the system with energy E > m, traverses a homo-
geneous magnetic field, the density matrix p obeys a von
Neumann-like commutator equation [10, 14], expressed
as follows:

d,
i = o M. (1)
Z

where z denotes the distance along the propagation direc-
tion, and M, is the mixing matrix encompassing various
ALP and electromagnetic effects. M, is given by

A, 0 0
Mo=|0 A Ayl )
0 Ay A,

where Al = Al’l + ZAQED: AH = Al’l + 7/2AQED7 Aa =
-m2/(2E), and A,, = g,,B,/2. Here, the diagonal element
A, =—-wy/(2E) represents the photon propagation effect
in the plasma with the typical frequency w, depending
on the electron number density. The term Aggp = @E/
(457)(B./B.,)* describes the QED vacuum polarization
effect, where o is the fine structure constant, and B, =
m?/le| denotes a critical magnetic field strength, with m,
being the electron mass. The off-diagonal element
A,y = 84yB,/2 represents the ALP-photon mixing effect.

High energy photons, emitted from extragalactic
sources, pass through various astrophysical magnetic
fields on their way to Earth. The entire path can be separ-
ated into multiple segments, with the magnetic field in
each segment assumed to be constant. By solving Eq. (1),
the survival probability of the photon can be expressed as
[8, 13]:

P,, =Tr ((p11 +p2)T (2)p(O)T ' (2)) , 3)

where 7(z) =[[7:(z), and Ti(z) is the transferring mat-

rix obtained from the i-th segment. The polarization of
very high energy y-rays is typically unmeasurable; there-
fore, the y-ray photons emitted from the source are as-
sumed to be unpolarized, and p(0) is taken to be
diag(1/2,1/2,0) in this case.
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III. ASTRONOMICAL ENVIRONMENT

In this section, we discuss the various astrophysical
environments that influence photons originating from the
source Ton 599, considering absorption effects and ALP-
photon oscillations. These environments include the
BLR, DT, blazar jet, extragalactic space, and Galactic re-
gion. Specifically, we consider ALP-photon oscillations
in the blazar jet and Galactic regions, absorption effects
arising from background photons in the extragalactic re-
gion, and background photons emitted from the BLR and
DT.

A. Broad-line region and dusty torus

The BLR is a high-velocity gas structure surrounding
the central black hole in the AGN. The gas within the
BLR emits broad spectral lines and typically exhibits rap-
id rotational motion around the black hole. The DT is a
large-scale toroidal structure composed of dust located in
the equatorial plane of the AGN. Photons originating
from the accretion disk interact with both the BLR and
DT. The BLR and DT reprocess these photons, leading to
the emissions of ultraviolet and infrared light, respect-
ively. These ultraviolet and infrared photons  sub-
sequently interact with high-energy photons emitted from
the central emission zone, absorbing them and thereby al-
tering the observed spectrum of y-ray photons.

In this study, we characterize the BLR as an infinites-
imally thin spherical shell located at a distance Rp g from
the central black hole. The BLR reprocesses the disk radi-
ation Lggy with a fraction denoted by &grr, which is as-
sumed to be 0.1. The emission from the BLR occurs at a
single energy corresponding to the Mg II emission line.
Moreover, the DT is modeled as a ring-shaped structure
located at a distance Rpy from the central black hole. The
DT reprocesses the disk radiation with a fraction of
&pr = 0.5, and emits radiation at a single energy determ-
ined by its temperature Tpr. The parameter values for the
BLR and DT are adopted from Ref. [68], as outlined in
Table 1. The radius of the emission region and distance
between the emission region and central black hole, de-
noted as R and ryyg, are also listed. Notably, the value of
Rgrr is not provided in Ref. [68]. Therefore, we have es-
timated an average distance based on the inner and outer
radii of the BLR Rpr, and Rpig,, given in Ref. [68]. In
our analysis, we utilize the open-source package agnpy
[69] to calculate the absorption of y-rays by ultraviolet
and infrared photons emitted from the BLR and the DT.

B. Blazar jet magnetic field

For FSRQs such as Ton 599, the photons emitted
from the vicinity of the central black hole traverse sever-
al astrophysical magnetic fields before reaching Earth.
One of the initial regions encountered is the blazar jet,
where ALP-photon oscillations may occur within the

Table 1. Parameters of Ton 599 sourced from [68].
Name of parameters Values
Liisk 4.5x10% erg/s
¢BLR 0.1
RpLR 3.89%x 1073 kpc
&pr 0.5
Rpr 1.62x 1073 kpc
Tpr 1000 K
R 2.59% 107 kpc
I'VHE 2.59x 10 kpc

blazar jet magnetic field (BJMF). The BJMF can be typ-
ically described as having both toroidal and poloidal
components. At larger distances from the central black
hole, the toroidal component dominates [70, 71], while
the poloidal component becomes negligible. Therefore, in
this study, we focus exclusively on the toroidal compon-
ent of the magnetic field. The strength of the magnetic
field in the BJIMF and electron density can be character-
ized as follows [70—72]:

Bi(r) = By (FVVHE)_I, ©)
na(r) = no <VVrHE)_2’ (5)

where ryyp is the distance between the emission region
and central black hole, and B, and n, represent the mag-
netic field strength and electron density at the emission
region, respectively. Furthermore, the magnetic field is
assumed to diminish beyond the maximum scale of the
jet, which is taken to be 1 kpc.

In this study, we consider the observations of Ton 599
spanning five epochs within the period from MJD 54686
to MJD 60008 [68]. Each epoch encompasses a 100-day
duration. Among these five epochs, one is categorized as
a quiescent epoch, denoted as epoch A, whereas the re-
maining four are flaring epochs, denoted as epochs B, C,
D, and E. During epochs B, C, and E, gamma-ray flares
were concurrently observed with optical flares, whereas
in epoch D, the corresponding gamma-ray flares were
either weak or absent. The parameter values of B, and ng
for five epochs of Ton 599 obtained from multi-
wavelength analyses in Ref. [68] are listed in Table 2.

C. Survival probability of photons

High energy photons are expected to be absorbed by
the extragalactic background light (EBL) through the
e*e” pair production process. We adopt the results
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Table 2. Values of parameters By and ny during five epochs. By and ny are the magnetic field strength and electron density at the
emission site, respectively.
Parameters EpochA EpochB EpochC EpochD EpochE
1o/ (x103cm™3) 0.98 1.19 131 0.89 0.84
Bo/(Gauss) 1.63 1.51 1.51 2.05 1.73

presented in [73] to model the EBL.

The extragalactic magnetic field remains undetect-
able, with only an upper limit of approximately O(1) nG.
If the strength of the extragalactic magnetic field is signi-
ficantly below this value, the ALP effect can indeed be
neglected. Previous studies, such as Refs. [74] and [75],
have indicated that for a magnetic field of O(1) nG, the
ALP effect may significantly affect the EBL attenuation
at high energies. For Ton 599, the photon survival prob-
ability in the presence of an extragalactic magnetic field
of 1 nG would exceed that without such a field by a max-
imum relative enhancement of ~ 30% at energies above
~10 GeV, for some parameter points situated near the
boundary of the excluded region. However, this increase
in the photon flux is relatively modest in comparison to
the uncertainties associated with the data at high energies
for Ton 599. Consequently, the potential influence of an
extragalactic magnetic field is not considered in our ana-
lysis.

The ALP-photon oscillation may occur within the
Galactic magnetic field. The Galactic magnetic field
model adopted for this investigation is the Jansson and
Farrar model, as detailed in [76]. Additionally, we em-
ploy the NE2001 model [77] to characterize the distribu-
tion of the Galactic electron density. Notably, the
Galactic magnetic field comprises both regular and turbu-
lent components. Given the negligible impact of the tur-
bulent component, we focus exclusively on the regular
component.

After incorporating the aforementioned effects, the
photon spectrum at Earth can be expressed as follows:

do do,,,

dE 7 dE

(6)

where d®;,/dE represents the intrinsic spectrum, and P,,
denotes the survival probability of the photon. The sur-
vival probability P,, is calculated numerically using Eqgs.
(1) and (3). To perform these calculations, we utilize the
open-source package gammaALP [78].

In Fig. 1, we illustrate the survival probability of
photons in epoch E across various scenarios. The green
and purple dash-dotted lines correspond to the cases
without and with the absorption in Ton 599 under the null
hypothesis, respectively, in the absence of ALP effects.
The absorption effect resulting from BLR and DT can
significantly suppress the y-ray flux above ~ 40 GeV.
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w BLR+DT; w ALP: 1l
—— wBLR+DT, wALP: IV L
0.0 4 u T
10? 10? 10* 10°
Energy[MeV]
Fig. 1. (color online) Survival probability of photons from

Ton 599 during epoch E. The solid lines represent the results
of four specific ALP parameter points including the BLR and
DT contributions. The corresponding parameter values of
these parameter points are detailed in Table 3. The dashed-
dotted lines represent the results without ALP effects: one line
includes contributions from the BLR and DT, whereas the oth-
er line excludes these contributions.

We display the survival probability of photons for
four ALP parameter points, labeled as I, II, III and IV,
which are excluded in the subsequent analysis. The cor-
responding parameter values for these points are listed in
Table 3. The conversion between the photon and ALP in-
duces oscillatory behavior in the y-ray spectrum below
~10 GeV for parameter points I and IV with m, ~ 10~
eV. For parameter point II with a smaller ALP mass, the
survival probability is almost energy-independent. Con-
versely, for parameter point III with a large ALP mass,
the survival probability oscillates rapidly while almost
maintaining an averaged value across large energy bins.
These patterns will be helpful in our understanding of the
constraint results in Section V.

Our analysis indicates that the photons from Ton599
with energies above ~40 GeV undergo substantial ab-
sorption by the BLR and DT. However, the MAGIC col-
laboration has reported the detection of photons with en-
ergies surpassing 100 GeV from Ton 599 [79]. This ob-
served high energy y-ray flux amounts to approximately
1.5x107'° ph/cm?/s, equivalent to 0.3 Crab units. Note
that this result is derived from the one-hour data collec-
ted by MAGIC on December 15, 2017, which may cor-
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Table 3.
points considered in Fig. 1. These parameter points are ex-

Parameter values of four specific ALP parameter

cluded in the subsequent analysis.

Parameters 1 11 11 v
mg/eV 2% 107 2x10710 2% 1078 2%x107°
Say/GeV™! 5% 1071 5% 107! 5% 10711 5x 10712

respond to a period of high state for Ton 599. In contrast,
our calculations in this analysis are based on observa-
tions from different epochs [68], each spanning a 100-day
duration. Given that the uncertainties associated with the
spectral data points provided in Ref. [68] are substantial
above 10 GeV, the precise cutoff of the y-ray spectrum
induced by absorption effects would not significantly af-
fect the constraints on the ALP parameters, resulting from
the oscillation effects at lower energies.

IVv. METHOD

In this section, we introduce the analysis method em-
ployed to set constraints on the ALP parameters. In this
study, we consider the intrinsic spectrum of Ton 599 to
follow a log parabola (LP) model given by

—a—flog ( ELO)
£ , ™)

D (E) = Ny (E

0

where Ny, a, and f are free parameters, with E, set to100
MeV.

The determination of the best-fit spectrum involves
minimizing the y? function, defined as

X = Zxﬁ, (8)

where x? denotes the y* function of the j-th epoch of Ton
599. x7 is given by

D, - 0,
X? = Z%’ )

i

where @;, @;, and 5@, correspond to the predicted value,
observed value, and experimental uncertainty of the
photon flux in the i-th energy bin, respectively.

For a given set of ALP parameters m, and g,,, we
define the test statistic (TS) as follows:

TS(M4> 8ay) = Xarp(Fos U Dy 8ay) — X (Fo, T, B),  (10)

where 3, represents the best-fit x> value under the null

hypothesis without the ALP-photon oscillation effect, and
Xiip represents the best-fit x> value under the alternative
hypothesis including the ALP-photon oscillation effect
with the given m, and g,,. Here, the terms (F,T,b) and
(Fo.T',b) denote the best-fit values of the intrinsic spec-
trum parameters under the null and alternative hypo-
theses, respectively.

To set constraints on the ALP parameters, the distri-
bution of the TS must be understood. In cases where ALP
parameters have a non-linear impact on the photon spec-
trum, Wilks' theorem is not applicable, and the TS distri-
bution cannot be described by a x? distribution. There-
fore, Monte Carlo simulations are required to derive con-
straints on ALP parameters. In this study, we employ the
CL, method [80—82] to establish constraints on these
parameters. This method has been used in our previous
works [35, 36, 52, 83], and a detailed description of the
method can be found in Refs. [35, 36].

The CL, method can be briefly described as follows.
To test whether a specific ALP parameter point (m,,gq.y)
can be excluded, we first generate a set of mock data
based on the expected spectrum without ALPs, denoted
as {d},. Next, we generate a second dataset using a simil-
ar method, but based on the energy spectrum with ALPs.
The photon flux for each energy bin is drawn from a
Gaussian distribution, with the expected flux as the mean
and experimental uncertainty as the standard deviation.
We then calculate two TS distributions for the specific
(m4,84,) point: one from the dataset {d},.,, which in-
cludes the signal and background, and one from {d},,
which contains only the background. These distributions
are labeled as {TS}, and {TS},.s, respectively. The ob-
served TS value, denoted as TS,,,, is calculated from the
actual observed data. The CL, valueis defined as fol-
lows:

CLH—h
CL,=——,
- CL,

where CL,,, and CL, represent the probabilities of ob-
taining a TS value greater than TS, according to the dis-
tributions {TS},,, and {TS},, respectively. If CL, is less
than 0.05, the corresponding parameter point is con-
sidered excluded at a 95% confidence level (C.L.).

V. RESULTS

In this section, we present the constraints on the ALP
parameters derived from the observational results of the
Fermi-LAT for the FSRQ Ton 599. Our analysis indic-
ates that the observational data are consistent with the
null hypothesis, assuming the absence of ALPs. The best-
fit spectra under the null hypothesis are shown as blue
dashed lines in Fig. 2, with five subfigures corresponding
to epochs A, B, C, D, and E. For comparison, we also dis-
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play the best-fit spectra under the ALP hypothesis for the
four parameter points, for which the survival probability
of photons have been shown in Fig. 1.

We perform a scan of the parameter space with
m, €[1071°,10°] eV and g,, € [107%,107'°] GeV™" and es-
tablish constraints at the 95% C.L. using the CL; method.
The constraints derived from observations of the five
epochs are shown in Fig. 3. Owing to the large flux un-
certainties in the quiescent epoch A, it cannot provide ef-
fective constraints on the ALPs. The most stringent con-
straints are obtained from epochs B and E. For m, = 8%
107%¢V, the constraints on g, approach 1.3x107"2
GeV™' in epoch B. For m,=92x10""¢V,the con-
straints on g,, approach 1.3x107'2GeV™' in epoch E.
Furthermore, we present the combined constraints ob-
tained from all observations in the five epochs in Fig. 3.
These combined constraints are more stringent than those
derived from any single epoch, with the best constraint on
4y reaching approximately 1.1x 1072 GeV™" for m, ~ 9x

1070 V.

In our analysis, the constraints are effectively im-
posed on the ALP mass in the order of 10~ eV. This be-
havior can be understood as follows. Because the intrins-
ic spectra parameters are unknown and are treated as free
parameters in the analysis, the overall attenuation of the
spectra caused by the ALPs does not manifest distin-
guishable effects in the observations; hence, it does not
yield constraints. The constraints arise from the oscillat-

E? dN/dE [MeV cm™2 571]

Epoch A

—:= WBLR+DT; w/o ALP
= WBLR+DT; WALP: |
= WBLR+DT; wALP: Il
w BLR+DT; w ALP: Il
—— wBLR+DT; w ALP: IV
§ Fermi-LAT Data

Fig. 2.
best-fit spectra under the null hypothesis, with and without considering the absorption effects of the BLR and DT, respectively. The
yellow and green dashed lines correspond to the best-fit spectra under the ALP hypothesis, for four selected parameter points, which
are the same as those in Fig. 1.

Energy [MeV]

10°

E2 dN/dE [MeV em™2 571]

ory behaviors across various energies in the observed
spectrum below approximately 10 GeV, which are in-
duced by the significant energy dependent ALP-photon
oscillations. As shown in Fig. 1, the survival probability
of photons exhibits significant oscillatory patterns for the
two ALP parameter points with m, ~ 10~ eV.

The survival probability of photons is determined by
the mixing matrix, as given in Eq. (2), and the propaga-
tion distance L. The conversion probability between the
photon and ALP within a constant magnetic field can be
expressed as follows:

AO?CL
P,_, = sin*(26) sin’ (T) , (11)
where 6 represents the mixing angle given by
1 Ay )
0= ZarCtaH(Al_Aa . (12)

and A, represents the oscillation wave number given by

Acse = [(8) = A)* +4A5,1'"2. (13)

In the scenario considered for photons with energies
below ~ O(1) GeV, the oscillatory behaviors in the spec-
trum across different energies can be triggered by the

6x107°

4x107°
—-- wBLR+DT; wjo ALP
—— WBLR+DT; WALP: |
—— WBLR+DT; w ALP: Il
w BLR+DT; w ALP: Iil
—— wBLR+DT; w ALP: IV
8 Fermi-LAT Data

3x107°

Epoch B
Epoch C

E2 dN/dE [MeV cm™2 s71]

—-- W BLR+DT; wjo ALP

— WBLR+DT; WALP: |

—— W BLR+DT; w ALP: Il

w BLR+DT; w ALP: IIl

— wBLR+DT; wALP: IV
8 FermiLAT Data

102 10*

Energy [MeV]

E? dN/dE [MeV cm=2 s-1]
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W BLR+DT; w ALP: Il
— WBLR+DT; wALP: IV
@ Fermi-LAT Data

Epoch D

10? 10°
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Energy [MeV]

10* 102 103 10*
Energy [MeV]

Epoch E
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8 Fermi-LAT Data

10? 10° 104
Energy [Mev]

(color online) Best-fit spectra for the five observations of Ton 599. The blue dashed lines and red solid lines represent the
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from the CAST experiment [84].

mass term A, = —m?/2E within A..

When m, ~0(107) eV in the considered scenario, the
contribution to the oscillation rate from the mass term is
comparable to the mixing term A,, = g,,B/2 in the jet,
leading to pronounced energy-dependent oscillations. As
the ALP masses decrease, the energy-dependent impact
of A, diminishes, resulting in a primarily global attenu-
ation in the spectrum, which does not yield significant
constraints. However, for larger ALP masses, the phase
term AL would be very large, leading to extremely rap-
id oscillatory patterns that may not be discerned in obser-
vations due to limited resolutions. Moreover, the substan-
tial mass term can suppress the contribution from the
mixing term A,,, as shown in Eq. (12), resulting in no
constraints in the very high ALP mass region. These
qualitative discussions are consistent with the results
shown in Fig. 1, providing an understanding of the distri-
bution of excluded regions in the parameter space.

In Fig. 4, we provide a comparison of the results ob-
tained in this study with those from other experimental
studies. The shaded purple region represents the compre-
hensive constraint at the 95% C.L. derived from the res-
ults of this study. The shaded blue region represents the
parameter space excluded by the CAST experiment [84].
Additionally, constraints from various sources are in-
cluded: the Fermi-LAT observation of NGC 1275 [23]
(brown dashed line), ARGO-YBIJ and Fermi-LAT obser-
vations of Mrk 421 [33] (purple dashed line), H.E.S.S.
observation of PKS 2155-304 [18] (blue dashed line), ob-
servation of SN1987A [43] based on the Solar Maximum
Mission y-ray data (yellow dashed line), and polarization

O
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[~ = = MWD Polarisation SN1987A-y
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my [eV]
Fig. 4. (color online) Comparison of the constraints derived

in this study with those from other studies. More constraints
can be found in Ref. [85].

measurements of thermal radiation from magnetic white
dwarf stars [41] (green dashed line). The constraint of
FSRQ 4¢+21.35 from the observations of MAGIC, VER-
ITAS, and Fermi-LAT, as reported in Ref. [60], is depic-
ted by the orange dashed line. Our study imposes stricter
constraints compared to other works within the range
m, €[4x10719,2x107°] eV.

VI. CONCLUSION

In this study, we investigate the impact of ALP-
photon oscillations on the y-ray observations of the FS-
RQ Ton 599. By analyzing the Fermi-LAT observations
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of Ton 599 in 2023, we establish constraints on the ALP
parameter space at a 95% confidence level, correspond-
ing to a photon-ALP coupling of approximately
1.1x107'> GeV™!, applicable to ALP masses within the
range of [4x 10719 -2x107%] eV.

Our study comprehensively considers the internal and
external astrophysical environments of the FSRQ Ton
599, including the BLR, DT, blazar jet, extragalactic re-
gion, and Galactic region. We determined that the BLR
and DT have minor impacts on the results of spectral en-
ergy distribution fitting, leading to the conclusion that
they do not influence the final outcomes significantly.

The propagation of high energy photons from FSRQ
blazars through astrophysical magnetic fields on larger
spatial scales provides a valuable opportunity to study
ALP-photon oscillations. With the advancement of obser-
vational techniques and development of high-precision
scientific instruments, research on FSRQ blazars and
ALPs will continue to progress. Future large-scale facilit-
ies such as LHAASO, MAGIC, HESS, CTA, and
DAMPE will enhance the precision of measurements and
contribute to further advancements in our research ef-
forts.
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