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Abstract: High-energy photons may oscillate with axion-like particles (ALPs) when they propagate through the
Milky Way's magnetic field, resulting in an alteration in the observed photon energy spectrum. Ultra-high energy
gamma-ray spectra, measured by the Large High Altitude Air Shower Observatory (LHAASO) up to O(1) PeV,
provide a promising opportunity to investigate the ALP-photon oscillation effect. In this study, we utilize the
gamma-ray spectra of four Galactic sources measured by the LHAASO, that is, the Crab Nebula, LHAASO
J2226+6057, LHAASO J1908+0621, and LHAASO J1825-1326, to explore this effect. We employ the CL, method
to set constraints on the ALP parameters. Our analysis of the observations of the four sources reveals that the ALP-
photon coupling g4y is constrained to be smaller than 1.4 X 10719 Gev~! for an ALP mass of ~4x 1077 eV at 95%
C.L. Combining the observations of the Crab Nebula from the LHAASO and other experiments, we find that the
ALP-photon coupling may be set to approximately 7.5x 10! GeV~! for an ALP mass of ~4x 1077 eV, which is
similar to the CAST constraint.
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I. INTRODUCTION

Axion-like particles (ALPs) [1-4], a class of pseudo-
scalar bosons, arise as a consequence of symmetry break-
ing in many extensions of the standard model. ALPs pos-
sess a broader parameter space and a rich phenomeno-
logy that is yet to be fully explored, compared to quantum
chromodynamics axions addressing the strong CP prob-
lem [5-8]. The effective coupling between ALPs and
photons can lead to ALP-photon oscillation in an extern-
al magnetic field. This phenomenon has attracted signi-
ficant attention in astrophysics owing to the ubiquitous
astrophysical magnetic fields [9—43].

The oscillation between ALPs and photons has the
potential to induce irregularities in the gamma-ray spec-
trum. Detecting this phenomenon is typically more
achievable at lower energies because detectors exhibit su-
perior energy resolution for low-energy photons com-

pared to high-energy photons. Nevertheless, the impact of
ALP-photon oscillation on the astrophysical gamma-ray
spectrum may also become pronounced at high energies.
Interactions involving high-energy photons and low-en-
ergy background photons, such as those originating from
the interstellar radiation field (ISRF) [44—46], cosmic mi-
crowave background (CMB) [47], and extragalactic back-
ground light [48-51], lead to the absorption of high-en-
ergy photons, thereby attenuating the observed gamma-
ray spectra at high energies. The conversion of photons to
ALPs may mitigate this absorption effect because of the
interaction between ALPs and high-energy photons. Con-
sequently, the presence of ALPs leads to a modification
of the expected gamma-ray spectrum at high energies
within the standard astrophysical framework. The obser-
vation of these effects would serve as evidence for the ex-
istence of ALPs. However, because there is no positive
signal of such effects, we can only establish constraints
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on the ALP parameters based on the observation.

In recent years, significant progress in high-energy
gamma-ray observation experiments has led to remark-
able measurements of high-energy gamma-ray spectra
[52-61]. Notably, the Large High Altitude Air Shower
Observatory (LHAASO) [62] has contributed signific-
antly to this field. In 2021, the LHAASO collaboration
reported the detection of ultra-high energy gamma-rays
from the Crab Nebula [53]. This measurement encom-
passed results from two detectors, namely, the Water
Cherenkov Detector Array (WCDA) and Kilometer
Square Array (KM2A), offering a precise gamma-ray
spectrum of the Crab Nebula that spans more than three
energy orders, from 500GeV to 1.1PeV. In the same
year, the LHAASO collaboration reported the detection
of over 530 photons with energies above 100 TeV and up
to 1.4 PeV from 12 ultra-high-energy gamma-ray sources
[52]. The energy spectra of four Galactic sources,
namely, the Crab Nebula, LHAASO J2226+6057,
LHAASO J1908+0621, and LHAASO J1825-1326, were
provided in the same report [52]. These measurements of
high-energy gamma-ray spectra offer a promising oppor-
tunity to investigate the ALP-photon oscillation effect.

In this study, we utilize the LHAASO observations
from the Crab Nebula, LHAASO J2226+6057, LHAASO
J1908+0621, and LHAASO J1825-1326 to impose con-
straints on the ALP parameters. We consider the absorp-
tion effect induced by CMB and ISRF photons on ultra-
high-energy photons within the Milky Way. Although
several studies [30, 31, 39, 40] derived constraints on the
ALP parameters from high energy gamma-ray observa-
tions of Galactic sources, we emphasize that the photons
from the four Galactic sources considered in this study
are more energetic. Furthermore, we employ the CL,
method [63, 64] to establish robust constraints on the
ALP parameters, as in [37, 38]. To further enhance the
constraints, we also conduct a combined analysis, incor-
porating Crab observations from many other experiments,
including HAWC [65], ASy [66], HEGRA [67], MAGIC
[68], HESS [69], and VERITAS [70].

Recently, the LHAASO collaboration reported up-
dated selection criteria for photons and presented a new
Crab spectrum within the energy range 10—1000 TeV us-
ing KM2A data from August 2021 to August 2022 [71].
We treat this measurement as independent and incorpor-
ate it into the combined analysis.

This paper is organized as follows. In Sec. II, we in-
troduce the ALP-photon oscillation effect and the absorp-
tion of high-energy photons in the Milky Way. In Sec. III,
we describe the process of fitting the gamma-ray spectra
and the CL; method. In Sec. IV, we present the con-
straints on the ALP parameters from the LHAASO obser-
vations of four Galactic sources and the combined con-
straint from the observations of the Crab Nebula from
multiple experiments. Finally, we conclude in Sec. V.

IO. ALP-PHOTON OSCILLATION

In this section, we provide a brief introduction to the
ALP-photon oscillation effect in Galactic magnetic fields.
The interaction between an ALP and photons can be de-
scribed by the Lagrangian term

1 = N
Ly = —ng/aFwF” =g,akE - B, (1)

where g,, denotes the coupling coefficient between the
ALP and photons, a denotes the ALP field, F' denotes the
electromagnetic field strength tensor, F denotes its dual
tensor, £ denotes the photon electric field, and g denotes
the magnetic field. The propagation equation for a mono-
chromatic ALP/photon beam can be written as [9]

<id% +E+M’) W) =0, 2)

where z denotes the distance along the propagation direc-
tion Z, £ denotes the energy of the ALP/photon, and
¥ =(A,,A,a)" , with A, and A; representing the photon
polarization amplitudes perpendicular and parallel to the
transverse component of the external magnetic field B,
respectively. The matrix M’ encompasses the ALP-
photon oscillation effect and the absorption effects of
high-energy photons and can be written as

IﬂBG
M’ = M +i FBG . (3)

The mixing matrix M includes the interaction
between photons and ALPs and environment effects and
is expressed as

A, 0 0
M=| 0 A A, |, “4)
0 A, A,

where Al = API + ZAQED, A” = Apl + 7/2AQED; Aa = —mi/
(2E), and A,y = g4B,/2. Here, m, is the mass of the ALP.
The term A, = —wf,, /(2E) describes the effective mass of
photons in plasma with the typical frequency wpy.
Agep = @E/(457)(B,/B.)* is the QED vacuum polariza-
tion term, where « is the fine structure constant, m, is the
electron mass, and B =m?/le| is the critical magnetic
field. The off-diagonal element A,, =g,,B,/2 describes
the ALP-photon mixing effect.

When ultra-high-energy photons propagate in the
Galactic magnetic field, the absorption effect induced by
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CMB and ISRF photons through the pair production pro-
cess y+vywe — € +e” [45, 72, 73] cannot be neglected.
I'sg representing these effects is calculated as

1 d
g / dEgg—2S 6, (5)

where Epg and npg are the energy and number density of
background radiation fields, respectively. In this analysis,
we utilize the ISRF model presented in Ref. [74]. The
term & is given by

2
&= / dx%aw, (6)
0

where x=1-cosb,,, and 6,, is the angle between incid-
ent photons. The cross section of the pair production o,
is given by

1+8

2
TpmBe-mf o

3
0y = <cor(1=) | 3=Y1n

where B=(1-4m?/s)"?, or isthe Thomson cross sec-
tion [75, 76], and s =2xEFEpg is the center-of-mass en-
ergy. For photons from the Crab Nebula with energies of
1 PeV, this absorption would result in a loss of ~ 19% of
the photon flux.

The generalized density matrix p=¥Y®W¥" can be
used to describe the polarized states of the ALP-photon
system. This matrix p obeys the Von Neumann-like equa-
tion [10, 14]

iL = o M1 ®
z

The solution to Eq. (8) in a homogeneous magnetic field
can be expressed as p(z) = T (2)p(0)7 '(z), where the trans-
fer function 7 (z) is obtained from the solution of Eq. (2).
High energy photons emitted from Galactic sources en-
counter the magnetic field of the Milky Way before
reaching the Earth. The entire path can be divided into
many pieces, with the magnetic field in each domain con-
sidered to be homogeneous. The total transfer matrix is
given by

T () = [[TuAz), ©)

where 7;(Az;) represents the transfer matrix in the i-th
piece.

In this study, we focus on Galactic sources and in-
vestigate the ALP-photon oscillation effect in the
Galactic field. The Galactic magnetic field consists of a

regular component and turbulent component. As the lat-
ter component is small and can be safely ignored, we only
consider the regular component. The Galactic magnetic
model utilized in this study is the Jansson & Farrar mod-
el [77]. Additionally, we take the NE2001 model [78] for
the Galactic electron distribution.

The survival probability of the photon can be ex-
pressed as [9, 13]

Py, =Tt ((p11 +p22)T @p(OT ' (2)) . (10)

where p(0) = diag(1/2,1/2,0), p,; = diag(1,0,0), and p,; =
diag(0,1,0) for unpolarized photons. Considering the
ALP-photon oscillation and the absorption effects de-
scribed above, the observed photon energy spectrum is
given by

dN dN

de 7 dE |, (b
where %Lm is the intrinsic spectrum of the source. For
the sources considered in this study, we set their intrinsic
spectra to be a log-parabolic function given by
Fo(E/Ey)T-teE/E) \where Fy, I', and b are free paramet-
ers, and Ej is set as 10 TeV. This choice is based on the
results in Refs. [52] and [53], where the log-parabolic
spectrum provides better fitting results.

1. METHOD

In this section, we briefly introduce the analysis meth-
od used to set constraints on the ALP parameters. The
best-fit spectrum can be obtained by minimizing the x?
function

=Y X (12)
J

where x3 denotes the x* function of the j-th source. x3 is
given by

(@, =D,
=) pr (13)

where @, @;, and 5; represent the predicted value, ob-
served value, and experimental uncertainty of the photon
flux in the i-th energy bin, respectively.

For given m, and g,,, we define the test statistic (TS)
as

Ts(maugay) :/\/iLP(FA(/)’FA,’bA’;ma’gay) _XIZ\Iull(FA07f‘72)7 (14)
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where %, represents the best-fit x> value under the null
hypothesis without the ALP-photon oscillation effect,
Xi1p represents the best-fit x> value under the alternative
hypothesis including the ALP-photon oscillation effect
with the given two parameters m, and g,,, and (Fo,[,b)
and (F,,I",0’) denote the best-fit values of the paramet-
ers of the intrinsic spectrum under the null and alternat-
ive hypotheses, respectively.

Owing to the non-linear impact of ALPs on the
photon spectrum, the application of Wilks' theorem [79]
is unsuitable here, as discussed in [23]. Therefore, the TS
distribution cannot be adequately described by a x* distri-
bution, necessitating Monte Carlo simulations to obtain a
realistic TS distribution. In this study, we employ the CL;
method [63, 64, 80] to establish constraints on the ALP
parameters. The constraints are derived following the
same procedure as that described in Refs. [37, 38]. Here,
we only offer a concise introduction to this method.

We explore the (m,,8,,) parameter space and assess
the exclusion of each parameter point using the CLj
method in accordance with observations. For each para-
meter point, we generate two mock datasets, denoted as
{d}s+b and {d},, based on the expected spectra with and
without ALPs, respectively. Both mock datasets {d};+b
and {d}, consist of 1000 samples. For a specific mock
data sample, in each energy bin, the photon flux is ran-
domly generated from a Gaussian distribution, where the
mean value and deviation are set as the expected flux and
experimental uncertainty, respectively. Utilizing {d};+b
and {d},, we obtain two TS distributions {TS}, and
{TS}.» using Eq. (14). Given the TS value TS ob-
tained from the actual observed data, the CLg value is
defined as

CLs+b
CL, = , 15
L, (15)

where CLg,, and CL, represent the probabilities of find-
ing a TS value larger than TS, according to the distribu-

tions {TS}s, and {TS}y, respectively. If CL, is less than
0.05, this parameter point is considered to be excluded at

0.05

(TS},
{TS}s+o
—— TSobs

o
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o
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Fig. 1.

the 95% confidence level (C.L.).

In Fig. 1, we show the TS distributions {TS}, and
(TS}, for two specific parameter points (,,8)=
(8x107eV,3x107'°GeV") and 3x 1077eV,107'°GeV ™)
as examples. The corresponding CL, values for these two
parameter points are 0.0 and 0.16, respectively. These
results indicate that the first parameter point can be ex-
cluded at the 95% C.L., whereas the second parameter
point is still allowed.

IV. RESULTS

In this section, we present the constraints on the ALP
parameters derived from the LHAASO observations of
four Galactic sources, namely, the Crab Nebula,
LHAASO 1J2226+6057, LHAASO J1908+0621, and
LHAASO J1825-1326. Note that LHAASO J2226+6057,
LHAASO J1908+0621, and LHAASO J1825-1326 have
multiple potential candidates, as detailed in Extended
Data Table 2 in Ref. [52]. The distances to these sources
are important for determining the propagation length of
photons within the Galactic magnetic field, thereby influ-
encing the constraints on the ALP parameters. For con-
sistency, the distances used in Ref. [52] for spectral fit-
ting are adopted here, which are 0.8 kpc for LHAASO
1222646057, 3.4 kpc for LHAASO J1908+0621, and 3.1
kpc for LHAASO J1825-1326.

In our analysis, we calculate the best-fit y* values for
the four sources under the null hypothesis, yielding
x2/d.o.f. = 1.98, where d.o.f. denotes the number of de-
grees of freedom. These results indicate that the ob-
served data align well with the null hypothesis without
the presence of ALPs. The corresponding best-fit spectra
are depicted by the blue lines in Fig. 2. Furthermore, to il-
lustrate the influence of ALPs on the spectrum, we in-
clude the best-fit spectra for three ALP parameter points
in Fig. 2.

Using the CL, method, we scan the parameter space
with m, € [107%,10] eV and g,, € [107'!,10°] GeV™" and
establish constraints at the 95% C.L. for each source, as

=3
o
IS

mm (TS},
{TS}s+
— Tsubs

Probability Density
o o o o o
o ° ° i i
R & & ) N

o
o
)

0.00 4

(color online) TS distributions {TSk, and {TS}s;, for two parameter points (mg,gqy)=(8x1077eV,3x10719GeV~!) and

3x1077eV,10710 GeV~!) are shown in the left and right panels, respectively. The vertical black solid lines represent TSops .
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(color online) Best-fit spectra for the Crab Nebula, LHAASO J1825-1326, LHAASO J1908+0621, and LHAASO

J2226+6057. The solid and dashed lines represent the spectra under the null and alternative hypotheses, respectively. The black points

denote the photon spectra measured by the LHAASO [52, 53].

illustrated in Fig 1. The solid lines in black, purple, red,
and blue represent the constraints derived from the
LHAASO observations of the Crab Nebula, LHAASO
J2226+6057, LHAASO J1908+0621, and LHAASO
J1825-1326, respectively. The most stringent constraint
of g., is approximately 1.4x107'* GeV™' with an ALP
mass of m, ~4x1077 eV.

Notably, the constraints from the Crab Nebula are
considerably more stringent than those from the other
sources. This can be attributed to two advantages of the
LHAASO observations of the Crab Nebula. First, the
spectrum of the Crab Nebula encompasses both WCDA
and KM2A results and is precise in the energy regions of
O(1) TeV. In contrast, the spectra of the other sources
only include the KM2A observations at energies above
O(10) TeV. This indicates that it is easier to precisely de-
termine the intrinsic spectrum of the Crab Nebula and in-
vestigate the effects of ALP-photon oscillation in the
Crab spectrum at lower energies. Second, the highest en-
ergy bin of the Crab spectrum reaches 1 PeV, surpassing
that of the other sources. As previously mentioned, the
compensation of ALP-photon oscillation to the absorp-
tion effect may be considerably more significant for high-
er energy photons. These characteristics enable the Crab
Nebula to provide more stringent constraints.

Given that the constraints from the individual sources

complement each other in the parameter space, we
present the combined analysis result in Fig. 3. The green
region represents the combined constraint of these
sources. This improves the constraints from a single
source for ALP masses above 10 eV.

Because the observation of the Crab Nebula provides
the most stringent constraints among the four sources, we
conduct an analysis combining the observations from the
LHAASO and other experiments, including HAWC [65],
ASy [66], HEGRA [67], MAGIC [68], HESS [69], and
VERITAS [70] for the Crab Nebula. y* for this analysis
is defined as [31]

) (O — fi' - ) (fi—1)
= s 16
X ;Z (fkn—l '6(Dk,i)2 + ; 6fk2 ( )

where the subscript £ denotes the k-th experimental data, i
denotes the i-th energy bin, and ¢, ®, and 6@ are the ex-
pected value, observed value, and uncertainty of the
photon flux, respectively. Because the high-energy
gamma-ray experiments under consideration typically
have an energy resolution of approximately O(10) per-
cent, the spectra measured by different experiments may
not precisely match. To derive consistent results for all
experiments while accounting for this effect, we intro-
duce additional free parameters f to scale the energies of
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Fig. 3.  (color online) Constraints at the 95% C.L. in the
mq—8ay plane resulting from the LHAASO observations of
the Crab Nebula, LHAASO J2226+6057, LHAASO J1908+
0621, and LHAASO J1825-1326. The black dashed line rep-
resents the constraints obtained from CAST observations, in-
dicating gay < 6.6x 1071 GeV~! [81].

all the experiments except for the LHAASO and add their
Gaussian contributions to the x? function. As experiment-

. . dN
al data is often presented in the form of E"E, ® and 60

are also scaled by a factor of f*!, with n=2 in this study.
We take the deviations of scale factors df according to
experimental energy resolutions, with values of 0.15 for
HEGRA, MAGIC, HESS, and VERITAS, 0.14 for
HAWC, and 0.12 for ASy. This approach enables us to
accommodate the uncertainties arising from energy re-
construction and conduct a more comprehensive analysis
incorporating data from multiple experiments.

We achieve a best-fit y?/d.o.f. of 1.39 under the null
hypothesis, with the corresponding spectrum illustrated in
Fig. 4. Furthermore, the best-fit spectra for three ALP
parameter points and the observational data of the Crab
Nebula from various experiments are depicted in Fig. 4.
Utilizing the CL, method, we establish 95% C.L. con-
straints on the ALP parameters, as depicted by the red
solid line in Fig. 5. Notably, the constraints exceed the
results obtained solely from the LHAASO observations.
For comparison, constraints derived from observations by
ASy, HAWC, HEGRA, and MAGIC, as reported in [31],
are also included in Fig. 5.1t is evident that our con-
straints are more stringent than those in Ref. [31], and the
most stringent constraint at m, ~ 4 X 1077 eV is similar to
the CAST constraint in [81].

The full LHAASO array has been operational since
July 2021. Recently, the LHAASO collaboration repor-
ted the refined selection criteria of the detector KM2A for
very high and ultra-high-energy photons, using data from
August 2021 to August 2022 [71]. With these updated
data selections, the LHAASO collaboration presented a
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Fig. 5. (color online) Constraint at the 95% C.L. in the
mq — gay plane derived from observations of the Crab Nebula,
combining the data from seven experiments, that is, the
LHAASO [53], HAWC [65], ASy [66], HEGRA [67], MA-
GIC [68], HESS [69], and VERITAS [70], is depicted by the
red solid line. The blue solid line represents the combined
constraint at the 95% C.L. with the inclusion of the new
LHAASO KM2A measurement [71] derived in this study. For
comparison, the constraint from the observations of ASy,
HAWC, HEGRA, and MAGIC, as reported in Ref. [31], is de-
picted as the orange dashed line. The shaded region repres-
ents the parameter space excluded by CAST [81]. The con-
straints from the NGC 1275 observation of Fermi-LAT [23]
(brown dashed line), the Mrk 421 observation of MAGIC [33]
(purple dashed line), the PKS 2155-304 observation of
H.E.S.S. [18] (gray dashed line), and the polarization meas-
urements of thermal radiation from magnetic white dwarf stars
[43] (green dashed line) are also presented.
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new spectrum of the Crab Nebula. In comparison to the
2021 spectrum, the highest energy bin of this new spec-
trum was below 1 PeV. Because only KM2A data is util-
ized in the analysis, the energy of this new spectrum is
presented above 10 TeV. Given the differing datasets and
selections of these two analyses, we treat the new
LHAASO measurement as independent and integrate it
into the combined analysis for the Crab Nebula. The con-
straint is illustrated in Fig. 5. As shown, this new con-
straint exhibits a slight improvement over the constraint
derived in the previous analysis.

Fig. 5 shows constraints that are more stringent than
the CAST constraint, including those derived from the
NGC 1275 observation of Fermi-LAT [23], the Mrk 421
observation of MAGIC [33], the PKS 2155-304 observa-
tion of H.E.S.S. [18], and the polarization measurements
of thermal radiation from magnetic white dwarf stars
[43], for comparative purposes. It is expected that future
precise measurements of the high-energy gamma-ray
spectra of the LHAASO will further improve the con-
straints from extragalactic sources. It is important to note
that although these constraints are more stringent than
those derived from the high-energy Galactic sources in
our study, they are contingent upon specific magnetic
field models and the astrophysical environments of differ-
ent sources. The constraints derived in our study are inde-
pendent and hold significance.

The oscillation effect between ALPs and photons is
heavily reliant on the strength and structure of astrophys-
ical magnetic fields. As a result, the main theoretical un-
certainties arise from the uncertainties in the magnetic
field model. In the previous analysis, we employ the Jans-
son & Farrar model as a benchmark Galactic magnetic
field model. To investigate the impact of the Galactic
magnetic field model, we conduct analyses using two al-
ternative models, namely, the Pshirkov bisymmetric and
Pshirkov axisymmetric models [82]. Our findings depic-
ted in Fig. 6 indicate that these magnetic field models
yield consistent results with our previous findings.
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Fig. 6. (color online) Constraints derived from observations
of the Crab Nebula with various Galactic magnetic field mod-
els, including the Jansson & Farrar [77], Pshirkov bisymmet-
ric [82], and Pshirkov axisymmetric models [82].

V. CONCLUSION

In this study, we investigate the impact of the ALP-
photon oscillation effect on the gamma-ray spectra of
four Galactic sources, namely, the Crab Nebula,
LHAASO 1J2226+6057, LHAASO J1908+0621, and
LHAASO J1825-1326, measured by the LHAASO. We
consider the compensation of ALP-photon oscillation to
the absorption effect for high-energy photons and utilize
the CL, method to set constraints on the ALP parameters.

Among the four sources, the Crab Nebula provides
considerably more stringent constraints than the other
sources owing to its energy spectra spanning a wide range
over three orders. By combining the data from the four
sources, we find that ALP-photon couplings larger than
1.4x107° GeV™' can be excluded for an ALP mass of
~4x107" eV at the 95% C.L. Furthermore, we perform a
combined analysis for the observations of the Crab Neb-
ula from the LHAASO and other experiments. Our ana-
lysis sets a limit on g, of approximately 7.5x107!
GeV~! for an ALP mass of ~4x 1077 eV, which is simil-
ar to the CAST constraint.
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