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Abstract: We investigate the axion-like particle (ALP)-photon oscillation effect in the high-energy y-ray spectra of
PG 1553+113 and PKS 2155-304 measured by Fermi-LAT and H.E.S.S. The choice of extragalactic background
light (EBL) model, which induces the attenuation effect in observed y-ray spectra, affects the ALP implications. For

the ordinary EBL model that prefers a null hypothesis, we set constraints on the ALP-photon coupling constant at
95% C.L. as gay S5X 107! GeV~! for the ALP mass ~ 10 neV. We also consider the CIBER observation of the
cosmic infrared radiation, which shows an excess at wavelengths of ~ 1 um after the substraction of foregrounds.
High-energy gamma-rays from extragalactic sources at high redshifts would suffer from a more significant attenu-
ation effect caused by this excess. In this case, we find that the ALP-photon oscillation would improve the fit to the
observed spectra of PKS 2155-304 and PG 1553+113 and find a favored parameter region at 95% C.L..
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I. INTRODUCTION

Axions are light pseudo-Goldstone bosons proposed
to solve the strong CP problem in QCD [1-3]. Many new
physics models beyond the standard model also suggest
the existence of axion-like particles (ALPs) [4, 5]. These
particles may play an important role in the evolution of
the universe and have rich phenomenology in high-en-
ergy and astrophysics experiments. Considering the ef-
fective coupling between ALPs and photons, many in-
vestigations for the ALP-photon conversion effect have
been performed [6-11]. For instance, the CAST experi-
ment investigated the photon signal induced by ALPs
from the Sun and has set a stringent constraint on the
ALP-photon coupling as g,, < 6.6x 10711 GeV~! [12].

A promising avenue of investigation is to explore
ALPs through the ALP-photon oscillation effect in high-
energy astrophysical processes [13]. The initial high-en-
ergy photons emitted from an astrophysical source may
be converted into ALPs by the external magnetic field
around the source [14-16]. The ALPs would then propag-
ate in extragalactic space without energy loss, whereas
high-energy photons could interact with the extragalactic
background light (EBL). Finally, the ALPs could be con-
verted into detectable high-energy photons by the

Galactic magnetic field. Therefore, it is expected that the
ALP-photon oscillation would reduce the attenuation ef-
fect of high-energy photons from distant sources and af-
fect the final photon spectrum.

Using data from observations of high-energy photons,
many studies on ALP-photon conversion have been per-
formed [10, 11, 15-39]. For instance, the y-ray spectra
from the sources NGC 1275 and PKS 2155-304 at high
redshifts measured by Fermi-LAT have been used to set
constraints on g,, in Ref. [22] and Ref. [25], respectively.
Compared with the detectable energy range of Fermi-
LAT ~0.1-300 GeV, imaging atmospheric Cherenkov
telescopes detect high-energy y-rays above O(10%) GeV,
which opens a different window for ALP research. For
instance, the data for PKS 2155-304 from H.E.S.S. I ob-
servations have been used to search for ALPs in Ref.
[18].

Compared with H.E.S.S. I, H.E.S.S. II with the fifth
telescope added in 2012 is sensitive to the y-ray spectra
at lower energies. The H.E.S.S. II measurements of the
very high energy (VHE, Ex 100 GeV) gamma-ray spec-
tra of two extragalactic sources, PKS 2155-304 and PG
1553+113, have been reported in Ref. [40]. These two
sources are high-frequency peaked BL Lac objects with
high statistics in the VHE y-ray sky. Since they are loc-
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ated at high red-shifts (z = 0.116 and 0.49 for PKS
2155-304 and PG 1553+113, respectively), the EBL at-
tenuation effects for their spectra are expected to be signi-
ficant. Consequently, the measurements of VHE spectra
are suitable to detect the ALP-photon oscillation, which
can compensate the EBL attenuation effect.

This paper is organized as follows. In Sec. 1I, we de-
scribe the EBL attenuation effect and introduce the two
EBL models adopted in this work. In Sec. III, we intro-
duce the ALP-photon oscillation effects in the ex-
tragalactic source and the Milky Way. In Sec. IV, we de-
scribe our fitting method to the observed y-ray spectra. In
Sec. V, we investigate the implications of ALPs in the
data for the two EBL models. The conclusions are given
in Sec. VL

II. EBL ATTENUATION EFFECT

Before entering the Galaxy, high-energy vy-rays
would interact with the EBL and lose energy through the
pair production process y+7ygpL — ¢t +e~. This attenu-
ation effect can be described by the factor e (E-a),

where T(Ey,z()) is the optical length of a photon with a

detectable energy of E,, which is emitted from the source
at redshift of z :

20 dZ
T(Ey,Zo) =cj(; —(1 T o Ho

X [(1 +22 0+ Q2 —z2(z+ 2)91\]71/2

d
xf dw n(z)d'(E'y,w), &
E>E,

dw

where H, is the Hubble constant, Q,, is the matter dens-
ity, Qa is the dark energy density, Ey, is the threshold en-
ergy of pair production, dn(z)/dw is the proper number
density per unit energy of the EBL at redshift z, £, is the
photon energy at z, and &(E’y,w) is the integral cross sec-
tion of pair production:

2 x
&(E;,u))zf dxia'w, 2)
0

where x equals 1-cos6, with 6 the angle between the two
scattering photons, and

Tyy =10'T(1 —ﬁz)
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1
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X

where o1 is the Thomson cross section, which equals
12 .
6.25x107% m? and g equals (1—4m§c4/s) ” with s = 2Ewx.

The main contributions to the EBL at wavelengths
from UV to IR are expected to be from starlight and dust
re-radiation, accumulated over the history of the universe.
In order to predict the EBL, detailed modeling of the
evolution of galaxy populations is needed. Many EBL
models based on empirical or semi-analytical approaches
have been developed [41-45]. Depending on the method
of dealing with the evolution of galaxy populations and
the EBL, these models can be classified into four types
[43]. Using the cosmological survey data from a variety
of ground-based experiments and space telescopes,
Franceschini et al. built a backward evolutionary model
to extrapolate the evolution of the EBL [41] (hereafter the
FRV08 model). The observed galaxy luminosity func-
tions are used to derive the contributions from different
galaxy populations based on morphology. In our work,
we adopt this EBL model to compute the gamma-ray at-
tenuation effect.

It is difficult to directly measure the EBL spectrum
due to the bright foregrounds, such as the zodiacal light,
which is sunlight scattered by interplanetary dust. Some
efforts have been made to directly derive the EBL at
near-IR wavelengths by subtracting the foregrounds from
the data [46-51]. It is interesting to note that many ana-
lyses suggest an isotropic excess in the range ~ 1 —4 um
compared with the integrated light from galaxies pre-
dicted from deep galaxy counts and theoretical models.
Recently, Ref. [S1] reported the derived EBL in the
wavelength range 0.8—1.7 um from the CIBER observa-
tion, as shown in Fig. 1. The absolute brightness of the
derived EBL is highly dependent on the subtraction of zo-
diacal light. Assuming the Kelsall zodiacal light model
[52], the residual brightness is 42.7*1!9nW-m™sr! at
1.4 um. Using a model-independent method for the sub-
traction, the derived minimum EBL brightness is 28.7*3]

L —e—i CIBER
1000 s CIBER min
—— FRV08
S Aharonian etal
—=— |IRTS 2015
—=— ARAKI 2013
+—#— Deep Galaxy Count
L DIRBE-07
100 +—e—i DIRBE-15
+——i Pioneer10/11
Ciber in this work

vl [NW/m?/sr]

1Wavelength [um]
Fig. 1.  (color online) EBL spectra from the CIBER [51],
IRTS [49], AKARI [48], COBE/DIRBE [50, 59], and Pioneer
10/11 [60] results. Also shown are the FRV08 EBL model
(dashed dotted line) provided in Ref. [41] and the EBL model
incorporating the CIBER results used in this work (green
line).
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I at 1.4 um, which still exceeds the theoretic-

nW-m st~
al results.

This excess may be explained by a new foreground
component or a new EBL component. For instance, the
radiation from Population III stars at redshifts ~ 10-20
may contribute to this component [53]. Some studies also
investigate the possibility that this component is pro-
duced by the decay of ALPs [54-56].

It is expected that the high-energy y-ray spectrum of
the astrophysical source at high redshifts would suffer
from a significant attenuation effect after considering the
excess. Therefore, the VHE gamma-ray observations set
constraints on the EBL. There is a conflict between the
results from these analyses and the directly derived EBL
at O(1) um (see e.g. Refs. [57, 58]). Reference [38] found
that this conflict can be reconciled by oscillation between
the photons and ALPs, and finds an ALP parameter re-
gion favored by observations. In this work, we consider
the EBL model with an excess at O(1)um based on the
CIBER result [51] (hereafter the Ciber model) and invest-
igate the ALP implication using a different method to cal-
culate ALP-photon conversion compared with Ref. [38].
We incorporate the CIBER result into the FRV08 spec-
trum at present and only consider the redshift evolution
for this excess at z ~0-0.5.

III. ALP-PHOTON OSCILLATION IN
PROPAGATION

In this section we describe the ALP-photon oscilla-
tion effect in propagation. The ALP-photon conversion
arises from the effective coupling between ALPs and
photons through the triangle graph with internal fermion
lines. The effective Lagrangian is written as

1 -
Lay = _ZgayanvFﬂv = gayaE'B’ 4

where a is the ALP field, F, is the electromagnetic field
tensor, F* is the dual tensor, and E and B represent the
electric and magnetic field, respectively. The ALP-
photon beam can be described by ¥ = (A;,A,a)”, where
Ay and A, represent the photon transverse polarization
states along two orthogonal directions #; and £;, respect-
ively. The ALP-photon beam obeys the Von-Neumann-
like equation [15, 16]

d
—dp = [p, Mo], (5)
S

where s represents the traveling distance of the ALP-
photon beam along the propagation direction £3 = £ X %7,
My is the mixing matrix, and p is the density matrix of
the beam p = ¥®¥'. My is only related to the transverse
magnetic field B, .

Assuming that B, is aligned along £, the mixing
matrix is [14, 35]

Ay 0 0
MO = 0 Apl Aay > (6)
0 Ay Au

where Ay = —wfﬂ/(ZE) represents the plasma effect with
the plasma frequency wp and photon energy E,
Aga = -m2/(2E) represents the kinetic term for an ALP
with mass m,, and A,, is the ALP-photon coupling term
8ayB.1/2. The Faraday rotation, QED vacuum polariza-
tion effect, and dispersion and absorption effects in the
Milky Way are neglected here due to their small contribu-
tions.

If B, is not aligned along #;, the mixing matrix be-
comes

M=V MV W), (7)
with
cosyy siny O
V)=| —sing cosyy O |, (8)
0 0 1

where ¢ is the angle between B, and £;. In the general
case, the magnetic field of the astrophysical system
changes its direction along the propagation direction 3.
In order to describe this effect, the propagation path is di-
vided into n small regions. In each region, the magnetic
field can be treated as approximately constant. The trans-
fer matrix 7 (s) is given by

T =] ]10, ©)
i=1

where T(i) represents the transfer matrix in the i-th re-
gion.

In this work, we consider the high-energy y-ray spec-
tra from the two extragalactic sources PKS 2155-304
and PG 1553+113, which are high-frequency peaked BL
Lac objects. It is known that BL Lac objects are hosted in
elliptical galaxies. However, it is not easy to determine
the exact cluster environments around these objects.
There is evidence that some BL Lac objects are har-
boured in small galaxy groups or clusters [61, 62]. Some
studies [63, 64] also show that PKS 2155-304 is located
at the center of a galaxy cluster. Thus it can be expected
that the high-energy photons emitted from the BL Lac ob-
jects oscillate with ALPs in the inter-cluster magnetic
field (ICMF). The strength of the regular magnetic field
in the galaxy cluster ranges from ~1 puG to 10 uG [65].
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We assume that the ICMF is a Gaussian turbulent field as
described in Ref. [66], with a mean value of zero and
variance of op. Since no concrete ICMF model is avail-
able, we randomly generate the configuration of ICMF
following Ref. [22]. Four hundred realizations of the
ICMF for each source are taken in the analysis. The fidu-
cial parameters of the ICMF shown in Table 1 are adop-
ted, following Ref. [25].

In this analysis, we do not consider the impact of the
magnetic field in the extragalactic space. Some studies
show that the upper limit of its strength is O(1) nG [67],
but the exact value remains unclear. Thus only the EBL
attenuation effect is taken into account for y-ray propaga-
tion in extragalactic space.

The ALP-photon oscillation would also occur in the
Milky Way. The galactic magnetic field consists of two
components: a random component at small scale and a
regular component at large scale. The impact of the ran-
dom component is neglected here due to the short coher-
ence length. For the regular component, we take the mod-
el in Ref. [68].

The final transfer matrix consists of the contributions
from three regions

T (s) = TmwTEsLT1CMFS (10)

where Tmw, Tepr. and Ticmr are the transfer functions in
the Milky Way, extragalactic space, and the inter-cluster
environment, respectively. The density matrix can be
solved by

p()=T(5)pO)T" (s), (11)

where p(0) represents the density matrix for the initial
beam, which is assumed to be a pure photon beam
without polarization, p(0) =1 diag(1,1,0). The survival
probability of photons in the final beam is given by
Py, =p1(s)+p2(s), where p; (s) and p, (s) are the first and
second diagonal elements in the density matrix p(s), re-
spectively.

Table 1. Fiducial parameters of the ICMF model in this
work.
ICMF parameters Fiducial values

op/(uG) 3

n 0.5

re/kpe 200

ki [kpe™! 4r

kp/kpe™! 0.1x

q ~11/3

Tmax /kpe 350

100 T ’
N
=
3
8 o1
g 10
Qo
] PG 1553+113
2 m,=1.26 1o:f?v ;
2 94=6.31x107" 'GeV ]
\

5107 ¥
IS] i
= \
o s 95% band i

mm 68% band \

------- exp(-1) 5

s —— one random ICMF i
10° 10’ 10 10°
E[GeV]
Fig. 2. (color online) Survival probability of y-rays emitted

from PG 1553+113 with m,=126x10"% eV and g, = 6.31x
1071 GeV~! for the FRV08 model. The solid line represents
the result for one randomly selected realization of the ICMF.
The red (yellow) band represents the 68% (95%) band for 400
realizations of the ICMF, respectively. The dotted dashed line
represents the survival probability of y-ray without the ALP-
photon oscillation.

In Fig. 2, we show the photon survival probability
with m, =1.26x107 eV and g,y =6.31x107!! GeV~! as
a function of the photon energy for one ICMF realization
of PG 1553+113. The FRV08 model is used for the EBL
[41]. In order to describe the impact of the randomness of
the ICMF, we also plot the 68% and 95% bands of the
photon survival probability using 400 generated realiza-
tions of the ICMF. The photon survival probability with
only the EBL attenuation effect is also shown for compar-
ison. We can see that the oscillation effect becomes signi-
ficant above O(10) GeV. For VHE y-rays above O(300)
GeV, the oscillation effect induces a larger survival prob-
ability in comparison with the pure EBL absorption ef-
fect.

IV. ANALYSIS METHOD

In this work, we assume that the initial y-ray spec-
trum of PKS 2155-304 is described by a broken power
law with a transition region [69],

F(E) = N(E/E))™ (1 + (E/Eprea))™ ™. (12)

The spectrum of PG 1553+113 is fitted with a logar-
ithmic parabola function,

F(E) = N(E/Eq) ™ IME/E, (13)

where N, I'1, Epea, [2, @ and B are taken to be free para-
meters, E. is a normalization parameter, f is taken to be
100, and Ej is taken to be 10 GeV. Compared with some
other spectral forms, these two spectra can provide a bet-
ter fit to the data under the null hypothesis. Then we de-
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rive the expected y-ray spectra by using the photon sur-
vival probability and fit the experimental data. The ob-
served spectra given by the H.E.S.S. II (CT5 mono) and
Fermi-LAT contemporaneous observations [40] are used
in this analysis.

It is known that PG 1553+113 and PKS 2155-304
are time-varying sources [70, 71]. However, these two
sources were in low states during the H.E.S.S. II observa-
tion times (PG 1553+113 in 2013 and PKS 2155-304 in
2013 and 2014) [40]. For PG 1553+113, no nightly or
weekly variability of the H.E.S.S. II data is found and the
data are consistent with many previous observations [71-
75] and the Fermi-LAT data. For PKS 2155-304, the
data which were collected in 2013 and 2014 by H.E.S.S.
II are in accordance with the level of the quiescent state
in the previous H.E.S.S observation [76]. However, vari-
ability has been found in the H.E.S.S. II lightcurve [40].
The H.E.S.S. II analysis including variability shows that
the spectral parameters are not significantly changed and
the 2013 data are more suitable to determine the spectral
form of PKS 2155-304. Thus we only utilize the PKS
2155-304 data in 2013 to investigate the ALP implica-
tions in this work.

In order to include the energy resolution of the experi-
ment, the expected y-ray flux in an energy bin between
E| and E, is smeared as

E, 00

dE | S(E,E)F(E')dE’
di)_f! fo (E",E)F(E)
dE E,-E;

; (14)

where E and E’ are the measured and original photon en-
ergies, respectively, and S(E’,E) is a Gaussian function
with a standard deviation of o. Here the energy resolu-
tions of H.E.S.S. II and Fermi-LAT are set as 25% [40]
and 15%", respectively.

After integrating the observed energy, the expected
photon flux is

A(E' E,E>)F(E"dE’
d@_fo (E'\Ey, E2)F(E')d
dE

: 15
5 E (15)

where A(E’, E, E;) is given by

A(E’,EI,EZ):%[erf(Ei/%E’)—erf(Ei/;E/)], (16)
o o

where erf(x) is the error function.
Considering the difference between the energy recon-
struction of two different kinds of experiments, we also

introduce an extra parameter to incorporate a possible
systematic uncertainty in the analysis. In the fit we res-
cale all the energies of the H.E.S.S. II data by a factor f
and add a corresponding contribution (f-1)*/os to the
log-likelihood —2In£. We assume o to be 19%, which
equals the systematic uncertainty of the energy scale of
H.E.S.S. 11 [40].

Following Ref. [22], the ALP hypothesis is evaluated
by a likelihood ratio test. The maximal likelihoods under
the null and ALP hypothesis are denoted by L(uo|D) and
L(ugs|D), respectively, where u is the expected photon
spectrum with the best fit nuisance parameters, wo (uos) is
the best fit scenario without ALPs (with ALPs in the 0.95
quantile), respectively, and D is the observed data. For
each set in the (m,,84,) plane, the adopted ICMF realiza-
tion is the one among 400 realizations that corresponds to
the 0.95 quantile of the likelihood distribution (the
quantile of the best fit scenario corresponds to 1).

In order to test the ALP hypothesis, the probability
distribution of the test statistic 7S = —-2In(L(ulD)/
L(ugs|D)) is required. Note that the relation between the
spectral irregularities and ALP parameters is non-linear.
Moreover only the ALP hypothesis depends on the ICMF
realizations, while the null hypothesis does not. There-
fore the commonly used Wilks' theorem [77] is not valid
in this case. Instead, a Monte-Carlo method is needed to
derive the TS distribution.

Four hundred sets of mock data for each source were
generated in pseudo-experiments that were realized by
Gaussian samplings [24]. For the sampling, the mean val-
ues were taken to be the best-fit fluxes under the null hy-
pothesis; the standard deviations were taken to be the er-
rors of the experimental data. We then calculated the TS
value in the fit for each mock data set and derived the TS
distribution. As an example, the TS distribution of PG
1553+113 for the FRV08 model is shown in Fig. 3. We
use a non-central y? distribution to fit this TS distribu-
tion and obtain the degree of freedom d.o.f.=2.94 and
non-centrality 2 =0.01. Thus this TS distribution can be
taken as a standard y? distribution. The threshold of TS
distribution at 95% C.L. is found to be 7.74 and is used to
set the constraint on the ALP parameter space.

V. RESULTS

A. FRV08 model

In this section, we investigate the implication of ALPs
for the FRV08 EBL model. The best fit spectra under the
null and ALP hypothesis for the two selected sources are
shown in Fig. 4. It can be seen that the null hypothesis
fits the data well. The values of the best fit reduced y? are
shown in Table 2.

1) https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Introduction/LAT_overview.html
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Fig. 3. (color online) TS distribution of PG 1553+113 for

the FRVO08 model. The red line represents the fitted non-cent-
ral y? distribution with d.o.f. =2.94 and A =0.01. The blue line
represents the cumulative probability function of TS distribu-
tion.

Compared with the null hypothesis, the ALP-photon
oscillation may reduce the EBL attenuation effect at ener-
gies above ~O(10%) GeV. Therefore, the corresponding
y-ray spectra in this energy region may significantly de-
viate from the experimental data. The maps of
A*=x4p—X2y in the (mg,gq) plane for the two
sources are shown in Fig. 5. The boundaries of the ex-
cluded parameter regions can be derived by requiring
X =X x5, where yZ  is the best-fit x> under the
ALP hypothesis. y2 depending on the confidence level is
taken to be the corresponding threshold of the TS distri-
bution. Note that the probability distributions of TS with

T

= 10710k pKs 2155-304 E
o) EBL: FRV08 = E
2 | g
E 011 =" 4
<
>
2, ]
w 10912 h
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10t 100 10! 102 108
E [GeV]

T
10710k pKs 2155304 3

=} )
3 EBL: Giber g
aV)
E 10-11 | =
>
2,
w 1012 4
O Best-fit w/o ALP 3
Z Best-fit w ALP
ﬁJ 13 —w— Fermi-LAT

107"° H —e— CT5 mono | | E

L L |
10t 100 10! 102 108
E [GeV]

Fig. 4.

the ALP and null hypothesis are assumed to be same here
[22]. For instance, Xt2h at 95% C.L. for PG 1553+113 is
taken to be 7.74.

We show the 95% C.L. excluded contour for PG
1553+113 in Fig. 6. Considering the constraint from
CAST, we find that the 95% limit from PG 1553+113 on
the ALP-photon coupling is g,y <5x 107! GeV™! in the
ALP mass range of ~8neV <m,<23neV. For PKS
2155-304, the 95% C.L. contour is found to be above the
CAST limit and is not shown here.

For comparison, the limits from Fermi-LAT observa-
tion of NGC 1275 [22] and H.E.S.S. [18] observation of
PKS 2155-304 are also shown. The limit set by the
Fermi-LAT collaboration is derived from the fit to its
measured spectrum of NGC 1275. Compared with the ex-
perimental data used in this analysis, the NGC 1275 data
contain more data points with narrow energy bins below
~300 GeV. It is expected that the deviations from the
data caused by the ALP-photon oscillation would be
more significant at low energies. Therefore, the Fermi-
LAT analysis has excluded a large parameter region at
low ALP masses ~ O(1) neV, which corresponds to low
critical energies for the ALP-photon oscillation. The PKS
2155-304 analysis of the H.E.S.S. collaboration focuses
on the spectral irregularities induced by the ALP-photon
oscillation in the variations of neighboring energy bins
and provides a stricter limit in comparison with our res-
ult for PKS 2155-304.

The dominant uncertainty in this analysis arises from

T T T T T
PG 1553+113
10710 | EBL: FRV08

107 _V

1012 H Best-fit wio ALP E
Best-fit w ALP E
—w— Fermi-LAT L
10713 H —— C;I'S mono_ E

10t 100 10! 102 108
E [GeV]
T T T T T
PG 1553+113
10710 & EBL: Ciber v E
1011 '—Y/—.Z'g ’fI _

1012 { Best-fit wio ALP
Best-fit w ALP
—w— Fermi-LAT

10713 | —e— CT5 mono
L L

107"

100 10! 102 108

E [GeV]

(color online) Best-fit y-ray spectra of PKS 2155-304 (left panels) and PG 1553+113 (right panels). The green and black lines

represent the results under the null and ALP hypothesis, respectively. The top and bottom panels represent the results for the FRVO0S
and Ciber EBL models, respectively. The experimental data include the results from Fermi-LAT and H.E.S.S. II [40].
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Table 2.

The best fit x> and rescale factors under the null and ALP hypotheses for two sources in the two EBL models. Under the

ALP hypothesis, the best fit ALP parameters (mq,gqy) in units of (neV, 10719 Gev~!) and the effective degrees of freedom of the TS dis-

tribution are also listed.

Source PKS 2155-304 PG 1553+113
EBL model FRV08 Ciber FRV08 Ciber
Best fit reduced y? w/o ALP 22.27/16 42.45/16 12.95/12 28.46/12
Best fit rescale factor w/o ALP 0.96 0.81 1.12 0.81
Best fit y> w ALP 16.48 18.06 10.02 10.81
Best fit rescale factor w ALP 1.02 1.03 1.17 0.92
Best fit ALP parameter sets 251.19,0.59 2.51, 10.00 398.11, 5.01 25.12,6.31
Effective d.o.f of TS distribution 3.99 3.65 2.94 1.89
10° 5 10° g ! 5
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@t L e 11 0
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10-12 n_n ool s 8ol 0 ool o0 noonm 5 10-12 nnndl__n_n_nnnnodl 0 nnnandl o0 nnonod 3
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Fig. 5. (color online) Ay? = 3, p — X2
resent the best fit parameters.

10‘10 — ' m ' ' i ',

i CAST ]
>
()
S

C‘E‘ 10-11 :’ *:

H.E.S.S.
Fermi-LAT |
1 PG 1553+113
Lo vl T PRI
10710 109 108 107
mgleV]
Fig. 6. (color online) The 95% C.L. excluded region in the

(mq,8ay) plane. The green region represents our result for PG
1553+113 with o =3 uG and the FRV08 model. For compar-
ison, the constraints from the CAST [12], Fermi-LAT obser-
vation of NGC 1275 [22] and H.E.S.S. observation of PKS
2155-304 [18] are also shown.

the ICMF model. We should consider the impact of the
ICMF parameters on the constraints. For PG 1553+113
and the FRV08 EBL model, we show the constraints on
the ALP parameter space with different values of six
ICMF parameters, including o, rmax, kL, 7, ¢, and kg, in

107 10°® 108 107 10°®
m,[eV]

maps of PKS 2155-304 (left panel) and PG 1553+113 (right panel). The triangle symbols rep-

Fig. 7. We can see that the change of o or ky has a sig-
nificant impact on the final results by a factor of O(1).
For o = 10 uG, the constraint on g,, can be improved as
8ay S4.5x107' GeV™! for an ALP mass smaller than 33
neV. The influences of the other four parameters are less
important.

B. Ciber model

The implications of ALPs are different for the Ciber
EBL model. The best fit spectra of the null and ALP hy-
potheses for the two sources are shown in the bottom
panels of Fig. 4. Compared with the FRV0O8 model, the
excess at ~ um in the Ciber model induces an additional
attenuation effect above ~ 300 GeV and leads to more
significant deviations from the data, which can be seen
from Table 2. The ALP-photon oscillation may com-
pensate this additional attenuation effect and improve the
fit to the data. This improvement method has been dis-
cussed for the Fermi-LAT and H.E.S.S. observations of
two sources H2356-309 (z = 0.165) and 1ES1101-232
(z = 0.186) through the y? fit in Ref. [38].

We show the improvement regions at 95% C.L. with
the fiducial parameters of the ICMF model for PKS
2155-304 and PG 1553+113 in Fig. 8. The favored ALP
parameter region for PG 1553+113 is an almost rectangu-
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(color online) Constraints for PG 1553+113 and the FRV08 model with different values of six ICMF parameters, including

OB, Fmaxs kL, 7, ¢, and kg . The black lines represent the constraints with the fiducial parameters. The constraint with o = 1 uG is above

the CAST limit and is not shown.

1010 e
>
[0}
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Fig. 8. (color online) Favored ALP parameter regions where
the fit to the PKS 2155-304 and PG 1553+113 observations
can be improved at 95%C.L..

lar region with g,, 2 2.7x 107" GeV~!' and m, < 11 neV.
The favored region for PKS 2155-304 is about
8ay 2 5.5% 10711 GeV™! and m, <21 neV. Compared with
the favored region derived in Ref. [38] (gu 22X
107 GeV™! for 1neV <m, <40neV), there is no lower
boundary on m, in our results. This is because the ALP-

photon oscillation effect in extragalactic space is neg-
lected in this analysis.

Considering the uncertainty of the ICMF model for
the Ciber model, we only show the favored ALP paramet-
er regions with different values of op and ky in Fig. 9
and Fig. 10, since these two parameters induce more sig-
nificant changes in the final results than the other para-
meters. For o = 10 uG, the favored ALP parameter re-
gion for PG 1553+113 is enlarged as an almost rectangu-
lar region with 1.4x 107" GeV™! < g,y $4x 107! GeV™!
and m, < 10 neV. From Fig. 9 and Fig. 10, we can also
see that ky has a less significant influence on the final
result compared with o p.

VI. CONCLUSION

In this work, we have investigated the implications of
ALPs in the Fermi-LAT and H.E.S.S. Il gamma-ray ob-
servations of the two sources PG 1553+113 and PKS
2155-304. Two EBL models were considered in the ana-
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Fig. 9.
el) and kg (right panel).
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Fig. 10.
panel) and ky (right panel).

lysis. We find that the best fit spectra under the null hy-
pothesis can fit the experimental data well for the FRV0S
EBL model, and set constraints on the ALP parameter re-
gion in the (m,, g4 ) plane. For op =3 pG, the constraint
on guy at 95% C.L. is g,y $5x 1071 GeV™! for an ALP
mass between 8 and 23 neV. On the other hand, we
found that the ALP-photon oscillation would improve the
fit to the PKS 2155-304 and PG 1553+113 observations
for the Ciber model with an excess at ~1um. The

1010 ‘
CAST

—_———

1o F — ky=2m kpc 1
— ky=4n kpc™”
ky = 107 kpc™!

1070 10°° 108 107
mg[eV]

(color online) Favored ALP parameter regions for PG 15534113 and the Ciber model with the different values of o5 (left pan-

1070 ‘
CAST
101 F — ky=2n kpc! 1
— ky=4n kpc™”
ky = 107 kpc™!
10710 10° 108 107
my[eV]

(color online) Favored ALP parameter regions for PKS 2155-304 and the Ciber model with the different values of o (left

favored parameter regions are given.

In future, Cherenkov high energy gamma-ray tele-
scopes will provide more accurate results. Large ground-
based telescopes, such as the CTA [78] and LHAASO
[79], will measure the spectra of extragalatic gamma-ray
sources at very high energies. Combined with these res-
ults, it will be possible to search for the spectral regularit-
ies induced by the ALP-photon oscillation and accurately
investigate the implications of ALPs in high-energy astro-
physical processes.
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