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Abstract: In this study, we explore how the extragalactic background light (EBL) ab-

sorption effect influences the photon to axionlike particle (ALP) conversions from the very-

high-energy gamma-ray spectral irregularities. For our analysis, we select two well-known

BL Lac blazars: Markarian 421 and Markarian 501 with their low and well-defined red-

shifts z0 = 0.031 and 0.034, respectively. Their gamma-ray data are recently measured

by Fermi-LAT and HAWC with the 1038 days of exposure from 2015 June to 2018 July.

We first discuss the EBL absorption effect on the gamma-ray spectral energy distributions

by using three common EBL spectral models: Franceschini-08, Finke-10, and Gilmore-12.

Then we consider the photon-ALP conversions in the astrophysical magnetic fields. Under

the ALP assumption with the parameter space of {ma, gaγ}, we calculate the best-fit chi-

square distribution of the EBL models and define a new delta chi-square χ2
d to quantify the

chi-square difference. Our results show that the impact from these different EBL spectral

models are non-dominated at the low-redshift gamma-ray axionscope.
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1 Introduction

Axions are excellent candidates for new physics. The QCD axion was originally introduced

by the Peccei-Quinn (PQ) mechanism to dynamically solve the strong CP problem in

the Standard Model (SM) [1–4], meanwhile, it also provides a natural source for cold dark

matter (DM) through the misalignment mechanism [5–7]. On the other hand, the axionlike

particle (ALP), predicted by a variety of theories [8, 9], is also the attractive DM candidate

[10–12], but does not have to solve the strong CP problem. The axion can couple to the

photon with the effective Lagrangian

L =
1

2
∂µa∂

µa− 1

2
m2

aa
2 − 1

4
gaγaFµνF̃

µν

=
1

2
∂µa∂

µa− 1

2
m2

aa
2 + gaγaE ·B ,

(1.1)

where a and ma donate the axion field and axion mass, respectively, gaγ is the axion-

photon coupling constant, Fµν (F̃µν) is the (dual) electromagnetic field tensor, E and B

are the local electric and magnetic field vectors, respectively. In the QCD axion scenario,

the axion mass ma and coupling gaγ are interrelated, whereas in the ALP scenario, they

are considered independent parameters. Therefore, the ALP has a much wider {ma, gaγ}
parameter space than the QCD axion. See ref. [13] for the latest ALP-photon limits.

The coupling between the ALPs and the very-high-energy (VHE; ∼ O(100)GeV) pho-

tons in the astrophysical magnetic fields could lead to some detectable signals, such as a

reduced TeV opacity of the Universe [14–16]. The VHE gamma-rays from the extragalactic
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Source redshift Gal.Long. (deg) Gal.Lat. (deg)

Markarian 421 0.031 179.88 65.01

Markarian 501 0.034 63.60 38.86

Table 1. The redshift and position informations of the sources Markarian 421 and Markarian 501.

See also http://tevcat2.uchicago.edu for more details.

sources, such as blazars, are mainly affected by the extragalactic background light (EBL)

absorption effect due to the electron-positron pair production process

γTeV + γEBL → e− + e+ , (1.2)

where γTeV and γEBL are the VHE photons and background photons, respectively. By

taking into account the photon-ALP conversions and back-conversions in the simulated

astrophysical magnetic fields, the EBL absorption effect can be mitigated, resulting in the

Universe that is potentially more transparent than previously thought solely based on the

EBL absorption [17, 18]. Furthermore, it also offers a natural mechanism for constrain-

ing ALP properties, and many similar studies have recently been conducted within this

axionscope scenario [19–49].

Previous studies show that the source magnetic field parameter, such as the strength of

the core magnetic field, has the most significant influence on the limits of ALP properties

[29, 31]. Moreover, the uncertainty in the source redshift can also have an impact, as both

underestimated and overestimated redshift values can affect the ALP limits [50]. In prin-

ciple, different EBL spectral models bring different behaviors, and it is worth investigating

them quantitatively, even though their outcomes can be naively predicted.

In this work, we explore the impact of the EBL absorption effect on photon-ALP con-

versions from the VHE gamma-ray spectral irregularities. In this regard, the gamma-ray

source should be selected with a relatively certain redshift. For our purpose, we select these

two well-known BL Lac blazars: Markarian 421 (with the redshift z0 = 0.031) and Markar-

ian 501 (with the redshift z0 = 0.034). See also table 1 for their position informations.

Here we use the VHE gamma-ray data of Markarian 421 and Markarian 501 measured by

Fermi-LAT and HAWC with the 1038 days of exposure from 2015 June to 2018 July [51]1.

We first discuss the EBL absorption effect on the gamma-ray spectral energy distributions

(SEDs) with the three common EBL spectral models. Then we consider the photon-ALP

conversions in the astrophysical magnetic fields. The best-fit chi-square distribution of

these EBL models under the ALP assumption in the ALP parameter {ma, gaγ} plane are

given, showing a similar distribution. For comparison, we define a new delta chi-square

χ2
d to quantify the chi-square difference. The distribution of χ2

d and the gamma-ray SEDs

corresponding to χ2
d are also shown. Finally, we find that there is only a minor influence

from the different EBL models at the low-redshift gamma-ray axionscope.

1This data of Markarian 421 was recently investigated in ref. [52] to constrain the axion-photon coupling,

showing a stringent upper limit in the axion mass region [1.0× 10−9 eV ≲ ma ≲ 1.0× 10−8 eV]. However,

in this work, we do not intend to set any limits on axion, but rather focus on the EBL absorption effect

using different EBL spectral models.
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The rest of this paper is structured as follows. In section 2, we introduce the EBL

absorption effect on the VHE gamma-ray propagation and show the gamma-ray data of the

selected blazars. In section 3, we discuss the photon-ALP conversions in the astrophysical

magnetic fields. The analysis and results under the ALP assumption are given in section 4.

Finally, the conclusion is given in section 5.

2 The gamma-ray SEDs under the null hypothesis

In this section, we first introduce the EBL absorption effect on the VHE gamma-ray prop-

agation, then we show the gamma-ray SEDs of the selected BL Lac blazars Markarian 421

and Markarian 501.

2.1 EBL absorption effect

In general, due to eq. (1.2) the main effect on the VHE photons (with the high energy E)

from the extragalactic space is the EBL photons (with the low energy ω) absorption effect

with the absorption factor e−τ

Φ(E) = e−τΦint(E) , (2.1)

where Φ(E) is the gamma-ray expected spectrum, Φint(E) is the intrinsic spectrum, and τ

is the optical depth. This optical depth can be described by [53]

τ = c

∫ z0

0

dz

(1 + z)H(z)

∫ ∞

Eth

dω
dn(z)

dω
σ̄(E,ω, z) , (2.2)

with the Hubble expansion rate

H(z) = H0

√
(1 + z)2 (1 + Ωmz)− z (2 + z) ΩΛ , (2.3)

where z0 is the source redshift, Eth is the threshold energy, σ̄(E,ω, z) represents the integral

pair-production cross section, dn(z)/dω represents the EBL proper number density, H0 ≃
67.4 km s−1Mpc−1, Ωm ≃ 0.315, and ΩΛ ≃ 0.685 [54].

In our previous studies, we did not involve different models of the EBL spectrum. For

our purpose, in this work we take the spectra of EBL from the three common models:

Franceschini-08 [53], Finke-10 [55], and Gilmore-12 [56], which are shown in figure 1 with

the purple, green, and yellow lines, respectively. We can see that these spectra exhibit

similar distributions in the near-infrared regions, but display distinct distributions in the

far-infrared regions. It is worth noting that another commonly used EBL spectral model,

Dominguez-11 [57], has a similar spectral distribution to that of the Franceschini-08 model,

hence we will not delve into a separate discussion on it.

2.2 The gamma-ray SEDs of Markarian 421 and Markarian 501

Here we show the gamma-ray SEDs of Markarian 421 and Markarian 501 under the null

hypothesis. In this work, the used VHE gamma-ray data of Markarian 421 and Markar-

ian 501 are recently measured by Fermi-LAT and HAWC with the 1038 days of exposure
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Figure 1. The EBL spectral models used in this work. The purple, green, and yellow lines represent

the models Franceschini-08 [53], Finke-10 [55], and Gilmore-12 [56], respectively.

from 2015 June to 2018 July [51]. See figure 2 for the experimental data with the blue and

red points, respectively.

The VHE gamma-ray intrinsic spectrum Φint(E) is selected as the power law with a

super-exponential cut-off (SEPWL) model2, which can be described by

Φint(E) = N0 (E/E0)
−Γ exp

(
− (E/Ec)

d
)
, (2.4)

where N0 is the normalization constant, Γ is the spectral index, Ec and d are free param-

eters, and we fix E0 with a typical value 1GeV. Then the chi-square value under the null

hypothesis is given by

χ2
null =

N∑
i=1

(
e−τΦint(Ei)− ψ(Ei)

δ(Ei)

)2

, (2.5)

where N is the gamma-ray spectral point number, ψ and δ are the detected flux and its

uncertainty, respectively. For the experimental data of Markarian 421 and Markarian 501,

we have N = 36 and 33, respectively.

Using the above three EBL spectral models, we show the best-fit gamma-ray SEDs of

Markarian 421 and Markarian 501 under the null hypothesis in figure 2. The purple, green,

and yellow lines correspond to the null hypothesis SEDs with the EBL Franceschini-08,

Finke-10, and Gilmore-12, respectively. We find that their distributions are basically the

same, except in the high energy ∼ O(10)TeV region. This is quite understandable, as the

attenuation factor is greater in these energies. In addition, the best-fit chi-square values

with the different EBL spectral models are also listed in table 2.

2We have checked and found that this SEPWL intrinsic spectral model corresponds to the minimum

best-fit reduced chi-square for the null hypothesis gamma-ray data of both Markarian 421 and Markarian 501

used in this work.
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Figure 2. The best-fit null hypothesis gamma-ray SEDs of Markarian 421 (left) and Markarian 501

(right). The purple, green, and yellow lines correspond to the SEDs with the EBL spectral models

Franceschini-08, Finke-10, and Gilmore-12, respectively. The blue and red points represent the

experimental data of Fermi-LAT and HAWC, respectively.

Source EBL model χ2
null χ2

null/d.o.f.

Markarian 421 Franceschini-08 44.24 1.38

Markarian 421 Finke-10 43.24 1.35

Markarian 421 Gilmore-12 43.47 1.36

Markarian 501 Franceschini-08 42.06 1.45

Markarian 501 Finke-10 41.08 1.42

Markarian 501 Gilmore-12 40.28 1.39

Table 2. The best-fit null hypothesis chi-square values of Markarian 421 and Markarian 501 with

the EBL spectral models Franceschini-08, Finke-10, and Gilmore-12.

3 Photon-ALP conversions in astrophysical magnetic fields

In this section, we discuss the photon-ALP conversions in the astrophysical magnetic fields.

We first introduce the photon-ALP conversions in the inhomogeneous magnetic field, then

we discuss the astrophysical magnetic field parameters setup.

3.1 Photon-ALP conversions in the magnetic field

Before discussing the photon-ALP conversions in the inhomogeneous astrophysical mag-

netic field, we have already provided the general conversions in the homogeneous magnetic

field in Appendix A.

In the real astrophysical environment, the magnetic field is inhomogeneous and can be

random. In order to obtain the photon-ALP conversion probability in the inhomogeneous

magnetic field, the magnetic field is usually simulated with the domain-like structure and

each domain can be regarded as homogeneous. In this case, the photon-ALP system can
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be described by the density matrix

ρ(x3) =

A1(x3)

A2(x3)

a(x3)

⊗
(
A1(x3), A2(x3), a(x3)

)∗
, (3.1)

which satisfies the Von Neumann-like commutator equation

i
dρ(x3)

dx3
= ρ(x3)M†(E, x3, θ)−M(E, x3, θ)ρ(x3) , (3.2)

where x3 is the direction of propagation, A1 and A2 are the linear polarization amplitudes

of the photon in the perpendicular directions (x1, x2), and a is the ALP. Notice that in

a case that the transversal magnetic field BT is not aligned along the direction of x2 and

forms a angle θ, the mixing matrix M(E, x3) should be

M(E, x3) → V†(θ)M(E, x3)V(θ) , (3.3)

with

V(θ) =

 cos θ − sin θ 0

sin θ cos θ 0

0 0 1

 , (3.4)

and we have the mixing matrix

M(E, x3, θ) =

 ∆11(E, x3) 0 ∆aγ(x3) sin θ

0 ∆22(E, x3) ∆aγ(x3) cos θ

∆aγ(x3) sin θ ∆aγ(x3) cos θ ∆aa(E)

 . (3.5)

The ∆ terms in eq. (3.5) can be found in Appendix A with the homogeneous magnetic

field. The solution of eq. (3.2) can be described by

ρ(x3) = T (E, x3, θ)ρ(0)T †(E, x3, θ) , (3.6)

where T (E, x3, θ) is the whole transport matrix of the n domains

T (E, x3, θ) =
n∏

i=1

T (Ei, x3,i, θi) , (3.7)

and ρ(0) is the initial density matrix

ρ(0) =
1

2

 1 0 0

0 1 0

0 0 0

 . (3.8)

Then the photon-ALP-photon conversion probability, or the final photon survival proba-

bility, can be described by

Pγγ = Tr
[
(ρ11 + ρ22) T (E, x3, θ)ρ(0)T †(E, x3, θ)

]
, (3.9)
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with the matrices

ρ11 =

 1 0 0

0 0 0

0 0 0

 , ρ22 =

 0 0 0

0 1 0

0 0 0

 . (3.10)

See also ref. [58] for more details in the calculation.

3.2 Astrophysical magnetic fields setup

Here we discuss the astrophysical magnetic fields setup associated the photon-ALP beam

propagating from the VHE gamma-ray source region to the Earth. Generally, this process

is composed of three parts: (1) the source region, (2) the extragalactic space, and (3) the

Milky Way.

Firstly, for (1) the source region of the BL Lac object, the blazar jet magnetic field

can be described by the poloidal and toroidal components. We consider the photon-ALP

conversions in the transverse magnetic field model B(r) = B0(r/rVHE)
−1 with the electron

density model nel(r) = n0(r/rVHE)
−2, where rVHE ∼ RVHE/θjet represents the distance

between the VHE emission region and the central black hole of the source, RVHE represents

the radius of the VHE emission, θjet represents the angle between the jet axis and the line of

sight, B0 and n0 represent the core magnetic field and electron density at the distance rVHE,

respectively. Since n0 has a minimal impact on the final result, we take n0 = 1× 103 cm−3

as a typical value in this work. Here we also consider the energy transformation with the

Doppler factor, δD = EL/Ej , where EL and Ej represent the energy in the laboratory

and co-moving frames, respectively. For the jet region r > 1 kpc, the magnetic field is

taken as zero. Additionally, for the host galaxy region of the source, the photon-ALP

conversion effect can be totally neglected. Then for (2) the extragalactic space, we just

need to consider the EBL absorption effect on the VHE gamma-rays due to the electron-

positron pair-production process, see also section 2.1. Since the strength of magnetic field

in the extragalactic space is small with the upper limit ∼ O(1) nG [59, 60], the photon-ALP

conversion effect will be weak, and thus we do not consider the photon-ALP conversions in

this part. Finally, in (3) the Milky Way, we should consider the photon-ALP conversions

again in the Galactic magnetic field. Generally, this magnetic field can be modeled with

the disk and halo components (parallel to the Galactic plane), and the so-called “X-field”

component (out-of-plane) at the Galactic center [61, 62]. See also refs. [63, 64] for the latest

version of this Galactic magnetic field model.

Here we list the blazar jet magnetic field model parameters B0, RVHE, θjet, rVHE, and

δD of Markarian 421 and Markarian 501 in table 3.

Source B0 (mG) RVHE (1017 cm) θjet (deg) rVHE (1017 cm) δD
Markarian 421 24 0.5 2.0 14.3 25

Markarian 501 20 1.0 3.0 19.1 13

Table 3. The blazar jet magnetic field model parameters of Markarian 421 and Markarian 501,

which are taken from ref. [51].
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4 Analysis and results

In this section, we show our analysis and results under the ALP assumption. After con-

sidering the above photon-ALP conversion effect, we can derive the final photon survival

probability Pγγ , then the chi-square value under the ALP assumption is given by

χ2
ALP =

N∑
i=1

(
PγγΦint(Ei)− ψ(Ei)

δ(Ei)

)2

. (4.1)

Notice that in the calculations the EBL absorption effect in the extragalactic space is also

included in the final photon survival probability. For one ALP {ma, gaγ} parameter set,

we can derive the best-fit χ2
ALP under the ALP assumption, and also the best-fit χ2

ALP

distribution in the whole ALP parameter plane. By utilizing this chi-square distribution,

we can obtain the ∆χ2
ALP at the particular confidence level to establish the corresponding

ALP bound. However, here we do not intend to set the ALP limit.

We show in figure 3 the best-fit chi-square distribution of Markarian 421 and Markar-

ian 501 under the ALP assumption in the {ma, gaγ} plane. The three EBL spectral models

Franceschini-08, Finke-10, and Gilmore-12 are arranged from top to bottom. Compared

with the panels of the same source, we find that there is no significant changes in the χ2
ALP

of the same parameter set across different EBL spectral models. In order to facilitate a

clear comparison, we select two naively values of ∆χ2
ALP — 46 for Markarian 421 and 50

for Markarian 501 — to illustrate in the plot. These are depicted as red contours in fig-

ure 3. Notice that these red contours are solely presented for the purpose of comparing the

chi-square difference between the different EBL spectral models, thus the value of ∆χ2
ALP

for the same source should be assumed constant. Nonetheless, the contour distributions

are largely consistent across the different EBL spectral models.

Therefore, in order to characterize the difference in chi-square between the three dif-

ferent EBL spectral models in this work, it is necessary to define the delta chi-square for

each {ma, gaγ} set

χ2
d =

1

6

3∑
i=1

3∑
j=1

(1− δij)
∣∣∣χ2

ALP,i − χ2
ALP,j

∣∣∣
=

1

3

(∣∣∣χ2
ALP,1 − χ2

ALP,2

∣∣∣+ ∣∣∣χ2
ALP,1 − χ2

ALP,3

∣∣∣+ ∣∣∣χ2
ALP,2 − χ2

ALP,3

∣∣∣) ,
(4.2)

where i and j represent the number of the three EBL models, and δij is the Kronecker

delta function

δij =

{
1 , i = j

0 . i ̸= j
(4.3)

Notice that eq. (4.2) is only used to quantify the chi-square variation, and any significant

chi-square difference between the three EBL spectral models can be reflected from this

value. Figure 4 shows the distribution of this delta chi-square in the {ma, gaγ} plane of

Markarian 421 and Markarian 501, respectively. From this plot, we can clearly observe the
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Figure 3. The best-fit ALP assumption chi-square χ2
ALP distributions. The left and right panels

correspond to Markarian 421 and Markarian 501, respectively. The top, middle, and bottom panels

correspond to the EBL spectral models Franceschini-08, Finke-10, and Gilmore-12, respectively.
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Figure 4. The delta chi-square χ2
d distributions. The left and right panels correspond to Markar-

ian 421 and Markarian 501, respectively. Left: the label “#” corresponds to the maximum delta

chi-square χ2
d,max = 3.82 at {ma ≃ 4.0× 10−9 eV, gaγ ≃ 2.0× 10−11 GeV−1}. Right: the label “#”

corresponds to χ2
d,max = 1.55 at {ma ≃ 4.0× 10−8 eV, gaγ ≃ 2.5× 10−10 GeV−1}.

chi-square differences and their corresponding ALP parameter points. Here the maximum

delta chi-square in the {ma, gaγ} plane can be defined as χ2
d,max. For Markarian 421 and

Markarian 501, we have χ2
d,max = 3.82 and χ2

d,max = 1.55, respectively, which are marked

in figure 4 with the label “#”. It is worth mentioning that certain regions in the upper

left corner of figure 4 (a) correspond to χ2
d = 0. This is a result of our decision to enhance

the clarity of figure 3 by capping all chi-square values above 140 for Markarian 421, i.e.,

χ2
ALP > 140 → χ2

ALP = 140. Consequently, when computing χ2
d, these values are reduced

to zero. While this adjustment is not necessary for Markarian 501.

Additionally, we also show the best-fit gamma-ray SEDs corresponding to the maxi-

mum delta chi-square χ2
d,max of Markarian 421 and Markarian 501 in figure 5. The purple,

green, and yellow lines correspond to the ALP assumption SEDs with the EBL models

Franceschini-08, Finke-10, and Gilmore-12, respectively. As shown in figure 2 with the

null hypothesis gamma-ray SEDs, they only show the minor difference in the high energy

∼ O(10)TeV region. It is anticipated that with the availability of higher energy gamma-ray

data in the future, this effect will become more pronounced.

5 Conclusion

In summary, we have explored the impact of the EBL absorption effect on photon-ALP

conversions from the VHE gamma-ray emitted by the BL Lac blazars. For our purpose,

we select two blazars Markarian 421 and Markarian 501 for analysis. Their redshifts are

measured to be z0 = 0.031 and 0.034, respectively. The gamma-ray data utilized in this

analysis are obtained from the recent measurements of Fermi-LAT and HAWC. We examine

the impact of EBL absorption on the gamma-ray SEDs using the three commonly employed

EBL spectral models: Franceschini-08, Finke-10, and Gilmore-12. Our findings reveal that
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Figure 5. The best-fit ALP assumption gamma-ray SEDs corresponding to χ2
d,max of Markarian 421

(left) and Markarian 501 (right). The purple, green, and yellow lines correspond to the SEDs with

the EBL spectral models Franceschini-08, Finke-10, and Gilmore-12, respectively.

the distributions of their SEDs are largely consistent, with notable variations only in the

high energy ∼ O(10)TeV region.

We then delve into the analysis of photon-ALP conversions within astrophysical mag-

netic fields. This includes a discussion on photon-ALP conversions in both inhomoge-

neous magnetic fields and the astrophysical magnetic field configurations. Subsequently,

we present the best-fit chi-square distribution of the various EBL models under the ALP

assumption in the ALP parameter {ma, gaγ} space, revealing a consistent distribution. To

facilitate comparison, we introduce a delta chi-square χ2
d to quantify the differences in

chi-square values among the different EBL models, which illustrates the distribution of χ2
d

and the corresponding gamma-ray SEDs associated with χ2
d. In conclusion, the various

EBL spectral models exhibit a minor impact on the low-redshift gamma-ray axionscope.

Nevertheless, this effect is anticipated to become more pronounced in future higher energy

gamma-ray observation experiments.
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A General photon-ALP conversions

Here we present the general photon-ALP conversions in the homogeneous magnetic field

and the calculation of the photon-ALP conversion probability [58, 65]. The photon-ALP
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system (A1, A2, and a) can be described by

ψ(x3) =

A1(x3)

A2(x3)

a(x3)

 , (A.1)

where x3 is the direction of propagation, A1 and A2 represent the linear polarization

amplitudes of the photons in the perpendicular directions (x1, x2)

|A1⟩ =

 1

0

0

 , |A2⟩ =

 0

1

0

 , |a⟩ =

 0

0

1

 . (A.2)

Then the equation of motion for the photon-ALP system in the magnetic field can be

described by (
i
d

dx3
+ E +M(E, x3)

)
ψ(x3) = 0 , (A.3)

where E is the photon-ALP beam energy, and M(E, x3) is the mixing matrix

M(E, x3) =

∆11(E, x3) ∆12(E, x3) ∆aγ,1(x3)

∆21(E, x3) ∆22(E, x3) ∆aγ,2(x3)

∆aγ,1(x3) ∆aγ,2(x3) ∆aa(E)

 . (A.4)

These terms are given by

∆11(E, x3) = ∆pl(E, x3) + 2∆QED(E, x3) + ∆CMB(E) , (A.5)

∆22(E, x3) = ∆pl(E, x3) +
7

2
∆QED(E, x3) + ∆CMB(E) , (A.6)

with

∆pl(E, x3) = −
ω2
pl(x3)

2E
≃ −1.08× 10−1

( ne
cm−3

)( E

1GeV

)−1

Mpc−1 , (A.7)

∆QED(E, x3) =
αE

45π

(
BT (x3)

Bcr

)2

≃ 4.10× 10−12

(
E

1GeV

)(
BT (x3)

1 nG

)2

Mpc−1 , (A.8)

∆CMB(E) = ρCMBE ≃ 0.80× 10−4

(
E

1GeV

)
Mpc−1 , (A.9)

∆aγ(x3) =
1

2
gaγBT (x3) ≃ 1.52× 10−2

(
gaγ

10−11GeV−1

)(
BT (x3)

1 nG

)
Mpc−1 ,(A.10)

∆aa(E) = −m
2
a

2E
≃ −0.78× 102

( ma

10−9GeV

)2( E

1GeV

)−1

Mpc−1 . (A.11)

Note that the Faraday rotation terms ∆12(E, x3) and ∆21(E, x3) can be neglected. Here

the term ∆pl(E, x3) represents the plasma effect when the photon-ALP system propagates

in the plasma environment with the plasma frequency

ωpl =

√
4παne
me

, (A.12)
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where α is the fine-structure constant, ne and me are the free electron number density and

mass, respectively. The term ∆QED(E, x3) represents the QED vacuum polarization effect

with the critical magnetic field [66]

Bcr =
m2

e

|e|
≃ 4.41× 1013G , (A.13)

and the term ∆CMB(E, x3) represents the CMB photon dispersion effect with [67]

ρCMB ≃ 0.511× 10−42 . (A.14)

If considering the transversal magnetic field BT is aligned along the direction x2, the mixing

matrix M(E, x3) can be rewriten as

M(E, x3) =

∆11(E, x3) 0 0

0 ∆22(E, x3) ∆aγ(x3)

0 ∆aγ(x3) ∆aa(E)

 . (A.15)

Finally, the photon-ALP conversion probability in the homogeneous magnetic field can be

described by

Paγ(E, x3) =

(
gaγBTLosc(E)

2π

)2

sin2
(

πx3
Losc(E)

)
, (A.16)

where Losc(E) is the oscillation length

Losc(E) = 2π
[
(∆22(E)−∆aa(E))2 + 4∆2

aγ

]−1/2

= 2π

[ |m2
a − ω2

pl|
2E

+ E

(
7α

90π

(
BT

Bcr

)2

+ ρCMB

)]2
+ g2aγB

2
T

−1/2

.

(A.17)
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