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Abstract Axion-like particles (ALPs) are a promising kind of dark matter candidate particle that are pre-

dicted to couple with photons in the presence of magnetic fields. The oscillations between photons and

ALPs traveling in the magnetic fields have been used to constrain ALP properties. In this work, we ob-

tain some new constraints on the ALP mass ma and the photon-ALP coupling constant g with two different

magnetic field models through TeV photons from PKS 2155–304. The first is the discrete-ϕ model in which

the magnetic field has the orientation angle ϕ that changes discretely and randomly from one coherent do-

main to the next, and the second is the linearly-continuous-ϕ model in which the magnetic field orientation

angle ϕ varies continuously across neighboring coherent domains. For the discrete-ϕ model, we can obtain

the best constraints on the ALP mass m1 = ma/(1 neV) = 0.1 and on the photon-ALP coupling constant

g11 = g/(10−11 GeV−1) = 5. The reasonable range of the ALP mass m1 is 0.08 ∼ 0.2 when g11 = 5,

and the only reasonable value of the photon-ALP coupling constant is g11 = 5 when m1 = 0.1. For the

linearly-continuous-ϕ model, we can obtain the best constraints on the ALP mass m1 = 0.1 and on the

photon-ALP coupling constant g11 = 0.7. The reasonable range of the ALP mass m1 is 0.05 ∼ 0.4 when

g11 = 0.7, and the reasonable range of the photon-ALP coupling constant g11 is 0.5 ∼ 1 when m1 = 0.1.

All of the results are consistent with the upper bound (g < 6.6 × 10−11 GeV−1, i.e., g11 < 6.6) set by the

CAST experiment.
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1 INTRODUCTION

Axions are predicted by the Peccei-Quinn mechanism,

which is a notable explanation to solve the strong

charge+parity (CP) problem in quantum chromodynamics

(QCD) (Peccei & Quinn 1977). In a more generic way,

axion-like particles (ALPs) appear in extensions of the

standard model of particle physics (Jaeckel & Ringwald

2010). In the presence of an external magnetic field B,

ALPs (represented by the field a) have a general prop-

erty that they can couple with photons (represented by

E) through the interaction Lagrangian L = gaE·B. A

photon can oscillate into an ALP and vice versa. These

photon-ALP oscillations have been used to explain lots of

astrophysical phenomena, or to constrain the properties of

ALPs (Mirizzi et al. 2008). For example, the apparent dim-

ming of supernovae (Östman & Mörtsell 2005; Mirizzi et

al. 2005; Csáki et al. 2002), spectral distortions of the cos-

mic microwave background (Csáki et al. 2015; Dias et al.

2014) and the anomalous lack of opacity to gamma rays

in the Universe. HESS, MAGIC and Fermi have detected

high energy gamma ray photons in the TeV range from dis-

tant active galactic nuclei (AGNs) (H.E.S.S. Collaboration

et al. 2013; Mazin & Raue 2007; Aharonian et al. 2006;

Ackermann et al. 2012; MAGIC Collaboration et al. 2008).

Before reaching the Earth, these photons will suffer sig-

nificant attenuation because of electron-positron pair pro-

duction on the extragalactic background infrared radiation.

There is a possible interpretation for this transparency phe-

nomenon, i.e., due to photon-ALP mixing, the radiation

from AGNs travels in the form of ALPs without produc-

ing pairs during most of the distance, and converts back to
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photons when they arrive at Earth (Mirizzi & Montanino

2009; Burrage et al. 2009; Simet et al. 2008).

The magnetic field structure may strongly affect

photon-ALP propagation in the Universe. Most of the pre-

vious studies adopted a magnetic field model in which the

path of propagation is divided into many coherent domains

such that each has a uniform magnetic field and the same

size l. In this model, the magnetic field has an orientation

angle (represented by ϕ) that changes discretely and ran-

domly from one domain to the next. Based on this model,

Grossman et al. (2002) derived a formula for the photon-

to-ALP conversion probability through plenty of domains,

and this formula has been widely used in lots of previ-

ous work. But recently, Wang & Lai (2016) adopted an-

other magnetic field model in which the magnetic field

orientation angle ϕ varies continuously across neighbor-

ing domains. Wang & Lai (2016) demonstrated that a

qualitatively significantly different result is produced for

the photon-to-ALP conversion probability compared with

what is obtained in the discrete-ϕ model.

In this work, we compare the two different results of

the photon-ALP propagation for two different magnetic

field models mentioned earlier, and we obtain some new

constraints on ALP properties based on photon-to-ALP

conversion probability through TeV photons from a distant

AGN PKS 2155–304.

This paper is organized as follows. In Section 2, we

describe fitting the broadband spectral energy distribution

(SED) of PKS 2155–304 with a one-zone synchrotron self-

Compton (SSC) model. In Section 3, we briefly summarize

the two different results of the photon-ALP propagation for

the two different magnetic field models. In Section 4, we

compare the constraints of ALP properties for the two dif-

ferent magnetic field models through fitting the survival

probabilities of the TeV photons from PKS 2155–304. Our

conclusions and discussion are presented in the last sec-

tion.

2 OBSERVATION AND FITTING OF PKS 2155–304

Recent studies have revealed that an irregular local en-

ergy spectrum of PKS 2155–304 has been used to con-

strain the photon-ALP coupling (Abramowski et al. 2013).

PKS 2155–304 is a powerful and well-studied TeV

gamma-ray source (H.E.S.S. Collaboration et al. 2010;

Aharonian et al. 2009, 2007, 2005). This BL Lac may of-

fer the possibility for the conversion of photon-ALP in a

magnetic field which lies along the path of propagation

(Falomo et al. 1993; Smith et al. 1995; Abramowski et

Table 1 The One-Zone SSC Model Parameters for PKS 2155–
304

δ B R N0 γmin γ0 γmax p1 p2

(G) (cm) (cm−3)

35 1.2 8× 1015 6000 1100 9000 107 2 4.54

δ is the Doppler factor, B is the uniform magnetic field, R is the

radius of the emitting blob, N0 is the density factor, γmin, γ0 and

γmax are the minimum, break and maximum Lorentz factors of the

electron energy distribution respectively, and p1 and p2 are the spec-

tral indexes of the electron energy distribution at lower and higher

energies respectively.

al. 2013). So, PKS 2155–304 is a good target for ALP re-

search at high energies (Horns et al. 2012).

We have collected the broadband observed data from

the NASA/IPAC Extragalactic Database (NED), along

with TeV data from the HESS observations. We fit the

broadband SED of PKS 2155–304 with a one-zone SSC

model developed by Chen (2017). In this one-zone SSC

model, there are nine independent parameters that de-

scribe the broadband SED. Three parameters characterize

the global properties of the emitting blob: δ, the Doppler

factor, B, the uniform magnetic field and R, the radius

of the emitting blob. The other six parameters character-

ize the distribution and physical properties of the high-

energy particles: p1 and p2, the spectral indexes of the

electron energy distribution at lower and higher energies

respectively, γmax, γmin andγ0, the maximum, minimum

and break Lorentz factors of the electron energy distribu-

tion respectively, and N0, the density factor. In this model,

the synchrotron + SSC emissions can produce the whole

SED. We can adjust the nine free independent parame-

ters as mentioned above to fit the SED of PKS 2155–304.

Figure 1 presents our fitting, and the corresponding param-

eters are listed in Table 1. In Figure 1, the red line indicates

the one-zone SSC fitting of the SED of PKS 2155–304,

the black open squares represent the broadband observa-

tion data from NED and the black filled circles signify TeV

data from the HESS observations (Aharonian et al. 2005).

We briefly summarize the two different results of the

photon-ALP propagation for two different models of the

magnetic field along the path of propagation, and we refer

interested readers to Kuo & Pantaleone (1989), Grossman

et al. (2002) and Wang & Lai (2016) for further details.

3 PHOTON-ALP PROPAGATION FOR TWO

MAGNETIC FIELD MODELS

In Cartesian XY Z coordinates (the Z-axis is along the di-

rection of propagation), if the angular frequency ω or en-

ergy ε is given (for E, a ∝ eiωt ), then the evolution equa-
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Fig. 1 The fitting of the broadband SED of PKS 2155–304, where

the red line indicates the one-zone SSC fitting of the SED of

PKS 2155–304, the black open squares represent the broadband

observed data from NED and the black filled circles signify TeV

data from the HESS observations (Aharonian et al. 2005) (Color

version is online).

tion of ALP field a and the photon electric field E can take
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where the superscript ′ represents d/dz and ϕ is the ori-

entation angle of the magnetic field B, i.e., ϕ is the angle

between Btr (the projection of B in the XY -plane) and

the X-axis. If we define dimensionless quantities (in units

of c = ~ = 1),

m1 = ma/(1 neV),

ε1 = ε/(1 TeV),

g11 = g/(10−11 GeV−1),

B1 = Btr/(1 nG).

(2)

The parameter ∆a is related to the ALP mass and the

parameter ∆M is related to the photon-ALP coupling con-

stant, which are given by

∆a = −
m2

a

2ω
= −7.83 × 10−2ε−1

1 m2
1 Mpc−1, (3)

and

∆M =
1

2
gBtr = 4.63 × 10−3g11B1 Mpc−1, (4)

where ma is the ALP mass, ε is the photon en-

ergy and g is the photon-ALP coupling constant. The

plasma parameter ∆pl = −ω2
pl/(2ω) = −1.11 ×

10−11ε−1
1 (ne/10−7 cm−3)Mpc−1, where ωpl is the elec-

tron plasma frequency and ne is the electron density.

The photon-ALP evolution can be obtained by inte-

grating Equation (10) along the ray for a given magnetic

field structure. We assume that the path of propagation is

divided into many coherent domains, and each has a uni-

form magnetic field and the same size l.

For the model in which the magnetic field has an orien-

tation angle ϕ and changes discretely and randomly from

one domain to the next, Grossman et al. (2002) derived an

analytic formula for the mean value of the photon-to-ALP

conversion probability (represented by PG) after propagat-

ing through N domains (over distance D = Nl). This for-

mula has been widely used in a number of previous studies

PG =
1

3
(1 − e−3NP0/2), (5)

where

P0 =
∆2

M

(∆k/2)2
sin2(∆kD/2), (6)

and ∆k =
√

∆2
a + 4∆2

M.

For the model in which the magnetic field orienta-

tion angle ϕ varies linear-continuously across neighbor-

ing domains, Wang & Lai (2016) obtained a numerical re-

sult indicating that this continuous-ϕ model can generate

completely different photon-to-ALP conversion probabil-

ity compared to the discrete-ϕ model. The mean photon-

to-ALP conversion probability (represented by PW) after

propagating through N domains (over distance D = Nl)

is

PW ≃ 0.123
∆2

M

∆2
a

[1 − cos(N∆al)] + σ2
AN∆2

Ml2. (7)

It is notable that the validity of Equation (7) requires

PW ≪ 1 (Wang & Lai 2016).

4 CONSTRAINTS ON ALP PROPERTIES

Based on the fitting of the broadband SED of PKS 2155–

304 (see Fig. 1), we can calculate the survival probabilities

(represented by PS) of the TeV photons from PKS 2155–

304: PS = Fobs/Fsource, where Fobs is the observed fluxes

of TeV photons and Fsource is the fluxes of the TeV photons

before propagation in the Universe, i.e., the fitting values

of the SED for PKS 2155–304.

We can also derive the TeV photon survival probabil-

ities through the photon-to-ALP conversion probabilities

because the survival probability plus the conversion prob-

ability equals 1 for a single photon.

For the model in which the magnetic field has the ori-

entation angle ϕ changing discretely and randomly from
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one domain to the next, the TeV photon survival probabil-

ity (represented by PS,G) is

PS,G = 1 − PG =
2

3
+

1

3
e−3NP0/2. (8)

For the model in which the magnetic field orientation

angle ϕ varies linear-continuously across neighboring do-

mains, the TeV photon survival probability (represented by

PS,W) is

PS,W = 1 − PW

≃ 1 − 0.123
∆2

M

∆2
a

[1 − cos(N∆al)] − σ2
AN∆2

Ml2.

(9)

Note that the magnetic field structure around the

source and in the intergalactic medium (IGM) are very dif-

ferent. Typically, the intergalactic magnetic field has an up-

per limit of a few nG and the coherent domain size is on the

order of a few Mpc, but the strength of the magnetic field

around the source is about 0.1 ∼ 1 G and coherent domain

size is about 0.1 ∼ a few pc (Sánchez-Conde et al. 2009;

Grasso & Rubinstein 2001; Grossman et al. 2002; Ade et

al. 2015). For PKS 2155–304, in our calculation, we adopt

the following scheme: the strength of the magnetic field

around the source (represented by Bsou) we apply is about

1.2 G, which is the value employed in our SSC model (see

Table 1), and the coherent domain size around the source

(represented by lsou) we utilize is about 1 pc, which is the

distance from the central black hole to the broad line re-

gion (BLR); the strength of the intergalactic magnetic field

(represented by Bint) we implement is about 1 nG, and

the intergalactic coherent domain size (represented by lint)

we use is about 1 Mpc. We have listed all these values in

Table 2.

If the survival probability of a TeV photon that propa-

gates through the magnetic field around the source is repre-

sented by PS,sou, and the survival probability of propagat-

ing through the intergalactic magnetic field is represented

by PS,int, the total survival probability can be written as

PS = PS,sou × PS,int. (10)

It is notable that the generated ALPs in the magnetic

field around the source would be partially converted back

to photons in the intergalactic magnetic field. However,

based on our calculations, we find that this effect is too

small for the total survival probability, so we can neglect

it.

25.0 25.5 26.0 26.5 27.0
0.5

1.0

1.5

2.0

2.5

Fig. 2 The best fitting of survival probabilities for the TeV pho-

tons from PKS 2155–304 for the two different models. Here the

black filled circles represent the survival probabilities (PS) of all

the TeV photons. The blue line indicates the best fitting for the

discrete-ϕ model (PS,G), and the corresponding parameter values

are: m1 = 0.1 and g11 = 5. The red line marks the best fitting

for the linearly-continuous-ϕ model (PS,W), and the correspond-

ing parameter values are: m1 = 0.1 and g11 = 0.7. The highest

black filled circle is not considered in our fitting, because its error

is too big and the survival probability it represents is greater than

one, which is unphysical.

For the two different models, we have

PS,G =PS,G,sou × PS,G,int

=

(

2

3
+

1

3
e−3NP0/2

)

sou

×

(

2

3
+

1

3
e−3NP0/2

)

int

,

(11)

and

PS,W =PS,W,sou × PS,W,int

=
(

1 − 0.123
∆2

M

∆2
a

[1 − cos(N∆al)]

− σ2
AN∆2

Ml2
)

sou
×

(

1 − 0.123
∆2

M

∆2
a

× [1 − cos(N∆al)] − σ2
AN∆2

Ml2
)

int
.

(12)

In Equations (11) and (12), we can adjust the parame-

ters m1 and g11 to make a best fitting of the survival prob-

abilities for the TeV photons from PKS 2155–304.

In Figure 2, we present the survival probabilities (PS)

of all the TeV photons, which are represented by black

filled circles. We also present the best fitting curves for the

discrete-ϕ model (PS,G) and for the linearly-continuous-

ϕ model (PS,W). In Equation (11), when the ALP mass

m1 = 0.1 and the photon-ALP coupling constant g11 = 5,

we can obtain the best fitting curve of PS,G, which is indi-

cated by the blue line. For Equation (12), when m1 = 0.1
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Table 2 Parameters Used to Calculate the Total Photon-axion Conversion Both in the Magnetic
Field around the Source and in the Intergalactic Magnetic Field

Parameter Discrete-ϕ model Linearly-continuous-ϕ model

Source Bsou 1.2 G 1.2 G

parameters lsou 1 pc 1 pc

Intergalactic Bint 1 nG 1 nG

parameters lint 1 Mpc 1 Mpc

ALP parameters ma 0.1 neV 0.1 neV

(best fitting) g 5× 10−11 GeV
−1

0.7× 10−11 GeV
−1

Bsou represents the strength of the magnetic field around the source, lsou indicates the coherent domain size

around the source, Bint signifies the strength of the intergalactic magnetic field, lint corresponds to the inter-

galactic coherent domain size, ma tells the ALP mass and g denotes the photon-ALP coupling constant.

and g11 = 0.7, we can obtain the best fitting curve of PS,W,

which is marked by the red line. It is notable that we did not

consider the highest black filled circle in Figure 2 in our fit-

ting because its error is too big and the survival probability

it represents is greater than one, which is unphysical.

For the discrete-ϕ model, we present a few typical fit-

ting curves in Figure 3. The left panel displays the differ-

ent fitting curves of PS,G with different m1 when g11 = 5:

the blue line represents m1 = 0.08, the red line indicates

m1 = 0.1 and the black line signifies m1 = 0.2. So, the

reasonable range of the ALP mass m1 is 0.08 ∼ 0.2 when

g11 = 5. The right panel depicts the different fitting curves

of PS,G with different g11 when m1 = 0.1: the red line

marks g11 = 5, the black line traces g11 = 10 and the

blue line shows that g11 takes other values. So, the only

reasonable value of the photon-ALP coupling constant is

g11 = 5 when m1 = 0.1. These results imply that, in the

energy range 1025−1027 Hz, for the discrete-ϕ model, the

TeV photon survival probabilities PS,G are very sensitive

to the ALP mass m1, but are not sensitive to the photon-

ALP coupling constant g11.

For the linearly-continuous-ϕmodel, we also present a

few typical fitting curves in Figure 4. The left panel shows

the different fitting curves of PS,W with different m1 when

g11 = 0.7: the blue line represents m1 = 0.05, the red line

signifies m1 = 0.1, the black line indicates m1 = 0.2 and

the green line corresponds to m1 = 0.4. So, the reasonable

range of the ALP mass m1 is 0.05 ∼ 0.4 when g11 = 0.7.

The right panel depicts the different fitting curves of PS,W

with different g11 when m1 = 0.1: the black line rep-

resents g11 = 0.5, the red line signifies g11 = 0.7, the

blue line indicates g11 = 0.8 and the green line traces

g11 = 1. So, the reasonable range of the photon-ALP

coupling constant g11 is 0.5 ∼ 1 when m1 = 0.1. These

results imply that, in the energy range 1025 Hz−1027 Hz,

for the linearly-continuous-ϕ model, the TeV photon sur-

vival probabilities PS,W are very sensitive to the ALP mass

m1, and are also very sensitive to the photon-ALP coupling

constant g11.

It is difficult to explain why there is only one rea-

sonable value of the photon-ALP coupling constant (i.e.,

g11 = 5) when m1 = 0.1 for the discrete-ϕ model, but for

the two models, the best-fitting parameters of ALPs and

the reasonable ranges of the parameters of ALPs which

are based on the best fitting are consistent with the up-

per bound (g < 6.6 × 10−11 GeV−1, i.e., g11 < 6.6) set

by the CAST experiment (Anastassopoulos et al. 2017).

Comparing the fitting results of the two different models,

we can find that the best-fitting g11 which comes from the

linearly-continuous-ϕ model (g11 = 0.7) is almost one or-

der of magnitude smaller than the one that comes from

the discrete-ϕ model (g11 = 5). This means that the cou-

pling between photon and ALP in the linearly-continuous-

ϕ magnetic field structure is much weaker than in the

discrete-ϕ magnetic field structure, but the physical mech-

anism involved is still unclear.

5 SUMMARY AND DISCUSSION

ALPs are a promising kind of dark matter candidate par-

ticle that are predicted to couple with photons in the pres-

ence of magnetic fields. An ALP can oscillate into a photon

and vice versa due to this coupling process. Such photon-

ALP oscillations have been used to interpret observations

of TeV gamma-ray photons from extragalactic sources,

which are unexpected due to the electron-positron pair pro-

duction process. In this paper, we obtain some new con-

straints on ALP properties based on photon-to-ALP con-

version probability through TeV photons detected from a

distant AGN PKS 2155–304.

First, we fit the broadband SED of PKS 2155–304

with a one-zone SSC model. Based on the fitting of its

broadband SED, we can obtain the strength of the mag-

netic field B = 1.2 G around PKS 2155–304, and the sur-

vival probabilities of these TeV photons. By making fur-
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Fig. 3 A few typical fitting curves for the discrete-ϕ model. The left panel displays the different fitting curves of PS,G with different

m1 when g11 = 5: the blue line represents m1 = 0.08, the red line indicates m1 = 0.1 and the black line signifies m1 = 0.2. The

right panel depicts the different fitting curves of PS,G with different g11 when m1 = 0.1: the red line marks g11 = 5, the black line

traces g11 = 10 and the blue line shows that g11 takes other values.
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Fig. 4 A few typical fitting curves for the linearly-continuous-ϕ model. The left panel shows the different fitting curves of PS,W with

different m1 when g11 = 0.7: the blue line represents m1 = 0.05, the red line signifies m1 = 0.1, the black line indicates m1 = 0.2

and the green line corresponds to m1 = 0.4. The right panel depicts the different fitting curves of PS,W with different g11 when

m1 = 0.1: the black line represents g11 = 0.5, the red line signifies g11 = 0.7, the blue line indicates g11 = 0.8 and the green line

traces g11 = 1.

ther reasonable assumptions that the coherent domain size

around the source is the distance from the central black

hole to BLR (e.g., 1 pc), and about the strength of the in-

tergalactic magnetic field (e.g., 1 nG) and the intergalactic

coherent domain size (e.g., 1 Mpc), we can constrain the

two key parameters for ALP, i.e., the particle mass ma and

the photon-ALP coupling constant g based on the survival

probability of TeV photons. Two magnetic field configu-

rations are considered based on the previous studies. One

is the discrete-ϕ model. In this model, the path of propa-

gation is divided into lots of coherent domains such that

each has a uniform magnetic field and the same size l, and

the magnetic field has the orientation angle ϕ changing dis-

cretely and randomly from one domain to the next. Another

is the linearly-continuous-ϕ model in which the magnetic

field orientation angle ϕ varies continuously across neigh-

boring domains.

For the discrete-ϕ model, when m1 = 0.1 and g11 =

5 (m1 ≡ ma/1 neV, and g11 ≡ g/10−11 GeV−1), we

can obtain the best fitting curve of PS,G. The reasonable

range of the ALP mass m1 is 0.08 ∼ 0.2 when g11 = 5,

and the only reasonable value of the photon-ALP coupling

constant is g11 = 5 when m1 = 0.1. These results imply

that, in the energy range 1025−1027 Hz, for the discrete-ϕ
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model, the TeV photon survival probabilities PS,G are very

sensitive to the ALP mass m1, but are not sensitive to the

photon-ALP coupling constant g11.

For the linearly-continuous-ϕ model, when m1 = 0.1

and g11 = 0.7, we can obtain the best fitting curve of

PS,W. The reasonable range of the ALP mass m1 is 0.05

∼ 0.4 when g11 = 0.7, and the reasonable range of

the photon-ALP coupling constant g11 is 0.5 ∼ 1 when

m1 = 0.1. These results imply that, in the energy range

1025 − 1027 Hz, for the linearly-continuous-ϕ model, the

TeV photon survival probabilities PS,W are very sensitive

to the ALP mass m1, and are also very sensitive to the

photon-ALP coupling constant g11.

It is notable that, for the two models, the best-fitting

parameters of ALPs and the reasonable ranges of the pa-

rameters of ALPs which are based on the best fitting are

consistent with the upper bound (g < 6.6×10−11 GeV−1,

i.e., g11 < 6.6) set by the CAST experiment. Comparing

the fitting results of the two different models, we can find

that the best-fitting g11 which comes from the linearly-

continuous-ϕ model (g11 = 0.7) is almost one order

of magnitude smaller than the one that comes from the

discrete-ϕ model (g11 = 5). This means that the cou-

pling between photon and ALP in the linearly-continuous-

ϕ magnetic field structure is much weaker than in the

discrete-ϕ magnetic field structure, but the physical mech-

anism involved is still unclear.

Although PKS 2155–304 is a well-studied TeV

gamma-ray emitter, the TeV observations we can acquire

are still limited. More publicly available TeV observations

of PKS 2155–304 are necessary to obtain more precise

constraints on ALP properties.
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