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ALP-photon coupling

Effective Lagrangian:

Laγγ = −1

4
gaγγaFF̃ = gaγγaE · B

Weyl gauge A0 = A0 = 0:

∂2t A +∇× (∇× A) = J + gaγγ∂ta∇× A − gaγγ∇a × ∂tA
−∇ · ∂tA = ρ− gaγγ∇a · (∇× A)

∂2t a −∇2a + m2
aa = −gaγγ∂tA · (∇× A)

(a) Birefringence (b) Conversion
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ALP-photon conversion

In the short-wavelength approximation E ≫ ma, the equation
of motion (

i d
dz

+ E +M
)Ax(z)

Ay(z)
a(z)

 = 0

If the transverse component BT is set along with the y-axis, the
mixing matrix

M =

∆⊥ 0 0
0 ∆∥ ∆aγ
0 ∆aγ ∆a



∆aγ ≡ 1

2
gaγγBT

∆a ≡ −m2
a

2E
, ∆⊥ ≈ ∆∥ ≈ −

ω2
pl

2E
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Stokes parameters

Polarization density matrix

ρ(z) =

 Ax(z)
Ay(z)
a(z)

⊗
(

Ax(z) Ay(z) a(z)
)∗
,

which obeys the Liouville-Von Neumann equation

i dρ
dz

= [ρ,M].

ργ =
1

2

(
I + Q U − iV

U + iV I − Q

)
• I : Intensity of photons
• ΠL ≡

√
Q2+U2

I : Degree of linear polarization
• ΠC ≡ V

I : Degree of circular polarization
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Strong-mixing regime
The conversion probability in a
constant magnetic field

Pγ→a = sin2(2θ) sin2

(
∆oscd

2

)
θ =

1

2
arctan( 2∆aγ

∆∥ −∆a
)

∆osc = [(∆a −∆∥)
2 + 4∆2

aγ ]
1/2

Critical energy of the
strong-mixing regime:

EL ≡
E |∆a −∆pl|

2∆aγ

EH ≡ 2∆aγ
3.5E∆QED

When EL ≪ E ≪ EH , θ ≃ π/4,
the conversion probability is
independent of the energy.

Pγ→a ≃ 1

4
g2aγγ B2

T d2
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Weak-mixing regime

Weak-mixing condition

|∆pl| ≫ ∆aγ , |∆pl| ≫ |∆a|.

In this regime, the conversion probability turns out to be
vanishingly small. And the changes of I , Q, and U are
negligible at first leading order.

Circular polarization

V (z) = V (z0) cosκ+ V sinκ,
V ≡ Q(z0) sin 2ϕ+ U (z0) cos 2ϕ,

κ ≡
∆2

aγ
∆pl −∆a

(z − z0) .
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Weak-mixing regime

Single domain:

V (z) = V (z0) cosκ+ V sinκ

Multi domains (|κ| ≪ 1):

V (z)− V (z0) ≈
∫ z

z0
V

∆2
aγ

∆pl −∆a
dz ′

=−
meg2aγγVE

8πα

∫ z

z0

B2
T (z ′)

ne(z ′)
dz ′.

For linearly polarized photons,

V = ΠL sin 2(ϕ− ψ).

ϕ: Magnetic field angle, ψ: Polarization angle
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Qualitative understanding

When Pγ→a is small,
∆ΠL = Pγ→a ≃ sin2(2θ) sin2(ξ/2), ξ = L/losc.

L: coherent length of magnetic field
losc: oscillation length ∆−1

osc
The phase shift of photons induced by ALPs

ϕa ≃ sin2(2θ)(ξ − sin ξ).
Phase difference results in ellipticity

V = Q0 sinϕa ≃ Q0 sin2(2θ)(ξ − sin ξ)
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Research target

Requirements

• Large L
• Small losc → low ne

• Detectable

Blazar
• Optical polarization

monitoring programs
• ΠL : 10% ∼ 50%
• ΠC: no definite

detection

8.2 Gamma-Ray Sources 565

Fig. 8.7 Sketch of the typical geometry of an AGN on a logarithmic length scale. Depending on
the viewing direction, the AGN appears as a BL Lac object or flat spectrum radio quasar (FSRQ), a
Seyfert-I galaxy or steep spectrum radio quasar (SSRQ), or as an high luminosity Faranoff Riley-II
(FR-II) galaxy, a low luminosity Faranoff Riley-I (FR-I) galaxy or a Seyfert-II galaxy, respectively,
as indicated. Inspired by Ref. [560]

field strengths. For a recent review of AGNs as γ−rays and their classification we
refer the reader to Ref. [562].

GRBs were first discovered in the late 1960s by the Vela satellites and were origi-
nally thought to be linked to nuclear testing. However, it soon became clear that these
objects have an extraterrestrial origin. In the following 20 years it was thought that
GRBs originated as explosions at the surfaces of neutron starswithin our ownGalaxy.
The situation changed with the observation of the sky distribution of GRBs by the
Compton γ−ray Observatory which appeared inconsistent with a Galactic distribu-
tion that would be expected to be concentrated along the Galactic disk. Nowadays a
few hundred GRBs are observed per year by experiments such as Fermi [310] and
Swift [563], Integral [364], XMM-Newton [564] and Chandra [565] and it is well
established that they have an extragalactic origin. Figure8.8 sketches the geometry
of the GRBs in the fireball model which is now the standard scenario although there
are also some other models such as the cannon ball model. In Sect. 6.3.2.2 we have
already discussed in some detail the role of GRBs in accelerating charged particles
to high energy. We had introduced the fireball model without specifying the central
engine and the progenitor which turned out to be not too relevant for the question of
CR acceleration. In the present section we add a few aspects about the underlying
GRB mechanism that are linked to details in the observations of the γ−rays. A few

Credit: Sigl, 2017
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Results
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Constraints

Hutsemekers et al., 2010 reported null detection of CP with
typical uncertainties < 0.1% in 21 quasars except for two highly
polarized blazars.
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Optical CP observation

Although the optical CP is rarely observed, there are some
observations indicating CP detection.

• Small but significant optical CP in two blazars with
uncertainties < 0.1%. (Hutsemekers et al., 2010)

• A marginal detection of the optical CP at 2σ level in V and
R bands for 3C 66A. (Tommasi, L. et al., 2001)

• A 3− 6σ detection of CP with large values for 3C 66A.
(Takalo and Sillanpaa, 1993)

These possible observations could be interpreted by the
ALPs in the context.
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3C 66A

When ϕ− ψ ≈ kπ/2 (k ∈ Z), ΠC
ΠLE′ ∝ g2aγγψ
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OJ 287

gaγγ ∼ 10−11GeV−1
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Intrinsic CP
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Partially random field

The direction of magnetic field is partially random in each
calculation domain

ϕ = ϕ0 + α∆ϕ, ∆ϕ ∈ [−π, π)

The change of V
Given the approximation that α≪ 1 is true,

Vn+1 ≈ ΠL sin 2(ϕ0 − ψn) + 2α∆ϕnΠL cos 2(ϕ0 − ψn),

• The incremental part: same as the idealized case
• The random part: random walk
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Partially random field
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For a more realistic field configuration, the values of CP are
smaller than the optimal case, while its magnitude remains
in the same order.
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Structure of the jet

The direction of the transverse magnetic field is spatial
dependent.
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High-precision measurements can help improve to
observe the optical CP. Nevertheless, even in the
low-precision cases, it is possible that there are some blazars
that can produce observable CP.
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Other astrophysical magnetic field

Mixing contribution to CP

V ∼ ΠLg2aγγB2loscL, losc = [(∆a −∆∥)
2 + 4∆2

aγ ]
−1/2

Characteristic quantity

fCP ≡
(

B
1 G

)2( ne
5× 104 cm−3

)−1( L
1 kpc

)

Scenarios B(G) ne(cm−3) L(kpc) fCP

Intra-cluster magnetic field 10−6 10−3 10 5× 10−4

Intergalactic magnetic field 10−9 10−7 5× 104 2.5× 10−2

Galactic magnetic field 10−6 10−1 10−2 5× 10−9

The influence of other astrophysical magnetic fields can
be neglected.
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Summary

• ALP can induce optical CP in blazar.
• The measurement of CP can place constraints on ALP.
• Some tentative observations of CP indicate the coupling

gaγγ to be the order of 10−11 GeV−1.
• The partial random magnetic fields do not change the

magnitude of ALP induced CP.
• High-precision measurements can help observe the optical

CP.
• The influence of other astrophysical magnetic fields can be

neglected.
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Thanks!
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