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Introduction

Problem:
The in�uence of di�erent quantum processes on the photon

polarization states production in the magnetospheres of NS and its
in�uence on the spectra formation.

(see, for example, Suleimanov V. et. al. A&A 2012)
The Compton scattering, γe → γe, is a basic process that is

considered when solving the radiation transfer problem.
But the number of photons does not change in this process.

In this talk we investigate the process eγ → eγγ with taking into
account the change of the photon dispersion properties.

As far as we know, previously, the process eγ → eγγ in a plasma
without a magnetic �eld was studied in the paper (A.P. Lightman,

ApJ, 1981)
Multiple Compton Scattering in Magnetic Field � A. A. Mushtukov

et. al. Phys. Rev. D 105, 103027 2022
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Introduction

The conditions in a strongly magnetized NS (magnetars) are a very
exotic.

The characteristics of outer crust of magnetar
B ∼ 1014 − 1016 G., B ≫ Be ,
Be = m2/e ≃ 4.41× 1013 G,

T ∼ 108 − 109 K, T ≪ µ−m,

pF
m

≃ 0.34
Be

B

ρ

ρ6
, ρ ≳ ρ6 = 106g/cm3

In these conditions we will investigate the double Compton process
and photon splitting process.
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Introduction

Some notations
pµ and p′µ is the momenta of the plasma electrons,

qµ and qµN are the momenta of initial and �nal photons,
The four-vectors with indices ⊥ and ∥ belong to the Euclidean

{1, 2}-subspace and the Minkowski {0, 3}-subspace correspondingly
in the frame were the magnetic �eld is directed along third axis;
(ab)⊥ = (aφφb) = aαφ

ρ
αφρβbβ , (ab)∥ = (aφ̃φ̃b) = aαφ̃

ρ
αφ̃ρβbβ .

The tensors φαβ = Fαβ/B and φ̃αβ = 1
2
εαβµνφµν are the

dimensionless �eld tensor and dual �eld tensor correspondingly.
Λµν = (φφ)µν , Λ̃µν = (φ̃φ̃)µν
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Photon dispersion in the magnetized medium

The polarization and dispersion properties of normal modes are

connected with eigenvectors ε
(λ)
α (q) and eigenvalues of polarization

operator κ(λ)(q) correspondingly.
In the cold, quasidegenerate, moderately relativistic plasma:

pF/m ≃ vF ≪ 1, (vF is the Fermi velocity)
the physical polarization vectors of the photons

ε(1)α (q) = −b(1)α =
(qφ)α√

q2⊥
, ε(2)α (q) = −b(2)α =

(qφ̃)α√
q2∥

are just as in the pure magnetic �eld. The corresponding
eigenvalues are

κ(1) ≃ − α

3π
q2⊥ , κ(2) ≃ −2α

π
eB

[
J (q∥) + H

(
q2∥
4m2

)]
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Photon dispersion in the magnetized medium

The dispersion laws of the mode-2 photon for B ≃ 1016 G and
T ≃ 50 keV.

ω2
pl
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Kinematic analysis

The analyze show a feature that is connected with the appearance
of the plasma frequency in the presence of real electrons which can

be de�ned from the equation

ω2
pl − κ(2)(ωpl , k → 0) = 0.

In our conditions ω2
pl = (2αeB/π)vF .

These facts lead to new polarization selection rules for competitive
process of the photon splitting: in the region q2 > 0 the splitting

channels γ2 → γ2γ2, γ1 → γ2γ2 and γ1 → γ1γ2 are forbidden. Only
the channel γ2 → γ1γ1 is kinematically allowed.

In this case the leading channel of mode 2 photons productions is
eγ2 → eγ2γ2.
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Amplitude of double Compton process

In course of the work it was found that the approach used to obtain
the amplitude the double Compton process can be easely extend to

the cease multiple Compton scattering process.
Feynman diagrams for the process eγ → e(Nγ) is

S-martix element has form

S s,s′

p,p′ = (ie)N+1

∫
d4Z1...d

4ZN+1Ψ̄
s′

ℓ′,p′(Z1)Â
∗
q1(Z1)Ŝp1(Z1,Z2)Â

∗
q2(Z2)...×

ŜpN (ZN−1,ZN)Âq(ZN+1)Ψ
s
ℓ,p(ZN+1) + (photon permutations) (1)

Where Zk � 4-coordinate of k-th vortex, Ŝpk (Zk ,Zk−1) �
propagator with momenta pk .
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Amplitude of multiple Compton process

The amplitude of the process at an arbitrary Landau level is

Ms,s′

ℓ,ℓ′ =
∑

n1,...,nN

exp
[
− i

2β
{qx(pN + p)y}

]
√

4MℓMℓ′(m +Mℓ)(m +Mℓ′)

[
qy − iqx√

q2⊥

]nN−ℓ

×

∑
s1,...,sN=±1

T s,sk
nN ,ℓ(q, pN , p)×

N∏
k=1

T
sk−1,sk
nk−1,nk (qk , pk−1, pk)

[(pk)2∥ −M2
nk ]

[
(qk)y + i(qk)x√

(qk)2⊥

]nk−1−nk exp
[

i
2β

{(qk)x(pk−1 + pk)y}
]

2Mnk (m +Mnk )

(2)

Here p0 = p′, n0 = ℓ′, s0 = s ′, nN � Landau level of electron from
N-th propagator, Mℓ =

√
m2 + 2eBℓ � e�ective electron mass in

the magnetic �eld, qiα = (ωi , ki ).

T. Pukhov The double Compton process ...



T s,s′
n,m(q, p, p′) is an invariant expression and is written through

Covariates and invariants Ki that look like:

K1α =

√
2

(pΛ̃p′) +MnMm

{
Mn(Λ̃p

′)α +Mm(Λ̃p)α
}

(3)

K2α =

√
2

(pΛ̃p′) +MnMm

{Mn(φ̃p
′)α +Mm(φ̃p)α} (4)

K3 =

√
2
[
(pΛ̃p′) +MnMm

]
(5)

K4 = −
√

2

(pΛ̃p′) +MnMm

(pφ̃p′) (6)
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Amplitude of double Compton process

The amplitude of the process eγ → eγγ at an arbitrary Landau
level is

Ms,s′

ℓ,ℓ′ =
∑
n1,n2

1

[(p1)2∥ −M2
n1 ][(p2)

2

∥ −M2
n2 ]

1√
4MℓMℓ′(m +Mℓ)(m +Mℓ′)

×

exp
[

i
2β

{
q1x(p

′
y + (p1)y ) + (q2)x((p1)y + (p2)y )− qx((p2)y + py )

}]
4Mn1Mn2(m +Mn1)(m +Mn2)

×[
(q1)y + i(q1)x√

(q1)2⊥

]ℓ′−n1 [
(q2)y + i(q2)x√

(q2)2⊥

]n1−n2 [
qy − iqx√

q2⊥

]n2−ℓ

×∑
s1,s2=±1

T s,s2
ℓ,n2

(q, p, p2)T
s2,s1
n2,n1(q2, p2, p1)T

s1,s
′

n1,ℓ′
(q1, p1, p

′) (7)

T. Pukhov The double Compton process ...



Amplitude on ground Landau level

In the magnetar cease, the electrons are mostly occupy the ground
Landau level.
In the simplest case, when all electrons are at the ground Landau
level the amplitude is

Mtot
0,0 ≃ exp

[
− (q1)

2

⊥ + (q2)
2

⊥ + (q2⊥)

4eB

]
×

(K1(p
′, p1)εq1)(K1(p1, p2)εq2)(K1(p2, p)εq)

[(p1)2∥ +m][(p2)2∥ +m]
+ (photon permutations)

(8)
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Photon production e�ciency

To analyze the e�ciency of the process, eγ → eγγ under
consideration and to compare it with other competitive reactions
we calculate the photon absorption rates which can be de�ned in

the following way (M. Chistyakov and D.R. IJMPA 2009):

Weλ→eλ1λ2 =
eB

64(2π)7ωλ

∫
| Mλ→λ1λ2 |2 ZλZλ1Zλ2(1− fE ′)×

fE (1+ fω1)(1+ fω2)δ(ω + E − ω1 − ω2 − E ′)
dpz d

3q1d
3q2

EE ′ω′ω′′

fE = [e(E−µ)/T − 1]−1 � equilibrium electron distribution function.
The eigenvalue of the polarization operator κ(2) becomes large near
the electron-positron pair production threshold. This suggests that

the renormalization of the wave function for a photon of this
polarization should be taken into account:

ε(2)α (q) → ε(2)α (q)
√
Z2, Z−1

2 = 1− ∂κ(2)(q)

∂ω2
≃ 1.
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Photon production e�ciency

The analysis provides an estimate of the number of mode 2
photons produced in the process eγ → eγγ in the magnetosphere
of strongly magnetized NS:

dN

dVdt
≃ 1.6 · 1017

(
1

cm3s

)
(9)

estimation of the number of mode 2 photons produced in the
process eγ → eγγ in isotropic plasma without magnetic �eld for
T = 5 KeV and ne = 3 · 1013 cm−3:

dNvac

dVdt
≃ 2.8 · 1020

(
1

cm3s

)
(10)
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Conclusion

We have considered the double Compton process,
eγ → e(Nγ), in the presence of a strongly magnetized, charge
asymmetric, cold plasma.

As an application of the obtained results the double Compton
process is considered. The amplitudes of the processes are
obtained: eγ → e(Nγ), eγ → eγγ. The amplitude of Double
Compton process is obtained both in general form and in
special ceases impotent for magnetars.
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Conclusion

The e�ciency of photon production in the double Compton
process in a magnetic �eld is considered. It is shown that it is
suppressed in comparison with the vacuum one, but still is.
However, the considered reaction can serve as a rather e�cient
mechanism for the production of polarized photons in the
presence of a strongly magnetized plasma.

Changes of dispersion properties of the photon in the
magnetized medium are investigated.

T. Pukhov The double Compton process ...



Thank you!!!
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Dispersion of a photon in a magnetized plasma

Photon dispersion features in cold (T ≪ µ−m) magnetized plasma

The �gure shows, cold plasma the threshold of the pair birth is
shifting to

4m2 → 4µ2

under conditions kz = 0 (θ = π/2). In general, the shift of
the pair birth is

4m2 → 2

(
µ2 − pF |kz |+ µ

√
(pF − |kz |)2 +m2

)
in case |qz | < 2pF .
This result is consistent with a simple kinematic analysis of the
process γ2 → e+e− in degenerate plasma.
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Propagator

We use fermion propagator in the following form (A. Kuznetsov and
A. Okrugin 2011)

Ŝ(X ,X ′) =
∞∑
n=0

∑
s=±1

∫
dp0dpydpz

(2π)3
×

× e
− i (p (X−X ′))∥+ipy (X2−X ′

2
)

p2∥ −M2
n −Rs

Σ(p) + i Is
Σ(p)

ϕs
p,n(X1)ϕ̄

s
p,n(X

′
1) .

ϕs
p,ℓ(X1) =

Us
ℓ [ξ(X1)]√

2Mℓ(Eℓ +Mℓ)(Mℓ +mf )

Is
Σ(p) = −1

2
p0 Γ

s
n (V. C. Zhukovsky et al. 1994)

Γsn total fermion absorption width for polarization state s.
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eB = β, T s,s′
n,m(q, p, p′), has form:

T−,−
n,m (q, p, p′) = gZ [2β

√
nm(K1(q, p, p

′)εq)Im−1,n−1+

(m +Mn)(m +Mm)(K1(q, p, p
′)εq)Im,n−√

2βm(m +Mn)K3

(jzΛq)− i(jzφq)√
q2∥

Im−1,n− (11)

√
2βn(m +Mm)K3

(jzΛq) + i(jzφq)√
q2∥

Im,n−1]

T−,+
n,m (q, p, p′) = igZ [

√
2βm(m +Mn)(K2(q, p, p

′)εq)Im−1,n−1−√
2βn(m +Mm)(K2(q, p, p

′)εq)Im,n+

2β
√
nmK4

(jzΛq)− i(jzφq)√
q2∥

Im−1,n−

(m +Mn)(m +Mm)K4

(jzΛq) + i(jzφq)√
q2∥

Im,n−1] (12)
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T+,−
n,m (q, p, p′) = −igZ [

√
2βn(m +Mm)(K2(q, p, p

′)εq)Im−1,n−1−√
2βm(m +Mn)(K2(q, p, p

′)εq)Im,n+

(m +Mn)(m +Mm)K4

(jzΛq)− i(jzφq)√
q2∥

Im−1,n−

2β
√
nmK4

(jzΛq) + i(jzφq)√
q2∥

Im,n−1] (13)

T+,+
n,m (q, p, p′) = gZ [2β

√
nm(K1(q, p, p

′)εq)Im−1,n−1+

(m +Mn)(m +Mm)(K1(q, p, p
′)εq)Im,n−√

2βn(m +Mm)K3

(jzΛq)− i(jzφq)√
q2∥

Im−1,n− (14)

√
2βm(m +Mn)K3

(jzΛq) + i(jzφq)√
q2∥

Im,n−1]
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Cross section eγ −→ eγγ

In our conditions (T ≪ µ−m) absorption rate can be expressed in
terms of cross section Weλ→eλ1λ2 = neσλ→λ1λ2 . For the leading

channel

σ2→22 ≃
1

26(2π)5m2ω

∫
dΩ1

∫
dΩ2

ω−ωpl/2∫
ωpl/2

dω′′ω1(ω−ω1) | M2→22 |2 ,

where

M2→22 ≃ −2
(4πα)3/2

m
sin θ sin θ2 sin θ1 ×[(

2− ω1

ω

)
cos θ2 +

(
1+

ω1

ω

)
cos θ1

]
θ, θ′ and θ′′ angles between photon momenta and direction of

magnetic �eld.
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Cross section eγ −→ eγγ

After integration we get an expression for di�erential cross section,
which is convenient for solving the problem of radiation transfer

dσ2→22

dΩ1dΩ2
≃ α3

240π2m4
(ω − ωpl)Θ(ω − ωpl)×

sin2 θ sin2 θ1 sin
2 θ2

[
(ω + ωpl)(23 cos

2 θ2 + 44 cos θ2 cos θ1 +

23 cos2 θ1)−
ω2
pl

2ω
(29 cos2 θ2 + 32 cos θ2 cos θ1 + 29 cos2 θ1) +

3ω3
pl

4ω3
(4ω − ωpl)(cos θ2 − cos θ1)

2
]

Θ(x) - theta function.
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