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‚ÒÎ¨¸²¥´Ò ¤·¥¢¥¸´Ò¥ ¤¢ÊÌ¢¥·Ï¨´´Ò¥  ³¶²¨ÉÊ¤Ò ¤²Ö ¶¥·¥Ìμ¤μ¢ jf → j′f ′ ¢ ¶μ-
¸ÉμÖ´´μ³ μ¤´μ·μ¤´μ³ ³ £´¨É´μ³ ¶μ²¥ ¶·μ¨§¢μ²Ó´μ° ´ ¶·Ö¦¥´´μ¸É¨ ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨
§ ·Ö¦¥´´μ° Ë¥·³¨μ´´μ° ¶² §³Ò ¤²Ö · §²¨Î´ÒÌ ±μ³¡¨´ Í¨° ¢¥·Ï¨´ ¸± ²Ö·´μ£μ, ¶¸¥¢-
¤μ¸± ²Ö·´μ£μ, ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ É¨¶μ¢. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¨-
³¥´ÖÕÉ¸Ö ¤²Ö  ´ ²¨§  ¶·μÍ¥¸¸  ËμÉμ·μ¦¤¥´¨Ö ´¥°É·¨´´μ° ¶ ·Ò, γe → eνν̄, ¸ ÊÎ¥Éμ³
¢μ§³μ¦´μ£μ ·¥§μ´ ´¸  ´  ¢¨·ÉÊ ²Ó´μ³ Ô²¥±É·μ´¥ ¢ Ê¸²μ¢¨ÖÌ ¶²μÉ´μ° ¸¨²Ó´μ § ³ £´¨-
Î¥´´μ° ¶² §³Ò.

The tree-level two-point amplitudes for the transitions jf → j′f ′ in a constant
uniform magnetic ˇeld of an arbitrary strength and in charged fermion plasma for the
interaction vertices of the scalar, pseudoscalar, vector, and axial-vector types have been
calculated. The results are applied to the analysis of the neutrino photoproduction process,
γe → eνν̄, taking into account possible resonance on the virtual electron in conditions of
dense strongly magnetized plasma.

PACS: 12.20.Ds; 14.60.Cd; 97.10.Ld; 94.30.-d

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤μ¢μ²Ó´μ ¡μ²ÓÏμ° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ  ¸É·μË¨§¨-
Î¥¸±¨¥ μ¡Ñ¥±ÉÒ ¸ ³ ¸ÏÉ ¡ ³¨ ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¶μ·Ö¤±  ¥£μ ±·¨-
É¨Î¥¸±μ£μ §´ Î¥´¨Ö Be = m2

e/e � 4,41 · 1013 ƒ¸ (¢ · ¡μÉ¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¥¸É¥-
¸É¢¥´´ Ö ¸¨¸É¥³  ¥¤¨´¨Í, £¤¥ c = � = kB = 1, me Å ³ ¸¸  Ô²¥±É·μ´ , mf Å
³ ¸¸  Ë¥·³¨μ´ , ef Å § ·Ö¤ Ë¥·³¨μ´ ). �ÉμÉ ±² ¸¸ μ¡Ñ¥±Éμ¢ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö
· ¤¨μ¶Ê²Ó¸ ·Ò ¨ É ± ´ §Ò¢ ¥³Ò¥ ³ £´¨É ·Ò, ±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö ´¥°É·μ´´Ò³¨
§¢¥§¤ ³¨, μ¡² ¤ ÕÐ¨³¨ ³ £´¨É´Ò³¨ ¶μ²Ö³¨ ¸ ¨´¤Ê±Í¨¥° μÉ 1012 ƒ¸ (· ¤¨μ-
¶Ê²Ó¸ ·Ò) ¤μ 4 · 1014 ƒ¸ (³ £´¨É ·Ò) (¸³. · ¡μÉÊ [1] ¨ ¸¸Ò²±¨ ¢ ´¥°).

ˆ§¢¥¸É´μ, ÎÉμ ¸¨²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥ ¨/¨²¨ ¶² §³  ¸ÊÐ¥¸É¢¥´´μ ¢²¨ÖÕÉ
´  ±¢ ´Éμ¢Ò¥ ¶·μÍ¥¸¸Ò (¸³. [2]), É ± ± ±  ±É¨¢´ Ö ¸·¥¤  ³μ¦¥É ± É ²¨§¨-
·μ¢ ÉÓ ¶·μÍ¥¸¸Ò, ¨§³¥´ÖÉÓ ¨Ì ±¨´¥³ É¨±Ê ¨ ¨´¤ÊÍ¨·μ¢ ÉÓ ´μ¢Ò¥ ¢§ ¨³μ-
¤¥°¸É¢¨Ö. ‘²¥¤μ¢ É¥²Ó´μ, ¢²¨Ö´¨¥ § ³ £´¨Î¥´´μ° ¶² §³Ò ´  ³¨±·μË¨§¨±Ê
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¤μ²¦´μ ÊÎ¨ÉÒ¢ ÉÓ¸Ö ¢ ³μ¤¥²ÖÌ ³ £´¨Éμ¸Ë¥· ¸¨²Ó´μ § ³ £´¨Î¥´´ÒÌ ´¥°É·μ´-
´ÒÌ §¢¥§¤. ‚ ¤ ´´μ° · ¡μÉ¥ ¨¸¸²¥¤ÊÕÉ¸Ö ¤¢ÊÌ¢¥·Ï¨´´Ò¥ ¶·μÍ¥¸¸Ò jf → j′f ′

¢ ¶μ¸ÉμÖ´´μ³ μ¤´μ·μ¤´μ³ ³ £´¨É´μ³ ¶μ²¥ ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ § ·Ö¦¥´´μ° Ë¥·-
³¨μ´´μ° ¶² §³Ò ¤²Ö · §²¨Î´ÒÌ ±μ³¡¨´ Í¨° ¢¥·Ï¨´ ¸± ²Ö·´μ£μ, ¶¸¥¢¤μ¸± -
²Ö·´μ£μ, ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ É¨¶μ¢. „¢ÊÌ¢¥·Ï¨´´Ò¥ ¶·μÍ¥¸¸Ò
É ±μ£μ É¨¶  ¸ ¢¨·ÉÊ ²Ó´Ò³ Ë¥·³¨μ´μ³, ´ Ìμ¤ÖÐ¨³¸Ö ´  ¶·μ¨§¢μ²Ó´μ³ Ê·μ¢´¥
‹ ´¤ Ê, ³μ£ÊÉ ¨³¥ÉÓ ·¥§μ´ ´¸´Ò° Ì · ±É¥· ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¶·¥¤¸É ¢²ÖÕÉ
μ£·μ³´Ò° ¨´É¥·¥¸ ¤²Ö  ¸É·μË¨§¨Î¥¸±¨Ì ¶·¨²μ¦¥´¨° [3].

„²Ö  ´ ²¨§  μ¡μ¡Ð¥´´ÒÌ  ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö jf → j′f ′ ³Ò ¡Ê¤¥³ ¨¸-
¶μ²Ó§μ¢ ÉÓ ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö Éμ±μ¢ j ¸ Ë¥·³¨μ´ ³¨
¢ ¸²¥¤ÊÕÐ¥° Ëμ·³¥:

L(X) =
∑

k

gk[Ψ̄f(X)ΓkΨf (X)]jk(X), (1)

£¤¥ ¨´¤¥±¸ k = S, P, V, A ¸μμÉ¢¥É¸É¢Ê¥É ³ É·¨Í ³ Γk, ΓS = 1, ΓP = γ5, ΓV =
γα, ΓA = γαγ5; jk(x) Å μ¡μ¡Ð¥´´Ò¥ Éμ±¨ (jS , jP , jV α ¨²¨ jAα) ¨²¨ ¢¥±Éμ·Ò
¶μ²Ö·¨§ Í¨¨ ËμÉμ´μ¢; gk Å ±μ´¸É ´ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨ Ψf(X) Å ¢μ²´μ¢Ò¥
ËÊ´±Í¨¨ Ë¥·³¨μ´μ¢, Ö¢²ÖÕÐ¨¥¸Ö ¸μ¡¸É¢¥´´Ò³¨ ËÊ´±Í¨Ö³¨ ±μ¢ ·¨ ´É´μ£μ
μ¶¥· Éμ·  μ̂z = mfΣz − iγ0γ5[Σ × P̂]z [4] ¸ ¸μ¡¸É¢¥´´Ò³¨ §´ Î¥´¨Ö³¨ s =
±1. ‡¤¥¸Ó P̂ = −i∇ − efA Å μ¶¥· Éμ· ¤¨´ ³¨Î¥¸±μ£μ ¨³¶Ê²Ó¸ . ‚Ò¡¥·¥³
μ¸Ó z ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¨ Î¥ÉÒ·¥Ì³¥·´Ò° ¶μÉ¥´Í¨ ² ¢
± ²¨¡·μ¢±¥ ‹ ´¤ Ê: Aμ = (0, 0, xB, 0). „ ²¥¥ Ê¤μ¡´μ ¢¢¥¸É¨ μ¡μ§´ Î¥´¨¥
β = |ef |B.

�·¨ k = V , gV = GF CV /
√

2 ¨ k = A, gA = −GF CA/
√

2 ¶μ²ÊÎ ¥³ ¨§ (1)
² £· ´¦¨ ´ Î¥ÉÒ·¥ÌË¥·³¨μ´´μ£μ ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö:

L(X) =
GF√

2

[
Ψ̄f(X) γα(CV + CAγ5)Ψf (X)

]
Jα(X), (2)

£¤¥ Jα(X) = ν̄(X)γα(1 − γ5)ν(X) Å Éμ± ²¥¢ÒÌ ´¥°É·¨´μ; CV = ±1/2 +
2 sin2 θW , CA = ±1/2 ¨ θW Å Ê£μ² ‚ °´¡¥·£ . ‚¥·Ì´¨° §´ ± ¸μμÉ¢¥É¸É¢Ê¥É
¸²ÊÎ Õ, ±μ£¤   ·μ³ É ´¥°É·¨´μ ¸μ¢¶ ¤ ¥É ¸  ·μ³ Éμ³ Ë¥·³¨μ´  (ν = νf ),
´¨¦´¨° Å ¸²ÊÎ Õ · §´ÒÌ  ·μ³ Éμ¢ ´¥°É·¨´μ ¨ Ë¥·³¨μ´  (ν �= νf ).

‚ ¤·¥¢¥¸´μ³ ¶·¨¡²¨¦¥´¨¨ S-³ É·¨Î´Ò° Ô²¥³¥´É ¶·μÍ¥¸¸  · ¸¸¥Ö´¨Ö
jf → j′f ′ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

Ss′s
k′k =

i(2π)3δ(3)(P − p′ − q′)√
2q0V 2q′0V 2E�LyLz2E′

�′LyLz

Ms′s
k′k. (3)

‡¤¥¸Ó pμ = (E�,p) ¨ p′μ = (E′
�′ ,p

′) Å Î¥ÉÒ·¥Ì³¥·´Ò¥ ¢¥±Éμ·Ò Ô´¥·£¨¨-
¨³¶Ê²Ó¸  ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ Ë¥·³¨μ´ , ´ Ìμ¤ÖÐ¨Ì¸Ö ´  Ê·μ¢´ÖÌ ‹ ´¤ Ê
� ¨ �′ ¸μμÉ¢¥É¸É¢¥´´μ, k ¨ k′ μ¡μ§´ Î ÕÉ É¨¶Ò ¢¥·Ï¨´ ¢ ´ Î ²Ó´μ³ ¨ ±μ´¥Î´μ³
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¸μ¸ÉμÖ´¨ÖÌ ¸μμÉ¢¥É¸É¢¥´´μ, s ¨ s′ Å ´ Î ²Ó´μ¥ ¨ ±μ´¥Î´μ¥ ¶μ²Ö·¨§ Í¨μ´´Ò¥
¸μ¸ÉμÖ´¨Ö Ë¥·³¨μ´ , Pα = (p + q)α = p′′α, α = 0, 2, 3.

�μ²´Ò° ´ ¡μ·  ³¶²¨ÉÊ¤ Ms′s
k′k ¢ μÉ¸ÊÉ¸É¢¨¥ ·¥§μ´ ´¸  ¤²Ö ¢¥·Ï¨´ ¢§ ¨³μ-

¤¥°¸É¢¨Ö ¸± ²Ö·´μ£μ, ¶¸¥¢¤μ¸± ²Ö·´μ£μ, ¢¥±Éμ·´μ£μ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ
É¨¶μ¢ ¡¥§ ÊÎ¥É  ·¥§μ´ ´¸  ¶·¨¢¥¤¥´ ¢ · ¡μÉ¥ [5].

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö �, �′ > n ¢μ§³μ¦´  ¸¨ÉÊ Í¨Ö,
±μ£¤  §´ ³¥´ É¥²Ó ¶·μ¶ £ Éμ·  Ô²¥±É·μ´  μ¡· Ð ¥É¸Ö ¢ ´μ²Ó, ÎÉμ ¶·¨¢μ¤¨É
± ´¥μ¡Ìμ¤¨³μ¸É¨ ÊÎ¥É  · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± ± ³ ¸¸¥ Ô²¥±É·μ´ . ‚ ¸²Ê-
Î ¥ Ê§±μ£μ ·¥§μ´ ´¸´μ£μ ¶¨±  ±¢ ¤· ÉÒ  ³¶²¨ÉÊ¤ Ms′s

k′k ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢
¸²¥¤ÊÕÐ¥³ ¶·¨¡²¨¦¥´´μ³ ¢¨¤¥:

|Ms′s
k′k|2 �

�
∑

s′′=±1

∞∑
n=1

π

E′′
nΓs′′

n

δ(E′′2 − p′′2z − m2
f − 2βn) |Ms′′s

k→f ′′
n
|2 |Ms′s′′

f ′′
n →k′ |2, (4)

£¤¥ Γs′′

n Å ¶μ²´ Ö Ï¨·¨´  ¨§³¥´¥´¨Ö ¸μ¸ÉμÖ´¨Ö Ë¥·³¨μ´  (¸³. [5]); Ms′′s
k→f ′′

n

¨ Ms′s′′

f ′′
n→k′ Å  ³¶²¨ÉÊ¤Ò ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ·¥ ²Ó´μ£μ Ë¥·³¨μ´  ¢

¶μ²Ö·¨§ Í¨μ´´μ³ ¸μ¸ÉμÖ´¨¨ s′′ ´  Ê·μ¢´¥ ‹ ´¤ Ê n ¸μμÉ¢¥É¸É¢¥´´μ.
‚ ± Î¥¸É¢¥ ¶·¨²μ¦¥´¨Ö ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ · ¸¸³μÉ·¨³ § ¤ ÎÊ μ ±μ-

²¨Î¥¸É¢¥ Ô´¥·£¨¨, Ê´μ¸¨³μ° ´¥°É·¨´´μ° ¶ ·μ° ¨§ ¥¤¨´¨ÍÒ μ¡Ñ¥³  ¶²μÉ´μ°
§ ³ £´¨Î¥´´μ° ¶² §³Ò §  ¥¤¨´¨ÍÊ ¢·¥³¥´¨ (É ± ´ §Ò¢ ¥³ Ö ´¥°É·¨´´ Ö ¸¢¥-
É¨³μ¸ÉÓ), μ¡Ê¸²μ¢²¥´´μ° ¶·μÍ¥¸¸μ³ ËμÉμ·μ¦¤¥´¨Ö ´¥°É·¨´μ ´  Ô²¥±É·μ´¥,
γe → eνν̄. ‘¢¥É¨³μ¸ÉÓ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ [6]

Qγe→eνν̄ =
1

Lx

∞∑
�,�′=0

∫
d3k f(q0)
(2π)3 2q0

d2pf(E�)
(2π)22E�

d2p′

(2π)2 2E′
�′

[1 − f(E′
�′)]×

× d3p1

(2π)3 2E1

d3p2

(2π)32E2
q′0 (2π)3|Mγe→eνν̄ |2δ(3)(P − p′ − q′), (5)

£¤¥ f(q0) =
[
1 − eq0/T

]−1
Å · ¢´μ¢¥¸´ Ö ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ´ Î ²Ó´μ£μ

ËμÉμ´  ¸ 4-¢¥±Éμ·μ³ qμ = (q0,k); f(E�) ¨ f(E′
�′) Å · ¢´μ¢¥¸´Ò¥ ËÊ´±Í¨¨

· ¸¶·¥¤¥²¥´¨Ö ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ Ô²¥±É·μ´μ¢ ¸μμÉ¢¥É¸É¢¥´´μ, f(E�) =[
1 + e(E�−μ)/T

]−1
; q′0 = E1 + E2 Å Ô´¥·£¨Ö ´¥°É·¨´´μ° ¶ ·Ò, E1,2 = |p1,2|;

d2p = dpy dpz; V = LxLyLz Å μ¡Ñ¥³ ¶² §³Ò.
�μ¸²¥ ´¥¸²μ¦´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö ¢ (5) ¸ ÊÎ¥Éμ³ Ë ±Éμ·¨§ Í¨¨  ³¶²¨-

ÉÊ¤Ò (4) ¶μ²ÊÎ¨³ ¤²Ö ´¥°É·¨´´μ° ¸¢¥É¨³μ¸É¨ §  ¸Î¥É ¶·μÍ¥¸¸  en → e′�νν̄ [7]
¸²¥¤ÊÕÐ¨° ·¥§Ê²ÓÉ É:

Qγe→eνν̄ =
∞∑

n=1

n−1∑
�′=0

Qen→e�′νν̄ . (6)
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� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Î ¸É¨Î´μ° Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ
Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (¶·μ¥±É º14-02-00233-a). � ¡μÉ 
„. �Ê³Ö´Í¥¢  É ±¦¥ ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ ¶·μ¥±É  º984 ¢ · ³± Ì ¡ -
§μ¢μ° Î ¸É¨ £μ¸Ê¤ ·¸É¢¥´´μ£μ § ¤ ´¨Ö ´  �ˆ� Ÿ·ƒ“.
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