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Œμ¸±μ¢¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ¨³. Œ. ‚. ‹μ³μ´μ¸μ¢ , Œμ¸±¢ 

Š· É±μ μ¶¨¸Ò¢ ¥É¸Ö ¶¥·ÉÊ·¡ É¨¢´Ò° ¢Ò¢μ¤ ÉμÎ´μ° NSVZ β-ËÊ´±Í¨¨ ¤²Ö N = 1
¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ´¥ ¡¥²¥¢ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨° ¢ ¸²ÊÎ ¥ ¨¸¶μ²Ó§μ¢ ´¨Ö ·¥£Ê-
²Ö·¨§ Í¨¨ ¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨. „¥³μ´¸É·¨·Ê¥É¸Ö, ÎÉμ ¶·¨ ¨¸¶μ²Ó-
§μ¢ ´¨¨ ÔÉμ° ·¥£Ê²Ö·¨§ Í¨¨ NSVZ-Ëμ·³Ê² , § ¶¨¸ ´´ Ö ¢ ¢¨¤¥ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê
β-ËÊ´±Í¨¥° ¨  ´μ³ ²Ó´Ò³¨ · §³¥·´μ¸ÉÖ³¨ ±¢ ´Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥°, Ê¤μ¢²¥É¢μ·Ö¥É¸Ö
¤²Ö ·¥´μ·³£·Ê¶¶μ¢ÒÌ ËÊ´±Í¨°, μ¶·¥¤¥²¥´´ÒÌ ¢ É¥·³¨´ Ì £μ²ÒÌ ±μ´¸É ´É ¸¢Ö§¨, ´¥-
§ ¢¨¸¨³μ μÉ ¶¥·¥´μ·³¨·μ¢μÎ´μ£μ ¶·¥¤¶¨¸ ´¨Ö. „²Ö ·¥´μ·³£·Ê¶¶μ¢ÒÌ ËÊ´±Í¨°, μ¶·¥-
¤¥²¥´´ÒÌ ¢ É¥·³¨´ Ì ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨, ÔÉμ μ§´ Î ¥É, ÎÉμ μ¤´  ¨§
NSVZ-¸Ì¥³ ¢μ ¢¸¥Ì ¶¥É²ÖÌ ¤ ¥É¸Ö ¶·¥¤¶¨¸ ´¨¥³ HD+ MSL, ±μ£¤  É¥μ·¨Ö ·¥£Ê²Ö·¨§Ê-
¥É¸Ö ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨,   ±μ´¸É ´ÉÒ ¶¥·¥´μ·³¨·μ¢±¨ ¸μ¤¥·¦ É Éμ²Ó±μ ¸É¥¶¥´¨
ln Λ/μ. ‚¸¥ ÔÉ¨ ÊÉ¢¥·¦¤¥´¨Ö ¶·μ¢¥·ÖÕÉ¸Ö ¸· ¢´¥´¨¥³ μ¶·¥¤¥²¥´´ÒÌ ¸² £ ¥³ÒÌ ¢
É·¥Ì¶¥É²¥¢μ° β-ËÊ´±Í¨¨ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¢±² ¤ ³¨ ¢  ´μ³ ²Ó´Ò¥ · §³¥·´μ¸É¨
±¢ ´Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥°.

We brie	y describe the perturbative derivation of the exact NSVZ β-function for
N = 1 supersymmetric non-Abelian gauge theories in the case of using the higher covariant
derivative regularization. It is demonstrated that with this regularization the NSVZ equation
written in the form of a relation between the β-function and the anomalous dimensions
of the quantum superˇelds is satisˇed by the renormalization group functions deˇned
in terms of the bare couplings independently of a renormalization prescription. For the
renormalization group functions deˇned in terms of the renormalized couplings this implies
that one of the NSVZ schemes in all loops is given by the HD +MSL prescription, when
the theory is regularized by higher derivatives and the renormalization constants contain
only powers of ln Λ/μ. All these statements are veriˇed by comparing certain terms in
the three-loop β-function with the corresponding contributions to anomalous dimensions
of the quantum superˇelds.

PACS: 12.60.Jv
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‚ N = 1 ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ± ²¨¡·μ¢μÎ´ÒÌ É¥μ·¨ÖÌ β-ËÊ´±Í¨Ö ¢μ
¢¸¥Ì ¶¥É²ÖÌ ¸¢Ö§ ´  ¸  ´μ³ ²Ó´μ° · §³¥·´μ¸ÉÓÕ ¸Ê¶¥·¶μ²¥° ³ É¥·¨¨ ÉμÎ´μ°
β-ËÊ´±Í¨¥° �μ¢¨±μ¢ , ˜¨Ë³ ´ , ‚ °´ÏÉ¥°´  ¨ ‡ Ì ·μ¢  (NSVZ) [1Ä4]:

β(α, λ) = −
α2

(
3C2 − T (R) + C(R)i

jγj
i(α, λ)/r

)
2π(1 − C2α/2π)

. (1)

‡¤¥¸Ó α ¨ λ Å ± ²¨¡·μ¢μÎ´ Ö ¨ Õ± ¢¸± Ö ±μ´¸É ´ÉÒ ¸¢Ö§¨ ¸μμÉ¢¥É¸É¢¥´´μ,
tr (T AT B) ≡ T (R) δAB, (T A)i

k(T A)k
j ≡ C(R)i

j , C2 = T (Adj),   r μ¡μ§´ -
Î ¥É · §³¥·´μ¸ÉÓ ¶·μ¸Éμ° ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò G. �Éμ μ§´ Î ¥É, ÎÉμ ¤²Ö
N = 1 ¸Ê¶¥·¸¨³³¥É·¨Î´μ° É¥μ·¨¨ Ÿ´£ ÄŒ¨²²¸  (¡¥§ ¸Ê¶¥·¶μ²¥° ³ É¥·¨¨)
β-ËÊ´±Í¨Ö ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° £¥μ³¥É·¨Î¥¸±ÊÕ ¶·μ£·¥¸¸¨Õ.

’·¥Ì- ¨ Î¥ÉÒ·¥Ì¶¥É²¥¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö, ¸¤¥² ´´Ò¥ ¤²Ö N = 1 ¸Ê¶¥·¸¨³³¥-
É·¨Î´ÒÌ É¥μ·¨° ¢ DR-¸Ì¥³¥ (É. ¥. ¸ ¶μ³μÐÓÕ · §³¥·´μ° ·¥¤Ê±Í¨¨, ¤μ¶μ²´¥´-
´μ° ³μ¤¨Ë¨Í¨·μ¢ ´´Ò³¨ ³¨´¨³ ²Ó´Ò³¨ ¢ÒÎ¨É ´¨Ö³¨), ¢ÒÖ¢¨²¨ [5Ä9], ÎÉμ
NSVZ-¸μμÉ´μÏ¥´¨¥ ¸¶· ¢¥¤²¨¢μ Éμ²Ó±μ ¤²Ö μ¤´μ- ¨ ¤¢ÊÌ¶¥É²¥¢μ° β-ËÊ´±Í¨¨,
£¤¥ ¸Ì¥³´ Ö § ¢¨¸¨³μ¸ÉÓ ´¥¸ÊÐ¥¸É¢¥´´ . �¤´ ±μ ´ ¤²¥¦ Ð¥° ±μ´¥Î´μ° ¶¥·¥-
´μ·³¨·μ¢±μ° ± ²¨¡·μ¢μÎ´μ° ±μ´¸É ´ÉÒ ¸¢Ö§¨ Ëμ·³Ê²  NSVZ É ±¦¥ ³μ¦¥É
¡ÒÉÓ ¢μ¸¸É ´μ¢²¥´  ¢ É·¥Ì- ¨ Î¥ÉÒ·¥Ì¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨ÖÌ. �Éμ μ§´ -
Î ¥É, ÎÉμ · ¸Ìμ¦¤¥´¨¥ ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ ¸Ì¥³´μ° § ¢¨¸¨³μ¸ÉÓÕ NSVZ-
¸μμÉ´μÏ¥´¨Ö, ±μÉμ·μ¥, ¸²¥¤μ¢ É¥²Ó´μ, ¸¶· ¢¥¤²¨¢μ Éμ²Ó±μ ¢ μ¶·¥¤¥²¥´´ÒÌ
(NSVZ) ¸Ì¥³ Ì ¢ÒÎ¨É ´¨Ö, ±μÉμ·Ò¥ ´¥ ¢±²ÕÎ ÕÉ DR-¸Ì¥³Ê.

�¤´ ±μ NSVZ-¸Ì¥³  ³μ¦¥É ¡ÒÉÓ ¥¸É¥¸É¢¥´´Ò³ μ¡· §μ³ ¶μ¸É·μ¥´  ¶·¨
¨¸¶μ²Ó§μ¢ ´¨¨ ·¥£Ê²Ö·¨§ Í¨¨ ¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ [10,
11] ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ³ ¢ ·¨ ´É¥ [12, 13]. ƒ² ¢´μ¥ ¶·¥¨³ÊÐ¥¸É¢μ ÔÉμ° ·¥-
£Ê²Ö·¨§ Í¨¨ § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ·¥´μ·³£·Ê¶¶μ¢Ò¥ ËÊ´±Í¨¨ (�ƒ”), μ¶·¥-
¤¥²¥´´Ò¥ ¢ É¥·³¨´ Ì £μ²ÒÌ ±μ´¸É ´É ¸¢Ö§¨, Ê¤μ¢²¥É¢μ·ÖÕÉ Ëμ·³Ê²¥ NSVZ ¢μ
¢¸¥Ì ¶¥É²ÖÌ ´¥§ ¢¨¸¨³μ μÉ ¶¥·¥´μ·³¨·μ¢μÎ´μ£μ ¶·¥¤¶¨¸ ´¨Ö. (‡ ³¥É¨³, ÎÉμ
¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ · §³¥·´μ° ·¥¤Ê±Í¨¨ ÔÉμ ´¥ É ± [14].) „²Ö  ¡¥²¥¢  ¸²ÊÎ Ö
ÔÉμ ¡Ò²μ ¤μ± § ´μ ¢ [15, 16],   μ¡μ¡Ð¥´¨¥ ´  ´¥ ¡¥²¥¢Ò É¥μ·¨¨ ¡Ê¤¥É μ¡¸Ê-
¦¤ ÉÓ¸Ö ¢ ÔÉμ° · ¡μÉ¥. ‡ ³¥É¨³, ÎÉμ �ƒ”, μ¶·¥¤¥²¥´´Ò¥ ¢ É¥·³¨´ Ì £μ²ÒÌ
±μ´¸É ´É ¸¢Ö§¨,

β(α0, λ0) ≡
dα0

d ln Λ
, (γφ)i

j(α0, λ0) ≡ −d ln(Zφ)i
j

d ln Λ
,

(2)

γV (α0, λ0) ≡ −d lnZV

d ln Λ
, γc(α0, λ0) ≡ −d lnZc

d ln Λ
,
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´¥μ¡Ìμ¤¨³μ μÉ²¨Î ÉÓ μÉ �ƒ”, μ¶·¥¤¥²¥´´ÒÌ ¢ É¥·³¨´ Ì ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ
±μ´¸É ´É ¸¢Ö§¨,

β̃(α, λ) ≡ dα

d lnμ
, (γ̃φ)i

j(α, λ) ≡ d ln(Zφ)i
j

d lnμ
,

(3)

γ̃V (α, λ) ≡ d lnZV

d lnμ
, γ̃c(α, λ) ≡ d lnZc

d lnμ
.

�¥·¢Ò¥ �ƒ” Ö¢²ÖÕÉ¸Ö ¸Ì¥³´μ ´¥§ ¢¨¸¨³Ò³¨ ¶·¨ Ë¨±¸¨·μ¢ ´´μ° ·¥£Ê²Ö·¨-
§ Í¨¨,   ¢Éμ·Ò¥ § ¢¨¸ÖÉ μÉ ¸Ì¥³Ò (¨ ·¥£Ê²Ö·¨§ Í¨¨) ¨ Ê¤μ¢²¥É¢μ·ÖÕÉ Ëμ·-
³Ê²¥ NSVZ Éμ²Ó±μ ¢ μ¶·¥¤¥²¥´´ÒÌ ¸Ì¥³ Ì ¶¥·¥´μ·³¨·μ¢±¨. „ ¦¥ ¢  ¡¥²¥¢μ³
¸²ÊÎ ¥ ¨³¥¥É¸Ö ¡¥¸±μ´¥Î´Ò° ´ ¡μ· NSVZ-¸Ì¥³ [17], ±μÉμ·Ò°, ¢ Î ¸É´μ¸É¨,
¢±²ÕÎ ¥É ¸Ì¥³Ê HD + MSL [18] ¨ ¸Ì¥³Ê ¶¥·¥´μ·³¨·μ¢±¨ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì-
´μ¸É¨ [19] ¨ ´¥ ¢±²ÕÎ ¥É ¸Ì¥³Ò DR ¨ MOM [20,21].

1. �…�…�…���Œˆ��‚Š� ’��‰�›•
Š�‹ˆ���‚�—��-„“•�‚›• ‚…�˜ˆ� ˆ NSVZ-‘��’��˜…�ˆ…

„²Ö ¢Ò¢μ¤  Ëμ·³Ê²Ò NSVZ ¢μ ¢¸¥Ì ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° (¤²Ö
�ƒ”, μ¶·¥¤¥²¥´´ÒÌ ¢ É¥·³¨´ Ì £μ²ÒÌ ±μ´¸É ´É ¸¢Ö§¨, ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨
·¥£Ê²Ö·¨§ Í¨¨ ¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨) Ê¤μ¡´μ ¶¥·¥¶¨¸ ÉÓ
¥¥ ¢ ¤·Ê£μ° (´μ Ô±¢¨¢ ²¥´É´μ°) Ëμ·³¥, ¨¸¶μ²Ó§ÊÖ ¢¸¥¶¥É²¥¢ÊÕ ±μ´¥Î´μ¸ÉÓ
É·μ°´ÒÌ ± ²¨¡·μ¢μÎ´μ-¤ÊÌμ¢ÒÌ ¢¥·Ï¨´ [22] ∗. ˆ³¥ÕÉ¸Ö 4 É ±¨¥ ¢¥·Ï¨´Ò,
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ c̄ V c, c̄+V c, c̄ V c+ ¨ c̄+V c+ ¢´¥Ï´¨³ ²¨´¨Ö³, £¤¥ V Å
±¢ ´Éμ¢μ¥ ± ²¨¡·μ¢μÎ´μ¥ ¸Ê¶¥·¶μ²¥. ‚¸¥ ÔÉ¨ ¢¥·Ï¨´Ò ¨³¥ÕÉ μ¤´Ê ¨ ÉÊ ¦¥

±μ´¸É ´ÉÊ ¶¥·¥´μ·³¨·μ¢±¨ Z
−1/2
α ZcZV , £¤¥ ¢ ´ Ï¨Ì μ¡μ§´ Î¥´¨ÖÌ Zα =

α/α0, V = ZV Z
−1/2
α VR, c̄c = ZcZ

−1
α c̄RcR ¨ φi =

(√
Zφ

)
i
j
(
φR

)
j
. �μ-

ÔÉμ³Ê ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¶¥·¥´μ·³¨·μ¢μÎ´μ¥ ¶·¥¤¶¨¸ ´¨¥, ¤²Ö ±μÉμ·μ£μ

Z
−1/2
α ZcZV = 1. „ ²¥¥ ÔÉμ ¡Ê¤¥É ¢¸¥£¤  ¶·¥¤¶μ² £ ÉÓ¸Ö. ‘ ¨¸¶μ²Ó§μ¢ ´¨¥³

ÔÉμ£μ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê ±μ´¸É ´É ³¨ ¶¥·¥´μ·³¨·μ¢±¨ Ëμ·³Ê²  NSVZ (¤²Ö
�ƒ”, μ¶·¥¤¥²¥´´ÒÌ ¢ É¥·³¨´ Ì £μ²ÒÌ ±μ´¸É ´É ¸¢Ö§¨) ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ 
¢ ´μ¢μ° Ëμ·³¥

β(α0, λ0)
α2

0

= − 1
2π

(3C2 − T (R)− 2C2γc(α0, λ0)−

− 2C2γV (α0, λ0) + C(R)i
j(γφ)j

i(α0, λ0)/r
)
. (4)

∗„²Ö ´¥±μÉμ·ÒÌ É¥μ·¨°, ¸Ëμ·³Ê²¨·μ¢ ´´ÒÌ ¢ É¥·³¨´ Ì μ¡ÒÎ´ÒÌ ¶μ²¥°, ¶μÌμ¦¨¥ ÊÉ¢¥·-
¦¤¥´¨Ö ¡Ò²¨ ¢Ò¢¥¤¥´Ò · ´¥¥ ¢ ± ²¨¡·μ¢±¥ ‹ ´¤ Ê [23, 24].
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‚ μÉ²¨Î¨¥ μÉ ¨¸Ìμ¤´μ£μ NSVZ-¸μμÉ´μÏ¥´¨Ö, ÔÉ  Ëμ·³Ê²  ¸¢Ö§Ò¢ ¥É β-ËÊ´±-
Í¨Õ ¢ μ¶·¥¤¥²¥´´μ° ¶¥É²¥ ¸  ´μ³ ²Ó´Ò³¨ · §³¥·´μ¸ÉÖ³¨ ±¢ ´Éμ¢ÒÌ ¸Ê¶¥·-
¶μ²¥° ¢ Éμ²Ó±μ ¶·¥¤Ò¤ÊÐ¥° ¶¥É²¥ ¨ ¢ ¶· ¢μ° Î ¸É¨ ´¥ ¸μ¤¥·¦¨É §´ ³¥´ É¥²Ó,
§ ¢¨¸ÖÐ¨° μÉ ±μ´¸É ´ÉÒ ¸¢Ö§¨.

”μ·³Ê²  (4) ³μ¦¥É ¡ÒÉÓ ¢Ò¢¥¤¥´  ¢μ ¢¸¥Ì ¶μ·Ö¤± Ì ¢ ¸²ÊÎ ¥ ¨¸¶μ²Ó-
§μ¢ ´¨Ö ·¥£Ê²Ö·¨§ Í¨¨ ¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ ¸ ¶μ³μÐÓÕ
μ¡μ¡Ð¥´¨Ö ³¥Éμ¤ , ¶·¥¤²μ¦¥´´μ£μ ¢ [15,16] ¤²Ö  ¡¥²¥¢μ£μ ¸²ÊÎ Ö.

2. ‚›‚�„ ”��Œ“‹› NSVZ

Š· É±μ μ¶¨Ï¥³ μ¸´μ¢´Ò¥ Ï £¨, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¢Ò¢μ¤  Ëμ·³Ê²Ò (4) ¢μ
¢¸¥Ì ¶¥É²ÖÌ.

ŒÒ ¨¸¶μ²Ó§Ê¥³ ³¥Éμ¤ Ëμ´μ¢μ£μ ¶μ²Ö ¢ ¸Ê¶¥·¸¨³³¥É·¨Î´μ° Ëμ·³Ê²¨-
·μ¢±¥ ¨ ¶·¨´¨³ ¥³ ¢μ ¢´¨³ ´¨¥ ´¥μ¡Ìμ¤¨³μ¸ÉÓ ´¥²¨´¥°´μ° ¶¥·¥´μ·³¨·μ¢±¨
±¢ ´Éμ¢μ£μ ± ²¨¡·μ¢μÎ´μ£μ ¸Ê¶¥·¶μ²Ö [25Ä27] (¸³. É ±¦¥ [28Ä30]). „²Ö ÔÉμ£μ
³Ò ¶·μ¨§¢μ¤¨³ § ³¥´Ê e2V → e2F(V )e2V, £¤¥ V Å Ëμ´μ¢μ¥ ± ²¨¡·μ¢μÎ´μ¥
¸Ê¶¥·¶μ²¥,   F(V ) Å μ¶·¥¤¥²¥´´ Ö ´¥²¨´¥°´ Ö ËÊ´±Í¨Ö ±¢ ´Éμ¢μ£μ ± ²¨-
¡·μ¢μÎ´μ£μ ¸Ê¶¥·¶μ²Ö. ‡ É¥³ ³Ò · ¸¸³ É·¨¢ ¥³ (¶μ¶¥·¥Î´ÊÕ) ¤¢ÊÌÉμÎ¥Î´ÊÕ
ËÊ´±Í¨Õ ƒ·¨´  Ëμ´μ¢μ£μ ± ²¨¡·μ¢μÎ´μ£μ ¸Ê¶¥·¶μ²Ö V

Γ(2)
V = − 1

8π
tr

∫
d4p

(2π)4
d4θ V(−p, θ)∂2Π1/2V(p, θ) d−1(α0, λ0, Λ/p) (5)

¨ ¤¥² ¥³ Ëμ·³ ²Ó´ÊÕ § ³¥´Ê VA → θ4vA, £¤¥ vA Å ËÊ´±Í¨Ö, ³¥¤²¥´´μ Ê¡Ò-
¢ ÕÐ Ö ´  ³ ¸ÏÉ ¡¥ R → ∞. �É  ¶·μÍ¥¤Ê·  ¶μ§¢μ²Ö¥É ¢Ò¤¥²¨ÉÓ
β-ËÊ´±Í¨Õ, μ¶·¥¤¥²¥´´ÊÕ ¢ É¥·³¨´ Ì £μ²ÒÌ ±μ´¸É ´É ¸¢Ö§¨,

dΔΓ(2)
V

d ln Λ
=

V4

2π

d

d ln Λ
(
d−1(α0, λ0, Λ/p) − α−1

0

) ∣∣∣
α,λ=const; p→0

=

=
V4

2π
· β(α0, λ0)

α2
0

, (6)

£¤¥
ΔΓ(2)

V ≡ Γ(2)
V − S

(2)
V ¨ V4 ≡

∫
d4x (vA)2. (7)

‡ É¥³ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶· ¢¨² ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸Ê¶¥·£· Ëμ¢, Éμ¦¤¥¸É¢ ‘² ¢-
´μ¢ Ä’¥°²μ·  ¤²Ö Ëμ´μ¢μ° ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¨  ²£¥¡· ¨Î¥¸-
±μ£μ Éμ¦¤¥¸É¢  [16]

θ2ABθ2 + 2(−1)PA+PB θaAθ2Bθa − θ2Aθ2B − Aθ2Bθ2 = O(θ), (8)

£¤¥ (−1)PA ¨ (−1)PB Å £· ¸¸³ ´μ¢Ò Î¥É´μ¸É¨ A ¨ B (±μÉμ·Ò¥ ¸É·μÖÉ¸Ö
¨§ ¸Ê¶¥·¸¨³³¥É·¨Î´ÒÌ ¨ μ¡ÒÎ´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¨ ¸Ê¶¥·¶·μ¸É· ´¸É¢¥´´ÒÌ δ-
ËÊ´±Í¨°), ¢Ò· ¦¥´¨¥ ¤²Ö β-ËÊ´±Í¨¨ ³μ¦¥É ¡ÒÉÓ ¸¢¥¤¥´μ ± ¨´É¥£· ²Ê μÉ
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¤¢μ°´ÒÌ ¶μ²´ÒÌ ¶·μ¨§¢μ¤´ÒÌ. „¥É ²¨ ÔÉμ£μ ¢ÒÎ¨¸²¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò
¢ [31] ∗. �ÉμÉ ¨´É¥£· ²  ´ ²μ£¨Î¥´ ®¨£·ÊÏ¥Î´μ³Ê¯ ¨´É¥£· ²Ê∫

d4q

(2π)4
∂

∂qμ

∂

∂qμ

(
f(q2)

q2

)
=

1
8π4

∫
S3

ε

dS
f(q2)

q3
=

1
4π2

f(0), (9)

£¤¥ f(q2) Å ´¥¸¨´£Ê²Ö·´ Ö ËÊ´±Í¨Ö, ¡Ò¸É·μ Ê¡Ò¢ ÕÐ Ö ´  ¡¥¸±μ´¥Î´μ¸É¨.
�μÔÉμ³Ê ¢¸¥ ¢±² ¤Ò ¢ β-ËÊ´±Í¨Õ, μ¶·¥¤¥²¥´´ÊÕ ¢ É¥·³¨´ Ì £μ²ÒÌ ±μ´¸É ´É
¸¢Ö§¨, ´ Î¨´ Ö ¸ ¤¢ÊÌ¶¥É²¥¢μ£μ ¶·¨¡²¨¦¥´¨Ö, ¤ ÕÉ¸Ö ¸Ê³³μ° ¸¨´£Ê²Ö·´ÒÌ
¢±² ¤μ¢. � §²¨Î´Ò¥ ¸¨´£Ê²Ö·´Ò¥ ¢±² ¤Ò ³μ£ÊÉ ¡ÒÉÓ ¸μ¶μ¸É ¢²¥´Ò ¸ · §²¨Î-
´Ò³¨ ¸² £ ¥³Ò³¨ ¢ ¶μ²´μ³ ¤¥°¸É¢¨¨. ‚¸¥¶¥É²¥¢ Ö ¸Ê³³  ¸¨´£Ê²Ö·´μ¸É¥°,
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸Ê¶¥·¶μ²Ö³ ³ É¥·¨¨ ¨ ¤ÊÌμ¢ ” ¤¤¥¥¢ Ä�μ¶μ¢ , ¡Ò²  ´ °-
¤¥´  ¢ [34]. �´  ¤ ¥É ¸² £ ¥³Ò¥ ¢ Ëμ·³Ê²¥ (4), ¸μ¤¥·¦ Ð¨¥ (γφ)j

i ¨ γc

¸μμÉ¢¥É¸É¢¥´´μ. � ¡μÉ , ¶μ¸¢ÖÐ¥´´ Ö ¸Ê³³¨·μ¢ ´¨Õ ¸¨´£Ê²Ö·´μ¸É¥°, ¸μ§¤ -
¢ ¥³ÒÌ ±¢ ´Éμ¢Ò³ ± ²¨¡·μ¢μÎ´Ò³ ¸Ê¶¥·¶μ²¥³, ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´ Ìμ¤¨É¸Ö
¢ ¸É ¤¨¨ ¶μ¤£μÉμ¢±¨. �¥§Ê²ÓÉ É ¤²Ö ¸Ê³³Ò ¢¸¥Ì ¸¨´£Ê²Ö·´μ¸É¥° ³μ¦¥É ¡ÒÉÓ
§ ¶¨¸ ´ ± ±

β(α0, λ0)
α2

0

− β1-loop(α0)
α2

0

=
1
π

C2γV (α0, λ0) +
1
π

C2γc(α0, λ0)−

− 1
2πr

C(R)i
j(γφ)j

i(α0, λ0). (10)

�¤´μ¶¥É²¥¢μ° ¢±² ¤ ¢ β-ËÊ´±Í¨Õ β1-loop(α0) = −α2
0

(
3C2 − T (R)

)
/2π ¶·¨

¨¸¶μ²Ó§μ¢ ´¨¨ ·¥£Ê²Ö·¨§ Í¨¨ ¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ ¡Ò²
¢ÒÎ¨¸²¥´ ¢ [35]. �μ¤¸É ¢²ÖÖ ¥£μ ¢ Ëμ·³Ê²Ê (10), ³Ò ¶μ²ÊÎ ¥³ NSVZ-
¸μμÉ´μÏ¥´¨¥ ¢ ¢¨¤¥ (4). �´μ ¸¶· ¢¥¤²¨¢μ ¤²Ö �ƒ”, μ¶·¥¤¥²¥´´ÒÌ ¢ É¥·³¨´ Ì
£μ²ÒÌ ±μ´¸É ´É ¸¢Ö§¨, ´¥§ ¢¨¸¨³μ μÉ ¶·μÍ¥¤Ê·Ò ¶¥·¥´μ·³¨·μ¢±¨, ±μÉμ· Ö
¤μ¶μ²´Ö¥É ·¥£Ê²Ö·¨§ Í¨Õ ¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨. ‚ ¸μμÉ-
¢¥É¸É¢¨¨ ¸ [22] ÔÉμ μ§´ Î ¥É, ÎÉμ μ¤´  ¨§ NSVZ-¸Ì¥³ ¤²Ö �ƒ”, μ¶·¥¤¥²¥´-
´ÒÌ ¢ É¥·³¨´ Ì ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨, ¤ ¥É¸Ö ¶·¥¤¶¨¸ ´¨¥³
HD + MSL, ¶μ¸±μ²Ó±Ê ¢ ÔÉμ³ ¸²ÊÎ ¥ μ¡  μ¶·¥¤¥²¥´¨Ö �ƒ” ¤ ÕÉ μ¤¨´ ±μ¢Ò°
·¥§Ê²ÓÉ É:

β(α0 → α, λ0 → λ) = β̃(α, λ), (γφ)i
j(α0 → α, λ0 → λ) = (γ̃φ)i

j(α, λ),

(11)γV (α0 → α, λ0 → λ) = γ̃V (α, λ), γc(α0 → α, λ0 → λ) = γ̃c(α, λ).

∗” ±Éμ·¨§ Í¨Ö ¶¥É²¥¢ÒÌ ¨´É¥£· ²μ¢, § ¤ ÕÐ¨Ì β-ËÊ´±Í¨Õ, μ¶·¥¤¥²¥´´ÊÕ ¢ É¥·³¨´ Ì £μ-
²ÒÌ ±μ´¸É ´É ¸¢Ö§¨, ¢ ¨´É¥£· ²Ò μÉ ¶μ²´ÒÌ ¨ ¤¢μ°´ÒÌ ¶μ²´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¡Ò²  ¢¶¥·¢Ò¥
§ ³¥Î¥´  ¶·¨ ¢ÒÎ¨¸²¥´¨ÖÌ ´¨§Ï¨Ì ±¢ ´Éμ¢ÒÌ ¶μ¶· ¢μ± ¤²Ö N = 1 ‘Š�„ ¢ [32] ¨ [33]
¸μμÉ¢¥É¸É¢¥´´μ.
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3. Œ…’�„ ‚›—ˆ‘‹…�ˆŸ Œ��ƒ��…’‹…‚›• ‚Š‹�„�‚
‚ β-”“�Š–ˆ�

‚ ¦´μ § ³¥É¨ÉÓ, ÎÉμ μ¡Ð¥¥ ¤μ± § É¥²Ó¸É¢μ Ë ±Éμ·¨§ Í¨¨ ¶¥É²¥¢ÒÌ ¨´-
É¥£· ²μ¢ ¢ ¨´É¥£· ²Ò μÉ ¤¢μ°´ÒÌ ¶μ²´ÒÌ ¶·μ¨§¢μ¤´ÒÌ, ¢Ò¶μ²´¥´´μ¥ ¢ [31],
¶μ§¢μ²Ö¥É ¶μ¸É·μ¨ÉÓ ³¥Éμ¤ ¶μ²ÊÎ¥´¨Ö β-ËÊ´±Í¨¨ ¤²Ö É¥μ·¨°, ·¥£Ê²Ö·¨§μ-
¢ ´´ÒÌ ¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨, ±μÉμ·Ò° ¸ÊÐ¥¸É¢¥´´μ Ê¶·μ-
Ð ¥É ¢ÒÎ¨¸²¥´¨Ö [31, 36]. „²Ö ¢ÒÎ¨¸²¥´¨Ö Î ¸É¨ β-ËÊ´±Í¨¨, μ¶·¥¤¥²¥´´μ°
¢ É¥·³¨´ Ì £μ²ÒÌ ±μ´¸É ´É ¸¢Ö§¨, ¶μ²ÊÎ ¥³μ° ¶·¨±·¥¶²¥´¨¥³ ¤¢ÊÌ ¢´¥Ï´¨Ì
V-²¨´¨° ± μ¶·¥¤¥²¥´´μ³Ê L-¶¥É²¥¢μ³Ê ¢ ±ÊÊ³´μ³Ê ¸Ê¶¥·£· ËÊ ¢¸¥³¨ ¢μ§-
³μ¦´Ò³¨ ¸¶μ¸μ¡ ³¨, ´¥μ¡Ìμ¤¨³μ:

1) Ëμ·³ ²Ó´μ ¶μ¸É·μ¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¸Ê¶¥·£· Ë  ¨
¤μ¡ ¢¨ÉÓ θ4(vB)2 ¢ ¥£μ ¶·μ¨§¢μ²Ó´ÊÕ ÉμÎ±Ê;

2) ¢ÒÎ¨¸²¨ÉÓ ¶μ²ÊÎ¨¢Ï¥¥¸Ö ¢Ò· ¦¥´¨¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ D- ²£¥¡·Ò;
3) μÉ³¥É¨ÉÓ L ¶·μ¶ £ Éμ·μ¢ ¸ ´¥§ ¢¨¸¨³Ò³¨ (¥¢±²¨¤μ¢Ò³¨) ¨³¶Ê²Ó-

¸ ³¨ Qi;
4) ¤²Ö μÉ³¥Î¥´´ÒÌ ¶·μ¶ £ Éμ·μ¢ ¸¤¥² ÉÓ Ëμ·³ ²Ó´ÊÕ § ³¥´Ê

L∏
i=1

δbi
ai

→
L∑

k,l=1

∏
i�=k,l

δbi
ai

(T A)ak

bk(T A)al

bl
∂2

∂Qμ
k∂Qμ

l

¢ ¶μ¤Ò´É¥£· ²Ó´μ³ ¢Ò· ¦¥´¨¨;
5) Ê³´μ¦¨ÉÓ ·¥§Ê²ÓÉ É ´  −2π/(rV4) · d/d ln Λ.

4. Ÿ‚�›… Œ��ƒ��…’‹…‚›… ‚›—ˆ‘‹…�ˆŸ
‘ �…ƒ“‹Ÿ�ˆ‡�–ˆ…‰ ‚›‘˜ˆŒˆ ���ˆ‡‚�„�›Œˆ

�¡Ð¨¥ ·¥§Ê²ÓÉ ÉÒ, μ¶¨¸ ´´Ò¥ ¢ÒÏ¥, ¡Ò²¨ ¶·μ¢¥·¥´Ò ´¥±μÉμ·Ò³¨ Ö¢-
´Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³¨, ¸¤¥² ´´Ò³¨ ¸ ¶μ³μÐÓÕ ·¥£Ê²Ö·¨§ Í¨¨ ¢Ò¸Ï¨³¨ ±μ¢ -
·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨. ‚ [37, 38] ¤¢ÊÌ¶¥É²¥¢ Ö β-ËÊ´±Í¨Ö μ¡Ð¥° N = 1
¸Ê¶¥·¸¨³³¥É·¨Î´μ° ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¡Ò²  ¸· ¢´¥´  ¸ μ¤´μ¶¥É²¥¢Ò³¨
 ´μ³ ²Ó´Ò³¨ · §³¥·´μ¸ÉÖ³¨ ±¢ ´Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥°. �Éμ ¢ÒÎ¨¸²¥´¨¥ ¢ ÉμÎ-
´μ¸É¨ ¶μ¤É¢¥·¤¨²μ Ëμ·³Ê²Ê (4). Š·μ³¥ Éμ£μ, ¢ÒÎ¨¸²¥´¨¥, ¸¤¥² ´´μ¥ ¢ [38]
¢ μ¡Ð¥° ξ-± ²¨¡·μ¢±¥ ³¥Éμ¤μ³, μ¶¨¸ ´´Ò³ ¢ · §¤. 3, ¶·μ¤¥³μ´¸É·¨·μ¢ ²μ,
ÎÉμ μ¡¥ Î ¸É¨ Ëμ·³Ê²Ò (4) Ö¢²ÖÕÉ¸Ö ± ²¨¡·μ¢μÎ´μ-´¥§ ¢¨¸¨³Ò³¨ ¢ · ¸¸³ -
É·¨¢ ¥³μ³ ¶·¨¡²¨¦¥´¨¨. �¤´ ±μ β-ËÊ´±Í¨Ö ¢ ¤¢ÊÌ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¨
 ´μ³ ²Ó´Ò¥ · §³¥·´μ¸É¨ ¢ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ Ö¢²ÖÕÉ¸Ö ´¥§ ¢¨¸¨-
³Ò³¨ μÉ ·¥£Ê²Ö·¨§ Í¨¨ ¨ ¶¥·¥´μ·³¨·μ¢μÎ´μ£μ ¶·¥¤¶¨¸ ´¨Ö. �μÔÉμ³Ê ¡μ²¥¥
¨´É¥·¥¸´μ · ¸¸³μÉ·¥ÉÓ ¸²¥¤ÊÕÐ¨° ¶μ·Ö¤μ± É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, É. ¥. ¸· ¢´¨ÉÓ
É·¥Ì¶¥É²¥¢ÊÕ β-ËÊ´±Í¨Õ ¸ ¤¢ÊÌ¶¥É²¥¢Ò³¨  ´μ³ ²Ó´Ò³¨ · §³¥·´μ¸ÉÖ³¨. �·¨
¨¸¶μ²Ó§μ¢ ´¨¨ ·¥£Ê²Ö·¨§ Í¨¨ ¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨ É·¥Ì-
¶¥É²¥¢ Ö β-ËÊ´±Í¨Ö ¶μ±  ¥Ð¥ ´¥ ¡Ò²  ¶μ²´μ¸ÉÓÕ ¢ÒÎ¨¸²¥´ . �¤´ ±μ ´¥±μ-
Éμ·Ò¥ ¥¥ Î ¸É¨ ¡Ò²¨ ´ °¤¥´Ò. � ¶·¨³¥·, ¢¸¥ ¸Ê¶¥·¤¨ £· ³³Ò, ¸μ¤¥·¦ Ð¨¥



NSVZ-‘��’��˜…�ˆ… ˆ NSVZ-‘•…Œ� ‚ N = 1 �…�
…‹…‚›• ’…��ˆŸ• 693

‘Ê¶¥·£· ËÒ, ¤ ÕÐ¨¥ É·¥Ì¶¥É²¥¢Ò¥ ¢±² ¤Ò ¢ β-ËÊ´±Í¨Õ, ¸μ¤¥·¦ Ð¨¥ Õ± ¢¸±¨¥ ±μ´-
¸É ´ÉÒ

¶¥É²¨ ¤ÊÌμ¢ ” ¤¤¥¥¢ Ä�μ¶μ¢ , ¡Ò²¨ ¶·μ¸Ê³³¨·μ¢ ´Ò ¢ [36] ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
³¥Éμ¤  · §¤. 3. �¥§Ê²ÓÉ É ¡Ò² ¸· ¢´¥´ ¸ ¤¢ÊÌ¶¥É²¥¢μ°  ´μ³ ²Ó´μ° · §³¥·´μ-
¸ÉÓÕ ¤ÊÌμ¢ ” ¤¤¥¥¢ Ä�μ¶μ¢ , ¢ÒÎ¨¸²¥´´μ° ¢ [30]. �Éμ ¸· ¢´¥´¨¥ ¶μ¤É¢¥·-
¤¨²μ ¸¶· ¢¥¤²¨¢μ¸ÉÓ Ëμ·³Ê²Ò (4) ¢ μ¶¨¸Ò¢ ¥³μ³ ¶·¨¡²¨¦¥´¨¨ ¤²Ö · ¸¸³ -
É·¨¢ ¥³μ° £·Ê¶¶Ò ¤¨ £· ³³. �μÌμ¦¥¥ ¢ÒÎ¨¸²¥´¨¥ ¡Ò²μ ¢Ò¶μ²´¥´μ ¢ [39,40]
¤²Ö ¸² £ ¥³ÒÌ, ¸μ¤¥·¦ Ð¨Ì Õ± ¢¸±¨¥ ±μ´¸É ´ÉÒ. ‡¤¥¸Ó ³Ò ±· É±μ μ¶¨Ï¥³
¥£μ ·¥§Ê²ÓÉ ÉÒ.

‘² £ ¥³Ò¥, ¸μ¤¥·¦ Ð¨¥ Õ± ¢¸±¨¥ ±μ´¸É ´ÉÒ, £¥´¥·¨·ÊÕÉ¸Ö ¸Ê¶¥·£· -
Ë ³¨, ¶μ± § ´´Ò³¨ ´  ·¨¸Ê´±¥. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢±² ¤Ò ¢ β-ËÊ´±Í¨Õ ¶μ-
²ÊÎ ÕÉ¸Ö ¶·¨±·¥¶²¥´¨¥³ ¤¢ÊÌ ¢´¥Ï´¨Ì ²¨´¨° Ëμ´μ¢μ£μ ± ²¨¡·μ¢μÎ´μ£μ ¸Ê-
¶¥·¶μ²Ö ¢¸¥³¨ ¢μ§³μ¦´Ò³¨ ¸¶μ¸μ¡ ³¨, Éμ£¤  ± ± · §²¨Î´Ò¥ · §·¥§Ò ¢´ÊÉ·¥´-
´¨Ì ²¨´¨° ¤ ÕÉ ¤¢ÊÌ¶¥É²¥¢Ò¥ ¢±² ¤Ò ¢  ´μ³ ²Ó´Ò¥ · §³¥·´μ¸É¨ ±¢ ´Éμ¢μ£μ
± ²¨¡·μ¢μÎ´μ£μ ¸Ê¶¥·¶μ²Ö ¨ ¸Ê¶¥·¶μ²¥° ³ É¥·¨¨. („²Ö · ¸¸³ É·¨¢ ¥³ÒÌ ¸Ê-
¶¥·£· Ëμ¢ ¢±² ¤Ò ¢  ´μ³ ²Ó´ÊÕ · §³¥·´μ¸ÉÓ ¤ÊÌμ¢ ” ¤¤¥¥¢ Ä�μ¶μ¢  ´¥ ¢μ§-
´¨± ÕÉ.)

‚Ò· ¦¥´¨Ö ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Î ¸É¥° β-ËÊ´±Í¨¨, £¥´¥·¨·Ê¥³Ò¥ ¢¸¥³¨
ÔÉ¨³¨ ¸Ê¶¥·£· Ë ³¨, ¡Ò²¨ ´ °¤¥´Ò ¢ ¢¨¤¥ ¨´É¥£· ²μ¢ μÉ ¤¢μ°´ÒÌ ¶μ²´ÒÌ
¶·μ¨§¢μ¤´ÒÌ ¢ [39, 40] ¨ ¢¶μ¸²¥¤¸É¢¨¨ ¶·μ¢¥·¥´Ò ³¥Éμ¤μ³, μ¶¨¸ ´´Ò³ ¢
· §¤. 3, ¢ [31]. �·¨ ¢ÒÎ¨¸²¥´¨¨ ¨´É¥£· ²μ¢ μÉ ¤¢μ°´ÒÌ ¶μ²´ÒÌ ¶·μ¨§¢μ¤-
´ÒÌ ¤²Ö ¢¸¥Ì · ¸¸³ É·¨¢ ¥³ÒÌ £· Ëμ¢ ¶μ²ÊÎ ÕÉ¸Ö ¸μμÉ´μÏ¥´¨Ö

ΔA

(
β(α0, λ0)

α2
0

)
=

1
π

C2ΔAγV (α0, λ0) −
1

2πr
C(R)i

j(ΔAγφ)j
i(α0, λ0). (12)

„²Ö ·¥£Ê²ÖÉμ·μ¢ ¸ ¢Ò¸Ï¨³¨ ¶·μ¨§¢μ¤´Ò³¨ F (x) = 1 + xn; R(x) = 1 + xm

�ƒ”, μ¶·¥¤¥²¥´´Ò¥ ¢ É¥·³¨´ Ì £μ²ÒÌ ±μ´¸É ´É ¸¢Ö§¨, § ¶¨¸Ò¢ ÕÉ¸Ö ± ±

β(α0, λ0)
α2

0

= − 1
2π

(3C2 − T (R)) − 1
2πr

C(R)j
i

(
1

4π2
λ∗

0imnλjmn
0 +

+
α0

8π3
λ∗

0imnλjmn
0 C2 −

α0

8π3
λ∗

0lmnλjmn
0 C(R)i

l
(
1 − 1

n

)
+

+
α0

4π3
λ∗

0imnλjml
0 C(R)l

n
(
1 +

1
n

)
− 1

16π4
λ∗

0iacλ
jab
0 λ∗

0bdeλ
cde
0

)
+

+ O(α2
0λ

2
0, α0λ

4
0, λ

6
0) + ¸² £ ¥³Ò¥ ¡¥§ Õ± ¢¸±¨Ì ±μ´¸É ´É, (13)
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(γφ)i
j(α0, λ0) = −α0

π
C(R)i

j +
1

4π2
λ∗

0imnλjmn
0 −

− α0

8π3
λ∗

0lmnλjmn
0 C(R)i

l
(
1 − 1

n

)
+

α0

4π3
λ∗

0imnλjml
0 C(R)l

n
(
1 +

1
n

)
−

− 1
16π4

λ∗
0iacλ

jab
0 λ∗

0bdeλ
cde
0 + O(α2

0, α0λ
4
0, λ

6
0), (14)

γV (α0, λ0) = −α0

4π
(3C2 − T (R))−

− α0

16π3r
λ∗

0jmnλimn
0 C(R)i

j + O(α2
0, α0λ

4
0) (15)

¨ Ê¤μ¢²¥É¢μ·ÖÕÉ Ëμ·³Ê²¥ NSVZ (4) ¶·¨ ¶·μ¨§¢μ²Ó´μ³ ¶¥·¥´μ·³¨·μ¢μÎ´μ³
¶·¥¤¶¨¸ ´¨¨. ‚Ò· ¦¥´¨Ö ¤²Ö �ƒ”, μ¶·¥¤¥²¥´´ÒÌ ¢ É¥·³¨´ Ì ¶¥·¥´μ·³¨-
·μ¢ ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨, ¡Ò²¨ ¢Ò¶¨¸ ´Ò ¢ [40]. �´¨ ¸μ¤¥·¦ É ´¥±μÉμ-
·Ò¥ ±μ´¥Î´Ò¥ ±μ´¸É ´ÉÒ, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö Ë¨±¸ Í¨¨ ¸Ì¥³Ò ¢ÒÎ¨É ´¨°. �É¨
�ƒ” ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ´¥ Ê¤μ¢²¥É¢μ·ÖÕÉ NSVZ-¸μμÉ´μÏ¥´¨Õ, ´μ ¤²Ö ¸Ì¥³Ò
HD + MSL ÔÉμ ¸μμÉ´μÏ¥´¨¥ μ± §Ò¢ ¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ ¶μ ±· °´¥° ³¥·¥ ¢
· ¸¸³ É·¨¢ ¥³μ³ ¶·¨¡²¨¦¥´¨¨,

β̃(α, λ)
α2

= − 1
2π

(3C2 − T (R)− 2C2γ̃c(α, λ)−

− 2C2γ̃V (α, λ) + C(R)i
j(γ̃φ)j

i(α, λ)/r). (16)

�Éμ μ§´ Î ¥É, ÎÉμ ¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ±² ¸¸  ¸Ê¶¥·¤¨ £· ³³ HD + MSL =
NSVZ.

‡�Š‹�—…�ˆ…

‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ·¥£Ê²Ö·¨§ Í¨¨ ¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨
ÉμÎ´ Ö NSVZ β-ËÊ´±Í¨Ö ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ³¥Éμ¤ ³¨ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°
± ± ¸μμÉ´μÏ¥´¨¥ (4) ³¥¦¤Ê β-ËÊ´±Í¨¥° ¨  ´μ³ ²Ó´Ò³¨ · §³¥·´μ¸ÉÖ³¨ ±¢ ´-
Éμ¢ÒÌ ¸Ê¶¥·¶μ²¥°. �·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ÔÉμ° ·¥£Ê²Ö·¨§ Í¨¨ Ëμ·³Ê²  NSVZ
¸¶· ¢¥¤²¨¢  ¤²Ö �ƒ”, μ¶·¥¤¥²¥´´ÒÌ ¢ É¥·³¨´ Ì £μ²ÒÌ ±μ´¸É ´É ¸¢Ö§¨, ´¥-
§ ¢¨¸¨³μ μÉ ¶¥·¥´μ·³¨·μ¢μÎ´μ£μ ¶·¥¤¶¨¸ ´¨Ö. �Éμ ¶·μ¨¸Ìμ¤¨É, ¶μ¸±μ²Ó±Ê
β-ËÊ´±Í¨Ö, ± ± μ± §Ò¢ ¥É¸Ö, § ¤ ¥É¸Ö ¨´É¥£· ² ³¨ μÉ ¤¢μ°´ÒÌ ¶μ²´ÒÌ ¶·μ-
¨§¢μ¤´ÒÌ ¶μ ¶¥É²¥¢Ò³ ¨³¶Ê²Ó¸ ³. Š ± ¸²¥¤¸É¢¨¥, ¤²Ö �ƒ”, μ¶·¥¤¥²¥´´ÒÌ
¸É ´¤ ·É´Ò³ μ¡· §μ³ ¢ É¥·³¨´ Ì ¶¥·¥´μ·³¨·μ¢ ´´ÒÌ ±μ´¸É ´É ¸¢Ö§¨, μ¤´ 
¨§ NSVZ-¸Ì¥³ ¤ ¥É¸Ö ¶·¥¤¶¨¸ ´¨¥³ HD + MSL, ±μ£¤  É¥μ·¨Ö ·¥£Ê²Ö·¨§Ê¥É¸Ö
¢Ò¸Ï¨³¨ ±μ¢ ·¨ ´É´Ò³¨ ¶·μ¨§¢μ¤´Ò³¨, ¤μ¶μ²´¥´´Ò³¨ ³¨´¨³ ²Ó´Ò³¨ ¢Ò-
Î¨É ´¨Ö³¨ ²μ£ ·¨Ë³μ¢. Ÿ¢´Ò¥ ³´μ£μ¶¥É²¥¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶μ¤É¢¥·¦¤ ÕÉ ¢¸¥
ÔÉ¨ Ë ±ÉÒ ¤ ¦¥ ¢ ¶·¨¡²¨¦¥´¨¨, ±μ£¤  ¶·μÖ¢²Ö¥É¸Ö ¸Ì¥³´ Ö § ¢¨¸¨³μ¸ÉÓ.
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�² £μ¤ ·´μ¸É¨. �É  · ¡μÉ  ¶μ¤¤¥·¦ ´  ”μ´¤μ³ · §¢¨É¨Ö É¥μ·¥É¨Î¥¸±μ°
Ë¨§¨±¨ ¨ ³ É¥³ É¨±¨ ®
�‡ˆ‘¯, £· ´É º19-1-1-45-1.
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