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Š¢ ´Éμ¢ ´¨¥ É¥μ·¨¨ ¶μ²Ö ´  ¸¢¥Éμ¢μ³ Ë·μ´É¥ (‘”) Å ÔÉμ ±¢ ´Éμ¢ ´¨¥ ¢ ±μμ·¤¨´ É Ì

‘” [1]: x± =
x0 ± x3

√
2

, x⊥, £¤¥ x+ ¨£· ¥É ·μ²Ó ®¢·¥³¥´¨¯,   x+ = 0 Å ¶²μ¸±μ¸ÉÓ ‘”,

´  ±μÉμ·μ° ¶·μ¨¸Ìμ¤¨É ±¢ ´Éμ¢ ´¨¥. ’ ±μ¥ ±¢ ´Éμ¢ ´¨¥ ¶·¨³¥´¨³μ ´¥ Éμ²Ó±μ ± Ë¨§¨±¥
¢Ò¸μ±¨Ì Ô´¥·£¨°, ´μ É ±¦¥ ¨ ± ¶·μ¡²¥³¥ ¸¢Ö§ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö,
É ±μ° ± ± ±¢ ´Éμ¢ Ö Ì·μ³μ¤¨´ ³¨±  (Š•„) [2].

�¸´μ¢´Ò³ ¶·¥¨³ÊÐ¥¸É¢μ³ ±¢ ´Éμ¢ ´¨Ö ´  ‘” Ö¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ μ¶·¥¤¥²¥´¨Ö
Ë¨§¨Î¥¸±μ£μ ¢ ±ÊÊ³  ± ± ¸μ¸ÉμÖ´¨Ö |0〉 ¸ ³¨´¨³ ²Ó´Ò³ ¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨¥³ μ¶¥-
· Éμ·  ¨³¶Ê²Ó¸  P− � 0 (¨£· ÕÐ¥£μ ·μ²Ó ¶·μ¸É· ´¸É¢¥´´μ° ±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸  ¨
Ö¢²ÖÕÐ¥£μ¸Ö ±¨´¥³ É¨Î¥¸±¨³ ´  ‘”, É. ¥. ´¥§ ¢¨¸¨³Ò³ μÉ ±μ´¸É ´ÉÒ ¸¢Ö§¨): P−|0〉 = 0.

Œμ¦´μ μ¶·¥¤¥²¨ÉÓ ®Ë¨§¨Î¥¸±μ¥¯ ¶·μ¸É· ´¸É¢μ ”μ±  ´ ¤ ÔÉ¨³ ¢ ±ÊÊ³μ³. ‚ ± Î¥-
¸É¢¥ ¶·¨³¥·  ¤²Ö ¸± ²Ö·´μ£μ ¶μ²Ö ϕ(x) (¢ ¶·¥¤¸É ¢²¥´¨¨ ƒ¥°§¥´¡¥·£ ) ³μ¦´μ § ¶¨¸ ÉÓ
· §²μ¦¥´¨¥ ”Ê·Ó¥ ¢ ±μμ·¤¨´ É Ì ‘”:

ϕ(x) =
∫

d2p⊥

∞∫
ε

dp−√
2p−

(a(p−, p⊥; x+) exp (−ip−x− − ip⊥x⊥) + Ô. ¸.).
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„¥°¸É¢¨¥ ¶·¨´¨³ ¥É ± ´μ´¨Î¥¸±ÊÕ Ëμ·³Ê:

S =
∫

d4x (∂+ϕ∂−ϕ −H) =

=
∫

dx+

∞∫
ε

dp−

∫
d2p⊥

(
ia+(p−, p⊥; x+)∂+a(p−, p⊥; x+) −H

)
.

ˆ§ ± ´μ´¨Î¥¸±μ° Ëμ·³Ò ÔÉμ£μ ¤¥°¸É¢¨Ö ¸²¥¤Ê¥É, ÎÉμ a(p−, p⊥; 0) ¨
a+(p′−, p′⊥; 0) Ê¤μ¢²¥É¢μ·ÖÕÉ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³ μ¶¥· Éμ·μ¢ ·μ¦¤¥´¨Ö ¨
Ê´¨ÎÉμ¦¥´¨Ö:

[a(p−, p⊥; 0), a+(p′−, p′⊥; 0)] = δ(p− − p′−)δ(2)(p⊥ − p′⊥).

„²Ö μ¶¥· Éμ·μ¢ ¨³¶Ê²Ó¸  ¶μ²ÊÎ ¥³

P− =
P0 − P3√

2
=

∫
d2p⊥

∞∫
ε

dp−p−a+(p−, p⊥; 0) a(p−, p⊥; 0),

a(p−, p⊥; 0)|0〉 = 0, P−|0〉 = 0,

P+ =
P0 + P3√

2
=

∫
d2p⊥

∞∫
ε

dp−
p2
⊥ + m2

2p−
a+(p−, p⊥; 0)a(p−, p⊥; 0) + . . .

‚ ÔÉμ³ ¶·μ¸É· ´¸É¢¥ ”μ±  ³μ¦´μ ¸Ëμ·³Ê²¨·μ¢ ÉÓ § ¤ ÎÊ ´ Ìμ¦¤¥´¨Ö ¸¶¥±É·  ³ ¸¸:

P+|p−, p⊥〉 =
m2 + p2

⊥
2p−

|p−, p⊥〉. (1)

�¡ÒÎ´μ ±¢ ´Éμ¢ ´¨¥ ´  ‘” ¸É ²±¨¢ ¥É¸Ö ¸ É·Ê¤´μ¸ÉÖ³¨, ¸¢Ö§ ´´Ò³¨ ¸ É ± ´ §Ò¢ ¥³μ°
¶·μ¡²¥³μ° ®´Ê²¥¢μ° ³μ¤Ò¯, É. ¥. ¸ μ¸μ¡¥´´μ¸ÉÖ³¨ ¶·¨ p− = 0 [3], ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨
É·Ê¤´μ¸ÉÖ³¨ μ¶¨¸ ´¨Ö ¢ ±ÊÊ³´ÒÌ ÔËË¥±Éμ¢ ¨ ±μ´Ë °´³¥´É  [4Ä6].

	Ò²¨ · ¸¸³μÉ·¥´Ò ¤¢  ¶ÊÉ¨ ¶·¥μ¤μ²¥´¨Ö ÔÉ¨Ì É·Ê¤´μ¸É¥°: 1) ¨¸¶· ¢¨ÉÓ ± ´μ´¨Î¥¸±¨°
£ ³¨²ÓÉμ´¨ ´ ´  ‘” É ±¨³ μ¡· §μ³, ÎÉμ¡Ò μ´ ¶μ·μ¦¤ ² É¥μ·¨Õ ¢μ§³ÊÐ¥´¨°, ±μÉμ· Ö
¶μ¸²¥ ¶¥·¥´μ·³¨·μ¢±¨ ¡Ò²  ¡Ò ¢μ ¢¸¥Ì ¶μ·Ö¤± Ì Ô±¢¨¢ ²¥´É´  μ¡ÒÎ´μ° ±μ¢ ·¨ ´É´μ°
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¢ ²μ·¥´Í¥¢ÒÌ ±μμ·¤¨´ É Ì ¢ ¶·¥¤¥²¥ ¸´ÖÉ¨Ö ·¥£Ê²Ö·¨§ Í¨¨ [3, 7], ¨
2) ¨¸¸²¥¤μ¢ ÉÓ ¶·¥¤¥²Ó´Ò° ¶¥·¥Ìμ¤ ± ±¢ ´Éμ¢ ´¨Õ ´  ‘”, ´ Î¨´ Ö ¸ £ ³¨²ÓÉμ´¨ ´μ¢ ´ 
¶·μ¸É· ´¸É¢¥´´μ¶μ¤μ¡´ÒÌ £¨¶¥·¶²μ¸±μ¸ÉÖÌ, ¶·¨¡²¨¦ ÕÐ¨Ì¸Ö ± ‘” [8Ä10]. �ÉμÉ ¸¶μ¸μ¡
¶μ§¢μ²Ö¥É · ¸¸³ É·¨¢ ÉÓ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ÔËË¥±ÉÒ ¶μ²ÊË¥´μ³¥´μ²μ£¨Î¥¸±¨, ¢¢μ¤Ö ¤¨-
´ ³¨Î¥¸±ÊÕ ´Ê²¥¢ÊÕ ³μ¤Ê ´  ‘”. ‡¤¥¸Ó μ¶¨¸Ò¢ ¥É¸Ö Éμ²Ó±μ ¶μ¤Ìμ¤ 2), ¨ ¢ · ³± Ì ÔÉμ£μ
¶μ¤Ìμ¤  Ëμ·³Ê²¨·Ê¥É¸Ö ±¢ ·±- ´É¨±¢ ·±μ¢ Ö ³μ¤¥²Ó ¤²Ö Š•„ ´  ‘”. ŒÒ ¨¸¶μ²Ó§Ê¥³
± ²¨¡·μ¢±Ê ¸¢¥Éμ¢μ£μ Ë·μ´É  ¨ ¢¢μ¤¨³ ·¥Ï¥ÉμÎ´ÊÕ ·¥£Ê²Ö·¨§ Í¨Õ ¶μ x1, x2. ’ ±¦¥
³Ò ¢¢μ¤¨³ μ¡·¥§ ´¨¥ ¶μ x− (|x−| � L) ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶¥·¨μ¤¨Î¥¸±¨¥ £· ´¨Î´Ò¥
Ê¸²μ¢¨Ö ¤²Ö ¶μ²¥°. „ ²¥¥ ³Ò ¶·¥´¥¡·¥£ ¥³ ¢¸¥³¨ ´¥´Ê²¥¢Ò³¨ ³μ¤ ³¨ ¶μ¶¥·¥Î´μ£μ £²Õ-
μ´´μ£μ ¶μ²Ö ¶μ ±μμ·¤¨´ É¥ x−. Š·μ³¥ Éμ£μ, ³Ò μ£· ´¨Î¨¢ ¥³ Ë¥·³¨μ´´μ¥ ¶·μ¸É· ´¸É¢μ
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”μ± , μ¸É ¢²ÖÖ Éμ²Ó±μ ±¢ ·± ¨  ´É¨±¢ ·±, ¸¢Ö§ ´´Ò¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ ¶μ¸·¥¤-
¸É¢μ³ ´Ê²¥¢μ° ³μ¤Ò £²Õμ´´μ£μ ¶μ²Ö. ’ ±¨³ μ¡· §μ³ ¢μ§´¨± ¥É ¢μ§³μ¦´μ¸ÉÓ ¶μ²ÊÎ¨ÉÓ
¸¶¥±É· ²Ó´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ±¢ ·±  ¨  ´É¨±¢ ·± . �Éμ Ê· ¢´¥´¨¥
¨¸¸²¥¤Ê¥É¸Ö ¢ ¶·¥¤¥²¥ ¸´ÖÉ¨Ö ·¥£Ê²Ö·¨§ Í¨¨. �·¨ ÔÉμ³ μ¡´ ·Ê¦¨¢ ¥É¸Ö ¶μ²ÊË¥´μ³¥´μ²μ-
£¨Î¥¸± Ö ¢μ§³μ¦´μ¸ÉÓ ¨§¡¥¦ ÉÓ Ê²ÓÉ· Ë¨μ²¥Éμ¢ÒÌ (“”) · ¸Ìμ¤¨³μ¸É¥°. ’ ± Ö ¶·μÍ¥¤Ê· 
¤ ¥É ¸¶¥±É· ³ ¸¸, ¡²¨§±¨° ± Ô±¸¶¥·¨³¥´É ²Ó´μ³Ê ³¥§μ´´μ³Ê ¸¶¥±É·Ê.

��…„…‹œ�›‰ �…�…•�„ Š ƒ�Œˆ‹œ’��ˆ��“
�� ‘‚…’�‚�Œ ”���’…, ‚Š‹�„ �“‹…‚�‰ Œ�„›

ˆ Š‚��Š-��’ˆŠ‚��Š�‚�Ÿ Œ�„…‹œ

‚¢¥¤¥³ ¢³¥¸Éμ ±μμ·¤¨´ É ‘” ±μμ·¤¨´ ÉÒ yμ, ¡²¨§±¨¥ ± ‘” (®η-±μμ·¤¨´ ÉÒ¯):

y0 = x+ +
η2

2
x−, y3 = x−, y⊥ = x⊥,

¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³¶Ê²Ó¸Ò:

q0 = p+, q3 = p− − η2

2
p+, q⊥ = p⊥,

£¤¥ η > 0 Å ³ ²Ò° ¶ · ³¥É·.
� ¸¸³μÉ·¨³ Š•„ ¸ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶μ° SU(N) ¢ η-±μμ·¤¨´ É Ì. ŒÒ ¢Ò¡¨-

· ¥³ ± ²¨¡·μ¢±Ê A3(y) = 0 ± ±  ´ ²μ£ ± ²¨¡·μ¢±¨ ‘” A−(x) = 0 (A3(y) ¨ A−(x) Å
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±μ³¶μ´¥´ÉÒ £²Õμ´´μ£μ ¶μ²Ö). „ ²¥¥ ¶μ² £ ¥³ |y3| � L ¨ É·¥¡Ê¥³ ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¨¥ ¶¥·¨μ¤¨Î¥¸±¨¥ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö. �·¨ ÔÉμ³ q3 = πn/L, n ∈ Z. ’¥¶¥·Ó
¨³¥¥³ ¤¢  ¶ · ³¥É· , L ¨ η. ŒÒ ¢Ò¶μ²´Ö¥³ ¶·¥¤¥²Ó´Ò° ¶¥·¥Ìμ¤ ´  ‘” ¢ ¤¢  Ï £ . � 
¶¥·¢μ³ Ï £¥ Ë¨±¸¨·Ê¥³ ¶ · ³¥É· L ¨ · ¸¸³ É·¨¢ ¥³ ¶·¥¤¥²Ó´Ò° ¶¥·¥Ìμ¤ ´  ‘” (η → 0)
¤²Ö Éμ° Î ¸É¨ £ ³¨²ÓÉμ´¨ ´  ¢ η-±μμ·¤¨´ É Ì, ±μÉμ· Ö ¸μ¤¥·¦¨É ´¥´Ê²¥¢Ò¥ ³μ¤Ò,   ¤²Ö
Î ¸É¨ ÔÉμ£μ £ ³¨²ÓÉμ´¨ ´ , ¸μ¤¥·¦ Ð¥° Éμ²Ó±μ ´Ê²¥¢Ò¥ ³μ¤Ò, ³Ò Ë¨±¸¨·Ê¥³ §´ Î¥´¨¥
η = η0 > 0, É¥³ ¸ ³Ò³ ¸μÌ· ´ÖÖ ´Ê²¥¢ÊÕ ³μ¤Ê ± ± ´¥§ ¢¨¸¨³ÊÕ ¤¨´ ³¨Î¥¸±ÊÕ ¶¥·¥³¥´-
´ÊÕ. „ ²¥¥ ´  ¶¥·¢μ³ Ï £¥ ¢¢μ¤¨³ ÔËË¥±É¨¢´Ò° μ¶¥· Éμ· ±¢ ¤· É  ³ ¸¸Ò M2

eff(η0) ± ±
¸Ê³³Ê ¢μ§³μ¦´ÒÌ ¢±² ¤μ¢ μ¡¥¨Ì ÔÉ¨Ì · §¤¥²¥´´ÒÌ Î ¸É¥° £ ³¨²ÓÉμ´¨ ´  ¨ § ¶¨¸Ò¢ ¥³
¸¶¥±É· ²Ó´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° É ±μ£μ μ¶¥· Éμ· . �  ¢Éμ·μ³ Ï £¥
¢Ò¶μ²´Ö¥É¸Ö ¶·¥¤¥² L → ∞, η0 → 0 É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¸¶¥±É· μ¸É ¢ ²¸Ö “”-±μ´¥Î-
´Ò³. �ÉÊ ¶·μÍ¥¤Ê·Ê ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± ¶μ²ÊË¥´μ³¥´μ²μ£¨Î¥¸±¨° ¸¶μ¸μ¡ ¢¢¥¤¥´¨Ö
¤¨´ ³¨±¨ ´Ê²¥¢μ° ³μ¤Ò ´  ‘”.

�¡μ§´ Î¨³ Î¥·¥§ H(0) § ¢¨¸ÖÐÊÕ μÉ η0 Î ¸ÉÓ £ ³¨²ÓÉμ´¨ ´ , ¸μ¤¥·¦ ÐÊÕ Éμ²Ó±μ ´Ê-
²¥¢Ò¥ ³μ¤Ò, ¨ H(∅) Å Î ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  ´  ‘”, ¸μ¤¥·¦ Ð Ö ´¥´Ê²¥¢Ò¥ ³μ¤Ò. —Éμ¡Ò
´ ¶¨¸ ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´μ£μ ±¢ ¤· É  ³ ¸¸Ò, ³Ò ¨¸¶μ²Ó§Ê¥³ ·¥²ÖÉ¨¢¨¸É¸±¨¥
¢Ò· ¦¥´¨Ö ¤²Ö M2 ¢ ±μμ·¤¨´ É Ì ‘” ¨ ¢ η0-±μμ·¤¨´ É Ì:

M2 = 2P+P− − P 2
⊥ ¢ ±μμ·¤¨´ É Ì ‘”,

M2 = 2Q0Q3 + η2
0Q

2
0 − P 2

⊥ ¢ η0-±μμ·¤¨´ É Ì,

¨ ¶·¥¤² £ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ÔËË¥±É¨¢´μ£μ μ¶¥· Éμ·  ±¢ ¤· É  ³ ¸¸Ò ¶·¨
P⊥ = 0:

M2
eff = η2

0H2
(0) + 2P−H(∅).



ƒ ³¨²ÓÉμ´μ¢ ¶μ¤Ìμ¤ ´  ¸¢¥Éμ¢μ³ Ë·μ´É¥ 337

‚¢¥¤¥³ “”-·¥£Ê²Ö·¨§ Í¨Õ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶μ¶¥·¥Î´μ° ¶·μ¸É· ´¸É¢¥´´μ° ·¥Ï¥É-
±¨ [11], £¤¥ Ê´¨É ·´Ò¥ ³ É·¨ÍÒ U1(x), U2(x) ´  ·¥¡· Ì ·¥Ï¥É±¨ μ¶¨¸Ò¢ ÕÉ £²Õμ´´Ò¥
´Ê²¥¢Ò¥ ³μ¤Ò,   πa

k(x) Å  ´ ²μ£ ¸μ¶·Ö¦¥´´ÒÌ ± ´¨³ ¨³¶Ê²Ó¸μ¢ [11]:

[πa
k(x), Uk′ (x′)] = −δkk′δx⊥x⊥′

λa

2
Uk(x), [ πa

k(x), πb
k′ (x′)] = i δkk′δx⊥x⊥′fabcπc

k(x).

‚ ÔÉμ° ·¥£Ê²Ö·¨§ Í¨¨ § ¢¨¸ÖÐ Ö μÉ η0 Î ¸ÉÓ £ ³¨²ÓÉμ´¨ ´ , ¸μ¤¥·¦ Ð Ö Éμ²Ó±μ ´Ê²¥¢Ò¥
³μ¤Ò, ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤ [11,12]:

H(0) =
∑
x⊥

(
g2

4L η2
0

πa
kπa

k

)
. (2)

— ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  ´  ·¥Ï¥É±¥, ¸μ¤¥·¦ Ð Ö ´¥´Ê²¥¢Ò¥ ³μ¤Ò, ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´ 
¢ ·¥§Ê²ÓÉ É¥ ¶·¥¤¥²Ó´μ£μ ¶¥·¥Ìμ¤  ´  ‘” ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ L [11]. �É  Î ¸ÉÓ § ¢¨¸¨É
μÉ Ë¥·³¨μ´´μ£μ ¶μ²Ö χ(x) ¢ É¥·³¨´ Ì μ¶¥· Éμ·μ¢ ·μ¦¤¥´¨Ö ¨ Ê´¨ÎÉμ¦¥´¨Ö ±¢ ·±  ¨

 ´É¨±¢ ·±  ´  ‘”, b i
nr(x⊥), b i+

nr(x⊥), d i
nr(x⊥), d i+

nr(x⊥), n ∈ Z + 1/2:

χi
r(x) =

1
a
√

2L

∑
n>0

(
b i

nr(x
⊥) exp

(
−ipnx−)

+ d i+

nr(x
⊥) exp

(
ipnx−))

. (3)

� ¸¸³μÉ·¨³ ¸μ¸ÉμÖ´¨Ö ¸ ±¢ ·±μ³ ¨  ´É¨±¢ ·±μ³, ¸¢Ö§ ´´Ò¥ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É-
´Ò³ μ¡· §μ³ ¶μ¸·¥¤¸É¢μ³ £²Õμ´´ÒÌ ´Ê²¥¢ÒÌ ³μ¤, ¶·¥¨³ÊÐ¥¸É¢¥´´μ ¢¤μ²Ó ±· ÉÎ °Ï¥£μ
¶ÊÉ¨ ¢ ¶μ¶¥·¥Î´μ° ¶²μ¸±μ¸É¨:{∑

x⊥

b†(x⊥, p− = πm/L)US
x,x+Δxd

†(x⊥ + Δx, p− = (n − m)π/L)|0〉
}

.

‡¤¥¸Ó US
x,x′ μ¡μ§´ Î ¥É Í¥¶μÎ±¨ ³ É·¨Í U †

k ¨ Uk (k = 1, 2), ±μÉμ·Ò¥ ¸μ¥¤¨´ÖÕÉ ÉμÎ±¨ x

¨ x′ ¤¢Ê³¥·´μ£μ ¶μ¶¥·¥Î´μ£μ ¶·μ¸É· ´¸É¢  ¢¤μ²Ó ¶ÊÉ¨ S; b† ¨ d† Å μ¶¥· Éμ·Ò ·μ¦¤¥´¨Ö
±¢ ·±  ¨  ´É¨±¢ ·±  ¸μμÉ¢¥É¸É¢¥´´μ.

‘²¥¤ÊÕÐ¥¥ ¶·¥¤¶μ²μ¦¥´¨¥ ¸¢Ö§ ´μ ¸ Ëμ·³μ° Î¥ÉÒ·¥ÌË¥·³¨μ´´μ£μ Î²¥´  ¢ £ ³¨²Ó-
Éμ´¨ ´¥ [12Ä14]:

∑
x⊥

∫
dx−dx′−

(
χ†(x−, x⊥)

λa

2
χ(x−, x⊥)

)
|x− − x′−|

(
χ†(x′−, x⊥)

λa

2
χ(x′−, x⊥)

)
.

�ÉμÉ Î²¥´ Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éμ³ ¶μ¤¸É ´μ¢±¨ ·¥Ï¥´¨Ö ± ²¨¡·μ¢μÎ´μ° ¸¢Ö§¨ ´  ‘” ¢
£ ³¨²ÓÉμ´¨ ´.

‚ (1 + 1)-³¥·´μ° Š•„ ¶·¨ N → ∞ (³μ¤¥²Ó 'É •μμËÉ  [15]) É ±μ° Î²¥´ ¶·¨¢μ¤¨É ±
±μ´Ë °´³¥´ÉÊ ±¢ ·±μ¢ ´  ‘” ¨§-§  ´¥²μ± ²Ó´μ£μ ³´μ¦¨É¥²Ö |x−−x′−|. �¤´ ±μ ¢ (3+1)-
³¥·´μ³ ¶·μ¸É· ´¸É¢¥ ¤¥°¸É¢¨¥ ÔÉμ£μ μ¶¥· Éμ·  ´  ´ Ï¨ ±¢ ·±- ´É¨±¢ ·±μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö
¤ ¥É ´μ²Ó ¤²Ö ¢¸¥Ì ¸μ¸ÉμÖ´¨°, ±·μ³¥ Éμ£μ, ¢ ±μÉμ·μ³ ±¢ ·± ¨  ´É¨±¢ ·± ´¥ · §¤¥²¥´Ò ¶μ
x⊥. �Éμ ¶·μ¨¸Ìμ¤¨É ¨§-§  ²μ± ²Ó´μ¸É¨ ÔÉμ£μ μ¶¥· Éμ·  ¶μ x⊥ ¨ ¸μ±· Ð¥´¨Ö ¶·μ¸É· ´-
¸É¢  ”μ±  ¤μ ¸μ¸ÉμÖ´¨° Éμ²Ó±μ ¸ μ¤´¨³ ±¢ ·±μ³ ¨ Éμ²Ó±μ μ¤´¨³  ´É¨±¢ ·±μ³. �μÔÉμ³Ê
²μ± ²Ó´Ò° ¶μ x⊥ Î¥ÉÒ·¥ÌË¥·³¨μ´´Ò° μ¶¥· Éμ· ´¥ ³μ¦¥É ¤¥°¸É¢μ¢ ÉÓ ´¥É·¨¢¨ ²Ó´μ ´ 
¸μ¸ÉμÖ´¨ÖÌ ¸ ±¢ ·±μ³ ¨  ´É¨±¢ ·±μ³, · §¤¥²¥´´Ò³¨ ¶μ x⊥.
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—Éμ¡Ò ¶·¥μ¤μ²¥ÉÓ ÔÉÊ É·Ê¤´μ¸ÉÓ, ³Ò ¶·¥¤² £ ¥³ ´¥²μ± ²Ó´ÊÕ ¶μ x⊥ ³μ¤¨Ë¨± Í¨Õ
ÔÉμ£μ Î¥ÉÒ·¥ÌË¥·³¨μ´´μ£μ μ¶¥· Éμ· , É ±ÊÕ ÎÉμ¡Ò ¥£μ ¤¥°¸É¢¨¥ ´  ´ Ï¨ ¸μ¸ÉμÖ´¨Ö
¸É ²μ ¤²Ö · §¤¥²¥´´ÒÌ ¶μ x⊥ ±¢ ·±μ¢ ¨  ´É¨±¢ ·±μ¢ É ±¨³ ¦¥, ± ± ¨ ¤²Ö ´¥· §¤¥²¥´´ÒÌ.
‚¢¥¤¥³ ´¥²μ± ²Ó´μ¸ÉÓ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò³ μ¡· §μ³:

a2

L2
had

∑
x⊥,Δx,b

∫
dx−dx′−

(
χ†(x−, x⊥)US

x,x′
λb

2
US

x′,xχ(x−, x⊥)
)
×

× |x− − x′−|
(

χ†(x′−, x⊥ + Δx)US′

x+Δx,x′
λb

2
US′

x′,x+Δxχ(x′−, x⊥ + Δx)
)

,

£¤¥ S ¨ S′ Å ±· ÉÎ °Ï¨¥ ¶ÊÉ¨, ¢¥¤ÊÐ¨¥ ± ÉμÎ±¥ x′ ¨§ ÉμÎ¥± x ¨ x+ Δx ¸μμÉ¢¥É¸É¢¥´´μ,
  ¸ ³  ÉμÎ±  x′ ²¥¦¨É ´  ¶·Ö³μ°, ¸μ¥¤¨´ÖÕÐ¥° ÉμÎ±¨ x ¨ x + Δx. Œ´μ¦¨É¥²Ó a2/L2

had

¸μμÉ¢¥É¸É¢Ê¥É Ê¸·¥¤´¥´¨Õ ¶μ ¶ÊÉÖ³ ¢´ÊÉ·¨ μ¡² ¸É¨ |Δx| � Lhad (Lhad Ö¢²Ö¥É¸Ö ¢¥²¨Î¨-

´μ° ¶μ·Ö¤±  Λ−1
QCD). �  ² £· ´¦¥¢μ³ Ê·μ¢´¥ ÔÉ  ³μ¤¨Ë¨± Í¨Ö ¸μμÉ¢¥É¸É¢Ê¥É ¢¢¥¤¥´¨Õ

´¥²μ± ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ±μ³¶μ´¥´ÉÒ £²Õμ´´μ£μ ¶μ²Ö A+ ¸ Ë¥·³¨μ´´Ò³ Éμ±μ³.
„ ²¥¥ ¸É·μ¨É¸Ö ¢Ò· ¦¥´¨¥ ¤²Ö μ¶¥· Éμ·  M2

eff ´  ´ Ï¥³ μ£· ´¨Î¥´´μ³ ¶·μ¸É· ´¸É¢¥
¸μ¸ÉμÖ´¨°. �Éμ ¶μ§¢μ²Ö¥É ´ ¶¨¸ ÉÓ Ê· ¢´¥´¨¥ ¤²Ö ¢μ²´μ¢μ° ËÊ´±Í¨¨ ±¢ ·±- ´É¨±¢ ·±μ-
¢μ£μ ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö f(r, l):

m2
efff(r, l) =

[(
g2

8Lη0a

(
N − 1

N

))2

r2 +
(

pn

pl
+

pn

pn−l

) (
−∇2 + m2

q

)]
×

× f(r, l) +
g2pn

2L2
had

1
L

(
N − 1

N

) n−1/2∑
k=1/2,k �=l

f(r, l) − f(r, k)
(pl − pk)2

,

£¤¥ meff Å ³ ¸¸  ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö; ∇2 Å ·¥Ï¥ÉμÎ´Ò°  ´ ²μ£ μ¶¥· Éμ·  ‹ ¶² ¸ 
¢ ¶μ¶¥·¥Î´ÒÌ ±μμ·¤¨´ É Ì; r Å ¶μ¶¥·¥Î´μ¥ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ±¢ ·±μ³ ¨  ´É¨±¢ ·±μ³;
mq Å ³ ¸¸  ±¢ ·± ; p− = pn = πn/L Å ¨³¶Ê²Ó¸ ¸μ¸ÉμÖ´¨Ö.

‚¢¥¤¥³ ¡¥§· §³¥·´Ò¥ ¶¥·¥³¥´´Ò¥ ¨ μ¶¥· Éμ· ∇:

μ = meffLhad, ρ =
r

Lhad
, mq = mqLhad, ξ =

pl

pn
, α =

Lη0a

L2
had

,

£¤¥ ξ Å μÉ´μ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ ±¢ ·± .
‚ ¶·¥¤¥²¥ ¸´ÖÉ¨Ö ·¥£Ê²Ö·¨§ Í¨¨ ¸´ Î ²  L → ∞, η0 → 0 ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ a,  

§ É¥³ a → 0, ¶μ²ÊÎ ¥³ “” ±μ´¥Î´Ò° ·¥§Ê²ÓÉ É, ¥¸²¨ ¢§ÖÉÓ ¶ · ³¥É· α = Lη0a/L2
had

±μ´¥Î´Ò³, ´ ¶·¨³¥·, ¶μ·Ö¤±  ¥¤¨´¨ÍÒ. ‚ ÔÉμ³ ¶·¥¤¥²¥ ¸¶¥±É· ²Ó´μ¥ Ê· ¢´¥´¨¥ ¨³¥¥É
¢¨¤

μ2f(ρ, ξ) =

[(
g2

8α

(
N − 1

N

))2

ρ2 +
(

1
ξ

+
1

1 − ξ

) (
−∇2

+ m2
q

)]
×

× f(ρ, ξ) +
g2

2π

(
N − 1

N

)
P

1∫
0

dξ′
f(ρ, ξ) − f(ρ, ξ′)

(ξ − ξ′)2
,
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£¤¥ f(ρ, ξ) Å ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ±¢ ·±  ¨  ´É¨±¢ ·± ,   ¨´É¥£· ²
¡¥·¥É¸Ö ¢ ¸³Ò¸²¥ £² ¢´μ£μ §´ Î¥´¨Ö ŠμÏ¨. ‚ ÔÉμ³ ¶·¥¤¥²¥ ¶¥·¥³¥´´ Ö ξ ¸É ´μ¢¨É¸Ö ´¥-
¶·¥·Ò¢´μ° ¨ ¶·¨´¨³ ¥É §´ Î¥´¨Ö ¢ ¨´É¥·¢ ²¥ 0 � ξ � 1. �¥·¢μ¥ ¸² £ ¥³μ¥ ¢ Ê· ¢´¥´¨¨,
¶·μ¶μ·Í¨μ´ ²Ó´μ¥ ρ2, μ¡Ê¸²μ¢²¥´μ ¢±² ¤μ³ ´Ê²¥¢μ° ³μ¤Ò,   ¶μ¸²¥¤´¥¥ ¨³¥¥É É ±μ° ¦¥
¢¨¤, ± ± ¨ ¢ Ê· ¢´¥´¨¨ 'É •μμËÉ  ¢ ¤¢Ê³¥·´μ° Š•„. ‘μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¨ ¢μ²´μ¢Ò¥
ËÊ´±Í¨¨ ´ Ï¥£μ ¸¶¥±É· ²Ó´μ£μ Ê· ¢´¥´¨Ö ´¥ ³μ£ÊÉ ¡ÒÉÓ μ¶¨¸ ´Ò  ´ ²¨É¨Î¥¸±¨, ´μ μ´¨
³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò Î¨¸²¥´´μ.

Š Î¥¸É¢¥´´μ ¸¶¥±É· ´ ¶μ³¨´ ¥É ¸¶¥±É· £ ·³μ´¨Î¥¸±μ£μ μ¸Í¨²²ÖÉμ·  ¢ É·¥Ì ¨§³¥-
·¥´¨ÖÌ. �·¨³¥Î É¥²Ó´μ° μ¸μ¡¥´´μ¸ÉÓÕ ´ Ï¥° ³μ¤¥²¨ ¸²Ê¦¨É ¶μÖ¢²¥´¨¥ ¢Ò·μ¦¤¥´´ÒÌ
Ô±¢¨¤¨¸É ´É´ÒÌ Ê·μ¢´¥° Ô´¥·£¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ²¨´¥°´Ò³ É· ¥±Éμ·¨Ö³ �¥¤¦¥. �Éμ
¢ ¦´Ò° ·¥§Ê²ÓÉ É, ¶μ¸±μ²Ó±Ê ¸ÊÐ¥¸É¢¥´´μ¥ ¢Ò·μ¦¤¥´¨¥ ¤¥°¸É¢¨É¥²Ó´μ ´ ¡²Õ¤ ¥É¸Ö ¢
Ô±¸¶¥·¨³¥´É ²Ó´μ³ ¸¶¥±É·¥ ³¥§μ´μ¢.

‡�Š‹�—…�ˆ…

‚ ¤ ´´μ° ¸É ÉÓ¥ ¸μ¤¥·¦¨É¸Ö ±· É±¨° μ¡§μ· μ¤´μ£μ ¨§ ¨¸¶μ²Ó§Ê¥³ÒÌ ´ ³¨ ¶μ¤Ìμ-
¤μ¢ ± ¶·μ¡²¥³¥ μ¶¨¸ ´¨Ö ´¥¶¥·ÉÊ·¡ É¨¢´ÒÌ ÔËË¥±Éμ¢ ¢ · ³± Ì £ ³¨²ÓÉμ´μ¢  ¶μ¤Ìμ¤ 
± Š•„ ´  ‘”. ˆ¸¸²¥¤Ê¥É¸Ö ¶·¥¤¥²Ó´Ò° ¶¥·¥Ìμ¤ ± £ ³¨²ÓÉμ´¨ ´Ê ´  ‘” μÉ £ ³¨²ÓÉμ-
´¨ ´μ¢ ´  ¶·μ¸É· ´¸É¢¥´´μ¶μ¤μ¡´ÒÌ £¨¶¥·¶²μ¸±μ¸ÉÖÌ, ¶·¨¡²¨¦ ÕÐ¨Ì¸Ö ± ‘”. ’ ±¨³
μ¡· §μ³ ³Ò ¶·¨Ìμ¤¨³ ± ¶μ²ÊË¥´μ³¥´μ²μ£¨Î¥¸±μ° ¤¨´ ³¨±¥ ´Ê²¥¢μ° ³μ¤Ò, ±μÉμ· Ö ¤ ¥É
±μ´Ë °´³¥´É ¶μ ¶μ¶¥·¥Î´Ò³ ±μμ·¤¨´ É ³ x⊥ ¤²Ö ¸μ¸ÉμÖ´¨° ¸ ±¢ ·±μ³ ¨  ´É¨±¢ ·±μ³,
± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ ¸μ¥¤¨´¥´´ÒÌ ¶μ¸·¥¤¸É¢μ³ £²Õμ´´ÒÌ ´Ê²¥¢ÒÌ ³μ¤. ‘¢μ°¸É¢μ
±μ´Ë °´³¥´É  ¶μ ¶·μ¤μ²Ó´μ° ±μμ·¤¨´ É¥ x− ¶μ²ÊÎ ¥É¸Ö ³μ¤¨Ë¨± Í¨¥° Î¥ÉÒ·¥ÌË¥·³¨-
μ´´μ£μ Î²¥´  ¢ £ ³¨²ÓÉμ´¨ ´¥ ´  ‘” ¶μ  ´ ²μ£¨¨ ¸ Ê· ¢´¥´¨¥³ 'É •μμËÉ  ¢ (1 + 1)-
³¥·´μ° Š•„. �Éμ É·¥¡Ê¥É ¢¢¥¤¥´¨Ö ´¥²μ± ²Ó´μ¸É¨ ¶μ ¶μ¶¥·¥Î´Ò³ ±μμ·¤¨´ É ³ x⊥ ¤²Ö
Î¥ÉÒ·¥ÌË¥·³¨μ´´μ£μ Î²¥´  ¢ £ ³¨²ÓÉμ´¨ ´¥ ´  ‘”. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³ ÔÉμÉ Î²¥´
ÔËË¥±É¨¢´μ ¶¥·¥´μ·³¨·μ¢ ´´Ò³ É ±, ÎÉμ μ´ ´¥ ¶·¨¢μ¤¨É ± “”-· ¸Ìμ¤¨³μ¸É¨ ¢ ¸¶¥±-
É· ²Ó´μ³ Ê· ¢´¥´¨¨.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ´ Ï¥ ¸¶¥±É· ²Ó´μ¥ Ê· ¢´¥´¨¥ ¨³¥¥É ¸Ìμ¤¸É¢μ ¸  ´ ²μ£¨Î´Ò³¨
Ê· ¢´¥´¨Ö³¨, ¶μ²ÊÎ¥´´Ò³¨ ¸ ¶μ³μÐÓÕ £μ²μ£· Ë¨Î¥¸±μ£μ ³¥Éμ¤  [16, 17]. ‚ μÉ²¨Î¨¥ μÉ
ÔÉμ£μ ³¥Éμ¤  ´ Ï ¶μ²ÊË¥´μ³¥´μ²μ£¨Î¥¸±¨° ¶μ¤Ìμ¤ μ¸´μ¢ ´ ´  £ ³¨²ÓÉμ´¨ ´¥ Š•„ ¨
³μ¦¥É ¡ÒÉÓ ´¥¶μ¸·¥¤¸É¢¥´´μ ¶·¨³¥´¥´ ¤²Ö ¸μ¸ÉμÖ´¨° ¡μ²¥¥ μ¡Ð¥° Ëμ·³Ò.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ μ·£ ´¨§ Éμ· ³ 11-° ¸μ¢³¥¸É´μ° ±μ´Ë¥·¥´Í¨¨
APCTP Ä ‹’” �ˆŸˆ Ä �ˆŸ” �ˆ– Šˆ Ä ‘�¡ƒ“ ®‘μ¢·¥³¥´´Ò¥ ¶·μ¡²¥³Ò Ö¤¥·´μ°
Ë¨§¨±¨ ¨ Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í¯.
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