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¢ˆ´¸É¨ÉÊÉ É¥μ·¥É¨Î¥¸±μ° ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ë¨§¨±¨, Œμ¸±¢ 

� ¡μÉ  ¶μ¸¢ÖÐ¥´  ¨§ÊÎ¥´¨Õ § ¢¨¸¨³μ¸É¨ ±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  ¨ ³ ¸¸ π- ¨ σ-³¥§μ´μ¢ μÉ
É¥³¶¥· ÉÊ·Ò ¨ ±¢ ·±μ¢μ£μ/¡ ·¨μ´´μ£μ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ¢ ¨´¸É ´Éμ´´μ° ³μ¤¥²¨ ¢ ±ÊÊ³ 
Š•„ ¢ ¤μ±·¨É¨Î¥¸±μ° μ¡² ¸É¨. �¡¸Ê¦¤ ¥É¸Ö ¢²¨Ö´¨¥ Ëμ´μ´μ¶μ¤μ¡´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¨´¸É ´Éμ´´μ°
¦¨¤±μ¸É¨ ´  ¸¢μ°¸É¢  σ-³¥§μ´  ¢ É ±μ° ¸·¥¤¥.

The paper is focussed on calculating the ˇnite temperature and quark/baryon chemical potential
dependence of quark condensate π- and σ-meson masses together with quark mass in precritical region
in the instanton model of QCD vacuum. The impact of phonon-like excitations of instanton liquid on
the characteristics of σ meson in such an environment is also examined.
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‘¥£μ¤´Ö, ±μ£¤  ¸ÊÐ¥¸É¢Ê¥É ¶μÎÉ¨ ¶μ²´ Ö Ê¢¥·¥´´μ¸ÉÓ, ÎÉμ  ¤·μ´Ò ¨ ¨Ì ¸¨³³¥É·¨¨
μ¶·¥¤¥²ÖÕÉ¸Ö ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±μ° (Š•„), ´ Ï¥ ¶μ´¨³ ´¨¥ ¶·¨·μ¤Ò ²¥£Î °Ï¨Ì
³¥§μ´μ¢, ¶μ ±· °´¥° ³¥·¥ ¸μ ¸Éμ·μ´Ò  ¤·μ´μ¢, É¥¸´μ ¸¢Ö§ ´μ ¸μ ¸¶μ´É ´´Ò³ ´ ·ÊÏ¥-
´¨¥³ ±¨· ²Ó´μ° ¸¨³³¥É·¨¨, ¶·¨¸ÊÐ¥° ¸μμÉ¢¥É¸É¢ÊÕÐ¥³Ê ² £· ´¦¨ ´Ê. �¨μ´Ò ¶·¨ ÔÉμ³
· ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¡¥§³ ¸¸μ¢Ò¥ £μ²¤¸ÉμÊ´μ¢¸±¨¥ ¡μ§μ´Ò, ¢ Éμ ¢·¥³Ö ± ± ¸± ²Ö·´Ò¥ ³¥-
§μ´Ò ¨³¥ÕÉ ´¥´Ê²¥¢μ¥ ¢ ±ÊÊ³´μ¥ ¸·¥¤´¥¥, μÉ· ¦ ÕÐ¥¥ ¸²μ¦´ÊÕ ¸É·Ê±ÉÊ·Ê ¢ ±ÊÊ³  Š•„.
�  Ö§Ò±¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¶μ²¥° Š•„ ¡Ò²μ ¢ÒÖ¸´¥´μ, ÎÉμ ÔÉμ ´ ·ÊÏ¥´¨¥ ¸¨³³¥É·¨¨
¸¢Ö§ ´μ ¸ ´¥´Ê²¥¢Ò³ §´ Î¥´¨¥³ ±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  [1],   ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¸± ²Ö·´ÒÌ
³¥§μ´μ¢ μÉ· ¦ ¥É ¤¨´ ³¨Î¥¸±ÊÕ £¥´¥· Í¨Õ ³ ¸¸ Ê ²¥£±¨Ì ±¢ ·±μ¢. �·¨ ¢Ò¸μ±¨Ì É¥³¶¥-
· ÉÊ· Ì μ¦¨¤ ¥É¸Ö, μ¤´ ±μ, ¢μ¸¸É ´μ¢²¥´¨¥ ±¨· ²Ó´μ° ¸¨³³¥É·¨¨ ¢ ·¥§Ê²ÓÉ É¥ Ë §μ¢μ£μ
¶¥·¥Ìμ¤ , ¶ · ³¥É·μ³ ¶μ·Ö¤±  ±μÉμ·μ£μ ± ± · § ¨ Ö¢²Ö¥É¸Ö ±¢ ·±μ¢Ò° ±μ´¤¥´¸ É.

Š § ²μ¸Ó, ÎÉμ ·¥Ï¥ÉμÎ´ Ö Š•„ ³μ£²  ¡Ò ·¥Ï¨ÉÓ ÔÉÊ ¶·μ¡²¥³Ê, ¨¸Ìμ¤Ö ¨§ ¶¥·¢ÒÌ
¶·¨´Í¨¶μ¢ É¥μ·¨¨, μ¤´ ±μ ¶μ±  ÔÉμ ·¥Ï¥´¨¥ ¶·μ¤¢¨´ÊÉμ (¢¸¥ ¥Ð¥ ¤μ Ê·μ¢´Ö, ¤μ¸É -
ÉμÎ´μ ¤ ²¥±μ£μ μÉ ¶μ²´μ° Ê¢¥·¥´´μ¸É¨) £² ¢´Ò³ μ¡· §μ³ ¢ μ±·¥¸É´μ¸É¨ É¥³¶¥· ÉÊ·´μ°
μ¸¨ ¢ (μÄT )-¶²μ¸±μ¸É¨. ˆ É¥³ ´¥ ³¥´¥¥ ·¥Ï¥ÉμÎ´μ¥ ¶·¨¡²¨¦¥´¨¥ Š•„ ¶μ± § ²μ, ÎÉμ
¥¥ Ë §μ¢ Ö ¸É·Ê±ÉÊ·  Ö¢²Ö¥É¸Ö, ¸±μ·¥¥ ¢¸¥£μ, ¢¥¸Ó³  ¡μ£ Éμ° [2]. ‚ Î ¸É´μ¸É¨, ¡Ò²μ



‘¢μ°¸É¢  ²¥£Î °Ï¨Ì ³¥§μ´μ¢ ¢ ³μ¤¥²¨ ¨´¸É ´Éμ´´μ£μ ¢ ±ÊÊ³  19

¶μ¤É¢¥·¦¤¥´μ, ÎÉμ, ±μ£¤  É¥³¶¥· ÉÊ·  ¤μ¸É¨£ ¥É ±·¨É¨Î¥¸±μ£μ §´ Î¥´¨Ö, ¶·μ¨¸Ìμ¤¨É ¢μ¸-
¸É ´μ¢²¥´¨¥ ±¨· ²Ó´μ° ¸¨³³¥É·¨¨ ¨¸Ìμ¤´μ£μ ² £· ´¦¨ ´  ¨ ±¢ ·±¨ ¶¥·¥¸É ÕÉ ¸¢Ö§Ò-
¢ ÉÓ¸Ö ¸¨² ³¨ ±μ´Ë °´³¥´É . �μ¢¥¤¥´¨¥ ¸¨²Ó´μ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ³ É¥·¨¨ ¶·¨ ±μ´¥Î-
´ÒÌ ±¢ ·±μ¢ÒÌ/¡ ·¨μ´´ÒÌ ¶²μÉ´μ¸ÉÖÌ μ¸É ¥É¸Ö ³ ²μ¨§ÊÎ¥´´Ò³. ‘ É¥μ·¥É¨Î¥¸±μ° ÉμÎ±¨
§·¥´¨Ö, ¶·¨Î¨´  ÔÉμ£μ ±·μ¥É¸Ö ¢ ¨§¢¥¸É´ÒÌ ¸¥·Ó¥§´ÒÌ É·Ê¤´μ¸ÉÖÌ, ¸ ±μÉμ·Ò³¨ Š•„
¸É ²±¨¢ ¥É¸Ö ¶·¨ ¢¢¥¤¥´¨¨ Ë¥·³¨μ´μ¢ ´  ·¥Ï¥É±Ê ¨, ¢ μ¸μ¡¥´´μ¸É¨, ¶·¨ μ¡μ¡Ð¥´¨¨ ´ 
´¥´Ê²¥¢Ò¥ §´ Î¥´¨Ö ±¢ ·±μ¢μ°/¡ ·¨μ´´μ° ¶²μÉ´μ¸É¨. —Éμ ± ¸ ¥É¸Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±μ°
¸Éμ·μ´Ò, Éμ ¶μ²ÊÎ¥´´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ μ± § ²¨¸Ó ³ ²μ¨´Ëμ·³ É¨¢´Ò³¨ ¤²Ö
· §¢¨É¨Ö É¥μ·¨¨ ¢ ÔÉμ³ ´ ¶· ¢²¥´¨¨. �μ´ÖÉ´μ, ÎÉμ ¨ ¸¥°Î ¸, ¨ ¢ ¡Ê¤ÊÐ¥³ ¸ ·μ¸Éμ³ Ô´¥·-
£¨¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ³Ò ¡Ê¤¥³ ¶·μ¨§¢μ¤¨ÉÓ ¸¨²Ó´μ¢§ ¨³μ¤¥°¸É¢ÊÕÐÊÕ
³ É¥·¨Õ ¢¸¥ ¡²¨¦¥ ¨ ¡²¨¦¥ ± É¥³¶¥· ÉÊ·´μ° μ¸¨ (μÄT )-¶²μ¸±μ¸É¨. ‚ ÔÉμ° ¸¨ÉÊ Í¨¨
Ë¥´μ³¥´μ²μ£¨Î¥¸±μ¥ · §¢¨É¨¥ ¨¸¸²¥¤μ¢ ´¨° ¢¤μ²Ó μ-μ¸¨ ¡Ê¤¥É ¶μ² £ ÉÓ¸Ö ¢ μ¸´μ¢´μ³ ´ 
 ¸É·μË¨§¨Î¥¸±¨¥ ´ ¡²Õ¤¥´¨Ö ±μ³¶ ±É´ÒÌ §¢¥§¤.

ˆ¸¸²¥¤μ¢ ´¨¥ ¶μ¢¥¤¥´¨Ö ³ É¥·¨¨ ¢ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ μ¸²μ¦´Ö¥É¸Ö É ±¦¥ ¨ É¥³
μ¡¸ÉμÖÉ¥²Ó¸É¢μ³, ÎÉμ ¤¨´ ³¨Î¥¸±¨¥ ³μ¤¥²¨ Î ¸É¨Í (²¨´¥°´ Ö ¨ ´¥²¨´¥°´ Ö σ-³μ¤¥²¨,
³μ¤¥²Ó � ³¡ÊÄˆμ´ -‹ §¨´¨μ ¨ ¨Ì ³μ¤¨Ë¨± Í¨¨) ¨³¥ÕÉ ¢¥¸Ó³  μ£· ´¨Î¥´´ÊÕ μ¡² ¸ÉÓ,
£¤¥ ¨Ì ¶·¥¤¸± § ´¨Ö ´ ¤¥¦´Ò ¢ (μÄT )-¶²μ¸±μ¸É¨, ¨ μ´  ¥¤¢  ²¨ ¤μ¸É¨£ ¥É ±·¨É¨Î¥¸±μ°
²¨´¨¨ Ë §μ¢μ£μ ¶¥·¥Ìμ¤  ¢μ¸¸É ´μ¢²¥´¨Ö ±¨· ²Ó´μ° ¨´¢ ·¨ ´É´μ¸É¨. �·¨ ³ ²ÒÌ §´ -
Î¥´¨ÖÌ μ ¨ T ¶ · ³¥É·Ò ³μ¤¥²¥° ´ ¸É· ¨¢ ÕÉ¸Ö É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ¢μ¸¶·μ¨§¢μ¤¨ÉÓ
¨³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ Ê¤μ¢²¥É¢μ·ÖÉÓ ´¥±μÉμ·Ò³ μ£· ´¨Î¥´¨Ö³, ¨§¢²¥-
± ¥³Ò³ ¨§ μ¡Ð¨Ì ¶·¨´Í¨¶μ¢ Š•„. �¤´ ±μ Ô±¸É· ¶μ²ÖÍ¨Ö ³μ¤¥²¥° ¢ μ¡² ¸ÉÓ Ë §μ¢μ£μ
¶¥·¥Ìμ¤  ¶·¨¢μ¤¨É, ¶μ¤Î ¸, ± ¶·¥¤¸± § ´¨Ö³, ¶·μÉ¨¢μ·¥Î Ð¨³ ¤·Ê£ ¤·Ê£Ê (¸³., ´ ¶·¨³¥·,
´¥¤ ¢´ÕÕ ¤¨¸±Ê¸¸¨Õ ¢ [3]). ‚³¥¸É¥ ¸ É¥³ ¨¸¸²¥¤μ¢ ´¨¥ ¤μ±·¨É¨Î¥¸±¨Ì μ¡² ¸É¥° ³μ¦¥É
μ± § ÉÓ¸Ö ¨¸±²ÕÎ¨É¥²Ó´μ ¨´Ëμ·³ É¨¢´Ò³, ÎÉμ, ¢ Î ¸É´μ¸É¨, ¶μ± §Ò¢ ¥É · ¡μÉ  [4], ¢
±μÉμ·μ° ¨¸¸²¥¤μ¢ ´¨¥ ¸¢μ°¸É¢ ²¥£Î °Ï¨Ì ³¥§μ´μ¢ ¢ É¥·³ ²Ó´μ° ¨ ¶²μÉ´μ° ¸·¥¤¥ ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ ¢¨·¨ ²Ó´μ£μ · §²μ¦¥´¨Ö ¢Ò¶μ²´¥´μ ¢ · ³± Ì ±¨· ²Ó´μ° ¶¥·ÉÊ·¡ É¨¢´μ°
É¥μ·¨¨. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ · ¸¸³ É·¨¢ ÕÉ¸Ö É¥ ¦¥ ¢μ¶·μ¸Ò ¢ · ³± Ì ³μ¤¥²¨ ¨´¸É ´-
Éμ´´μ° ¦¨¤±μ¸É¨ ¢ ±ÊÊ³  Š•„ [5].

�·μ¨§¢μ¤ÖÐ¨° ËÊ´±Í¨μ´ ² ±¢ ·±μ¢ ¤²Ö § ¤ ´´μ£μ ¸ÉμÌ ¸É¨Î¥¸±μ£μ  ´¸ ³¡²Ö £²Õμ´-
´ÒÌ ±μ´Ë¨£Ê· Í¨° (¤¢μ°´Ò¥ Ê£²μ¢Ò¥ ¸±μ¡±¨ μ¡μ§´ Î ÕÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ Ê¸·¥¤´¥´¨¥ ¶μ
£²Õμ´´Ò³ ¶μ²Ö³)

Zψ �
∫

Dψ†Dψ 〈〈eS(ψ,ψ†,A)〉〉A

¶·¨ ´¥´Ê²¥¢ÒÌ É¥³¶¥· ÉÊ· Ì ¨ ±μ´¥Î´μ³ Ì¨³¨Î¥¸±μ³ ¶μÉ¥´Í¨ ²¥ μÍ¥´¨¢ ¥É¸Ö ¶μ ³¥Éμ¤Ê
¶¥·¥¢ ²  ¨ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ (¸ ÉμÎ´μ¸ÉÓÕ ¤μ ´¥¸ÊÐ¥¸É¢¥´´ÒÌ ¤²Ö ´ Ï¥£μ · ¸¸³μÉ·¥-
´¨Ö ¤¥É ²¥°) ¸ ¶μ³μÐÓÕ ¢¸¶μ³μ£ É¥²Ó´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¶¥·¥¢ ²Ó´μ³Ê ¶ · ³¥É·Ê
λ ¢ ¢¨¤¥ (· ¸¸³ É·¨¢ ¥É¸Ö £·Ê¶¶  SU(3) ¸ ±¢ ·± ³¨ ¤¢ÊÌ  ·μ³ Éμ¢ Nf = 2) [6]:

Zψ �
∫

dλ

∫
Dψ†Dψ exp

{
n V4

(
ln

nρ̄4

λ
− 1

)}
×

× exp

⎧⎨
⎩T

∞∑
l=−∞

∫
dk

(2π)3

2∑
f=1

ψ†
f (k)(−k̂ − iμ̂) ψf (k) + Lint

⎫⎬
⎭ , (1)

Lint = iλ (ψ†L
1 L1ψ

L
1 )(ψ†L

2 L2ψ
L
2 ) + iλ(ψ†R

1 R1ψ
R
1 )(ψ†R

2 R2ψ
R
2 ).
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‡¤¥¸Ó ψT
f = (ψR

f , ψL
f ), f = 1, 2 Å ¶μ²Ö ±¢ ·±μ¢, ¸μ¸É ¢²¥´´Ò¥ ¨§ ¸¶¨´μ·μ¢ μ¶·¥¤¥²¥´´μ°

±¨· ²Ó´μ¸É¨ ψL,R
f = P± ψf , P± = (1 ± γ5)/2; n Å ¶²μÉ´μ¸ÉÓ ¨´¸É ´Éμ´´μ° ¦¨¤±μ¸É¨;

ρ̄ Å ¸·¥¤´¨° · §³¥· ¶¸¥¢¤μÎ ¸É¨ÍÒ ¢ ´¥°; V4 = TL3 Å 4-μ¡Ñ¥³ ¸¨¸É¥³Ò, μν = (0, μ).
� ¸¸³μÉ·¥´¨¥ ¢¥¤¥É¸Ö ¢ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥, ¸Ê³³¨·μ¢ ´¨¥ ¶μ l μ¸ÊÐ¥¸É¢²Ö¥É¸Ö
¶μ ³ ÉÍÊ¡ ·μ¢¸±¨³ Î ¸ÉμÉ ³ k4(l) = 2πT (l + 1/2) ¸ Δk4 = T . CÊ³³Ê ¨ É·¥Ì³¥·´μ¥
¨´É¥£·¨·μ¢ ´¨¥ ¶μ ¨³¶Ê²Ó¸ ³, ¢ Î ¸É´μ¸É¨ ¶·¨¸ÊÉ¸É¢ÊÕÐ¥¥ ¢ (1), ¡Ê¤¥³ μ¡μ§´ Î ÉÓ ± ±∑∫

. —²¥´ 4-Ë¥·³¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ±¢ ·±μ¢ Lint ¨³¥¥É ¢¨¤

(ψ†L
f LfψL

f ) =
∫

dpfdqf

(2π)8
ψ†L

fαf if
(pf )Lβf jf

αf if
(pf , qf ; μ)ψLβf jf

f (qf )

( ´ ²μ£¨Î´μ ¤²Ö ¶· ¢ÒÌ ¶μ²¥° ¸ § ³¥´μ° L → R). Ÿ¤·  ÔËË¥±É¨¢´μ£μ ² £· ´¦¨ ´  L
¨ R ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ´Ê²¥¢Ò¥ ³μ¤Ò ±¢ ·±μ¢. �·¨ ±μ´¥Î´μ° É¥³¶¥· ÉÊ·¥ ¥¸É¥¸É¢¥´´μ
¨¸¶μ²Ó§μ¢ ÉÓ ¢ ± Î¥¸É¢¥ ´ ¸ÒÐ ÕÐ¥° ±μ´Ë¨£Ê· Í¨¨ ¸Ê¶¥·¶μ§¨Í¨Õ ( ´É¨-)± ²μ·μ´μ¢ Å
¶¥·¨μ¤¨Î¥¸±¨Ì ·¥Ï¥´¨° Ê· ¢´¥´¨° Ÿ´£ ÄŒ¨²²¸  [7]. ‚ ¸²ÊÎ ¥ ´Ê²¥¢ÒÌ É¥³¶¥· ÉÊ· ¨
Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ¶·¨¡²¨¦¥´¨¥ ´Ê²¥¢ÒÌ ³μ¤ [8],   É ±¦¥ ¶·¨¡²¨¦¥´¨¥ ¸·¥¤-
´¥£μ ¶μ²Ö [9] ¶·¨¢μ¤ÖÉ ± ¢¶μ²´¥ ¶·¨¥³²¥³Ò³ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³ ·¥§Ê²ÓÉ É ³. ‚²¨Ö-
´¨¥ ¸·¥¤Ò ¸¢μ¤¨É¸Ö ± £¥´¥· Í¨¨ ³ ¸¸Ò ¤²Ö Ì·μ³μÔ²¥±É·¨Î¥¸±μ° ±μ³¶μ´¥´ÉÒ £²Õμ´´μ£μ

¶μ²Ö
m2

el

2
A2

4 (¸³. [10]), ¨ ¶μÔÉμ³Ê ´ ¸ÒÐ ÕÐ Ö ±μ´Ë¨£Ê· Í¨Ö ¤μ²¦´  ¨³¥ÉÓ ¢Ò· ¦¥´-

´Ò° Ì·μ³μ³ £´¨É´Ò° Ì · ±É¥· 1. �¥¤ ¢´¨¥ ·¥Ï¥ÉμÎ´Ò¥ ¨§³¥·¥´¨Ö [12] ±μ··¥²ÖÍ¨μ´´ÒÌ
ËÊ´±Í¨° μÌ² ¦¤¥´´ÒÌ Éμ¶μ²μ£¨Î¥¸±¨Ì ±μ´Ë¨£Ê· Í¨° ¶μ¤É¢¥·¤¨²¨ Ì·μ³μ³ £´¨É´Ò° Ì -
· ±É¥· ¶μ²¥° §  ±·¨É¨Î¥¸±μ° É¥³¶¥· ÉÊ·μ°. Š ¸μ¦ ²¥´¨Õ, ¶·μ¸É¥°Ï Ö ´Ê²¥¢ Ö ³μ¤ 
±¢ ·±  ¸ ± ²μ·μ´´Ò³ ¶μ²¥³ ´¥ ¢Ò· ¦ ¥É¸Ö ¢ ¸¶¥Í¨ ²Ó´ÒÌ ËÊ´±Í¨ÖÌ ¤ ¦¥ ¶·¨ ´Ê²¥¢μ³
Ì¨³¨Î¥¸±μ³ ¶μÉ¥´Í¨ ²¥ ¨ ¶μÔÉμ³Ê ´¥Ê¤μ¡´  ¤²Ö ¶· ±É¨Î¥¸±μ£μ ¨¸¶μ²Ó§μ¢ ´¨Ö. ŒÒ ¢
ÔÉμ° · ¡μÉ¥ ¶μ¸ÉÊ¶¨³ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚³¥¸Éμ ÉμÎ´μ° ´Ê²¥¢μ° ³μ¤Ò ψ[A(T, μ); T, μ]
¡Ê¤¥³ ¶μ²Ó§μ¢ ÉÓ¸Ö Ê¶·μÐ¥´´Ò³ ¢Ò· ¦¥´¨¥³ ψ[A(0, μ); 0, μ], ¶μ¤· §Ê³¥¢ Ö, ÎÉμ, ¢ ¶·¨´-

Í¨¶¥, ¶μ¶· ¢±¨ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¶μ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. ‚ ·¥§Ê²ÓÉ É¥ Ö¤·  L
βf jf

αf if

μ¶·¥¤¥²ÖÕÉ¸Ö Î¥·¥§ ´Ê²¥¢Ò¥ ³μ¤Ò (·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ±  ¸ Ì¨³¶μÉ¥´Í¨ ²μ³ μ)
¶μ¸·¥¤¸É¢μ³ ËÊ´±Í¨° hi, i = 1, . . . , 4,

h4(k4, k; μ) =
π

4k
{(k − μ − ik4)[(2k4 + iμ)f−

1 + i(k − μ − ik4)f−
2 ]+

+ (k + μ + ik4)[(2k4 + iμ)f+
1 − i(k + μ + ik4)f+

2 ]},

hi(k4, k; μ) =
π ki

4k2

{
(2k − μ)(k − μ − ik4)f−

1 + (2k + μ)(k + μ + ik4)f+
1 +

+
[
2(k − μ)(k − μ − ik4) −

1
k
(μ + ik4)[k2

4 + (k − μ)2]
]

f−
2 +

+
[
2(k + μ)(k + μ + ik4) +

1
k
(μ + ik4)[k2

4 + (k + μ)2]
]

f+
2

}
,

1�  μ¸´μ¢¥ ¨´¸É ´Éμ´´μ° ³μ¤¥²¨ ¶·¥¤² £ ²¸Ö É ±¦¥  ²ÓÉ¥·´ É¨¢´Ò° ¸Í¥´ ·¨° ¢μ¸¸É ´μ¢²¥´¨Ö ±¨· ²Ó´μ°
¨´¢ ·¨ ´É´μ¸É¨, ¸¢Ö§ ´´Ò° ¸ μ¡· §μ¢ ´¨¥³ ¨´¸É ´Éμ´- ´É¨¨´¸É ´Éμ´´ÒÌ ³μ²¥±Ê² [11].
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¸ i = 1, . . . , 3, ¨ k = |k|, ¥¸²¨ · ¸¸³ É·¨¢ ÉÓ ¶·μ¸É· ´¸É¢¥´´Ò¥ ±μ³¶μ´¥´ÉÒ 4-¢¥±Éμ· 
kν ,  

f±
1 =

I1(z±)K0(z±) − I0(z±)K1(z±)
z±

, f±
2 =

I1(z±)K1(z±)
z2
±

, z± =
ρ̄

2

√
k2
4 + (k ± μ)2,

Ii, Ki (i = 0, 1) Å ³μ¤¨Ë¨Í¨·μ¢ ´´Ò¥ ËÊ´±Í¨¨ 	¥¸¸¥²Ö. ‚¢¥¤¥³ ¶μ¶ÊÉ´μ ¸± ²Ö·´ÊÕ

ËÊ´±Í¨Õ h(k4, k; μ), ¸¢Ö§ ´´ÊÕ ¸ É·¥Ì³¥·´μ° ±μ³¶μ´¥´Éμ°: hi(k4, k; μ) = h(k4, k; μ)
ki

k
,

i = 1, 2, 3 (¨´μ£¤  ³Ò ´¥ ¡Ê¤¥³ ¢Ò¶¨¸Ò¢ ÉÓ  ·£Ê³¥´ÉÒ ËÊ´±Í¨° hi, ¢ É¥Ì ¸²ÊÎ ÖÌ, ±μ£¤ 
ÔÉμ ´¥ ¡Ê¤¥É ¢Ò§Ò¢ ÉÓ ´¥¤μ· §Ê³¥´¨°). ’μ£¤ 

Lβj
αi(p, q; μ) = Sik(p; μ)εklUα

l U †σ
β εσnS+

nj(q;−μ),

S(p; μ) = (p + iμ)−h+(p; μ), S+(p;−μ) =
∗
h−(p;−μ)(p + iμ)+, ¶·¨Î¥³ ¤²Ö ¸μ¶·Ö¦¥´´μ°

ËÊ´±Í¨¨ ¨³¥¥³
∗
hμ (p;−μ) = hμ(p; μ),   ε Å  ´É¨¸¨³³¥É·¨Î´ Ö ³ É·¨Í  ε12 = −ε21 = 1.

‡¤¥¸Ó p± ¨  ´ ²μ£¨Î´Ò¥ μ¡μ§´ Î¥´¨Ö ¶·¨³¥´ÖÕÉ¸Ö ¤²Ö 4-¢¥±Éμ·μ¢, ´ ÉÖ´ÊÉÒÌ ´  ³ É·¨ÍÒ
τ±
ν , £¤¥ τ±

ν = (±iτ , 1),   τ Å 3-¢¥±Éμ· ³ É·¨Í � Ê²¨, p± = pντ±
ν , U Å ³ É·¨Í 

¢· Ð¥´¨° ¢ Í¢¥Éμ¢μ³ ¶·μ¸É· ´¸É¢¥. „²Ö ¶· ¢ÒÌ ±μ³¶μ´¥´É ¸¶· ¢¥¤²¨¢Ò  ´ ²μ£¨Î´Ò¥
¸μμÉ´μÏ¥´¨Ö

(ψ†R
f RfψR

f ) =
∫

dpfdqf

(2π)8
ψ†R

fαf if
(pf )Rβf jf

αf if
(pf , qf ; μ)ψRβf jf

f (qf )

¸ Ö¤·μ³

Rβj
αi (p, q; μ) = T ik(p; μ)εklUα

l U †σ
β εσnT +

nj(q;−μ),

£¤¥ T (p; μ) = (p + iμ)+h−(p; μ), T +(p;−μ) =
∗
h+(p;−μ)(p + iμ)−. ‡ ³¥É¨³, ÎÉμ ¶·¨

 ²£¥¡· ¨Î¥¸±¨Ì ¶·¥μ¡· §μ¢ ´¨ÖÌ Ê¤μ¡´μ ¶μ²Ó§μ¢ ÉÓ¸Ö ¶¥·¥¸É ´μ¢μÎ´μ¸ÉÓÕ ³ É·¨Í (p +
iμ)± ¨ h∓(p; μ) (¢¥±Éμ·-ËÊ´±Í¨Ö h(p) ´ ÉÖ´ÊÉ  Éμ²Ó±μ ´  ¢¥±Éμ· p). ‚ ·¥§Ê²ÓÉ É¥ ²¥£±μ
¶μ± § ÉÓ, ÎÉμ ¸¶· ¢¥¤²¨¢Ò Éμ¦¤¥¸É¢ 

T (p; μ) = S+(p;−μ), T +(p;−μ) = S(p; μ).

‚ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ μ¶Ê¸± ÉÓ § ¢¨¸¨³μ¸ÉÓ ³ É·¨Í S, T, S+, T + μÉ μ, ¶μ¸±μ²Ó±Ê ¢ ³ -
É·¨ÍÒ S+, T Ì¨³¶μÉ¥´Í¨ ² ¢¸¥£¤  ¢Ìμ¤¨É Éμ²Ó±μ ¸μ §´ ±μ³ ¶²Õ¸,   ¢ S, T + Å Éμ²Ó±μ
¸μ §´ ±μ³ ³¨´Ê¸.

�μ¸²¥ Ê¸·¥¤´¥´¨Ö ¶μ Í¢¥Éμ¢Ò³ μ·¨¥´É Í¨Ö³ ¸É ·Ï¨° ¶μ N−1
c · §²μ¦¥´¨Õ ¢±² ¤

4-Ë¥·³¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸¢μ¤¨É¸Ö ± ¤¥É¥·³¨´ ´É´μ³Ê ¶μ Éμ± ³ ¢¨¤Ê

〈(
ψ†L

1 L1ψ
L
1

) (
ψ†L

2 L2ψ
L
2

)〉
U

=

=
(
ψ†L

1 (p1)S(p1)S+(q1)ψL
1 (q1)

) (
ψ†L

2 (p2)S(p2)S+(q2)ψL
2 (q2)

)
−

−
(
ψ†L

1 (p1)S(p1)S+(q2)ψL
1 (q2)

) (
ψ†L

2 (p2)S(p2)S+(q1)ψL
1 (q1)

)
,
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( ´ ²μ£¨Î´μ ¤²Ö ¶· ¢μ±¨· ²Ó´μ° ±μ³¶μ´¥´ÉÒ). ‚ ¨Éμ£¥ Î²¥´ ¢§ ¨³μ¤¥°¸É¢¨Ö ³μ¦´μ
¶¥·¥¶¨¸ ÉÓ ± ±

Lint =
iλ

4

(
ψ†L

f (p1)S(p1)S+(q1)(τ+
a )ff ′ψL

f ′(q1)
) (

ψ†L
g (p2)S(p2)S+(q2)(τ+

a )gg′ψL
g′ (q2)

)
−

− iλ

4

(
ψ†L

f (p1)T (p1)T +(q1)(τ+
a )ff ′ψL

f ′(q1)
) (

ψ†L
g (p2)T (p2)T +(q2)(τ+

a )gg′ψL
g′(q2)

)
. (2)

‘ ¶μ³μÐÓÕ ¢¸¶μ³μ£ É¥²Ó´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¡μ§μ´´Ò³ ¶μ²Ö³ La ¨ Ra 4-Ë¥·³¨μ´´μ¥
¢§ ¨³μ¤¥°¸É¢¨¥ ¶·¥μ¡· §Ê¥É¸Ö ± ¨´É¥£· ²Ê £ Ê¸¸μ¢¸±μ£μ ¢¨¤  ( ´ ²μ£¨Î´μ ¤²Ö ¶· ¢μ±¨-
· ²Ó´ÒÌ ¶μ²¥° ¨ ¸± ²Ö·´μ£μ ¶μ²Ö Ra)

λ

4
(
ψ†LSS+τ+

a ψL
) (

ψ†LSS+τ+
a ψL

)
→ −λ

(
ψ†LSS+τ+

a ψL
)
La − λL2

a,

Ê¤μ¡´μ³Ê ¤²Ö ¶μ²ÊÎ¥´¨Ö ÔËË¥±É¨¢´μ£μ ² £· ´¦¨ ´  ¶μ  ¤·μ´´Ò³ ¸É¥¶¥´Ö³ ¸¢μ¡μ¤Ò:

L̂ = (1 + σ + η)UV, R̂ = (1 + σ − η)V U+,

U = eiπaτa

, V = eiσaτa

.

‚Ò¶¨Ï¥³ ¤²Ö ¶μ²´μÉÒ ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ¶²μÉ´μ¸ÉÓ ² £· ´¦¨ ´ , μ¶¨¸Ò¢ ÕÐÊÕ ¢§ ¨³μ-
¤¥°¸É¢¨¥ ±¢ ·±μ¢ ¨  ¤·μ´μ¢

L
′

int = −iλψ†(p)
[
S(p)S+(q) ei(p−q)x (1 + σ(x) + η(x)) U(x)V (x)P+−

− T (p)T +(q) ei(p−q)x (1 + σ(x) − η(x)) V (x)U+(x)P−
]
ψ(q), (3)

¨§ ±μÉμ·μ° ¸ ¶μ³μÐÓÕ ¢ÒÎ¨¸²¥´¨Ö ¤¢ÊÌ Ìμ·μÏμ ¨§¢¥¸É´ÒÌ ¤¨ £· ³³ ¸ ¤¢Ê³Ö ¢´¥Ï´¨³¨
 ¤·μ´´Ò³¨ ±μ´Í ³¨ ¨§¢²¥± ÕÉ¸Ö  ¤·μ´´Ò¥ ±μ··¥²ÖÉμ·Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ÔËË¥±É¨¢-
´μ³Ê ² £· ´¦¨ ´Ê [8]:

Rπa(p) = 4Nc

∑∫ dk

(2π)4
M2(k)

(k + iμ)2 + M2(k)
−

− 4Nc

∑∫ (dk1dk2)
(2π)4

[(k1 + iμ)(k2 + iμ) + M1M2]M(k1, k2)M(k2, k1)[
(k1 + iμ)2 + M2

1

] [
(k2 + iμ)2 + M2

2

] ,

Rσ(p) = nρ̄4 − 4Nc

∑∫ (dk1dk2)
(2π)4

[(k1 + iμ)(k2 + iμ) − M1M2]M(k1, k2)M(k2, k1)[
(k1 + iμ)2 + M2

1

] [
(k2 + iμ)2 + M2

2

] ,

Rη(p) = nρ̄4 + 4Nc

∑∫ (dk1dk2)
(2π)4

[(k1 + iμ)(k2 + iμ) + M1M2]M(k1, k2)M(k2, k1)[
(k1 + iμ)2 + M2

1

] [
(k2 + iμ)2 + M2

2

] ,

Rσa(p) = 4Nc

∑∫ dk

(2π)4
M2(k)

(k + iμ)2 + M2(k)
+

+ 4Nc

∑∫ (dk1dk2)
(2π)4

[(k1 + iμ)(k2 + iμ) − M1M2]M(k1, k2)M(k2, k1)[
(k1 + iμ)2 + M2

1

] [
(k2 + iμ)2 + M2

2

] ,

(4)

Ô²¥³¥´É ¨´É¥£·¨·μ¢ ´¨Ö ¶μ ¨³¶Ê²Ó¸ ³ ¢±²ÕÎ ¥É ¤¥²ÓÉ -ËÊ´±Í¨Õ (dk1dk2) =
= dk1dk2δ(k1 − k2 − p) ¸ ¢´¥Ï´¨³ ¨³¶Ê²Ó¸μ³ p. ‚¥·Ï¨´  M(k1, k2) = λS(k1)S+(k2) =
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λv(k1, k2) ¨³¥¥É ¸²¥¤ÊÕÐÊÕ ¸É·Ê±ÉÊ·Ê:

v(k1, k2) = A + iB
k1τ

|k1|
+ iC

k2τ

|k2|
+ iD

k1 × k2τ

|k1||k2|
(5)

¸ ËÊ´±Í¨Ö³¨

A = [k1h + (k1 + iμ)h4] [k2g + (k2 + iμ)g4] +

+ [(k1 + iμ)h − k1h4] [(k2 + iμ)g − k2g4]
(k1k2)
|k1||k2|

,

B = [(k1 + iμ)h − k1h4][k2g + (k2 + iμ)g4],

C = −[k1h + (k1 + iμ)h4][(k2 + iμ)g − k2g4],

D = [(k1 + iμ)h − k1h4][(k2 + iμ)g − k2g4];

§¤¥¸Ó h = h(k1; μ), h4 = h4(k1; μ), g = h(k2; μ), g4 = h4(k2; μ),   ¢ ¸μ±· Ð¥´´ÒÌ
μ¡μ§´ Î¥´¨ÖÌ ¶μ¤· §Ê³¥¢ ¥É¸Ö M1 = M(k1, k1), M2 = M(k2, k2). �·μ¨§¢¥¤¥´¨¥ ³ É·¨Í
v(k1, k2)v(k2, k1) ´ ÉÖ´ÊÉμ ´  ¥¤¨´¨Î´ÊÕ ³ É·¨ÍÊ, É ± ± ±

v(k2, k1) = A − iB
k1τ

|k1|
− iC

k2τ

|k2|
− iD

k1 × k2τ

|k1||k2|
,

¨ μ¡μ§´ Î¥´¨¥ M(k1, k2)M(k2, k1) ¶μ¤· §Ê³¥¢ ¥É ¢Ò¤¥²¥´¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¸± ²Ö· .
�£μ¢μ·¨³, ÎÉμ ¶·¥¤¸É ¢²¥´´Ò¥ ¢Ò· ¦¥´¨Ö (4) Ö¢²ÖÕÉ¸Ö ¶·¨¡²¨¦¥´´Ò³¨. ‘ ÊÎ¥Éμ³ ¢¸¥Ì
¤¥É ²¥° ¸²¥¤Ê¥É ¶·¨´ÖÉÓ ¢μ ¢´¨³ ´¨¥, ÎÉμ ³ É·¨ÍÒ S(k1)S+(k2),   É ±¦¥ T (k1)T +(k2)
· §¤¥²¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¶·μ¶ £ Éμ· ³¨ ±¢ ·±μ¢ (¶·μ´μ¸¨ÉÓ ¢¥·Ï¨´Ò ³μ¦´μ Éμ²Ó±μ
¶·¨ · ¢¥´¸É¢¥ ¨³¶Ê²Ó¸μ¢ k1 = k2), ±μÉμ·Ò¥ ¶·¨¢μ¤ÖÉ ¢ ¨Éμ£¥ ± ¤μ¶μ²´¨É¥²Ó´Ò³ ¢±² ¤ ³
¢¨¤ 

Tr(A + iNΣ)
{

1
γ5

}
(k̂1 + iμ̂ + iM1)(A − iNΣ)

{
1
γ5

}
(k̂2 + iμ̂ + iM2),

£¤¥ N = B
k1

|k1|
+ C

k2

|k2|
+ D

k1 × k2

|k1||k2|
. —¨¸²¥´´Ò°  ´ ²¨§ ¶μ± §Ò¢ ¥É, μ¤´ ±μ, ÎÉμ ¤μ¶μ²-

´¨É¥²Ó´Ò³¨ ¸² £ ¥³Ò³¨, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ Ï¶Ê· ³ μÉ ³ É·¨Í É¨¶ 

¸¶¨´  Σi =
i

2
εijkγjγk, ³μ¦´μ ¶·¥´¥¡·¥ÎÓ.

� ¸¸³μÉ·¨³ É¥¶¥·Ó Ô¢μ²ÕÍ¨Õ ³ ¸¸Ò ±¢ ·±  ¨ ±¢ ·±μ¢μ£μ ±μ´¤¥´¸ É  ± ± ËÊ´±Í¨Õ T
¨ μ. �¥·¥¢ ²Ó´Ò° ¶ · ³¥É·, ± ± ¨§¢¥¸É´μ, μ¶·¥¤¥²Ö¥É¸Ö ¨§ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö

4Nc

∑∫ dk

(2π)4
M2(k)

(k + iμ)2 + M2(k)
= n. (6)

�·¨ ´Ê²¥¢μ° É¥³¶¥· ÉÊ·¥, ´ Î¨´ Ö ¸ ´¥±μÉμ·μ£μ §´ Î¥´¨Ö Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  (μc �
350 ŒÔ‚) ¢ §´ ³¥´ É¥²¥ ¢Ò· ¦¥´¨Ö (6) ¶μÖ¢²Ö¥É¸Ö μ¸μ¡¥´´μ¸ÉÓ Å ±μ·¥´Ó Ê· ¢´¥´¨Ö

k2 − μ2 + M(|k|) = 0,
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�¨¸. 1. Œ ¸¸Ò σ- (¢¥·Ì´¨¥ ¸¶²μÏ´Ò¥
²¨´¨¨) ¨ π-³¥§μ´μ¢ (´¨¦´¨¥ ¸¶²μÏ´Ò¥

²¨´¨¨) ± ± ËÊ´±Í¨¨ É¥³¶¥· ÉÊ·Ò ¤²Ö
Î¥ÉÒ·¥Ì §´ Î¥´¨° Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨-

 ²  μ = 100, 160, 240, 260 ŒÔ‚, ¢¥·Ì´ÖÖ

±·¨¢ Ö μÉ¢¥Î ¥É μ = 100 ŒÔ‚. „¨´ -
³¨Î¥¸± Ö ³ ¸¸  ±¢ ·±  Å ¤¢¥ ÏÉ·¨Ìμ-

¢Ò¥ ²¨´¨¨, μÉ¢¥Î ÕÐ¨¥ ¤¢Ê³ ±· °´¨³

§´ Î¥´¨Ö³ Ì¨³¶μÉ¥´Í¨ ²  (¢¥·Ì´ÖÖ ¸μ-
μÉ¢¥É¸É¢Ê¥É ¡μ²ÓÏ¥³Ê §´ Î¥´¨Õ)

¨ ±¢ ·±¨ ´ Î¨´ ÕÉ § ¶μ²´ÖÉÓ ¸Ë¥·Ê ”¥·³¨. …¸²¨ ³Ò ´¥ ¶·¥É¥´¤Ê¥³ ´  ¢ÒÎ¨¸²¥´¨¥ ³´¨-
³μ° Î ¸É¨  ¤·μ´´ÒÌ ±μ··¥²ÖÉμ·μ¢ (4), Éμ ¤²Ö ´ Ìμ¦¤¥´¨Ö ¤¥°¸É¢¨É¥²Ó´μ£μ ¢±² ¤  ¢¶μ²´¥
³μ¦´μ μ£· ´¨Î¨ÉÓ¸Ö ¨´É¥£· ²μ³ ¢ ¸³Ò¸²¥ £² ¢´μ£μ §´ Î¥´¨Ö. �μ²´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¶·¥¤-
¶μ² £ ¥É ´ Ìμ¦¤¥´¨¥ ¶μ²Õ¸μ¢, · §·¥§μ¢ ¢μ ¢¸¥° ±μ³¶²¥±¸´μ° p4-¶²μ¸±μ¸É¨, μ¤´ ±μ ¢
¸²ÊÎ ¥ ¢¥·Ï¨´, £¥´¥·¨·Ê¥³ÒÌ ¨´¸É ´Éμ´ ³¨, ± ¸μ¦ ²¥´¨Õ, ´  ¸¥£μ¤´Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨°
 ´ ²¨§ ± ¦¥É¸Ö ¶· ±É¨Î¥¸±¨ ´¥¢Ò¢μ²´¨³Ò³ ¨§-§  ¸²μ¦´μ£μ ¶μ¢¥¤¥´¨Ö ´Ê²¥¢ÒÌ ³μ¤ ¢μ
¢¸¥° ±μ³¶²¥±¸´μ° ¶²μ¸±μ¸É¨ (¸³, ´ ¶·¨³¥·, [13], £¤¥ ¶μ²ÊÎ¥´Ò ´¥¶· ¢¤μ¶μ¤μ¡´μ ´¨§±¨¥
¶μ·μ£¨ ¢μ¸¸É ´μ¢²¥´¨Ö ±¨· ²Ó´μ° ¨´¢ ·¨ ´É´μ¸É¨ ¤²Ö ¶·¨³¥´Ö¢Ï¥°¸Ö ¢ ÔÉ¨Ì · ¡μÉ Ì
 ¶¶·μ±¸¨³ Í¨¨ ´Ê²¥¢ÒÌ ³μ¤).

Œ ¸¸Ò σ- ¨ π-³¥§μ´μ¢ μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ · §²μ¦¥´¨Ö  ¤·μ´´ÒÌ ±μ··¥²ÖÉμ·μ¢ (4) ¢
μ¡² ¸É¨ ³ ²ÒÌ ¨³¶Ê²Ó¸μ¢ Rπ(p) = βπp2 + . . . , Rσ(p) = ασ + βσp2 + . . . , ¨ É. ¤.
M2

σ = ασ/βσ, ¶·¨Î¥³ ³ ¸¸  π-³¥§μ´  ¤ ¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ ƒ¥²²-Œ ´´ Ä�±¸ Ä�¥´´¥· .
‚ ´ Ï¥° · ¡μÉ¥ ±μÔËË¨Í¨¥´ÉÒ α, β ´ Ìμ¤ÖÉ¸Ö Î¨¸²¥´´μ ¨ ÉμÎ´μ¸ÉÓ ¢ μ¶·¥¤¥²¥´¨¨ Ì -
· ±É¥·¨¸É¨± ³¥§μ´μ¢ ´¥¢Ò¸μ± , ¶μ·Ö¤±  ¤¥¸ÖÉ¨ ¶·μÍ¥´Éμ¢ (¨§¢²¥± ¥É¸Ö ¨§ § ¢¨¸¨³μ¸É¨
·¥§Ê²ÓÉ É  μÉ Ï £  Î¨¸²¥´´μ£μ ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö). „²Ö ± Î¥¸É¢¥´´μ° μÍ¥´±¨ ÔÉμ£μ
¢¶μ²´¥ ¤μ¸É ÉμÎ´μ. ’¨¶¨Î´μ¥ ¶μ¢¥¤¥´¨¥ Mσ ¨ Mπ ± ± ËÊ´±Í¨° É¥³¶¥· ÉÊ·Ò ¶μ± § ´μ
´  ·¨¸. 1 ¤²Ö ´¥¸±μ²Ó±¨Ì §´ Î¥´¨° μ = 100, 160, 240, 260 ŒÔ‚ (¶μ²Ö·¨§ Í¨Ö ¤²Ö ¶·μ-
¸ÉμÉÒ ¢Ò¡· ´  É·¨¢¨ ²Ó´μ° |p| = 0), ¢¥·Ì´ÖÖ ±·¨¢ Ö μÉ¢¥Î ¥É μ = 100 ŒÔ‚. “¡Ò¢ ´¨¥
³ ¸¸Ò σ-³¥§μ´  ¶·μ¨¸Ìμ¤¨É ± ± §  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö α, É ± ¨ §  ¸Î¥É Ê¢¥²¨Î¥´¨Ö β.
�É²¨Î¨É¥²Ó´μ° Î¥·Éμ°, ¤¥³μ´¸É·¨·ÊÕÐ¥°, ÎÉμ ³Ò ¶·μ¢μ¤¨³ ¶·¨¡²¨¦¥´´μ¥ ¢ÒÎ¨¸²¥-
´¨¥, Ö¢²Ö¥É¸Ö μÉ¸ÊÉ¸É¢¨¥ Ì · ±É¥·´μ° ¸É·Ê±ÉÊ·Ò, ´ ¡²Õ¤ ÕÐ¥°¸Ö ¶·¨ ¢μ¸¸É ´μ¢²¥´¨¨
±¨· ²Ó´μ° ¸¨³³¥É·¨¨ ¶·¨ ¶¥·¥¸¥Î¥´¨¨ μ¶¨¸Ò¢ ÕÐ¨Ì ³ ¸¸Ò σ- ¨ π-³¥§μ´μ¢ ±·¨¢ÒÌ (¢
¢¨¤¥ ¸¢μ¥μ¡· §´μ£μ ±²Õ¢¨± ) [14]. �  ÔÉμ³ ¦¥ ·¨¸Ê´±¥ ¶·¨¢μ¤ÖÉ¸Ö ¤¢¥ ±·¨¢Ò¥ ¤²Ö ¤¨-
´ ³¨Î¥¸±μ° ³ ¸¸Ò ±¢ ·±  M(k4(0); μ) ¤²Ö μ = 100 ŒÔ‚ (´¨¦´ÖÖ ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö) ¨
μ = 260 ŒÔ‚ (¢¥·Ì´ÖÖ ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö), ±μÉμ·Ò¥ Ê³¥´ÓÏ ÕÉ¸Ö ¸ ·μ¸Éμ³ É¥³¶¥· ÉÊ·Ò.
ˆ´É¥·¥¸´μ μÉ³¥É¨ÉÓ, ÎÉμ ¸ ·μ¸Éμ³ μ ¨ T ³ ¸¸  σ-³¥§μ´  ¶μ¶ ¤ ¥É ¢ μ¡² ¸ÉÓ, £¤¥ ¶·¨-
³¥´¨³μ Mσ/M -· §²μ¦¥´¨¥, ¨ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ÔËË¥±É¨¢´μ£μ ² £· ´¦¨ ´ , ¶μ-¢¨¤¨³μ³Ê,
³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ´¥ Éμ²Ó±μ ± ± ± Î¥¸É¢¥´´ÊÕ μÍ¥´±Ê. ˆ§ ·¨¸Ê´±  É ±¦¥ ¢¨¤´μ, ÎÉμ
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�¨¸. 2. Šμ··¥²ÖÍ¨μ´´Ò¥ ËÊ´±Í¨¨ ³¥§μ´μ¢
Rσa(p) (¢¥·Ì´¨¥ ²¨´¨¨) ¨ Rπ(p) (´¨¦´¨¥ ²¨-

´¨¨) ± ± ËÊ´±Í¨¨ ¨³¶Ê²Ó¸  |p| (ŒÔ‚) ¤²Ö

É·¥Ì §´ Î¥´¨° Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  μ =

0, 510, 680 ŒÔ‚

�¨¸. 3. ‹¨´¨¨ Mσ = 2Mπ (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö)
¨ Mσ = Mπ (¸¶²μÏ´ Ö ±·¨¢ Ö)

¸ ·μ¸Éμ³ μ ±·¨¢Ò¥, μ¶¨¸Ò¢ ÕÐ¨¥ ³ ¸¸Ê σ-³¥§μ´ , ¶ ¤ ÕÉ ¢¸¥ ±·ÊÎ¥ ¨ ±·ÊÎ¥, ¶·¨Î¥³ ¢
· °μ´¥ μc � 350 ŒÔ‚, £¤¥ ´ Î¨´ ¥É § ¶μ²´ÖÉÓ¸Ö ¸Ë¥·  ”¥·³¨, σ-³¥§μ´ ¶·μ¸Éμ ¢Ò·μ¦¤ -
¥É¸Ö. �·¨ ÔÉμ³  ¤·μ´´Ò° ±μ··¥²ÖÉμ· Rσ(p) = ασ + βσp2 + . . . ¸É ´μ¢¨É¸Ö ¶· ±É¨Î¥¸±¨
¶μ¸ÉμÖ´´Ò³, βσ → 0. �·¨ ¤ ²Ó´¥°Ï¥³ Ê¢¥²¨Î¥´¨¨ μ ±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö πa-
³¥§μ´  ¢Ò·μ¦¤ ¥É¸Ö, μ¤´ ±μ ®Ë¨§¨Î¥¸±¨³¯ ¸É ´μ¢¨É¸Ö ¥£μ ±¨· ²Ó´Ò° ¶ ·É´¥· σa-³¥§μ´.
�  ·¨¸. 2 ¶μ± § ´Ò ±μ··¥²ÖÍ¨μ´´Ò¥ ËÊ´±Í¨¨ Rσa(p) ¨ Rπ(p) ³¥§μ´μ¢ ± ± ËÊ´±Í¨¨
¨³¶Ê²Ó¸  |p| (ŒÔ‚) ¤²Ö É·¥Ì §´ Î¥´¨° Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  μ = 0, 510, 680 ŒÔ‚.

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò ±·¨¢ Ö Mσ = 2Mπ (ÏÉ·¨Ìμ¢ Ö ±·¨¢ Ö) ¨ ²¨´¨Ö Mσ = Mπ

(¸¶²μÏ´ Ö ±·¨¢ Ö). Š ¸μ¦ ²¥´¨Õ, ´  ¸¥£μ¤´ÖÏ´¨° ¤¥´Ó § É·Ê¤´¨É¥²Ó´μ ¤ ÉÓ ¶·¥¤¸± -
§ ´¨Ö μÉ´μ¸¨É¥²Ó´μ ¨Ì ¶μ²μ¦¥´¨Ö ¢ (μÄT )-¶²μ¸±μ¸É¨. ‚ ³μ¤¥²¨ � ³¡ÊÄˆμ´ -‹ §¨´¨μ,
´ ¶·¨³¥·, ÔÉ¨ ±·¨¢Ò¥ ¨³¥ÕÉ ÉμÎ±Ê ¶¥·¥¸¥Î¥´¨Ö ¸ μ¸ÓÕ μ = 0 ¢ μ¡² ¸É¨ ±·¨É¨Î¥¸±¨Ì É¥³-
¶¥· ÉÊ· ¶μ·Ö¤±  ¸μÉ¥´ ŒÔ‚, ¨ ¨Ì ¤¢¨¦¥´¨¥ ± ± ËÊ´±Í¨° ¶·¥¤²μ¦¥´´μ° ´ ³¨ ¢ ´ Î ²¥
· ¡μÉÒ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¶μ ´ ¸ÒÐ ÕÐ¥° ±μ´Ë¨£Ê· Í¨¨ ¶·¥¤¸É ¢²Ö¥É ¡¥§Ê¸²μ¢´Ò°
¨´É¥·¥¸. ‚ ´ Ï¥³ ¸²ÊÎ ¥ ±·¨¢Ò¥ ¤μ²¦´Ò ¸³¥Ð ÉÓ¸Ö ¢´¨§. …¸²¨ σ-³¥§μ´ ¢ÒÌμ¤¨² ¡Ò
§  ±·¨¢ÊÕ Mσ = 2Mπ, ÔÉμ § ±·Ò¢ ²μ ¡Ò ± ´ ² · ¸¶ ¤  ¶μ ¸¨²Ó´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ ¨
¡² £μ¶·¨ÖÉ¸É¢μ¢ ²μ ¥£μ Ô±¸¶¥·¨³¥´É ²Ó´μ³Ê μ¡´ ·Ê¦¥´¨Õ. ‚ Í¥²μ³ ³μ¦´μ ¸± § ÉÓ, ÎÉμ
¶·μ¢¥¤¥´´μ¥ ´ ³¨ · ¸¸³μÉ·¥´¨¥ ¶μ¢¥¤¥´¨Ö σ- ¨ π-³¥§μ´μ¢ ´  (μÄT )-¶²μ¸±μ¸É¨ ¢¶μ²´¥
μÉ¢¥Î ¥É ¨³¥ÕÐ¨³¸Ö ¤ ´´Ò³, ¶μ²ÊÎ¥´´Ò³ · ´¥¥ ´  μ¸´μ¢¥ ¤·Ê£¨Ì ³μ¤¥²¥° (¸³, ´ ¶·¨-
³¥·, [15]). �É²¨Î¨¥ ¢¨¤´μ ¢ ¶μ¢¥¤¥´¨¨ ³ ¸¸Ò ±¢ ·±  (¸³. ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ÏÉ·¨Ìμ¢Ò¥
²¨´¨¨ ´  ·¨¸. 1). ‘ Í¥²ÓÕ ¶·μÖ¸´¥´¨Ö ÔÉμ£μ ¢μ¶·μ¸  ¶·μ¨§¢μ¤ÖÐ¨° ËÊ´±Í¨μ´ ² ¶·¨ ´Ê-
²¥¢μ° É¥³¶¥· ÉÊ·¥ ¨§ÊÎ ²¸Ö ´ ³¨ ¢ ¶·¨¡²¨¦¥´¨¨ ¸·¥¤´¥£μ ¶μ²Ö ¢ Ëμ·³Ê²¨·μ¢±¥, ¤ ´´μ°
¢ [9]. �·¥¨³ÊÐ¥¸É¢μ³ ÔÉμ£μ ¶μ¤Ìμ¤  Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ±¢ ·±μ¢Ò° ±μ´¤¥´¸ É (¤¨´ ³¨Î¥-
¸± Ö ³ ¸¸  ±¢ ·± ) ´ Ìμ¤¨É¸Ö ¡¥§ μ¡· Ð¥´¨Ö ± ¶¥·¥¢ ²Ó´μ³Ê Ê· ¢´¥´¨Õ. �± § ²μ¸Ó, ÎÉμ
¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶·¨ ¶·¨¡²¨¦¥´¨¨ ¢¥²¨Î¨´Ò Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ± ¤¨´ ³¨Î¥¸±μ°
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³ ¸¸¥ ±¢ ·±  ¶·¨¡²¨¦¥´¨¥ ´Ê²¥¢ÒÌ ³μ¤ ¶·¨¢μ¤¨É ± ´¥Ë¨§¨Î¥¸±μ³Ê ·μ¸ÉÊ ±¢ ·±μ¢μ£μ
±μ´¤¥´¸ É . Š § ²μ¸Ó ¡Ò, ¢¸¥ ÔÉμ ¢Ò¤¢¨£ ¥É ´  ¶¥·¢Ò° ¶² ´ ÊÎ¥É ¢±² ¤  μÉ¡·μÏ¥´´ÒÌ
Î²¥´μ¢ (´ ¶μ³´¨³, ÎÉμ ³Ò ¨¸¶μ²Ó§Ê¥³ ¶·¨¡²¨¦¥´´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ´Ê²¥¢ÒÌ ³μ¤),  
É ±¦¥ ¨¸¸²¥¤μ¢ ´¨¥ ·μ²¨ ´¥´Ê²¥¢ÒÌ ³μ¤, μ¤´ ±μ ´ ³ ¶·¥¤¸É ¢²Ö¥É¸Ö, ÎÉμ ¶·μÖ¸´¥´¨¥ ¢μ-
¶·μ¸μ¢ ¢μ¸¸É ´μ¢²¥´¨Ö ±¨· ²Ó´μ° ¸¨³³¥É·¨¨, ¸±μ·¥¥, ¸¢Ö§ ´´μ ¸ ¨§ÊÎ¥´¨¥³ ³¥Ì ´¨§³ 
§ ¶μ²´¥´¨Ö ¸Ë¥·Ò ”¥·³¨.

‚ ´ Ï¥° ¶·¥¤Ò¤ÊÐ¥° · ¡μÉ¥ ¨¸¸²¥¤μ¢ ²¨¸Ó ¢μ¶·μ¸Ò ¸³¥Ï¨¢ ´¨Ö σ-³¥§μ´  ¨ É ±
´ §Ò¢ ¥³ÒÌ Ëμ´μ´μ¶μ¤μ¡´ÒÌ ¢μ§¡Ê¦¤¥´¨° ¨´¸É ´Éμ´´μ° ¦¨¤±μ¸É¨ [16]. 	Ò²μ ¶·μ¤¥-
³μ´¸É·¨·μ¢ ´μ, ÎÉμ, ´¥¸³μÉ·Ö ´  ± ¦ÊÐÊÕ¸Ö ³ ²μ¸ÉÓ ¢§ ¨³μ¤¥°¸É¢¨Ö (³ ²μ¥ ¨§³¥´¥´¨¥
¤¨´ ³¨Î¥¸±μ° ³ ¸¸Ò ±¢ ·± ), ÔËË¥±ÉÒ ¸³¥Ï¨¢ ´¨Ö ³μ£ÊÉ μ± § ÉÓ¸Ö ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´-
´Ò³¨. ‘¶¥Í¨Ë¨Î¥¸±μ° μ¸μ¡¥´´μ¸ÉÓÕ ¶·¨ · ¸¸³μÉ·¥´¨¨ ÔÉ¨Ì ÔËË¥±Éμ¢ ± ± ËÊ´±Í¨¨ μ ¨
T Ö¢²Ö¥É¸Ö ¨§³¥´¥´¨¥ Ì · ±É¥·  ÉÖ¦¥²μ° ¨ ²¥£±μ° ±μ³¶μ´¥´É. ˆ§´ Î ²Ó´μ ¡μ²¥¥ ÉÖ¦¥-
²Ò³ Ö¢²Ö¥É¸Ö σ-³¥§μ´. �¤´ ±μ ¶·¨ ´ £·¥¢¥ (¨²¨ ¸¦ É¨¨), ± ± ¡Ò²μ ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ,
ÔÉμ ¶μ²¥ ¡Ò¸É·μ É¥·Ö¥É ³ ¸¸Ê, ¨ ¶·¨ ¤μ¸É¨¦¥´¨¨ ´¥±μÉμ·μ£μ ¶μ·μ£μ¢μ£μ §´ Î¥´¨Ö ¡μ-
²¥¥ ÉÖ¦¥²μ° μ± §Ò¢ ¥É¸Ö Ëμ´μ´μ¶μ¤μ¡´ Ö ¸μ¸É ¢²ÖÕÐ Ö. ŒÒ ´¥ ¶·¨¢μ¤¨³ ±μ´±·¥É´ÒÌ
¤ ´´ÒÌ ¶μ ³ ¸¸ ³ ¨ Ï¨·¨´ ³, ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ ¢ ´ Ï¥° · ¡μÉ¥ · ¸¸³μÉ·¥´¨¥
¨¤¥É ¢ · ³± Ì ¤μ¸É ÉμÎ´μ ¶·¨¡²¨¦¥´´μ° ¸Ì¥³Ò É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. 	μ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³
¤²Ö ´ ¸ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢μ¶·μ¸ μ ¶·μ¤μ²¦¥´¨¨ · ¸Î¥Éμ¢ ¢ μ¡² ¸ÉÓ §´ Î¥´¨° Ì¨³¨Î¥¸±¨Ì
¶μÉ¥´Í¨ ²μ¢ ¢ÒÏ¥ ¤¨´ ³¨Î¥¸±μ° ³ ¸¸Ò ±¢ ·±  ¨ ¢ÒÖ¸´¥´¨¥ ¶·¥¤¥²μ¢ ¶·¨³¥´¨³μ¸É¨
¶·¨¡²¨¦¥´¨Ö ´Ê²¥¢ÒÌ ³μ¤.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ •. �. �¥² ¥§Ê §  ±μ··¥¸¶μ´¤¥´Í¨Õ, ¨´¨Í¨¨·μ¢ ¢-
ÏÊÕ ÔÉÊ · ¡μÉÊ. ŒÒ ¡² £μ¤ ·¨³ Œ.Š.‚μ²±μ¢ , ‘. 	. ƒ¥· ¸¨³μ¢ , �. …. „μ·μÌμ¢ 
¨ �. …. � ¤¦ ¡μ¢  §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö. � ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤-
¤¥·¦±¥ £· ´Éμ¢ INTAS-04-84-398 NATO PDD(CP)-NUKR980668, �””ˆ 05-0217695 ¨
Í¥²¥¢μ° ¶·μ£· ³³Ò Œ¨´¨¸É¥·¸É¢  μ¡· §μ¢ ´¨Ö ¨ ´ Ê±¨ �μ¸¸¨°¸±μ° ”¥¤¥· Í¨¨ (£· ´É
���.2.1.1.5409).

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. Shifman M. A., Vainshtein A. I., Zakharov V. I. // Nucl. Phys. B. 1980. V. 163. P. 46.

2. Heller U. hep-lat/0610114;
de Forcrand Ph., Philipsen O. hep-lat/0611027.

3. Brown G. E., Rho Manqque. nucl-th/0509001; nucl-th/0509002.

4. Mart��n R.G., Pel�aez J. R. // Phys. Rev. D. 2006. V. 74. P. 096003.

5. Callan C.G., Dashen R., Gross D. J. // Phys. Rev. D. 1978. V. 17. P. 2717;
Callan C.G., Dashen R., Gross D. J. // Phys. Lett. B. 1977. V. 66. P. 375.

6. Carter C.W., Diakonov D. I. // Phys. Rev. D. 1999. V. 60. P. 016004.

7. Harrington B. J., Shepard H.K. // Phys. Rev. D. 1978. V. 17. P. 2122.
Diakonov D. I., Mirlin A. D. // Phys. Lett. B. 1988. V. 203. P. 299;
Novak M. A., Verbaarschot J. J.M., Zahed I. // Nucl. Phys. B. 1989. V. 325. P. 581.

8. Diakonov D. I., Petrov V. Yu. Hadronic Matter under Extreme Conditions / Ed. by V. Shelest,
G. Zinovjev. Kiev, 1986. P. 192.



‘¢μ°¸É¢  ²¥£Î °Ï¨Ì ³¥§μ´μ¢ ¢ ³μ¤¥²¨ ¨´¸É ´Éμ´´μ£μ ¢ ±ÊÊ³  27

9. Pobylitsa P. V. // Phys. Lett. B. 1989. V. 226. P. 387;
Simonov Yu. A. // Phys. Lett. B. 1997. V. 412. P. 371.

10. Shuryak E. V. // JETP. 1978. V. 74. P. 408;
Gross D. J., Pisarski R. D., Yaffe L.G. // Rev. Mod. Phys. 1981. V. 53. P. 43.

11. Ilgenfritz E.-M., Shuryak E. V. // Phys. Lett. B. 1994. V. 325. P. 263;
Shuryak E., Velkovsky M. // Phys. Rev. D. 1994. V. 50. P. 3323;
Shuryak E., Velkovsky M. // Phys. Rev. D. 1997. V. 56. P. 2766.

12. Di Giacomo A., Meggiolaro E., Panagopoulos H. // Nucl. Phys. B. 1997. V. 483. P. 371;
D�Elia M., Di Giacomo A., Meggiolaro E. // Phys. Rev. D. 2003. V. 67. P. 114504.

13. General I., G�omez Dumm D., Scoccola N. N. // Phys. Lett. B. 2001. V. 506. P. 267;
G�omez Dumm D., Scoccola N. N. // Phys. Rev. D. 2002. V. 65. P. 074021.

14. Héufner J., Klevansky S. P., Rehberg P. // Nucl. Phys. A. 1996. V. 606. P. 260.

15. Hatsuda T., Kunihiro T. // Phys. Rep. 1994. V. 247. P. 221;
Klevansky S. P. // Rev. Mod. Phys. 1992. V. 64. P. 649;
Vogl U., Weise W. // Prog. Part. Nucl. Phys. 1991. V. 27. P. 195;
Blaschke D. et al. // Part. Nucl., Lett. 2006. V. 3, No. 5(134). P. 92.

16. Molodtsov S. V. et al. hep-ph/0611203.

�μ²ÊÎ¥´μ 25 Ö´¢ ·Ö 2007 £.


