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Z = Tr(e−H/T) =
∫ ∏

dAµ(x)
∏
dq(x)dq̄(x) exp(−SEQCD[A, q, q̄]),

SEQCD[A, q, q̄] =
∫ 1/T
0 dτLEQCD
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〈O(A, q, q̄)〉 = 1
Z

∫ ∏
dAµ(x)

∏
dq(x)dq̄(x)O(A, q, q̄) exp(−SEQCD[A, q, q̄]).
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30 1 2 1 34 5 2 6 @ 8 60 4 2G 0 6 9 H 4 < 6 39 ; = 9 0 = 60 20 4 ; < 1 2 19 ;I Tc
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M(t, h = 0) ∼ tβ, M(t = 0, h) ∼ h1/δ

< 8 6 3 1K 3 C 6 4 2 4 ; = @ 4 J ; 6 2 1 3 < G < 3 6 8 2 1 E 1 5 1 2 A M�P > P 67 89 ; 6 ; 2 OI

C(t, h = 0) ∼ t−α, χ(t, h = 0) ∼ t−γ

39 0 0 6 54 2 19 ; 5 6 ; J 2C 4 ; = N > 89 1 ; 2 HG ; 3 2 19 ; 4 2 Tc M�P > P 6 7 89 ; 6 ; 2 O

ξ(t, h = 0) ∼ t−ν, Γ(r, t = 0, h = 0) ∼ r−d−2+η
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α = 2 − dν β = ν(d− 2 + η)

γ = ν(2 − η) δ = (d+ 2 − η)/(d− 2 + η)

•` ZR Q ` b _ S \c _U \ QR d ` Qe ^ U ` _R [ X Q ` b _U \ QR

f T a Zg R \U \ QR S Z _h Z[ U Y Z ^ _`U \U \ QR X e R iU \ QR j \R h _` \ _R U

X ` Z Z ZR Z ` d T a ZR [ \U T kml S Q d n j o prq \R h _ ` \ _R U n Z ] i Z ^U X Q ` h Q Se b Z o

F (t, h) = b−dF (bytt, byhh)

⇒[ i _ S \R d S _ W[ X Q ` U Y Z ` b Q a TR _ b \ i se _R U \U \ Z[

_ ^ ^ ` Q ^ ` \ _U Z a Z ` \h _U \h Z[ QX k nU t Y o W \U Y ` Z[ ^ Z iU U Q U _R a Y

Zu d u b _ dR ZU \ i[ e [ i Z ^U \ f \ S \U T \[ Q fU _ \R Z a f T ∂2/∂h2

χ(t, h) = ∂2

∂h2F (t, h)|h=0

= b2yh−d ∂
2

∂h2F (bytt, h)|h=0 = t−(2yh−d)/yt ∂2

∂h2F (1, h)|h=0
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α = 2 − d/yt β = (d− yh)/yt γ = (2yh − d)/yt
δ = yh/(d− yh) ν = 1/yt η = d+ 2 − 2yh
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F (t, h, L) = b−dF (bytt, byhh, L/b)
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χ(t, h, L) = b2yh−dχ(bytt, byhh, L/b)

± ¡ � yt = 1/ν ¤� ª 2yh − d = γ/ν ¤� ª ¡ � � µ ¼ ­ ¤� ª · ¼ ½

χ(t, h = 0, L) = Lγ/νφχ(L1/νt) φχ(x) = χ(x, h = 0,1)
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ÃË ÈÌ Á ¿ Æ ¾ Å Ä Ã ¾Á Å L−γ/νχ(t, h = 0, L) ¾Ç Ä Í Å ¾ É È ÂÇ Ä ÎÏ Í ÅÌ Ã ¾Á Å Á Ï ÃË È

Ç Ì Ä Î ¾ Å Ð É Ä Â ¾Ä Æ Î È x = L1/νt ¾ Å Ñ È À È Å Ñ È Å Ã Á Ï ÃË È Ç ÒÇ Ã È ¿ Ç ¾Ó ÈÔ

• ÃË Â È È Â È ¿ Ä ÂÕ Ç Ê

Ö ¾ × χ(t, h = 0, L) ¾Ç À È Ä Õ È Ñ ¾ Å Ã ⇒ φχ(x) ¾Ç Ä ÎÇ Á À È Ä Õ È Ñ

Ö ¾ × χ(t, h = 0, L) ¾Ç Ç ¿ Á Á ÃË Ä Ã ÃÙØ Ú ⇒ φχ(x) ¾Ç Ä Å Ä Î Ò Ã ¾Ì

Ö ¾ ¾ ¾ × χ(t, h = 0, L→ ∞) ∼ t−γ Û ÃË ÍÇ φχ(x) → x−γ Ä Ç x→ ±∞



• Ü ÝÞ φmax ß Ýà á ß Þ â xmax ã:ä åà Þ à ä æ ç æ è δxmax é à è Þ ß ä ê Þ ß Ý ã Ý çë

åàì à Ü çí Ü î è Ýï æ Ý χmax(L) â Tc(L) ç æ è δTc(L) êä í χ(t, h = 0, L)

åð ç Üà æ á í Ý Ü ç Þ à ä æ í Ý Ü ç Þ Ý å Þ ß Ý ð ß çí ç ð Þ Ý í à åÞ à ð å ä ê Þ ß Ý ã Ý ç ë å

χmax(L) = Lγ/νφmax L1/ν[Tc(L) − Tc]/Tc = xmaxL1/ν

δTc(L)/Tc = δxmax

ç å îì ã Þ ä Þ à ð ã
í Ý è à ð Þ à ä æ ä ê ï æ à Þ Ý?ñ åàò Ý åð ç Üà æ á Þ ß Ýä í î ó L→ ∞ ô

χmax(L) → Lγ/ν Tc(L) − Tc → L−1/ν δTc(L) → L−1/ν

åàì à Ü çí ï æ à Þ Ýñ åàò Ý åð ç Üà æ á Ü ç é å êä í ä Þ ß Ý í õ:ö ç æ Þ à Þ à Ý å

à ì ã:ä í Þ ç æ Þ ð ç å Ý÷ ð ä í í Ý Ü ç Þ à ä æ Ü Ý æ á Þ ß è à ø Ý í á Ý å Üà æ Ý çí Ü î é à Þ ß ù

ξ(t, L) = Lφξ(L
1/νt)
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 þ ü �û ý� û � ú 
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� �� �� � � û þ ü ý �� � �� � þ � � �� � þ � V = Ld ý� þ �� � � û �û ý�


û � ý� û  � ýû �ü � � ý� þ � � �ü þ ýû � � ýû �ü û � P (T,M,L) = exp[−V F (T,M)]

� � þ � � � þ � � �� þ � � � O � � þ � � � �þ � �� þ � � �� � � � ýþ 
 � � � � � � �

〈O〉 =
∫
dMO(M)P (T,M,L)/

∫
dMP (T,M,L)
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 þ � ý� �ü �û ýû �ü �

ú � � � ý! � � û ü û � � � � � �� ü � ýû �ü � � ý� þ � � �ü þ ýû � � ýû �ü M = M±

ý� þ ý! � � ûü û � �  þ � � � þ 
 þ � þ ü þ � � ýþ � ý ý� þ ý� �ü �û ýû �ü � �û ü ý Tc

ý� þ � � �ü þ ýû � � ýû �ü 
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• #%$ &' ( &)* + &, , - & . . ( /0 * 1 &)* 2 3 )4 5 )6 / 1* 2* 1 & 798 &$ : :* & 2 ;

< ( 5 5 5 2 5 ( 3* 5 : & 2' :$ : + 5 .%) * =* ,* )* 5 : &) ) 4 5 1* 2* 1 & 7 F±, χ± ;

P (T,M,L) ≈ exp[−V F+(T )] exp[−V (M −M+(T )2/2χ+(T )]

+exp[−V F−(T )] exp[−V (M −M−(T )2/2χ−(T )]



>? ?@ A ?B >C DE ? E F C ?HG I T − Tc)/TcG J ?@ AK B A A AC AB L E A DM F E C M E N A

F±(T ) = F0 ∓ f · t+O(t2) M±(T ) = M0± +O(t)

χ±(T ) = χ0± +O(t)

•M >OM PO >? A ?@ A D P DM A Q%? E R E O E ? S > D >C F R D AB T > RO A E C ?@ E D > Q QB FU EWV

X >? E F C

χ(T, L) = V
√
χ0+χ0−

×(M0+ −M0−)2/(exp(V ft)
√
χ0+ + exp(−V ft)√χ0−)2

X >U E X P X E D F R? > E C A N K FB ?@ A D P DM A Q%? E R E O E ? S >? ?@ A Q F E C ?

exp(V ft)
√
χ0+ = exp(−V ft)√χ0−



• YZ [ \] ^_ ` [ Y [ ^_ a [ b c \ YZ cd _ [ Y cfe \ [g c \] hi [_ akj ^l L→ ∞

χmax(L) → Ld(M0+ −M0−)2/4

Tc(L) − Tc → L−dTc log(χ0−/χ0+)/4f δTc(L) → L−dTc/f

d _ [ Y ce \ [g c \] hi [_ a cm n ^_ c_ Y \o a c ^p c Yl [] hi i q a [ b c_ r q ` [p c_ \ [ ^_

j ^l p hi ] ^ [_ ] [ ` c_ ] cs [ YZ YZ c \ c] ^_ ` ^l ` cl c m n ^_ c_ Y \ o

γ/ν = d α/ν = d 1/ν = d ⇒ yt = yh = d

[_ a c_ cl hi \ c] ^_ ` ^l ` cl cm n ^_ c_ Y \ \ h Y [ \j q YZ c r ^t _ ` \ o

yt < d yh < d ⇒ ν/γ < d 1/ν < d

j ^l d l \ Y ^l ` cl Yl h_ \ [ Y [ ^_ \ YZ c n c hu ^j YZ c \t \] c n Y [ r [i [ Y q [ \

\ Z hl n cl h_ ` _ hl l ^s cl YZ h_ j ^l \ c] ^_ ` ^l ` cl ^_ c \
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• ¦ � � � � { | � � � � § w �¨ w w{ z �~ �� � �© w~ z{ ¦ zª st � ~ ¦ w~ � «

ª stx � ~ ¦ w~ � «¬ � ~ w w w{ w~ |­ ∝ logZ(β){ � { x z{ z® ­ � � �

� « z ¯ ¯ w z~ � { � � z �° { � � w V ± § � � � { ® ­ z � V → ∞
Z � z� ² w~ �� w© w{ z �° { � � w V ± z � � �³ ¯ ® w´ ¯ z~ z³ w � w~ � µ β ¶
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1/V � � z ® � { | � { �� w V → ∞® � ³ � �

| w{ w~ z � w� �� w { � { x z{ z ® � �� � � �­ �� �� w � ~ w w w{ w~ |­
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•¸ ¹ ¹ º»¼ ½ ¾¼ ¸ ¿À ¿Á Â Ã ÃfÄ Å ¾À ÆkÇ Ã ½ ¿ »

¸ À V → ∞ ¹¸ È¸ ¼ ¼ É Ã Ê ¾ ½¼ ¸ ¼ ¸ ¿À Á ºÀ Ë¼ ¸ ¿À É ¾» ¼ É Ã Á ¿ ½ È

Z = Za + Zb = e−V fa + e−V fb

Á ½ Ã ÃfÄ ÃÀ Ã ½ ÆÌ Í ÃÀ » ¸ ¼ ¸ Ã» Ë ¿¸ À Ë¸ Í Ã ¾¼ TcÎ fb = fa + α(T − Tc) + ...

Z = 2exp[−V (fa + fb)(T − Tc)/2] cosh[−V α(T − Tc)]

Á ¿ ½ Ë ¿ È Ê ¹ ÃÏ T Ð ¾ ¹ º Ã» Ñ Ë ¿À ¼ ½ ¿ ¹ ¹ Ã ÍÒ Ì β Ó¼ É Ã ½ Ã ¾ ½ ÃÇ Ã ½ ¿ » ¿Á Z

Im(T0) = π · (n− 1/2)/(V α)

Ô¸ ¼ É¸ À ¼ Ã Æ Ã ½ À º ÈÒ Ã ½» ¿Á n ¾À Í Re(T ) ≈ Tc

1/V » Ë ¾ ¹¸ À Æ ÃÏ Ê Ã Ë¼ Ã Í V → ∞ ¹¸ È¸ ¼ Ñ α Í Ã Ê ÃÀ Í » ¿À V Ó

Á ¿ ½ ½ ¾ Ê¸ Í Ë ½ ¿ » » Ä ¿ Ð Ã ½ ÑÀ ¿ Ê É ¾» Ã¼ ½ ¾À » ¸ ¼ ¸ ¿À » Ë ÃÀ ¾ ½¸ ¿ Ó

Õ À ¸ ¼ Ã Ð ¾ ¹ º Ã¸ » ¿Ò ¼ ¾¸ À Ã Í ¸ À ¼ É Ã V → ∞ ¹¸ È¸ ¼
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í î ï9ð ñ ø ï9ð ñ�ù ê ß ß Ü í î ï�ô ñ ø ïô ñ�ú Ü ç å Ù

γ/ν ð ÷ û ô ï�üý ñ ô ÷ þ ï9ð ñ ü ÷ þ ð ï9ð ñ ü ÷ þÿ ï�ô ñ

ü � ν ô ÷ þ � ï�ü ô ñ ð ÷ ô ü ï�ü ô ñ ü ÷ �ý ï þ ñ ü ÷ � þ ï�ü ñ

β/ν � � û ÷ �ý � ï9ð û ñ û ÷ � ü � ï � ñ

α/ν � ð ÷ ü ô ïü � ñ � �
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K A ;: ; < = > ? D ; A G J =L MN Mij = 〈q̄LiqRj〉.

K < B M O I B @ = M FJ @AP G MD OQ B R M F N
M → V †MUS

K A ;: ; < = > ? T F = O @ N

L = tr(∂µM†∂M) +m2
0tr(M

†M) + π2g1/3(tr(M†M))2

+ π2g2/3(tr(M†M)2)S

U F m2
0 < 0 ? F J @A BD D ; = M B F @ L M =L @ V L @ F ? ; < = G M ML @A D ; CED F M FH S
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r�s t u vw x yz x { |E} {~ { µ− T y�� ��

n =2f

T

µ

E
quark gluon plasma

SC
phase

.

.

hadronic phase

n =2+1
P

f

• � x} v� x y u vw x y v� ~ �� �� ��� � �
nf = 2 � y mq = 0 µ = 0 ⇒ �� } �� z � � �

nf = 2 � y mq = 0 T = 0 ⇒ �� } �� z � � �

nf = 2 � y mq = 0 ⇒� } x� } x� x� � y � �� � ��� � µ � � 6= �

nf = 3 � y mq = 0 µ = 0 ⇒ �� } �� z � � �

� { ms� � � {w �� } �� z � � � |� �� |�� � ⇒ �} � y y�� �� �}

nf = 2 + 1 � y� w x� { x mq µ = 0 ⇒ �} � y y�� �� �}
nf = 2 + 1 � y� w x� { x mq T = 0 ⇒ �� } �� z � � �
nf = 2 + 1 � y� w x� { x mq ⇒� } x� x� � y � � | � �� � ��� � µ � � 6= �
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ó û ò ÷ ò ï ü ñ øú � òó ò ï ü ñú îú ó îó µ 6= 0 � " ñó õ # îð ö ò îó µ = 0

⇒ ø # ò ï ð î ý ý ï ø �ð òü $ ó û ò òú õ òü �ð ò ô ï ò îó ò� îó µ = 0û î õ î
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� NQ V X W Y X �� S Z Q S Y Z X S Y� ψ̄M(φ)ψ ⇒ S � ] NQ � Q S� � V S Y Y XY ] N Z Q S ] X W Y

Z(α) =
∫ Dφ exp[−Sbos(α, φ)] detM(φ, α)

α� T SQ S V N ] NQ � N ] � Z S \ Z N � W \ T R X Y Z� V S� � � �M N V X � S R T W ] N Y ] X S R �

X Y � R \ � N µ� � W Q ` SQ � � � S �� ` SQ � R XY � � V \ R ] X T R X N � ` X ]M exp(±µ)

� W Q � W V N T SQ S V N ] NQ � α0 X V T W Q ] S Y � N� S V T R XY Z � S Y � N � W Y N

Z(α) =
∫ Dφ exp[−Sbos(α0, φ)] detM(φ, α0)

{exp[−Sbos(α, φ) + Sbos(α0, φ)] detM(φ, α)/detM(φ, α0)}
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