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s ∼ 200GeV éE
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Jet-quenching y�

�ÏµÜ©f3 QGP ¥/¤¤¢�/coherent flow0§�
��	�Uþ��¶d Landau-Pomeranchuk-Migdal Ì��
�ü ål�Uþ��

−dE
dz
∼ αsNc

√
q̂E

|»ëê q̂ ≡ µ2/τ �N
0�5�§µ ��î�Äþ=£

3 eikonal Cqe§��Ä dipole ��z

〈WA(C)〉 ≈ exp
[
−1

4
q̂L−L2

]
(L− � L)



Au+Au ±
√
s ∼ 200GeV éE§3 t ∼ 0.6fm/c ��/¤

¾9� QGP§§Ý�� T ∼ 300MeV"ù«/��Ô�3
)äL§¥Åìe%§� t ∼ 6fm/c �rfz§"�rf
êkêZ�£∼ 7500¤
é'�f-�f!�f-¥féEL§§J/ψ 0f3 QGP ¥
��)Ç�Ø�"§����õ§ùL²QGP é/¤åP
� qq̄ �(Üåk¶-�^µ� q, q̄ �må L > Ls £¶-

�Ý¤�§(Üåf�Øv±/¤åP�

¢�(J|± QGP �6N�.

Tij = δijp− η(∂iuj + ∂jui −
2
3
δij∂

kuk)− ζδij∂kuk

*ÿw« 0 < η/s ∼ 0.1− 0.2§s ´��Ý
pQCD Ø·Ü£ã QGPµfÍÜXÚ λ = g2

Y MNc � 1§d
²þgd§�� η/s ∼ 1/[λ2 log(λ−1)]� 1§ù��6Ø�
íä�*ÿ� η/s ∼ 0.1 ØÎ



l�: QCD �(J����O QGP XÚ� λ ��

Tc ∼ 170MeV, T ∼ 300MeV, T/Tc ∼ 1.76

αs & 0.3, g2
Y M ∼ 4παs & 3.8, λ = g2

Y MNc & 11.3

�: QCD ��Ã{k�/O� q̂!η/s ù
�Ñ$L§k
'�þ§I�Ù¦���6�{



AdS/CFT éA

5�|ØÚÚånØ�m�«« �éX

Kaluza-Klein nØ (1921, 1926): Mn+4 = M4 ×Kn

gAB =


g00 g01 · · · g03 g04
g10 g11 · · · g13 g14
...

...
. . .

...
...

g40 g41 · · · g43 g44

 =
(
gµν Aµ

Aν φ

)

p�Úå ⊃$�5�|+$�Úå, Ggauge = Isom(Kn)

Úå�5�nØ (Utiyama, 1956; · · · ): Ie| gµν = ηabe
a
µe

b
ν

p�ÚånØ (Sakharov, 1967; Adler, Zee, 1982)

ÚånØ ⊂5�|nØ

�«üöéX± �}ÁÑ�3X(J

o�ÚånØ®²Ø��§O\�êò¦ KK nØ�b	
1�C���: [Gn+4] = [G4] · Ln; Ã{�Ñ(Ã�)¤�f
^p�ÚånØO�Úî~ê�ò�� Borel Ø�Ú�(J



�E5b` (’t Hooft 1993; Susskind 1994)

(p�“bulk”) ÚånØ ⇔ ($�“boundary”) 5�nØ

UV/IR 'X: Bulk ¥Ú\ù	�ä Lmax ⇔ Boundary þÚ
\,�b	�ä Emax (üö�m�¼ê'X�¤�Ä�n
Ø�ØÓk¤ØÓ)

�{ü��/ (Susskind-Witten, 1998)

Emax ∼ Lmax/`
2, ` ∼ `p ½ ` ∼ `s =

√
α′

�E5Ø=´ëY|Ø4�eü�nØ�m�éA§��Ñ
�ä���AnØ�éA§¿ýóü�nØk�Ó�gdÝ

3 (d+ 1)-�>.þ§b	�ä���ål a ∼ 1/Emax§Ã

þjz δ = a/`¶gdÝ�'u�mÜ©�:oê 1/δd

Ndof ∼ (`Emax)d ∼
(
Lmax

`

)d

Bulk Úå� S ∼ log(kNdof ) ∼ Ndof ∼ Ad

4Gd+2
≡ SBH



�Eéó�uØ¢y

ÿÀþüaØÓ�uµ4uÚmu

$Uk�|Ø4�µ

4u → £�¤Úå£d = 10¤
mu → £�¤Yang-Mills nØ£d = 10¤

i\�unØ¥§��þ�ïá4uÚmu�m��d5µ

Open Strings ∼ Closed Strings

�6Ø¥muÚ4uwþ��~Øé¡µ

§�äkØÓ�Ì

kØÓ�$Uk�|Ø4�



ÄuÿÀnd§üÕd4u�¤�XÚ�±gT/�3§�

gT�munØ7L�¹��4u� Sector

ù«Øé¡5$�3Ã�

þ� sector ¥Ò�±w�

X{�ÚåXÚ£Xý�
¥�ÚåÅ¤�±üÕ�
3§�5�|Ïäk�"
�UþÄþÜþ§��Ú
å|�§7,��)Ú

å¿��ÍÜ

O9��6�A§4unØ¥k�mu Sector

O� gs§?\��6«µgs ↗ ⇒ G10 = 8π6g2
sα

′4 ↗
ù�§3$Uk�nØ¥§Úå�p�^´Xd�r§À.
ò���«;.�(�Ñy

?ÛB�À.�ÔN§�k3À
.	�Ü©âU�w�§!ØÀ
.S�@Ü©Øäk�*ÿ¿Â



B�À.�4uwå5���à:�3À.þ�mu§à:

�±3À.þgd£Ä§�R�uÀ.��� �´�½

� → D(irichlet) p-Branes p =�m�ê
¿�¤k$Uk�nØ¥�£À.¤(�§£��©4un

Ø��ÑU���±¶þfÞáÏ~¬/W0Kù
(�

�$Uk�nØ¥�,
(�§XJ§�ä
kv
õ��é¡§Kù
(�3þf?�
eò���o"

ÏEâ��§ÿÃ{l�Úå���äkÀ
.(��)£½�� Black p-branes )¤¥
Ä�u&E§�U�Ä÷vBPS^��@

)"£�4unØ§�ö�(�U���é
¡��o§�Ñ4u¥� D p-branes"3�
Úå¥§§�£ã extremal black holes

D p-branes ´uØ¥éÀ.(���*£ã§§�´4u�
�fa)§�� RR Ö£Ramond-Ramond Ö¤

O9 D branes ��§4uÚmunØ�m�é¡Ò²w




~µIIB unØ¥� D3 branes

$Uk�nØduØ¥�� modes �Ñ"¤¢/�0§´
�éuu�A��þ ms ∼ 1/`s = 1/

√
α′ ó�"3ØÓ«

�§� modes �¤©ØÓ§�A�k�nØ�Ak¤ØÓ

e*ÿö� D3 branes �ål� r§
ÙU&ÿ��mu�ÝØáur§Ï
d m ≥ r/α′ ∼ r/`2s"éù�*ÿ
ö5`§mu� modes ��þòk
�e�"�4u modes ��þØÉ
ù���§Ï�*ÿö�±&ÿ�
l¨?¿C�/�04u"

XJr � `s§mu� modes ��þ m� ms§§��


±�uØU��?\�T*ÿöïá�$Uk�nØ¶k�

|Ød4u"�þ modes �Ñ→ IIB �Úå§� D3
branes 
��`§�ÚåCq¤á�^�´uéÙp�?���þ

S ∼
1

16πG

2
4
Z

R +
X
n≥1

α′n
Z

(R)n+1

3
5 , α′n(R)n+1/α′n−1(R)n ∼ α′R � 1



XJ α′R & 1§@ou����?�þò�Lc¡���§
�ÚånØBØ�&?


éuìC²"����µ§� r →∞ ��uÚåXÚ�A
�ºÝ L �§k

gµν ∼ ηµν + O

�
L

r

�
⇒ R ∼ O

�
L

r3

�

⇒ α′R ∼ `2sL

r3
� L

r
� 1 ⇒ �Úå3�l�ìC²"«´ÐCq

�Ä N ÜU3�å� D3 �§ÙÑy¦���� Lorentz
+ SO(9, 1) »"� SO(3, 1)× SO(6)
(t,x) ∈ R3,1 L« D3 �.N(world volume)�
I§(r, Ω5) ∈ R6 L«î��m�¥4�I

��é¡59 D3 �·�^��Ñ

ds2 = g00(r)(dt2−dx2)+grr(r)(dr2+r2dΩ2
5)

� r é�§��f|Cq g00 ∼ −1− 2φ(r)



φ(r) � D3 �3î��m¥�)�ÚîÚå³§÷vî��
m� Laplace �§�

r−(D⊥−1)∂r

�
rD⊥−1∂r

�
+

1

r2
∇2

Ω5

�
φ = 0

⇒ φ(r) = − 1

D⊥ − 2

�
L

r

�D⊥−2

= − L4

4r4

È©~ê L4 A�'u D3 �o/�þÖ0N 9£ãÚår
Ý�4uÍÜ~ê gs¶±u�;.ºÝ `s é L �Ãþjz�

L

`s

�4

∼ Ngs ∼ λ (’t Hooft ÍÜ~ê)

N ÜÜ� D3 branes ��Úå¢S)

ds2 =
1�

1 +
2λ`4s
r4

� 1
2

(−dt2 + d~x2) +

�
1 +

2λ`4s
r4

� 1
2

(dr2 + r2dΩ2
5)

λ ≡ 2πgsN → �f|Cq'��ýÏ(J L4 = 2λ`4s



� r →∞ �§D3 ��Ýþ'���ìC²"��±�¯
��ÝªC²"

gµν ∼ ηµν + O

�
L4

r4

�
⇒ R ∼ O

�
L4

r6

�

Ïd α′R ∼ `2sL4/r6 ∼ λ`6s/r6 � r v
��´�þ§3ù
�«�S II-B .�ÚåJø
��U
&?�$Uk�C
q

,��¡§���Ä*ÿö�C D3 �(r � `s)��/§¿
r r → 0 ¡�/CÀ.4�0£near horizon limit¤

d�mu���ª��þ m ∼ r/`2s � 1/`s ∼ ms ���u

u�A��þ ms§ù
��ªò��?\*ÿöïá�$

Uk�nØ¥; Ó�§4u�"�þ�ª�ò?\$Uk�
nØ§Ïdk�|ØéAX5gmu sector �£�é¡¤
5�|�5g4u sector �£�¤Úå�ÍÜ�XÚ

äN`§Ïmuà:��3 N �Ü� D3 �þ§�A�
$UnØ´�.N�I (t,x) þ� D = 3 + 1!N = 4 �
Yang-Mills nØ§± U(N) �5�+



� Yang-Mills nØ¥�5�ÍÜ~ê gYM ��þ´mu�

ÍÜ~ê§Ù²�A�Ñ4u�ÍÜ~ê§= g2
YM = 2πgs

3fÍÜ«� gs ∼ 0§Úå�p�^�rÝò��u5�Í

Ü�rÝ

Á'�����ÚåfÚ����5�ÀÚf��Ì§ÙL

§Xe�¤ùã¤«µ

�
AÚå ∝ κ2 ∼ G10 ∝ g2

s , A5� ∝ g2
YM ∼ gs

⇒ lim
gs→0

AÚå
A5�

∼ gs → 0 ⇒ gs ∼ 0 �ÚåòÍ

òÍ4�µÚ? ’t Hooft ~ê λ ≡ g2
YMN = 2πgsN§� N →∞

�Ó�r λ �±3?¿�k��þ [ → X SYM nØ]



�(µÓ��Ôn�/ (�¹ N �U3�?� D3 �� II-B
.4uXÚ)§3ëê�ü�ØÓ�«�¥kü«ØÓ�$
Uk�nØ

«���Ôn�*ÿö�l D3 ��¤�§�A�k�£ã
´ II-B .�ÚånØ§Ù���µ� D3 �)
«��éAX*ÿö�C D3 �¿�
 N →∞!λ = 2πgsN

�±k��òÍ4�§ù��k�£ã� D = 4 ���¥�
N = 4 �é¡ Yang-Mills nØ§± U(N) ��Ù5�+

eé«��S��ÚånØ?1/)Ûòÿ0§rÙ¥�ë
êòÿ�«���¥§¬ÑyÛ�/ºUÄ�������
3«��¥¤á�� Yang-Mills nØ�d�Úå£ã§l
¢y�E�nº

«��S�ëê r ��é�§u�p!$�?�þ�' α′R
ò´���u 1 �þ§�T«�¥^�Úå5£ã4u/D3
�XÚ´���¶3ìC²"�AÛ¥§å�þ¥%��?
���Ò�²"§r →∞ ⇒ α′R→ 0§Ïd*ÿö���
l�þ¥%§�ÚåÒ´�Ð�Cq
�²òÿ?\«���§ëê r òC���u `s§d� α′R
´ÄE,U�±�þÒ¤
¯K



Ò���ìC²"��ó§r → 0 �Ç R ���U¬
C����§X�� α′R & 1§@ou�p�?�ò�LÙ
Ä�£�Úå¤��z§�ÚåBØ´��±&?�Cq

4à�~f´���ÇÛ:£½�5Û:¤Ñy3 r = 0
?§ù�*ÿö��v
�C�þ§¤w�� α′R ÒU
��?¿���

�, D3 �¿Øád4à�/¶D-�£ã�´���À.§
Ù � r = 0 ==´Ýþ��IÛ:§�����5Û:
Ïd D �ÇØCþ3«��¥Ø�u��§�Ø¬uÑ
��ÚåCq¤á�^� α′R < 1 ��/ÇØCþØ�
�0½/ØuÑ0´��\î���¦§§3«��¥¿Ø
gÄ÷v

ÇØCþ

RµνλρR
µνλρ =

(
1 +

L4

r4

)−5 [
960L8

r12
+

80L16

r20

]
, L4 ≡ 2λ`4s

ÇØCþ3«��£r →∞¤�ìC1��´Ï"�(J
RµνλρRµνλρ ∼ 960L8/r12§� r v
��

α′R ∼ 8
√

15 `2sL
4/r6 � 1 ⇒ �ÚåCq��



¦�uyÇØCþ´ål�4~¼ê

d

dr
RµνλρRµνλρ = −320

L5

�
1 +

L4

r4

�−6
L13

r13

"
L8

r8
+

�
2L4

r4
− 6

�2
#

< 0

�3 r ~��L§¥ RµνλρRµνλρ ÅìO�¶�ù«O\¿
�ÎÃ!� — �·�?\«��§r ���Cu"��

d

dr
RµνλρRµνλρ ∼ −1600r3

L8
∼ 0

Ïd RµνλρRµνλρ 3«��SCz�ú§�� r = 0 ����

�� 80/L4§�k α′R ∼ 4
√

5 (`s/L)2 ∼ 8.944(2λ)−1/2

�ãxÑ
 α′R �ål r �Cz
'X§ù´^üNeü��§
Ù���Ñy3 r = 0 ?§ã¥
r � L ��CÜ©éAX«��

T«����
òÍ4�
N →∞ ÚCÀ.4� r → 0§
é λ �\?ÛAO���§�
���¦´Ù3� N 4�e�±
k�£��±�?¿��¤



XJ λ . 40§@o� r ∼ 0 �k α′R ∼ 4
√

5(2λ)−1/2 & 1§d�

�ÚånØ¿�´�U
&?�Cq§�3 ’t Hooft ÍÜ~
ê����¹el«���«���òÿ´Ã��

��§e λ � 40§KÃØ3«��½«��Ñk α′R � 1§

�Úå3òÿc�©ª´ÐCq

Ïd� ’t Hooft ÍÜ~ê�k��§l«���«��)
Ûòÿ�æNÒØ�3
§«��¥�Ônk
ü«�d�

£ãµ/bulk0��¥� II-B .�ÚånØÚ½Â3 D3 �
.Nþ�/boundary0N = 4 � Yang-Mills nØ

UV-IR 'Xµ3>.nØ¥§Áã localize ��:U���
°Ý�

∆x ∼ 1/E

E �5�nØ�b	�ä§½=mu modes �Uþ

eù�mu3 bulk ¥ò�ºÝ� r§K E ∼ r/`2s"¤±>.

nØ¥UI��§�Amu�� bulk Ôn�&�§U&9
�ål���µUV cut-off ⇔ IR cut-off



Maldacena ß�

���
CÀ.4� r → 0§B�DK D3 �Ý5¤¹Ïf
(1 + L4/r4)1/2 ¥��þ/10§«��S�Ýþ¢Sþ�

ds2 =

�
r2

L2
(−dt2 + dx2) +

L2

r2
dr2

�
+ L2dΩ2

5

�)ÒÜ©�Ñ D = 5 � AdS5 þ�Ý5§�e�Ü©�¥

¡ S5 þ�Ýþ§dd���È�m AdS5 × S5§üö/�

»0þ� L = (2λ)1/4`s

Maldacena ßÿ

� λ é��§½Â3 D = 4 ��� (t,x) ∈ R4 þ� N = 4 �
Yang-Mills nØ�du AdS5 × S5 ¥� II-B .�ÚånØ"

XJr S5 ��;z�m§@oé�Úå?1 KK �z�
�§Ò¢y
 D = 5 �ÚånØ� D = 4 �5�nØ�m�

�EéA AdS5/SYM4



3 bulk �>§þfÚå�A�±�Ñ�^�´ AdS5 × S5 �
ºÝ��u Planck ºÝ L � `p

L ∼ λ1/4`s ∼ N1/4g
1/2
YM`s � `p ∼ G

1/8
10 ∼ (g2

sα′4)1/8 ∼ g
1/2
YM`s

⇔ N � 1
é� Yang-Mills nØ�� N Ðm�§ÙÄ�1��
{ü/^ AdS5 þ�²;�Úåéó/5£ã§�
e� 1/N ��?��KéAXÚå�þf�A

’t Hooft �� N Ðm [Nucl. Phys. B72 (1974) 461-473, B75 (1974)

461-470]µ��u5�+��L«�éä½Ù¦|Ï~�±©
)�Ä:L«9Ù�Ý�ÜþÈ

N⊗N∗ = adj⊕ · · ·

X�Ä U(N) 5�+§Ä�L«�þ9Ù�Ý�C�©O
�

vi → v′i = U i
jv

j , v∗j → v′∗j = U∗
j

k
v∗k = v∗kU†k

j = v∗k(U−1)k
j

⇒ H → UHU−1, Hi
j ≡ vi ⊗ v∗j ⇒ N⊗N∗ = N2

��L«�m



��L«¥���| Aµ(x)i
j �^�éÚ�I (i, j) IPµþ

�I i 3Ä:L«¥��§e�I j ��uÄ:L«��Ý

Ø�ò (i, j) J[��éâfÚ�âf¤?�þf�§aq

u1f���¤J��K>fé

5�|�DÂf�^V�5£±§V��Ik���Þ§�

���§©O�LJ[�âfÚ�âf�DÂ§�Þ�Ñ�

àÚ\�àK©OéAX+Ø�þ!e�I

DÂf 〈Aµ(x)i
jAν(y)k

l〉 Â �ò�Ñ��+ØÏfX
A∈ adj

(T A)i
j(T

A)k
l =

1

2
δi

lδ
k
j

z�� δ-Ïf�V�¥��^�éX§±�yDÂL§¥Ú
6�Åð5

〈Aµ(x)i
jAν(y)k

l〉 =
g2
YM

4
Dµν(x−y)δi

lδ
k
j =

i� l
j� k

4�dDÂf^X�Þ���Ä����¤



z�Õá�éAXV�XÚ¥��^©|/¤�õ>/¶V

�XÚ�,�^©|KÑyu����¤éA�@
õ>/

�,^>þ

Ïõ>/�>.´÷X(½��Þ���Ñ�4´§ù
õ

>/��Òk
½�§X��ì/mÃÚ^{K05½�

ëÏ�¤ùãwå5Ò�´deZõ>/©�å5�|Ü

¡§©�?�V�Ik���Þ§���ü�õ>/�½�

´�N� [eÙ¥��õ>/�½���¡�	Ü§K,��½,]§�ª

���½�¡



�^þ S ∼ − 1
4g2

YM

R
Tr(F 2) + · · · �¤ù5K

8>>>><
>>>>:

z�DÂf�zÏf g2
YM

z�º:�zÏf
1

g2
YM

z���zÏf δi1
i2

δi2
i3
· · · δin−1

in
δin

i1
= Tr1N×N = N

XJ4|Ü¡ G �k V [G] �º:!L[G] ^�Ú F [G]
�¡£ùp�¡ê=�¤ùã¥��ê¤§@o¤ù5K�Ñ

F (λ, N) ≡ log Z =
X
G

f [G] · (g2
YM)L[G](1/g2

YM)V [G]NF [G]

=
X
G

f [G] · λL[G]−V [G]NV [G]−L[G]+F [G]
(λ = g2

YMN)

=

∞X
h=0

N2−2h
X

χ[G]=2−2h

f [G] · λL[G]−V [G] ≡
∞X

h=0

N2−2hFh(λ)

ùp χ[G] = V [G]− L[G] + F [G] �î.«5ê§éu½�4

¡§§�º� h = 0, 1, 2, · · · �m�'X´ χ[G] = 2− 2h



Maldacena ß�L²§� λ ��½�§Ä�� N2F0(λ) �

^ AdS5 þ�²;�Úå5£ã§1/N ?�� F1(λ), N−2F2(λ)

��éAuÚå�þf�A

c¡3«��S�Ñ
'X α′R ∼ λ−1/2§ùL²u�k�º

Ý `2s ∼ α′ �Aé�Úå���?���uò� Yang-Mills
nØU λ−1/2 ��g�Ðm

U�Ñu�A£Ï:âf|ØCq — �Úå�±¤á¤
�^�´�m AdS5 × S5 �/�»0L ��uu�ºÝ `s§

L = (2λ)1/4`s � `s

d�uØòz��Úå§ù3éó�5�|Ø¥�Au�Ñ

� λ Ðm�¤kp��§��3Ä�

� λ ���§ù
p��Ø2U��Ñ§§�é5�|Ø
����zòd AdS5 × S5 þ� II-B .u5£ã ⇒ rßÿ

D = 4!N = 4 � Yang-Mills nØ ⇔ AdS5×S5 �mþ� II-B .u
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�,:âf|Ø�unØ�ù«éó´pÝ�²T�

�35�nØ¥w�u§ÄkI�Ä� λ 1�§Maldacena
�fßÿò5�|N�¤ AdS5 þ��Úå
u�wy5gÙk�ºÝ�Aé�Úå�Å??�§ù35
�|Ø¥�)
 λ1/2 �K�g�é λ � 1 Ä�Cq�?�§
�ùa?�¿ØÑy3 Yang-Mills nØ�ÊÏ�6Ðm¥
�±ÏL#I½5�|5�Ø�^þ¥DÂféÍÜ~ê
gYM��6§Ó�����p�^º:ò�'u gYM ½ g2

YM

Aµ → gYM ·Aµ,
1

g2
YM

(∂Aµ)2 → (∂Aµ)2

1

g2
YM

A2 · ∂A → gYM A2 · ∂A,
1

g2
YM

A4 → g2
YMA4

�â¤ù5K§�6Ðmª´ gYM ∝ λ1/2 ���l$�p
���g?ê§3Ù���$�Ü©ÖØÑ λ1/2 �K�g¶
éó5runØ/N´0�Ü©§= AdS5 þ��Úå9Ù
$� α′-?�N�� SYM nØ/(J0Ü© — ��6«



3 Maldacena fßÿ¥§5�|� 1/N ?��3éónØ

¥�¹Â´Úå�p�^�þf?� — :âfnØþf?

���êd¤ùã��ê n ¤��

±k��^þ Seff �~§òÙÐm¤ëÏ£²¡¤ã G �
Ú�§dÿÀ'X V − L + n = 1 �

1

~
Seff ∼

X
G

~L[G]−V [G]S[G] ∼ 1

~
Scl +

X
n>0

~n−1Sn

⇒ Seff ∼ Scl + ~S1 + ~2S2 + · · ·

äãCqéAX²;�^þ Scl§1 n-���z Sn K�Ñ

k��^þ� O(~n) �þf?�§�U ~ �g�Å?ÐmT
Ð´�6Ø��ãÐm

er Maldacena fßÿ¥�þfÚå�A�5�|Ø� N
1��m�'XJ,�rßÿ�/§g,�Ï"5�|�
1/N ÐmòéAX AdS5 × S5 ¥� II-B u3þfz�¤��
�ãÐm¶d N ∼ λ/g2

YM ∼ λ/gs ò5�|� N ÐmªU�
¤

F̃ (λ, gs) ≡ F (λ, λ/gs) =

∞X
h=0

g2h−2
s λ2−2hFh(λ) ≡

∞X
h=0

g2h−2
s F̃h(λ)



éó�uØ¥§ù´�ÍÜ~ê gs ��?ê§5g4u�

6Ø��ãÐm¶1 h-���Ïf� g2h−2
s

u��ãVg�a'u:âf��/ïá¶�ì¤ù§^e

ãL«4u3��¥�gdDÂÚ�p�^º:

4u�.¡9o:Ñ��äãÚü�«¿�



AdS/CFT i;

>.nØ¥ Local �f'é¼ê� bulk Úå£ãµ

� M4 � AdS5 �>.§bulk �Úå�| φ 3 M4 þ�>
�P� φ0(t, ~x) = φ|M4"�é bulk ¥÷v�½>.^��¤
k φ �´»È©§l½Â�©¼ê ZAdS [φ0]"Q:C
qµ

ZAdS [φ0] ∼ e−N2Scl[φ̄](1+O(α′)) ×
[
1 +O

(
1
N2

)]
φ̄ ´ bulk ¥²;$Ä�§�)§Ù>.^���½� φ0"

Ï φ0 ½Â3 M4 þ§�òÙ��	�>.�/|Ø¥�
,��f O(x) ÍÜ§ÍÜ�¦

∫
d4xφ0(x)O(x) ´ØC

þ"3>.nØ¥§ù
 Local �f'é¼ê�)¤�¼U

ÏL bulk ��{?1O�µ〈

e
R

d4xφ0(x)O(x)
〉

CFT
= ZAdS [φ0]



>.nØÚ\k�§Ý§�du3 bulk ÚåXÚ¥�\ç
É"AdS �m¥�{ü�çÉ)�

ds2 =
r2

L2

�
−
�

1− r4
0

r4

�
dt2 + d~x2

�
+

L2

r2

�
1− r4

0

r4

�−1

dr2

Hawking §ÝÚ Bekenstein-Hawking �§�gd|Cqe�>.5�n
Ø���'�µ

T =
r0

πL2
, SBH =

π2

2
N2T 3V, Sgauge =

2π2

3
N2T 3V

>.nØ¥� Wilson �� Bulk ¥�u

W (C) ∼ TrP exp

I
C

A, 〈W (C)〉 ∼ e−S(Σ)

Σµbulk ¥u�.¡§Ù>. ∂Σ = C 3 AdS �>. M4 þ¶

SµNambu-Goto �^þ�4�§X : Σ → AdS ´$Ä�§�)
�§S = SNG[X]



�E5é RHIC Ôn�A^

AdS/CFT vs. Lattice QCD

`:µU£O¤)Û/?nÄåÆL§§��6O��
Ñ

$Xê§X η§q̂ �

":µAdS ¤éA�´ N = 4 � Yang-Mills nØ§Ø´Ê
Ï QCD¶��î�¿Âþ� CFT Ø�U��£ã§BÚÃ
�é¡5»"y�

AdS/CFT A^~f

η/s = 1/(4π) ∼ 0.1
q̂ �O�§�¢�*ÿ��ÎÜ

Uþ��Ú drag force

¶-�Ý Ls �O�

Wake ãµ�nØ)º
...



V\��

N = 4 SYM �¤�|W¿5�+���L«§ØU£ã§
��ÄåÆ¶�
)ûù�¯K§�±3XÚ¥V\��

A. Karch and L. Randall, JHEP 0106, 063 (2001) [hep-th/0105132]

A. Karch and E. Katz, JHEP 0206, 043 (2002) [hep-th/0205236]
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Intersecting branes (Dp/Dq configurarions)

x0 · · · xd−1 xd · · · xp xp+1 · · · xp+q+1−d · · · x9

Nc Dp : ∗ · · · ∗ ∗ · · · ∗
Nf Dq : ∗ · · · ∗ ∗ · · · ∗

p + q + 2− 2d =

8>><
>>:

0 (16 supercharges)

4, 8 (8 supercharges)

2, 6 (0 supercharges)

p-p: vector multiplets on Dp worldvolume, in adjoint rep. of U(Nc)
q-q: vector multiplets on Dq worldvolume, in adjoint rep. of U(Nf )
p-q strings in NS sector:

p + q + 2− 2d =

8>><
>>:

6, 8 (E0 > 0, p-q string modes are all massive)

4 (E0 = 0, p-q string ground state is massless)

0, 2 (E0 < 0, p-q string ground state is tachyonic)

p-q strings in R sector: ground states are massless → chiral fermions in the

fundamental rep. of U(Nc)



Examples (p+ q + 2− 2d 6= 0)

p = 1, d = 2: D1/D5 and D1/D9, 8 supercharges
p = 2, d = 2: D2/D4, 8 supercharges
p = 2, d = 3: D2/D6, 8 supercharges
p = 3, d = 2: D3/D3 and D3/D7, preserving 1/4 susy
p = 3, d = 3: D3/D5, 8 supercharges
p = 3, d = 4: D3/D7, N = 2 SYM
p = 4, d = 2, 4: D4/D6, preserving 1/4 susy
p = 4, d = 3: D4/D4, preserving 1/4 susy
p = 5, d = 2, 4: D5/D5§preserving 1/4 susy
p = 6, d = 4: D6/D6, not supersymmetric
...

Ã�é¡59Ù»"

Adding Nf Dq to the Dp/Dq system; the d-dimensional
gauge theory has a chiral symmetry U(Nf )L × U(Nf )R



Dp/Dq/Dq configurations:

x0 · · · xd−1 xd · · · xp xp+1 · · · xp+q+1−d · · · x9

Nc Dp : ∗ · · · ∗ ∗ · · · ∗
Nf Dq : ∗ · · · ∗ ∗ · · · ∗
Nf Dq : ∗ · · · ∗ ∗ · · · ∗

Sakai-Sugimoto model: D4/D8/D8, with x4 compactified

Sakai and Sugimoto, Prog. Theor. Phys. 113, 843 (2005); 114, 1083 (2006)

0 1 2 3 4 5 6 7 8 9
Nc D4 : ∗ ∗ ∗ ∗ ∗
Nf D8 : ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
Nf D8 : ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

U(Nf )diag ← U(Nf )L×U(Nf )R



Ã�é¡5�ÄåÆ»"

Decompactification of x4

E. Antonyan, J. A. Harvey, S. Jensen and D. Kutasov, NJL and QCD

from string theory,” arXiv:hep-th/0604017

4D effective theory: A nonlocal version of the
Nambu-Jona-Lasinio model
solvable, can be used to study dynamical breaking of chiral
symmetry
containing four fermion interctions, not renormalizable

A toy model: D2/D8/D8 system

W-s Xu, D-f Zeng and YHG, JHEP 0608 (2006) 018; Phys.Rev. D76

(2007) 046003

Brane configuration:

0 1 2 3 4 5 6 7 8 9
Nc D2 : x x x
Nf D8 : x x x x x x x x x

Nf D8 : x x x x x x x x x



Nf D8 // Nf D8, with a distance L in the x2 direction

Nc D2, intersecting D8/D8 at (x0, x1)

open strings 2-2§8-8§8̄-8̄§8-8̄§2-8, 2-8̄
massless spectrum:

field SO(1,1) SO(8) U(Nc)× U(Nf )L × U(Nf )R

Aµ 2 1 (adj, 1, 1 )
qL 1+ 1 (Nc, Nf , 1)
qR 1− 1 (Nc, 1, Nf )



Action on D2 worldvolume:

S =
∫
d3x

(
− 1

g2
3
F 2

MN + iδ(x2 + L/2)q†L(−D0 +D1)qL

+iδ(x2 − L/2)q†R(−D0 −D1)qR
)

Effective action (a nonlocal version of the Gross-Neveu
model):

S = i

Z
d2x

h
q†L(−∂0 + ∂1)qL + q†R(−∂0 − ∂1)qR

i
+

g2
3

4π

Z
d2xd2y(· · · )

bilinear fermions: T (x, y) ∝ q†L(x)qR(y)
Chiral symmetry breaking: < T >6= 0
Also can be derived in the SUGRA side



��.unØ

Holographic phase transition in a non-critical holographic
model, Phys. Rev. D81:026008, 2010

Note on a non-critical holographic model with a magnetic
field, Phys. Rev. D81:066001, 2010

ïÄÄÅ

Color brane background in critical models is usually ten
dimensional

compactification → KK modes
in QCD there are no such modes

Intersecting brane configurations in non-critical string theory
could get rid of KK modes

Understanding universal properties of generic holographic
models, e.g. their phase diagrams



A specific holographic model

d = 6 non-critical theory: t, x1, · · · , x4, u, with periodic x4

Nc D4 color branes, Nf D4-D4 flavor branes, Nf � Nc

t x1 x2 x3 x4 u
Nc D4 : ∗ ∗ ∗ ∗ ∗
Nf D4/D4 : ∗ ∗ ∗ ∗ ∗

Adjoint fermions on the color D4 satisfy an anti-periodic
condition on the x4 circle, they are massive and decoupled in
the low-energy effective theory

Global chiral symmetry breaking U(Nf )L × U(Nf )R → U(Nf )diag



Finite chemical potential

The energy difference ∆S = Sconnected − Sdisconnected in the
holographic model

yT , b correspond to the temperature and the chemical
potential; ∃ critical temperatures, below which the connected
solution is dominated and the chiral symmetry is broken



The holographic model in a magnetic field

Turning on 2πα′F23 = B on the flavor branes

Energy difference δS between the connected and separated
solutions, varies with yT at B = 0, 1, 3, 8, 12

∃ critical temperatures, below which the connected solution is
dominated and the chiral symmetry is broken



The critical temperature of chiral phase transition depends on
the magnetic field B



In the chiral symmetry broken phase, the effective quark mass
varies with the magnetic field B



Regge trajectory behavior

Spinning strings has two conserved quantities E(ω) and J(ω)
The relation between E2 and J has the Regge trajectory
behavior



Regge trajectory behavior

The string shape at B = 0 and ω = 1, 1.5, 3



Regge trajectory behavior

The string shape at (a) B = 3, (b) B = 5 (ω = 1, 1.5, 3)

(a) E2 varies with the angular velocity ω at B = 0, 3, 5; (b) J
varies with the angular velocity ω at B = 0, 3, 5



��: QCD �eZ'�

,�~: Marco Panero. Phys.Rev.Lett. 103 (2009): 232001

〈Tµ
ν〉 ∼


ε
−p

. . .

−p

 , ∆ = ε− d · p



,��~f´ Polyakov �: Sourendu Gupta, Kay Huebner, and

Olaf Kaczmarek. Phys.Rev. D77 (2008): 034503 [arXiv: 0711.2251]

F. Zuo and YHG, “Quadratic thermal terms in the deconfined phase from

holography”, arXiv:1403.2241 [hep-ph]
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