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J. Maldacena, Adv.Theor.Math.Phys. 2 (1998) 231-252: mára több mint 10000 hivatkozás
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Miből áll a világ és hogyan hat kölcsön?

mikroszkóp elektronmikroszkóp szinkrotron LHC

mikrométer nanométer sok atom kvarkok,leptonok
periódusos rendszer

Higgs

anyag

Kölcsönhatás

γ elektromágneses
W±, Z gyenge

g erős
gr gravitációs



Kvantumelektrodinamika

Feynman: If you want

to learn about nature,

to appreciate nature,

it is necessary to un-

derstand the language

that she speaks in.

Kvantumos

mértékelmélet

Elektromos + mágneses kh: Fµν = ∂µAν − ∂νAµ

+Kvantumelmélet→kvantumelektrodinamika

U(1) mértékelmélet: Aµ → Aµ + ∂µΛ

L = −1
4F

2 + Ψ̄(i∂/−m)Ψ− eΨ̄A/Ψ

foton

elektron

elektron

ḱısérleti eredmény: µ = g e�
2mcs ahol g = 2(1+ a)

[Gabrielse 2006]: a = 1159652180.85(.76)× 10−12

perturbáció száḿıtás:

Feynman gráfok
α
2π = e2

2π�c = 0.001161 = + +...
g
2

= 1 − 1.3140 α
2π

impulzusfüggő csatolás:

β(α) = µ∂α
∂µ > 0

µ

α

ΜΖ
(137)−1

(127)
−1
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Kvantumsźındinamika

Kvantum-
mértékelmélet

aszimptotikus
szabadság

foton Aµ ↔ G1..8
µ gluon → F1..8

µν

elektron Ψe ↔ Ψkvark kvark

SU(3) mértékelmélet: Gµ → g−1Gµg + g−1∂µg

L = −1
4F

2 + Ψ̄(i∂/−m)Ψ− gΨ̄G/Ψ

kvark

kvark

gluon

gluon

gluon

ḱısérleti eredmény:

hadron spektrum

perturbáció száḿıtás:

Feynman gráfok

0.001 = α
2π

↔ αs

4π
= O(1)

= + ... +

...

impulzusfüggő csatolás:

β(αs) = µ∂αs
∂µ < 0

aszimptotikus szabadság

bezárás

µ

α

ΜΖ
(137)−1

(127)
−1

↔
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Erős kölcsönhatás=kvantumsźındinamika

SU(3) mértékelmélet

L = −1
4F

2 + Ψ̄(i∂/−m)Ψ− gΨ̄G/Ψ
Wigner Jenő:

The simplicities of natural laws arise through the

complexities of the language we use for their expression.
Alacsony energia: nemperturbat́ıv fizika

bezárás

hadronspektrum,

nehézion ütközés

Rács-mértékelmélet: világ 324

protontömeg
√
nehézionütközés?

Wigner:It is nice to know that the computer understands
the problem. But I would like to understand it too.

egyszerűśıtett modell
N = 4 D=4 SU(N) SYM

gluon

= = = =

scalarquark

=

ij

ik

jk

2
g2
YM

∫

d4xTr
[

−1
4
F 2 − 1

2
(DΦ)2 + iΨD/Ψ+ V

]

V (Φ,Ψ) = 1
4
[Φ,Φ]2 +Ψ[Φ,Ψ]
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Maximálisan (szuper)szimmetrikus mértékelmélet

Alapvető kölcsönhatások

kölcsönhatás részecskék mértékcsoport

elektromgáneses foton+elektron U(1)

elektrogyenge W±, Z µ,ν+Higgs SU(2)× U(1)

erős gluon+kvark SU(3)

MaxSzim. SYM gluon Aµ+kvark Ψ+skalar Φ SU(N)
Energy

Coupling

 

U(1)

electroweak force

 SU(3)

perturbative

non−perturbative
no analytical tool

SU(2)
strong force  

energy

gluon

= = = =

scalarquark

=

ij

ik

jk

minden tér N2 − 1 komponensű mátrix (i, j)
Q1,2,3,4 Ψ

ij
1,2,3,4 Q1,2,3,4

ր � ց
Aij

µ su(4) = so(6) � Φ
ij
1,2,3,4,5,6

ց � ր
Q†

1,2,3,4 Ψ
ij
1,2,3,4 Q†

1,2,3,4

L = 2
g2
YM

∫

d4xTr
[

−1
4
F 2 − 1

2
(DΦ)2 + iΨD/Ψ+ V

]

V (Φ,Ψ) = 1
4
[Φ,Φ]2 +Ψ[Φ,Ψ]

β = 0 →skálainvariancia m = 0
paraméterek: N , gYM
szuperkonform CFT

Szimmetriák:
belső: su(4) = so(6)
téridő: konform⊃Lorentz
so(4,2) = su(2,2)
szuper psu(2,2|4)

(

su(2,2) Q

Q† su(4)

)
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CFT: Fizikai mennyiségek

max. szimmetrikus mértékelmélet
Ψ1,2,3,4

A Φ1,2,3,4,5,6

Ψ1,2,3,4

terek SU(N) mátrixok

S = 2
g2
YM

∫

d4xTr
[

−1
4
F 2 − 1

2
(DΦ)2 + iΨD/Ψ+ V

]

V (Φ,Ψ) = 1
4
[Φ,Φ]2 +Ψ[Φ,Ψ]

fizikai mennyiségek (gYM , N)
particiós függvény

mértékinvariáns operátorok

O(x) = Tr(AL1Ψ
L2Φ

L3..)
Wilson loop, determinánsok

korrelátorok: 〈O1(x)O2(0)〉

korrelátorok: 〈O1(x)O2(0)〉 =
∫

[dA...]e−iSO1(x)O2(0) = 〈O1(x)O2(0)e
−iV 〉0

perturbat́ıven: génusz kifejtés

g2YM g−2
YM g−2

YM N g2YMN3 = N2λ λ = g2YMN

part́ıciós függv. Z(λ, 1
N ) = N2∑

g(
1
N )2g

∑

nα(g, n)λn húrelmélet? (t’ Hooft)
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Húrok klasszikus dinamikája

fény pontrészecske húr

Fermat elv téridő (x, t) téridő (x, y, t)

A

B

n

n1

2

A

B

x

t

t

y

B

A

x

idő minimális téridő út minimális téridő felület minimális

Kvantum húrok spektruma

nýılt húr zárt húr

foton, mértékbozon, elektron, kvarkok+... graviton+...
mértékelmélet anyaggal gravitáció
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Mérték/gravitáció dualitás

nýılt húr idő relat́ıv zárt húr

t x

4D

t x

4D

extra dimenzio

t x

4D

nýılt húr folyamat zárt húr folyamat
mértékelmélet = gravitáció
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AdS/CFT dualitás (Maldacena 1998)

IIB szuperhúr AdS5 × S5 háttéren

time

space

extra dimension

anti de Sitter

5D

space

5D sphere

4D
Minkowski 

space

∑6
1 Y

2
i = R2 −++++− = −R2

R2

α′

∫

dτdσ
4π

(

∂aXM∂aXM + ∂aY M∂aYM

)

+ . . .

≡

N = 4 D=4 SU(N) SYM

2
g2
YM

∫

d4xTr
[

−1
4
F 2 − 1

2
(DΦ)2 + iΨD/Ψ+ V

]

V (Φ,Ψ) = 1
4
[Φ,Φ]2 +Ψ[Φ,Ψ]

β = 0 szuperkonform
psu(2,2|4) ⊃ su(2,2)⊗ su(4)

su(2,2) = so(4,2) su(4) = so(6)

mértékinv.:O = Tr(Φ2), det( ),Tr(P e
∫

A)
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time

space

extra dimension
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5D

space
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space
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≡
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2
g2
YM

∫
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]
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mértékinv.:O = Tr(Φ2), det( ),Tr(P e
∫

A)

Szótár

Csatolás:
√
λ = R2

α
′ , gs = λ

N → 0

2D QFT
Húr energia szintek: E(λ)

E(λ) = E(∞) + E1√
λ
+ E2

λ
+ . . .

erős↔gyenge
⇓

λ = g2YMN , N → ∞ lapos limesz

〈On(x)Om(0)〉 = δnm
|x|2∆n(λ)

Skáladimenzió ∆(λ)
∆(λ) = ∆(0) + λ∆1 + λ2

∆2 + . . .
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Szótár
Csatolás:

√
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α
′ , gs = λ

N → 0

2D QFT
Húr energia szintek: E(λ)

E(λ) = E(∞) + E1√
λ
+ E2
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+ . . .
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⇓
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2D integrálható QFT

spektrum: Q = 1,2, . . . ,∞ diszperzió: ǫQ(p) =

√

Q2 + λ
π2 sin

2 p
2

Egzakt szórásmátrix: SQ1Q2
(p1, p2,λ)



AdS/CFT: energiák és skáladimenziók

BPS húr konfiguráció:BMN
S

5

J

Z plane

EBPS(λ) = J
S
5

J

−p

p

klasszikus energia+hurok korrekciók

↔

V (Φ,Ψ) = 1
4
[Φ,Φ]2 +Ψ[Φ,Ψ]

szuperszimmetrikus (BPS) operátor
Z = Φ5 + iΦ6, Y = Φ3 + iΦ4

X = Φ1 + iΦ2

OBPS = Tr(ZJ) ↔ | ↑↑ . . . ↑〉
∆BPS = J

nem szuperszimmetrikus: Konishi
OK = Tr(ZY ZY + ...) ↔ | ↑↓↑↓〉+ .
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AdS/CFT: energiák és skáladimenziók

BPS húr konfiguráció:BMN
S

5

J

Z plane

EBPS(λ) = J
S
5

J

−p

p

klasszikus energia+hurok korrekciók

↔

V (Φ,Ψ) = 1
4
[Φ,Φ]2 +Ψ[Φ,Ψ]

szuperszimmetrikus (BPS) operátor
Z = Φ5 + iΦ6, Y = Φ3 + iΦ4

X = Φ1 + iΦ2

OBPS = Tr(ZJ) ↔ | ↑↑ . . . ↑〉
∆BPS = J

nem szuperszimmetrikus: Konishi
OK = Tr(ZY ZY + ...) ↔ | ↑↓↑↓〉+ .

2D integrable QFT
szuperszimmetrikus alapállapot E0(J) = ∆(λ)− J = 0

Konishi: kétrészecske állapot
E = EBPS + EBA + EFSC

Bethe Ansatz: eipJS(p,−p) = 1

EBA = 2E(p,λ) = 2
√

1+ λ
π2(sin

p
2
)2

EFSC =
∑

Q
∫ dq
2πSQ1(q, p)SQ1(q,−p)e−ǫQL + . . . = ETBA



AdS/CFT spektrális probléma

13



AdS/CFT spektrális probléma

Konishi skáladimenzió: Tr(ZXZX − ZZXX)



AdS/CFT spektrális probléma

size0

Semiclassical string/gravity theory

Classical string/gravity theory

S
−

m
at

ri
x

g
au

g
e 

co
u

p
li

n
g

Strongly coupled gauge theory

Quantum string/gravity theory

quantum corrections

loop corrections

finite−size

corrections

A
sy

m
p

to
ti

c 
B

et
h

e−
A

n
sa

tz

TBA

L
ü

sc
h

er
 c

o
rr

ec
ti

o
n

1−loop perturbative gauge theory



Konishi skáladimenzió

Konform 2pt függvény: 〈Oi(x)Oj(0)〉 =
δij

|x|2∆i
skálidimenzió: ∆i

Konishi op. OK = Tr(Φ2
i )

S
5

J

−p

p

∆ = 2+ 12g2 − 48g4 +336g6+

loop 4 5 6 7 8 9

∆ 96(−26+ 6ζ3 − 15ζ5) −96(−158− 73ζ3+

54ζ23 +90ζ5 − 315ζ7)

mérték [Fiamberti,Sieg, [Eden, Heslop,

A. Santambrogio, Korchemsky, [Smirnov 14?]

Zanon 08] [Velizhanin09] Smirnov, Sokatchev 12]

Lüscher [Bajnok, [Bajnok,Hegedus, [Bajnok,

Janik 08] Janik,Lukowski 09] Janik 12]

TBA [Kazakov, Gromov, [Balog,

Vieira 09] Hegedűs 10]

FiNLIE [Leurent, Serban, Volin 12] [Leurent, [Volin 13]

Volin 13]
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AdS/CFT: alkalmazások

Minimális AdS felület

extra dimension

quark

space
time

anti−quark

L

egzakt erős csatolásra λ → ∞

≡

kvark-antikvark potenciál

Wilson hurok: 〈∮C Aµdxµ〉
erős csatolás, nemperturbat́ıv

V (r) = −4π2
√
2λ

Γ(14)
4

1
r
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extra dimension
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time

anti−quark
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egzakt erős csatolásra λ → ∞
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kvark-antikvark potenciál

Wilson hurok: 〈∮C Aµdxµ〉
erős csatolás, nemperturbat́ıv

V (r) = −4π2
√
2λ

Γ(14)
4

1
r

growing black hole

extra dimension

space
time

heavy ions

g
ro

w
s

black hole

q
u

ar
k
−

g
lu

o
n

 p
la

sm
a

ex
p

an
d

s,
 c

o
o

ls

metrika δg(x,0) ∝ 〈Tµν〉
ds2 = 1

z2(g(x, z)µνdx
µdxν + dz2)

Einstein egyenlet
Rab − 1

2
gabR− 6gab = 0

növekvő fekete lyuk
gtt = − (1−z4/z4

0)
2

(1+z4/z4
0)

2 ; gxx = 1+ z4

z4
0

≡

Nehézion ütközés: tágulás
heavy ion
collision

thermalization

isotropization

Expansion

Cooling

Hadronization

〈Tµν〉 anyageloszlás
relativisztikus hidrodinamika
∂µTµν = 0 és T

µ
µ = 0

viszkózus kvark-gluon plazma

tágulás: tökéletes folyadék + η
s = 1

4π +...



AdS/CFT: q − q̄ potenciál

kvark-antikvark potenciál

extra dimension

quark

space
time

anti−quark

L

V (L) = −λ
4πL + . . . 4 hurokig

≡

Wilson hurok:

〈Pe
∮

C Aµdxµ+�Φ�n|ẋ|ds〉 ∝ e−
T
LVqq̄(λ,θ)

erős csatolás

V (r) = −4π2
√
2λ

Γ(14)
4

1
L(1− 1.3359√

λ
+ . . .)

minimális AdS felület+fluktuációk

Peremes integrálható rendszer

quark

time
space

E0(L) =
∫ dk̃
2π log(1−R−(k̃)R+(−k̃)e−ǫ̃(k̃))

2 hurok [Bajnok et. al 13]
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Konkluzió: AdS=CFT
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