Title: Advanced AdS/CFT Topics
Date: Jun 24, 2005 04:30 PM

URL.: http://pirsa.org/05060090
Abstract:

Pirsa: 05060090 Page 1/66



Selected Topics in AAS/CFT
lecture 1

Soo-Jong Rey

Perimeter Institute Summer School
June 2005




Topics:

= Lightning Review of AdS5/SYM4

= Wilson loop (hep-th/9803001, 9803002)
= Polyakov loop (hep-th/9803135)

= Baryons

= Instantons

= [Ime-varying phenomena

s homeworks: to be distributed separately




Starting Point




Starting Point

] string theory: open string + closed string
J low-energy limit of string theory:
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Channel Duality
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Gauge — Gravity Duality

= keypoint:

‘gauge theory dynamics”

(low energy limit of open string dynamics)

Is describable by

‘gravity dynamics”

(low-energy limit of closed string dynamics)
and vice versa



Tool Kits for AdS/CFT

] elementary excitations:

+
 solitons:
(quantum) + (classical)
J Mach'’s principle:
A elementary + sources

 “holography™:
fluctuations = fluctuations




D-Brane (gravity description)

m string effective action
xS =sdx[e2? (RyoH(r @)+|Hs[* +..)
+ ]
= (1/g°,)(NS-NS sector) +
s H;=dB,, G,,,=dC_,; etc.
= R-R sector is of NS-NS sector



elementary and solitons

= fixed “magnetic” charge, energy-minimizing
static configurations
(necessary condition for BPS states)

E=so  [(ro)+Hy] > Ss3 €% Hs
E=s[)"y (P +0,: KA > 0 557

m Mass: M(string) ~ ; M(NSJS) ~ ( )
“elementary” ; “soliton”



p-brane: in between

= p-brane:

E=s (r @)? + (G,.p)% > se*G
m M(p-brane) » (1/g)
m p-brane = “quantum soliton”:

more solitonic than F-string but less solitonic than
NSS-brane

m F-string $ p-brane $ NS5-brane
= quantum freatment of p-brane is imperative




Dp-brane (CFT description)




Dp-brane (CFT description)

] strings can end on it

 string endpoints labelled
by Chan-Paton factors

(T ) 1)
J mass set by disk diagram

--—- |dentifiable with p-brane
d Q, = Qg (half BPS object)
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Dp-brane (CFT description)

] strings can end on it

 string endpoints labelled
by Chan-Paton factors
C ®)=())
J mass set by disk diagram

--— |dentifiable with p-brane
d Q, = Qg (half BPS object)




SYM._,, at Low-Energy




SYM._,, at Low-Energy

[ infinite tension limit
(a2 0)
] open strings =2 rigid rods

d (N,N) string dynamics

= 9_2* M Tr ( Fr**rz
+ (D, ®3)2 + [D3, PO]2
+




Static source: heavy quarks

SR
.//' /




Static source: heavy quarks

. semi-infinite string //

1 at rest or constant velocity

 labelled by a single
Chan-Paton factor

()=




Perturbation theory (1)

= large N conformal gauge theory :
double expansion in 1/N and A2 = g2 N
m Sy =(NAY)sd*xTr (F 2+ (D, P+ ...)
a planar expansion: (N /A2)V-E NF = (1/N)""° (%) "
3 . nonlinear interactions

= 1/N: quantum fluctuations (effective ~)
s observable: Th-o' Yo' (1/N)"" % Cin




Perturbation theory (2)

m closed string theory:
double expansion in g.; and o’
m o : string worldsheet fluctuation
= sd?c0X¢oX
m g, - string quantum loop fluctuation
B Sger=0"Qg0+g OPTOTD
m observables =3, _,' >’
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Perturbation theory (1)

= large N conformal gauge theory :
double expansion in 1/N and A2 = gy2 N
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Perturbation theory (2)

m closed string theory:
double expansion in g.; and o’
m o : string worldsheet fluctuation
S sd?c0X¢oX
m g, - string quantum loop fluctuation
B Sger=0"Qg0+g T D
m observables =3, _,' >’




ldentifying the Two Sides....

= large-N YM and closed string theory have the same
perturbation expansion structure

o gt $ (1/N)
E where = characteristic scale
s Maldacena’'s AdS/CFT correspondence:
‘near-horizon”( ) geometry of D3-brane
= large-N SYM,,, at large but fixed A

= not only perturbative level but also nonperturbatively
(evidence?)



D3-Brane Geometry

¥ 10d SUGRA(closed string)+4d SYM (D3-brane):
Siotal = S1og + 5 d* X (-€® Tran2+ Cy...)

where
= (1+R*/r%); r=|ly| and

E N =



|dentifications

d D-brane stress tensor grows with (N/g;)
At large N, curvedness grows with g2 (N/g.)=
J Near D3-brane, spacetime S°
d  D3-brane fluct. $ spacetime fluct.
(from coupling of D3-brane to 10d fields)
Tr (Fmpan) $ gmn
Tr (FonFmn) 9 D
$

]| 0= (=8



AdS/CFT correspondence

= Dirichlet problem in AdS; or EAdS;=H

g \

i L qravity # CAP \ 'u_,;.-u:;:-‘wq),-‘, B enny )]

e B e

= ZS“.”P-H » S [dA] exp( SSYM — S Z (|)1

AdS,



AdS.

m [N flat 4+2 dimensional space
ng o dXOz o d ><52 + Za=14 d Xaz
m embed hyperboloid

s SO(4,2) inv, homogeneous, isotropic
s AdS; = induced geometry on hyperboloid
x <homework>



s Global coordinates:

ds? = R2(—cosh?p dt2+dp?+sinh?p dQ.?)
boundary = R, £ S5,

m Poincare coordinates:
ds?=R?[r2(—dt? + dx2 + dy? + dz?)+ r2dr?]
boundary = R, £ R,




Why AdS Throat = D3-Brane?

m D-brane absorption cross-section:
SUGRA computation = SYM computation

N D3—branes
AdS,

flat flat

AdS 5 region in gravity description
= N D3-branes in gauge description




Another argument

s D-instantons probing (Euclidean) AdS5

m For U(N) gauge group, “homogeneous” instanton
number < N (otherwise inhomogeneous)

m Q D—instanton cluster in approx. flat region

SDiﬂstanton = _(T/QSt ujz) T[’Q[(I)T, (1)2]2 e
: ]
E ]
Ll

m <Tr(@")2>» Ql2, <Tr(®2)2>» Q2 g, a2/ L2
= rotational symmetry ! L4 = Q g, a’° =
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Another argument

s D-instantons probing (Euclidean) AdS5

m For U(N) gauge group, “homogeneous” instanton
number < N (otherwise inhomogeneous)

m Q D—instanton cluster in approx. flat region
S =—(1/g,, «’?) Tiy| ' 2=,

Dinstanton

m <Tr(@")2 > » Ql2, <Tr(®2)2>» Q2 g, a2/ L?
= rotational symmetry ! L4 = Q g, a’° =



How can it be that 5d = 4d?

m extensive quantities in 4d SYM theory scales
as [length]*

= Extensive quantities in 5d AdS gravity scales
as [length]°

= S0, how can it be that quantities in 4d theory
IS describable by 5d theory??

r T TN kL Y =, Ly e (L L =0 = Ve 'r_9r Ay - Sy,
. ™ 1 i - I e e -y | | ri L i gt || ey
i, Yl Yl Y I S " w WY P | —al ) w1 - o — =4 -

e j my i gy gl T - \ . P o e g gy,

| e | | i " \ — . | .u-i e Yy, F o e,

e | =i | —— L [ . 1 i ol N - W L W | F Y e gl




e ANnswer:

Consider (d 4+ 1)-dimensional AdS space. Take
a finite comoving d-volume (vol)y; = AtAY k.
"Volume” V 4 1(rs«) of ball of radius r =r4:

Tx J
/ Zl--“’"(-r)drf Z=Y4(r)dedd 1x
O vol 4

Vit1(r+)
. 3
= d—rr*ﬁ’ VOla for d=4.
"Area” Ay(r) of ball of radius r = r«:

a40rs) = | ZY*(r)atetlx
T'=?'#
— rfR“dvola, ar d—4.
Comparing the two, we find

1 Acs(r

= _5(1*) A e e
4 14(?‘*) R

Notice that the ratio is independent of r+, and

holds for both 7« < 1 and rx > 1! i




Shall we test AdS/CFT?

m Recall that heavy quarks are represented by
fundamental strings attached to D3-brane

= Now strings are stretched and fluctuates inside
AdS:

m Let’'s compute interaction potential between
quark and antiquark

= Do we obtain physically reasonable answers?




Static Quark Potential
at Zero Temperature

V(r) = —(1254..) V&N

' §




e geometry produced by D3-branes:

1
dSE — Gmn(r)drmdrn —_— \/—?(—dfg —I— d]‘(z) —I— \/_Z-d'f‘z
R4 R4
Z—1 -k s = &= near-horizon
T

e string dynamics in the D3-brane background:

1
2ma’

LﬂwMg:="‘

fdcr\/ —h (Nambu-Goto)

hab(ff. T) — G?nn(‘Y)aa_Xr?naszn.

» look for static string configuration:

static gauge : ¥ _+ X-— X” +Ur

mrsaosscos0 ® COMpuUte hp — plug back to Nambu-Goto




e string Lagrangian:

[ 3112 L -
Lstring —_ — /dd‘\ [H +- YA 1X{

2ra’

» static-gauge constraint = energy-conservation

» eqns of motion:

U’ rz f i
= X (8uz~1)
\ i Z‘le|2
/
Z "X
| =
oF L Z I

\ |




e heavy quark

1

2mal

= X (o) = O U(oc) =0

» String energy = quark mass

i 5.
Estring = 35— / Dol — A,

o interpretation: radial distance = energy scale

1
r(gravity) < ;(ga uge)

geometric UV-IR duality, holography




e heavy quark

1

27-?&"

M —x X (o) =& Uie)—a

» String energy = quark mass

i D
Estring = ﬁ/da-\: A,

o interpretation: radial distance = energy scale

1
r(gravity) <« ;(ga uge)

geometric UV-IR duality, holography




Holography (boundary = bulk)
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e heavy meson

XY=+ X”(J) —gre. U —1/io)

U-egqn of motion

—2Z 0" + (8yz 1) (22U + 27 =0

first integral of motion:

g°N

ZE;-Q Z_
e B = .

— int. const.

solution U(e) via implict function form:
easy! mechanical particle analog

g(t) . =Us/U(oc) — bounded orbit







Heavy Meson Configuration

—® — %
—5 -
3
v 4!
L
-
=0 AdS radial scale ~00 | =




» inter-quark distance semi-minor axis of

"closed orbit’:

ANEN . EE/S

 F— ——= il 2 I O
Uk (1/4)
— geometric UV-IR relation
e Note!
non-analyticity : \:ng\'

holography : L oc LIV,




Heavy Meson Configuration

bare quark

—=( AdS ra@ial scale' =00

bare anti-quark



-

semi-minor axis of

» inter-quark distance
" closed orbit":

g°N 2 /7 (3/4
f {_*\“ jr c— &/9 =1 195N
U, r(1/4)
— geometric UV-IR relation
e Note!
non-analyticity : \:ng\f

holography : Lo 1,




Heavy Meson Configuration

bare quark

=0 AdS radial scale' =00

bare anti-quark




semi-minor axis of

» inter-quark distance
" closed orbit":

g°N o 2V (3/4)

Xq
B—"A —— gl Dl 7
U (1/4)
— geometric UV-IR relation
e Note!
non-analyticity : \_'JQEN

holography . E oo 1,




Heavy Meson Configuration

—— o
bare quark p:
— e
3
O
9 '|
. [
=0 AdS radial scale =00 é |

bare anti-quark




semi-minor axis of

» inter-quark distance
" closed orbit"’:

g°N 2/ (3/4
[4:{"\“?_ o=V &/9 —— il 2
U, [(1/4)
— geometric UV-IR relation
e Note!
non-analyticity : \_"IQEN

holography : L ooc 1,




e string energy.

1

2ma’

uli_rnm . 5 dz—
O \ 4 -1

[used the first integral (" conserved energy’” )]

: =, 1
E( o) (U+) /dg\, o1z

.

» heavy-quark potential:

Ve (U = Egg)(U) — (Mg + Mg)

2:3/2
T \/,j
r=(1/4)

e uUsing " geometric UV-IR duality’’,

o I
= g=N\ o
Vaa(L) = —C¥= C—1254..




Heavy Meson Configuration

bare quark

—=() AdS radial scale' =00

bare anti-quark



e string energy:

|

2ma’

uli_moc_ 20 dz—
O \ =1

[used the first integral (" conserved energy” )]

/ do\ U2 + z-1
l‘2

Eag)(U+)

» heavy-quark potential:

g \/5#3-’;2
e vy

e USing "'geometric UV-IR duality'’’,

T
g\
¥ ()

e & — 105




N |
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|

semi-minor axis of

» inter-quark distance
" closed orbit’:

g°N 2 /7 (3/4
E— f.”\“ j* c—" &%) = NS
U (1/4)
— geometric UV-IR relation
e Note!
non-analyticity : \ :ggN

holography . E oc 1iU,




e string energy:

1

2ma’

lim 2U* dx

U—0O0 0

Eqg)(U+) [ doVU + 271

.

\ 1

[used the first integral (" conserved energy” )]

» heavy-quark potential:

Vigg)(Ux) = Egg)(Us) — (Mg + M)

B 273/2
Eg L’E(l/aﬁ,)]

e Using "'geometric UV-IR duality',

:_'—:\F
V —I'JE) —— —{_q'\ g

QoN I =1 7=




What have we evaluated?

= rectangular Wilson loop in N=4 SYM
s W[C] =TrP exps. (iA,dx™+®@2dy2)

= gauge field part = Aharonov-Bohm phase
= scalar field part = W-boson mass
= unique N=4 supersymmetric structure



heavy meson

XY=+ XH(J) —pvee. U —1/{s)

U-eqgqn of motion

—2Z 0" + (8yz 1) (20 + 27 ) =0

first integral of motion:

g°N

Z2UP 4z =
S Us

— int. const.

solution U(e) via implict function form:
easy! mechanical particle analog

g(t) . =Us/U(oc) — bounded orbit




e heavy quark

1

2’?&1"

X—x X () =0 o) —o

» String energy = quark mass

1 rfg
Estring = 35— / SNl — A,

o interpretation: radial distance = energy scale

1
r(gravity) < ;(ga uge)

geometric UV-IR duality, holography







e string energy:

1

2ma’

uli_rnm e, | dz—
0 \ =1

lused the first integral (" conserved energy” )]

Eg)(U+)

/ doy B !
,1'2

» heavy-quark potential:

2:3/2
— T \/,j
r=(1/4)

e Using "geometric UV-IR duality'’’,

;_'_L\F
¥ 8- o

= - & 1oy




What have we evaluated?

= rectangular Wilson loop in N=4 SYM
s W[C] =TrP exps. (iA, dx™+ ®2dy2)

= gauge field part = Aharonov-Bohm phase
= scalar field part = W-boson mass
= unique N=4 supersymmetric structure



