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Introduction



Non-local operators in quantum field theories

Local operator (field) Non-local operator
O(x) O(%)
; P
one point Multiple points, line, surface, ...

\‘ \

Example: Wilson loop

We want to address the operator localized on a sub-manifold



Motivation

» Phase structure of the QFT
(c.f. Wilson loop, 't Hooft loop)

Potentials between test particles, test strings etc.

» Understand branes in string theory
through AdS/CFT



Classification

Non-local operators localized on a submanifold
can be classified by the dimension of the submanifold.

In a 4-dimensional field theory

0 dim Local operator
1 dim Line operator (Ex. Wilson loop)
Introduce test particle
2 dim Surface operator
Introduce test string
3 dim Interface operator

(Can connect two different CFTs)
Introduce test membrane (wall)



AdS/CFT correspondence

AdS /  CFT
I ]
lIB String ddim N=4
Super YM theory
AdS5 x S5 SU(N)

Some objects L
<:> Local or non-local
Operators

 Field fluctuation

 F-string

e D-brane probe

 NS5-brane probe

» Gravity solution
etc.

GKPW prescription @ Correlation functions



Plan of this talk

» Overview of 1/2 BPS non-local operators in AdS/CFT
~1/2 BPS non-local operators in N=4 SYM
~Their gravity dual

* 1/4 or less BPS surface operators  [koh, SY '08]
~ Description in N=4 SYM
~ Gravity dual as D3-brane probe

~ Correlator with local operators



1/2 BPS (nhon-)local
operators
iINn 4-dim N=4 SYM



Summary

In 4-dim N=4 SYM lIB string theory

*» 1/2 BPS local operators » Field fluctuation

_ » F-string
» 1/2 BPS Wilson-'t Hooft loops

» D-brane probe

» 1/2 BPS surface operators *» NS5-brane probe

» Gravity solution

» 1/2 BPS interface operators etc.

=




4-dim N=4 SYM

» Field Contents

- Vector All’ I’l=0919293
- Spinors
- Scalars i’l’=4’...,9

Each field is an N x N Hermitian Matrix

» Action
SYM=2TNI d4XtI‘[—%F“VFW‘|““

A=g§M N 't Hooft coupling



Global symmetry

» Conformal symmetry

SO(2,4) ~ SU(2,2)

*» R-symmetry

SO®6) ~ SU(4)

» Super and superconformal symmetry
(4,4) of SU(2,2) x SU(4) (complex)

)



- » 1/2 BPS local operators

* 1/2 BPS Wilson loops

» 1/2 BPS surface operators

» 1/2 BPS interface operators



1/2 BPS local operators

J=Z jn;
Dilatation

b

byt i s



Symmetry

Bosonic symmetry
TR X SO(4) X SO(4)

A \
A—J

Rotation around the point
Part of conformal symmetry

Rotation of (156,' ¥ §b9
Part of R-symmetry

Also commute with half of supersymmetry
and superconformal symmetry



Gravity dual of 1/2 BPS local operators

» Field fluctuation

KK reduction of |IB supergravity on AdS5 x S5

[Kim, Romans, van Nieuwenhuizen '85]

There is a field ®4 with mass?=A (A —4)
with the correct symmetry

f’”[gbA] <) S A

when A<KN



» Giant graviton Grisaru,Myers, Tafjord '00],
‘[Hashimoto, Hirano, Itzhaki '00],
A~N McGreevy, Suskind, Toumbas '00]

Large number of rotating gravitons puff up
and become a D3-brane

» Bubbling supergravity solution

2
A~ N7 [Lin, Lunin, Maldacena '04]
Large number of D3-branes get togather

J )

Back-reaction to the geometry @ @

RxS3xS3x23




» 1/2 BPS local operators

' * 1/2 BPS Wilson loops

» 1/2 BPS surface operators

» 1/2 BPS interface operators



1/2 BPS Wilson line

? time

TrR[Pexpfdei[AO+q54H

R: representation of SU(N)

Bosonic symmetry

SO(1,2) x SO(3) x SO(5)

time translation T d) d)
dilatation rotation of L.
SCT time direction 0, s

Rotation in the space



Gravity dual of half-BPS Wilson line

» Fundamental string [Rey, Yee '98], [Maldacena "98]
AdS2 shape

7 Fundamental representation | F-string
O

Boundary of AdS5

» D3-brane [Drukker, Fiol '05]

If large number of F-strings get together,
they puff up and become a D3-brane @ D3

with electric flux AdS2 x S2 shape

& Symmetric representation
HEEEEEN




[Hartnoll, Prem Kumar '06],
> D5-brane [SY '06], [Gomis, Passerini '06]

If large number of F-strings get together in another way,
they puff up and become a D5-brane

with electric flux AdS2 x S4 shape

= Anti-symmetric representation




» Bubbling geometry
[SY '06], [Lunin '06], [D'Hoker, Estes, Gutperle '07]

[Okuda, Trancanelli '08], [Gomis,Matsuura,Okuda, Trancanelli '08]

If the representation becomes larger, a lot of D3-branes or D5-branes
get together and the back-reaction has to be considered

AdS2 x S2xS4 x 22

with smooth metric, RR5-form, RR3-form,
NSNS-3-form, dilaton

Symmetry: SO(1,2) x SO(3) x SO(5)



» 1/2 BPS local operators

* 1/2 BPS Wilson loops

l » 1/2 BPS surface operators

» 1/2 BPS interface operators



Disorder type operator:

Function(aantal fields

) Boundary conditions of the fundamental fields

Example: 2 dim massless compact free boson
1 2 ~
S=2—fd z0.¢$0.¢P bp=p+21TR
T

Vertex operator for winding modes cannot be
written as a function of the boson

It is defined by the boundary condition (or OPE)

d)(z)O(O)Ng—?(logz—logZ)O(O)



Lesson from this example

Classical solution with singularity
WR
b(z)=".
1

defines a operator localized at the singular locus

——(logz—logz)

» Correlation functions are defined by path-integral
with this boundary condition



1/2 BPS Surface operator  cukov, witten '06]

4 dim N=4 SYM

[), R ¢4+l 4)5
d5=diag(;,0,0,...,0) z=x"+ix’
B : constant
xO i singular locus

X
o 23
X, X

» This configuration is a classical solution

» Singular surfac(:)e z=0 " |Define an operator
extendedto x|, x ! direction localized at z=()



*» Symmetry seen from the classical solution

b:=¢,+i
d=diag(P,0,0,...,0) Patio:
Z 2.3
Z=X TIX
singular locus 6 9
xoxl rotation of b ,....,P
sz,x‘?’ SO(2,2) x SO(2) x SO(4)

2 dim global conformal symmetry T

diagnal subgrop c%f
X ,X

P’

e rotation of

e rotation of



More generally
M :aninteger
N., i=1,..., M :partition of N ZM N =N
i=1" "1

l

| N, N oy
. FEE
qs:gdzagCﬁl,...,;3'1,32,..., Brr1:Bureens By)
N, Ny
dz '

A= :
2Tz

diag (o) ..., 0, 0y .o, Xy 1, Kyypyenn, Oy)

Insertion of eXp[iZ- n.try F|
’ | X, n;:real

Parameters (B;,&;,n,), i=1,...., M B, -complex



Gravity dual of 1/2 BPS surface operator

Constable, Erdmenger,Guralnik,Kirsch '02], [Gukov, Witten '06],
(Gomis, Matsuura '07], [Drukker, Gomis, Matsuura '08],
Lin, Lunin, Maldacena '04], [Lin, Maldacena '05]

» D3-brane probe @ D3

AdS3 x S1 shaped

!

d5=diag(ﬁ 0,0,...,0)

_)
Z




» Bubbling geometry

_ Large number of D3-brane get together
N.=~N ) .
l and back-reaction cannot be ignored

AdS3 x S3 x S1x 23

SO(2,2) x SO(4) x SO(2)




» 1/2 BPS local operators

* 1/2 BPS Wilson loops

» 1/2 BPS surface operators

' » 1/2 BPS interface operators




1/2 BPS Interface

The bulk theory of each side may be different!

CFT1 CFT2
o> NV, s NV
? Interface

sexample1: CFT1=CFT2
[DeWolfe, Freedman, Ooguri]

Introduce fundamental hypermultiplet
localized at the interface



> example2: “Nahm pole” N, =N,—n
[Constable, Myers, Tafjord '99]

Classical solution
(SUSY =) Nahm equation)

1

—T1
Cl)3-|—a x3

a

T n-dimensional representation of SU(2)

N,

N

Ta n




* Symmetry

SO(2,3) x SO(3) x SO(3)

T A A

3 dim confomal

Rotation of §b4’ (l)s ) §b6

Rotation of (l)% (l)s ) ¢9



Gravity dual of 1/2 BPS interface

D5-brane

[Karch, Randall]

» D5-brane probe
AdS4 x S2 shaped Boundary of AdS5

<:> Example1 fundamental hypermultiplet

D5-brane

» D5-brane probe

Tilted AdS4 x S2 shaped %

n Magnetic flux Boundary of AdS5

<§> Example2 Nahm pole with n-dim
iIrreducible representation



» Bubbling geometry [Gomis, Romelsberger],
[D'Hoker, Estes, Gutperle '07]

AdS4 x S2 x S2 x 22
with metric and various flux

SO(2,3) x SO(3) x SO(3) symmetry

Large class of interfaces

Even the case that more than two CFTs are
connected at a interface is realized



BPS surface
operators



Summary of the result [Koh, SY]

» 1/4 or less BPS surface operators

» [dentify gravity dual

» Check the supersymmetry
in both the gauge theory side and gravity side

» Calculate the correlation functions with local operators
In both sides and see they agree



How they agree between
weak and strong coupling ?



1/2 BPS surface operator

4 dim N=4 SYM .
D:=¢,+id.

b= dzag(’B 0,0,...,0) . AT

f : constant
* Supersymmetry

_ ul 2345\
Sw=D,p, " e=0m==) (1+I'7")e=0 1/2BPS
Holomorphy is important to preserve the supersymmetry!

» Dilatation symmetry

& has conformal dimension 1
Degree (-1) is important to preserve the dilatation symmetry



1/4 BPS surface operator

1

zZ
b ~ Multi-valued Zz
2172

Well-defined 7?7

X
X

2
0

.. 3
X

. 1
- IX



Yes, in the following way.

_ 5 _
o dlag( — —==00),  A=0,
For expample for fixed 72, there is monodroy around z'=()
1 1 27
Zz —ZzZ e

Cancel the monodromy by the gauge holonomy

Introduce two patches

(a) 12

1) 0 < oy <27 (branch cut at o = 7).
(1) 0 < ¢y <27 (branch cut at ¢; = 7) " o)

2) —m < ¢y < 7 (branch cut at o =0).
(b)

1 Lpy
zZ =re



In region (a) two patches are related
by identity gauge transformation.

(1)

In region (b) two patches are related
by the gauge transformation by the constant matrix g

101 )
9 =
0 In_o

Cancel the monodromy and become
a consistent configuration




sSupersymmetry in the gauge theory side

sw=D, ¢, " e=0
(1—|—F0145)€ _ (1—|—F2345)€ — 0

1/4 BPS

Expectation value is also checked <Oz>= 1



Gravity dual = a D3-brane configuration

AdS5 x S5 coordinates  (z',z°, w', w’, w’)
all complex numbers

3 2
i l i - 4 i i
15 = g [ D P+ (3 e P2 [
NPE

a=1 a m=1

D3-brane wrapping the surface

2w — k=0, w=w’=0,

ST

K . constant related to[g by K =



sSupersymmetry of the gravity dual

» Kappa symmetry projection

» 12 dimensional formulation
[Mikhailov '00], [Kim, Lee '06]



Correlator with chiral primary
in the gauge theory side

Want to calculate some physical quantities
<OZ°O (Z)> (For 1/2 BPS case [Drukker, Gomis, Matsuural)

O(Z)=C}[1“.]Atr[¢[1”'(l)]A]

Traceless, symmetric tensor

Os-0(() 1

— DADYDO O(Q -5
<OE> <OE> /l;mmdar}r Cﬂlldition{ ] )

Classical approximation
just insert the classical solution

= Olx(¢)



Only SO(4) invariant ones are non-zero

Th It in th h | - imati
e result in the gauge theory side (Classical approximation)

<Oﬁ=k(0 - Ox) - (87 )ﬁm(ﬁk 3A
Os) T RRVA AR

5 (1+(=1)7)




Correlator with chiral primary
in the gravity side

Some field fluctuation of metric and RR4-form
@ Chiral primary operators

GKPW: calculate the classical action of the solution
with source inserted at boundary.

D3-brane is treated as probe
Action of the gravity side O aravity — S 1B sugra T +5 5;

Sp3 = Sppr — Swz. Sppr = 1Ips / -ff45 \/ \di??t G-m.-n,\- Swz = 1p3 / Cy.

Y



<OA,k ' 02> oS

— gravity 0 S D3

(05 55,(C) 00" 5 5, (C) 0=

— _ Atk m
/ H.-,:_T(:);v + ( ) ‘( O?HW(*")‘
A+ Eek;

=

S C.;rn.‘?. Ju ‘;:_.,-“_2 (U(Z)= Kl' :
=12 NZ 2

It is not easy to evaluate exactly this integral



Approximation in the limit Kk — oo

_ —1
W gradient K
@

Boundary of AdS5

Local operator inserted

Integrand (bulk to boundary propagator)

The integrand has a SHARP PEAK in this limit!

. DA/ A o
<OA!IL OE) _ 2 (Tﬁk K : e—-ik(rj)"l—h:;}fz)/g
(Ox) VA (dydy)=/?

(14 (=1)%)

Cj=d.ei¢'

J

Agree with the classical calculation in the gauge theory side
with the identification - 2mp

K

VA




Correction

<O$.Fﬁ : OE> (1/4) . —9 AQ _ '('2 ”’f T ”’%
— 15/ 1+ k72 °
(Os;) ! R 16(A — 1) \ dids ’

-2 _ A
41‘(232

This expression is positive power in A !

K

The situation is similar to plane wave limit of BMN

Large g mimics the perturbative expansion in A

To compare this term with the perturbative Yang-Mills
calculation is an interesting problem.



Summary



4-dim N=4 SYM lIB string theory

» 1/2 BPS local operators * Field fluctuation
» F-string

» 1/2 BPS Wilson-'t Hooft loops » D-brane probe

> 1/2 BPS surface operators > NS5-brane probe
» Gravity solution

» 1/2 BPS interface operators etc.

All those different pictures should be the same thing

Just classical approximation in some pictures are good
and others are not.

Relation between those pictures give some hints
to the quantum mechanical nature of the string theory.



» 1/4 or less BPS surface operators

» [dentify gravity dual

» Check the supersymmetry
in both the gauge theory side and gravity side

» Calculate the correlation functions with local operators
In both sides and see they agree
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