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The Tools (1)

Open and C|oseds\tigs; N @

110 Supergravity




The Tools (I1)

Think of open string sectors as
existing within a type |l (closed)
string theory, as D-branes, where
the endpoints lie.

p extended
directions:

Dp-brane




Open string degrees of
freedom give a U(1)

gauge theory in the
(p+ 1)—dimensions of its
“worldvolume”

b extended
directions:

Dp-brane




Multiple branes:

SU(N) gauge theory

Witten ‘95, Polchinski ¢ 89-95



Multiple branes:
Pulling branes apart is a Higgs

mechanism, from worldvolume
perspective:

(D

Some fields get vevs

Transverse flucts of
strings with both
ends on same brane

Some fields get masses

Transverse flucts of
strings with ends on
different branes




Within the open/closed description,
one can describe the D-branes’
natural sourcing of closed string fields




NS-NS:

This is how D-branes interact with the
closed string sector.

R-R:

Polchinksi 89-95



p
The various theories all fit together into a larger picture.

Heterotic
SO(32)







The Journey to AdS/CFT

In the large N
limit, a “throat”
opens up.

«

Many, N, D-branes
have a significant
footprint on the

spacetime.

A D-brane is
localized in its
transverse
directions.

Too many authors to mention.....



D3-branes They naturally fill a
are special. D=4 spacetime...




This is the same limit in which the D=4 theory is SU(N) Yang-Mills Theory

Maldacena ‘97, Gubser, Klebanov, Polyakov ‘97-98



The solution for Horowitz-Strominger ‘89
the D3-branes:

R4 —1/2 R4 1/2
R — 47|:gSN(0L’)2 _ 64(oc’)2 eZCIJ _ g?
R4 —1
C(4) = — <R4§—Sr4) dxo /N ---Ndx;
Take the limit Hold fixed:
r — 0 : o — 0 U = L (With N units of 5-form

o/ flux on sphere)




The Correspondence

Type IIB
ﬁ Supergravity on
AdSs x S°
gon = 27g; g, small
gymN = A N large
A large g.N large

Gs =l /(2N?)

We are studying strongly coupled gauge theory using gravity.



The Correspondence

Type IIB
ﬁ Supergravity on
AdSs x §°

N _ L . o iné6
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2 AN
ds* = — (1 + %) dr’ + (1 + %) du” +u*dQ5+ (>dQ;  global
62 2
ds* = ;du2 + %(—a’t2 +dxt +dx5 +dx3) + £°d Qs local



ZFT(GM, (I)(),k) — Zgrav (M7 (I))

Irr — IpT + /aMd4}’ Gok(y)Or(y)

Maldacena ‘97, Witten ‘98
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O(u,y) — e/ >V, (y) +e P, (y

B ‘_
deformation (eg. mass) vev

_ 202
GKP'98, Witten ‘98 A=2+ \/ 4 + m=/l




Metric diverges
at boundary.

Geometry of AdS

L) e
et % g S

o ;.
._
'

large u = UV

small u = IR

Can only choose
U
metric on it up to ;2 2
s = —du°+
a conformal factor. u? 52(

dt* 4+ dxt + dx; + dx3) + (*d Q2



The Usefulness of Throats

Metric of a
cross-section

s* = e\ P dx'dx" +ds*

“warp factor”



decreasing r

increasing r

Our previous

2 2A(L U]V ) coordinate:
o

At some value of L%O — e2A : Lézl

So the warp factor gives small D=4
scales for large » and vice-versa!



It is warping that allows a Planck
scale string to model a gauge

theory flux tube in AdS/CFT

This is also useful in
cosmological scenarios....



Probing the Correspondence |
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Probing the Correspondence |l

For finite temperature, use “black brane” metric:

ds? = L;zz( (1_$) dt +dx1+dx2+dx3) + (1—%) li—zzdu
Horizon located at: U — }4 Carry out the Euclidean calculus:
8 dafi:t = 4n T — ]’LM
y—yl/4 Tl?fz
<‘Ii> :zﬁi\gzgnzTﬁvz 5—4?;5:%2T3VN2

Gubser Klebanov Peet ‘96, Strominger ‘96
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Probing the Correspondence Il

Wilson Loops
Adj



Wilson Loops

nt heavy

Adjoi

|ty

type IIB grav

“quark” sources
in theory

Below scale set by T, E~1/L, (Coulomb)

But (well) above that scale, £~ () (No force):“Deconfinement”!
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Probing the Correspondence |V

Phase transitions.

2 u’ 2 u’ - 2 2 32
ds“=—(1+— |dt"+ | 1+— | du"+u"d€3

(> (2

Theory is now on R X S



Behaviour of Wilson
loops still same....

—1
ds® = — 1+u—2 dt® + 1+u—2 du’ + u?dQ3
_ /2 /2 3



At finite temperature,
must consider also

AdS-Schwarzschild:
2
B 27l Uy
2uz; +

&

2 2\ 1
dS2:_<1_ﬁ+“_>dt2+(1_142_|_“> du” +u*dQ;3
uz 12

Theory is now on R X S



Probing the Correspondence |V

B 2313621/![-]
- 2uZ, 412
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Phase structure:

Witten’98; Hawking-Page ‘83

Minimum temperature, T, , below
which the holes do not exist.

I”

Both “small” and “large”
holes exist for T > Tiyin

There is a critical temperature, T
where Fgy < Fags

AdS—Sch
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Probing the CorrespondenceV

Toward finite density

There are other choices
Chamblin-Emparan-Johnson-Myers ‘99 Cvetic-Gubser ‘99



For diagonal choice, the relevant solution to consider is a Reissner-Nordstrom
black hole in AdS.

ds* = —V(u)dt* +V (u) " du* + u*dQ;

”|q2.”2
L4

Viu)=1-—

U  u




Resulting phase structure:

T
AdS-RN First order phase
Black Holes transition
AdS =

Chamblin-Emparan-Johnson-Myers ‘99



_T

Johnson ‘99
T Critical
RHIC frrereeseneesst QLlﬂl"k- Endpnin‘l‘ :
Gluon /
- Plasma

Chiral symmetry

Hadronic restored

matter

Ist order
line ?
Chiral symmetry Colour
broken superconductor
&
Nuclei Neutron stars g

Diagram ripped from yesterday’s proceedings on web. Berndt Miiller’s talk!



Probing the Correspondence VI

is implied to be unusually small by RHIC data.

Shuryak review ‘04

o

It turns out that gauge theories with gravity duals naturally achieve this!



>III

B 16nG
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Area of horizon of
finite  temperature
solution is A

Klebanov, ‘97
Das, Gibbons, Mathur ‘96

Conjectured to be a

lower bound (Kovtun,
Son, Starinets ,‘03°04)






Toward QCD
Adding fundamental flavours.

One approach is inspired
by role of D3-D7 strings:

O7brne




Take near horizon limit of N D3-branes

Nf D7-branes

Get a sensible, controllable
geometry when:

N large
gv1N = A = finite

8%/MNf =0




Karch-Katz ‘02, Kruczenski et al ‘03

A D7-brane in the probe limit sees on its worldvolume:

2 52 €2 2 _L2
ds® = % (—dt* +dxi +dx5+ dx3) + —du” + C )

Large u is just AdSs x S°

But when u=L, only have AdS part. === _




D7-branes

dynamical
fundamental
quarks

L _

= o
D7-branes

U vanish



Toward QCD

Lessons:

\=/




The Present

Maldacena ‘97,Witten
‘98, Gubser, Klebanov
Polyakov, ‘98

Klebanov-Strassler;
Polchinski-Strassler;
several QCD-like
models since
then...Stephanov in
this conference...

Csaki et al ‘98, de Mello
Koch et al ‘98, Minahan ‘99,
Ooguri’ 99,Constable and
Myers ‘99, Myers group
‘03,04, Evans et al ‘03...

Polchinski-Strassler ‘O1;
Giddings ‘02,
Kang-Nastase ‘04 ....
Nastase ‘05




The Future?




