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String theories have solitons === extended objects

Non-perturbative structure of string theory l

/
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Dp-branes Extended in p + 1 directions (p spatial + time)
-Defined as hypersurfaces where strings end ul
-Obtained by quantizing the string with fixed ends — -
along hyperplanes (Dirichlet boundary conditions).

-

Charged under the antisymmetric tensor fields

K1, .. Hp+1
Ay —>/ Ay dx dx
Mop 1

M,+1 — worldvolume of the Dp-brane

/////



The D-branes are dynamical objects

Action == Spp, = —1py /dp“flf[---]

Tp, — tension of the Dp-brane Tpp =
I'pp ~ gs_l — non-perturbative objects

Excitations of a D-brane

-Deformation of shape and rigid motion

Parametrized by 9 — p coordinates — ¢* (i =1,---,9 — p)

|

They are scalar fields on the worldvolume



-Internal excitations

The endpoint of the string is a charge that
=
sources a gauge field on the worldvolume
Dirac-Born-Infeld action Sppr = —Thy / P\ [~ det(gy + 2712F,)

In flat Space = Juv = Nuv T+ (27‘-[?)2 a,u¢z av¢z

Expanding in powers of F),,, and ¢

1
SpBr = —— (
9y m

1
4

F, F* + %@Lqﬁi O 4 - ) gaugetscalars+(fermions)

YM coupling = | g7, = 202m)P 212 %g,




Multiple branes realize non-abelian gauge symmetry

A, ¢* — adjoints of U(N) N

Y

N paralell coincident branes realize U(N) YM L

The non-abelian nature comes from strings D'bV> \2

stretched between different branes
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The U(1) can be decoupled

stack of N Dp-branes = SU(N) gauge theory in p + 1 dimensions!




N D3-branes

-3 + 1 dimensional worldvolume

-SU(N) gauge field

-10 — 4 = 6 scalars

-plus fermionic partners Exact CFT

YM coupling — g3, = 47gs

The D-branes provide a completely new perspective on gauge theories

One can move the branes, dualities, less SUSY,
put then in different spaces, .. different field content &vacua,..

Geometric insight on gauge dynamics === brane engineering



String theory is a gravity theory === any matter distorts the spacetime

The distorsion is governed by the action

1

5= 167G

[anegns -

10d Newton constant = | 167G = (27)7 g2 1®

-The dependence of G on [ follows from dimensional analysis
-The dependence on g, — compare amplitudes in string theory and gravity

string theory gravity

2 ~ (G



D-branes are solutions of Einstein equations

Linearized metric for a point-like object in D spacetime dimensions

ds? ~ —(1+20)di% + (

GM
£~ D-3

—= Newtonian potential

2

D—3=dr—2

M — mass

Linearized metric for an object extended along p spatial dimensions

GM

(pN

rD—p—3

2(p+1)

ds® ~ (142¢) (—dt2+daz% + - --d:z:z%)—l—(l—D o ng) (dxf,ﬂ + - ~dx%_1)

dT:D—l—p




Gravity solution for a stack of NV D3-branes in 10d

ds? = H™3 ( —dt? 4 da? +da? + dxg) +HE (dr? + erng)

4
H(r) — warp factor H=1+ L_4
7/3

dr? + r*dQ: — flat metric of R° dQ? — line element of S°

L* = 4mrg N2 I

: : 1 LA
The value of L can be found at linearized level =p= ¢ = -5 1
/)/0
G~ g2 13
N == [ GM = GM~g218N ~ Ngsl?
MNNTD3N9l4 SSgSlg SYg



D3-brane geometry — asymptotically 10d Minkowski with a infinite throat

Minkig

4
near-horizon metric in the throat === g ~ f—4 == low-energy limit
2 L2
ds® = 73 (—dt* + dxy + dxs + dz3) + = dr® + L* dQ:

. L
change variables as =p r ==

Z

2

L
ds® = = (—dt* + dzs + dws + dos + dz?) + L* dQ3

near-horizon geometry — AdSs x S° with radius L




Maldacena conjecture

N =4 SU(N) SYM theory equivalent to string theory in AdSs x S°

Relation of parameters L\’ ,
E = N gyum

't Hooft coupling —s=| )\ = N g2, | = s _ 1
Lz

4 4

[,\8 7
oot Tt — [ - 2
P 5 Iy M 7 SN2

The dual theory is classical gravity if:

— lfp << 1 — no quantum gravity corrections

—_ % << 1 — no stringy corrections

Equivalent to N >> 1 and A >>1 === Pplanar strongly coupled SYM I



Checks of the correspondence === Symmetries on both sides

Conformal symmetry

O N =4 SYM is a CFT with an exact vanishing S-function

O AdS5 has the 4d conformal group SO(2,4) as isometry group

dilatations === (¢,7) — \(¢,7) Z— A2

Supersymmetry

© N =4 SYM is maximally supersymmetric

32 fermionic supercharges — Q4, Q4 A=1---.4

o

Q4 — rotated with SU(4) — R-symmetry group e Qé —4 Q4 -4

(8%

It has six scalars ¢1, - - - ¢ — fundamental rep. 6 of SO(6) ~ SU(4)



© AdSs x S° is maximally supersymmetric

32 Killing spinors — supercharges of ' =4 SYM
rotational symmetry of S° — SO(6) — R-symmetry of N'=4 SYM

directions along S° — scalar fields on SYM

Relations of scales

d — proper distance on the bulk dy ps — distance on the Minkowski coordinates
L
d= —dyum
<
: . 2z
relation of energies == E = ZEYM

UV in field theory (Eyj; — o0) — near-boundary region z — 0

Field theory IR ( Eyjs — 0) — near-horizon region z — oo




CFT — excitations at arbitrary low energies UV

geometry with bottomless throat ‘

IR

non-conformal theory — minimal scale —e geometry ends smoothly at some z

z =10
O Confining theories with a mass gap m Uv
1 %
0 N o
IR
< = 20

O Finite temperature theories with temperature T°

ZON%




Scalar field in AdSg41 I

: : L?
Euclidean metric ===  ds® = = [dz® + 6, da* dz”]
Z

1

action === S = ——

5 [ @ ava g owoone + m? o]

1
eoMm === —8M(\/§QMN5’N¢) —m2gb:O

V9

241 g, (zl_d 8ng) + 2% gHv 0,0, ¢ — m* L% ¢ = 0

Momentum space

d
o(=00) = [ 7 @A)

2419, (zl_dﬁsz) — k222 —miL? f, =0




near the boundary 2 =0 === f} ~ 2P = 3(—d) — m?L? =0

2
Two solutions for f == 3 = ¢ /e L om2 L2

2 4

Then
COERICEEREEOESN B PN ST | P L

d \ 2
. : 2
A is real if m” 2> (ZL) Breitenlohner-Freedman (BF) bound




The term 29 2 dominantes as z — 0

Oz =€)~ e A(x) === divergent if m? > 0

Define the QFT source as | ¢(z) = lim 22" % ¢(z,z) | == finite

z—0

Boundary action Sy ~ /dd.cc\/% (e, ) Oe, z)

L 2d d d —A
Ve = (?) —_—  Sbiy ~ L d“zo(x)e = O(e, x)

dey finite if (’)(e7 Qj) — GA (’)(w)

2 =0 — z = €18 a scale transformation in the QFT

g A — mass scaling dimension

2
* \/(5) +m* L2 of the dual operator O

A=
2




Inner product for solutions of the KG equation

(¢1a ¢2) — _i/ dz dx vV —9g gtt (€b>1k Ot 2 — @2 Oy ¢>1k) >; — constant-t slice
2t

O Subleading modes B(z)z® == Normalizable

Elements of the Hilbert space of the boundary theory

© Leading modes A(z)2?"2 === Non-normalizable if m*L* >

Sources of the boundary theory



Reduction on the S°

¢ — field in AdS5 x S°

r — coordinates of AdSs

$(z,Q) = > ¢i(z) V() () — coordinates of S°
z

Y;(Q2) — spherical harmonics on S°

Reduced action

1

B 5 _ -~
S = 167TG5 /d £ {»Cg'r'cw + »Cmatter} = ['g’rav — g |:R +

Relation of Newton constants

1 L°Q-
d°x d°Qy/— d°x \/— e
167TG/ L g10 R1o T x gs Rs
G G o

Gs

T I5Q. w35  2N?

1 I3 N2
SYM central charge = |csym =5 = -
4 G5 2T




¢ — massless scalar field in AdSs x S°

eom == |V2¢p = 0| V?>=Vi, + Vi

Eigenvalues of the laplacian on S° —p L?
C® =1(1+4) 1=0,1,2,

Eom of the reduced AdSs fields ¢

2 2 5 (1 +4) mass spectra
—m _ —_— |
vAdS5 P | " 2 after the reduction

scaling dimensions == A =2+ ./4+(mL)2 =2 A=24/4+I1(+4)

A=1[+4+14




Field/operator dictionary

massless case [ =0 | == A =14 <— dim|0]=dim|A]|=1

= Scalar operator with dimension 4

—= Singlet under SO(6)

O =Tr|F,, F*| |=—=glueball operator

massive case | 0| — A =4 +] <— dim[¢]=1

—= Transform as a symmetric tensor of SO(6) with [ indices

glueball dressed

Oi ZZTI’ i...iF,/F’uV—b .
S [Pis. i) Fl | with scalars

@iy .- i;) — traceless symmetric product of [ scalar fields

The matching can be extended to all modes of 10d SUGRA on AdSs x S°




Other fields

Antisymmetric fields with p indices — A, ...,

A — largest root of — (A —p)(A+p—d) = m*L?

s~ () <

Spin % field

A==+ |m




