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Abstract: It has been conjectured that maximally supersymmetric SU(N) Yang-Mills theory is dual to a String Theory on asymptotically As
times S5 backgrounds. This is known as the AdS/CFT correspondence. In this talk |1 will show how using one-loop calculations in the
theory, one can study the emergence of the dual String Theory. We will see, quite explicitly, the emergence of closed strings, D-branes, opel
and space-time itself. This is done in a reduced sector (SU(2) sector), where the gauge theory can be written as Matrix Quantum Mechani
simple sector provides a toy model of a non-perturbative quantum theory of gravity.
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Motivation

= \We want a non-perturbative definition of Quantum
Gravity

= String Theory itself will be emergent from such a
theory

= Example: AdS/CFT

o Want to study how gravity and String Theory emerges
from a large N, SU(N) QFT
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Plan of Talk

SU(2) reduced sector of one-loop SYM

Matrix Quantum Mechanics as a toy model of
Quantum Gravity in 3 + 1 dimensions

We will study the emergence of:
o Closed Strings

o D-branes

o Open Strings

Gravitational Back-reaction

o Closed Strings on non-trivial backgrounds from the matrix
model

Conclusions



SU(N) N =4 SYM

irsa: 06120029

AdS/CFT:

on R x S3

i, W

lIB String Theory in
asymptotically
AdS- x S° with N
units of 5-form flux

(Quantum gravity effects)

(String theory effects)

(R = radius of AdS, and S

)
age 6/93



[ AdS/CFT: ]

Global svmmetries Isometries of the
of N Z 4 SYM asymptotic AdS> x S°

11

= |n particular:

SU(4) ~ SO(6) Isometries of
global R- asymptotic
symmetry S

112
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Reduced Sectors

= SU(2) Scalar Sectorof N =

States with two
Uz (1) c SU4)
charges

112

4 SYM :

String States with two
angular momenta on
(asymp.) S°

Tr (AL ALAL - ) Tr (ALALTT0)

[(Az)l, (AL)L] = &4}

Pirsa; 06120029 [( ,_11 ) ( _l; )i] = ()‘i(gi
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Reduced Sectors

= SU(2) Scalar Sectorof N=4SYM_:

States with two - String States with two
Ux(1) c SU(4) — angular msoﬁm-enta on
charges (asymp.) <

e
Tr (ALALAL ) T (AL )0 .

\Iﬁg’; .-\EIIII m::
2 wd rab ol
[(Az)], (AL)L] = &6}
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Toy Model of 3+1 dimensional
Quantum Gravity

= Hamiltonian in the SU(2) sector

H—Jz; — Jy =2 TifAL, AL][Az, Av]H+ O0F) + . ..

One loop truncation

'j e Tr(fi_lz 4:12’ ) j y = TI(-:iT} r‘i})
[ i = B =0 h:i_r
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Toy Model of 3+1 dimensional
Quantum Gravity

= New notation: Coherent States

(Az2)i|2) = Z1|2) (Av)iY) =Y2[¥)

) = w(AL, AL)10) — w(Y, Z)

|
'r

! H—J.— )y — M THZ, Y]|9z, 0] |

iy = JEY EZle” TIPS, )2 o
T T @Y @ Z)e- Tz

Pirsa: 06120029 Page 11/93
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Closed Strings

= Single-trace states ~ Single string state

o In the large N limit the Hamiltonian only acts on nearest neighbors.

/7N

—\h Tr[Z,Y][0z, dy] TI'(YY{I'ZZ“-)
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Closed Strings

= Single-trace states ~ Single string state

o In the large N limit the Hamiltonian only acts on nearest neighbors.

/N

—M TY|[Z,Y][0z,08y] TX(YYZYZZ---)

= Bosonic Lattice

Ry, na, ... L) = TH(Y ZMY Z72Y --. Y Z"¢)
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Closed Strings

= The Hamiltonian is (periodic boundary cond.)

E
o= )\Z(&j = &’I+1)(&f — Gi41) hopping
= 'S
Iny,no,n3...,np)
aflny=n+1) aat =1

Pirsa: 06120029 Page 14/93



Closed Strings

= The Hamiltonian is (periodic boundary cond.)

L
H = /\Z(&I - 51;+1)(€1; — Q1+1) hopping |
= N\
|nl-; nz,ng..., nL)
alln)y =n+1) aa' =1

n Coherent States:

o
dlz) = zlz) |2} =/1—[2]*) _ z"|n)
n=_0
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Emergent World Sheet

Action for coherent states:

S = / dr (5(05|a.,,|cs> - (csu;r|cs>)

L

_ f dTZ (i(2110-|21) — Mt — 2141 %)

=3 —L/rh*/ da(lv—%

A

L2

17)
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Emergent World Sheet

Action for coherent states:

S = / dr (i(CS|8T|CS) = (051ﬁ|05))

L
o dr 3 (i€aldrl) = Mt = 5 CTITER

! .. B A
—L —Vz—- Vit 2 -
5 L/dT/:; da(2 21 Ll |) 2] < 1

Large L (VL2 = fixed <1) gives classical limit

= States with large angular momentum become
s Cl@SSIcal closed strings



String Theory Interpretation

s Consider astringon R x S3:
X=0, Z=re®9, Y=41-1r2%, |XP+|V]?+]|Z=1

10

2 ="TE

S fiber (¢)
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String Theory Interpretation

= Pick a gauge in the Polyakov action, where the angular
momentum in ¢ is distributed uniformly along string.

o .
AT df_}-

=71, pp,= const. L=+/Aynm / 2—13; = V Ay M Py
0 i
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String Theory Interpretation

= Pick a gauge in the Polyakov action, where the angular
momentum in ¢ is distributed uniformly along string.

P
t=7, p,=const. L=+/Ayn / —"p = V Ay MP;

= Take the limit L — oo with /L2 = fixed <<1. One can
show that the Polyakov action becomes,

= A \?
N—L/d'r/ dcr[ 5 L_l | +O(L4)]
92[0/93

Prsa 6120029 v z Just like Matrix Modeffl]
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String Theory Interpretation

= Pick a gauge in the Polyakov action, where the angular
momentum in ¢ is distributed uniformly along string.

2T do
t=T7, py= const. L=+/Ayu / 5-Pe = AY M Py
l.

0

= Take the limit L — oo with /L2 = fixed <<1. One can
show that the Polyakov action becomes,

s A AZ
5 —L/d‘r/ dc:r[ =V L_}|-| +O(L4)]
62'8/93

Prsa 6120029 v : Just like Matrix Modeffl]

g IR O

t‘~--3'I




D-branes

l

o
A\
-

= Consider "Heavy” states with E = J,

by o JJIprzin 7l
Up = Eil----ip Zjl ij
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D-branes

ll

o
A
=

= Consider "Heavy’ states with E = J,

Elf'p JI JI Z-’-L - Z

Jp

Pirsa: 06120029 Page 30/93



D-branes

If
O
40h
ok

= Consider “Heavy” states with E = J,
e, | i jl‘“.j,ﬂ. il-*. J;.p
Up = 6,..5. Zj1 ij

= Claim: This is dual to a Giant Graviton (spherical
D3-brane of type IIB string theory on AdS® x S%)

S? Giant
Graviton

5

W T
f_l'—vl __.\F

E=Jdz=p

irsa: 06120029 Page 31/93



Open Strings on D-branes

= Add a word to the state

Iﬂ’l? No, ..., n‘L) J1 J,r Zn . Zzp 1(} U ot 5 A )J

?l lp Jp—1 p

Pirsa: 06120029 Page 32/93



String Theory Interpretation

= Pick a gauge in the Polyakov action, where the angular
momentum in ¢ is distributed uniformly along string.

t=7, pp=const. L=+/Ayy / —"IJ =V Ay MP,

= Take the limit L — o with VL? = fixed <<1. One can
show that the Polyakov action becomes,

- T ,\ > A2
e3'3/93

Prsa 6120029 v : Just like Matrix Modeffii

1 b2

Ml“"




String Theory Interpretation

= Consider astringon R x S3;

X=0, Z=r®®_ Y=21/1—2r2%, I XP+|¥YP+|Z=1

2 = re'®

S fiber (¢)
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D-branes

If
O
N
_—

= Consider "Heavy" states with E = J,

- _ jl"'j;;. .".1 e J;-;J
{.p — {CI]_IP Zjl ZJP

= Claim: This is dual to a Giant Graviton (spherical
D3-brane of type IIB string theory on AdS® x S9)

f_l":VJ'].—ii,
E=Jz=p

irsa: 06120029 Page 35/93




Open Strings on D-branes

= Add a word to the state

1, N, ..., ng)= € “””Z‘E1 . Y2y . )J

31 Tp ?p 1 p

Pirsa: 06120029 Page 36/93
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Open Strings on D-branes

Add a word to the state

: : Jl J 1 1 i
Ny, ne,...,nL)= ”Z”- Y 2 - )J

?pl

The one-loop Hamiltonian (large N) becomes an
open bosonic lattice (hep-th/0502172, 0604123)

L £
H=2)\) aja;—\Y (afar, + aaj. )

222+ da(a@l +a) + Aa (@l +ay)

p

Page 37/93



Open Strings on D-branes

= Add a word to the state

Iy, N, - .., nL)= ffllj_'jf;Z;i . Zyy Zmy L)

Jp—1

tp
Jp

= [he one-loop Hamiltonian (large N) becomes an
open bosonic lattice (hep-th/0502172, 0604123)

2 L—1
H = 2X E a,a;— A E (@;a11 + @1y )
] =1

+2xa? Hra(al + a) + Aa (@) +ay)

source/sink < S~
: ’ v

irsa: 06120029

L J v i
source/sink
Iy, na2,n3...,nL)
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Open Strings on D-branes

= Add a word to the state Z exchange
N
Ny, N, ..., nL)= fll f;’Z” - Z}:i(} LY )jp

= [he one-loop Hamiltonian (large N) becomes an
open bosonic lattice (hep-th/0502172, 0604123)

2 £—1
H = 2\ E a;a; — A E (@ ar + aay. )
| =1

vy
. 2 of s o oa N
2 " HAa(ay+a) + Aa(ay +ayr)
source/sink < Pt
Pirsa: 06120029 : H‘ SDUrCEfSInk Page 39/93
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Open Strings on D-branes

Add a word to the state Z exchange
r//ﬁ\“v
] 2 - jl"'jp. il l;p——-l o v l:p
|nl?n-2?.__?nL>—f.ili_,.iPZji .-.ij—l(} Z } "')jp

The one-loop Hamiltonian (large N) becomes an
open bosonic lattice (hep-th/0502172, 0604123)

L L—1
=1 =1

+2xa? HXxa(a +a,) + e ((’:}E +ar)
source/sink
e S ;/\;

¥

source/sink
Iny,ns,n3...,ng)

Page 41/93



Open Strings on D-branes

= In coherent states, and taking the L —co limit

b T 5 o
(HY = f/ do(r'* +r-¢'~)
0
+ |\ |a®sin® 6+ (acosd +7)°
L 4 lo=0
+ | A agsingo%-(a{:os@*l-r]g
L 4 lo=1]

= Atlarge A, these terms localize the ends of the open
string on the Giant Graviton just like in String
Theory!

f'|9-:g_1 = \/1 = p/:\_

Plo=0q1 = T

irsa: 06120029




Open Strings on D-branes

= In coherent states, and taking the L —co limit

X .
sl = E/ do(r'? + r2¢")
- Jo
+ A r_1-25h12@+({}:c05@+r)2
L 4 lo=0
+ | X |a®sin®é + (acosd +71)°
L 4 ho=]

= Atlarge A, these terms localize the ends of the open
string on the Giant Graviton just like in String
Theory!

rle=ox = 1-p/N
Pl = =&

irsa: 06120029




Gravitational Back-reaction

= The Hamiltonian
E = — ARl TI[Z- }":| [8‘7 a}]

has a very degenerate ground state: any function of
(say) Z only

= Some “heavy” ground states behave classically In
the large N limit

o Example:

h=e Troz)/n

Pirsa: 06120029 Page 44/93



Gravitational Back-reaction

= Normalization in terms of eigenvalues of Z:

N
(L;|b> X H _/ dzzjﬁzi Wiz;.%; .]/&+Zi{j log |z:i—%;|°
—=

W(z, z2) = —|z|* + Q(z) + Q(2)

= Atlarge N, use Saddle Point approximation

) : 1 ,
Elpl :/rf‘:p(:.i)ﬂ (:qf)/ﬂ—FF/IIEZEI{ZIFP(:~E),(}($F.ff)lﬂg|:—3r|2

'|
irsa: 06120029 ‘ ()‘ E [ /}] — [] N = / dE Zﬂ[ 2,2 ) Page 45/93
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Gravitational Back-reaction

At large N, we have a "Landscape” of constant
density droplets on the complex plane:

ii



Tr IA‘* :A{r-“ Ar ,A\'










Gravitational Back-reaction

At large N, we have a "Landscape” of constant
density droplets on the complex plane:

- B ¥

Examples:
Q(z) =0 | Q(z) =t, z O(z)=t, z°
(unit disk) (elliptical droplet) (Hypotrochoid)

. o)) -




(Closed) Probe String

= Probe string state:

P1, -, 0L) = Te(Y 9, (Z)Y - Vipny (Z))e T 2END

I

where, In the large N limit

L
('ﬂ-l N - jﬂ-Llni T H-i} ~ H <h Tr(ﬂ’-rn (Z)L'n;(z)»

=1

2 71e TEW/h
Pirsa: 06120029 (0) = I‘[_]:'Q'é?ﬁ_o
[[@Z7 TEwn




(Closed) Probe String

= Probe string state:

by snp) = Te(Y o (Z)Y --- Y, (Z))e Iroz)/n

(2 71e TXW/h
Pirsa: 06120029 (O) — “_]P;Tﬁ_o
JI2Z]e TW/A




Gravitational Back-reaction

= Normalization in terms of eigenvalues of Z:

hr
(V) x H/dzz.gezj W(z;.2)/ ht L q;log |2~z

W(z, 2) = —|z|° + Q(z) + Q(2)

= Atlarge N, use Saddle Point approximation

E[fﬂ]:[‘fﬂf1(~-qJ‘I Z)/h+ /'—’{) z2d’ 2 p(2,2)p(2, Z) log |2 — 2

I .
Pirsa: 06120029 | (5 E [ [)] — [} _\- = [ (F :p[ Zn f) Page 53/93




(Closed) Probe String

= Probe string state:

Ry, onL) = Te(Yton, (Z)Y - - Yipn, (Z))e 1T A2

L

(ny,...,nglng,...,n7) = H (h Tl*(lvm(z)bn (Z)))
=1

(2 7)e TXW/h
Pirsa: 06120029 {0) - “_]:Ué'ﬁﬁ_@
J‘[d"zz]e W/h




(Closed) Probe String

s Probe string state:

|TL1,....HL>— TI'(} Unl(Z }LHL(Z)) Tra@z)y/n

L
(nh...,nLjn’i_.,....nL HH hTr(lvn;(Z)bn( )
'

=  Assume orthonormal basis:

o ; ‘ - f[cf"’Z]e Tru',iﬁg
(h Tr(Vn(Z2)0m(2))) = nm (O) = ez
















(Closed) Probe String

=  One can show that, in the large N limit, the Hamiltonian
in this basis becomes ( [ny, no, ..., nr)), (hep-th/0612014)

Yn(Z) = In)

L
H=XY (L] - LT (L — Lisa)
12:; I - 0) = ¥o(Z2) =1

= One finds an interesting algebraic structure

(L,i=5h, By = 0)(0|

(k) _ 2 _k—1
-~ . e -~ 1_.: p—— hf d z z rah
L=Q(LYY+ (L) + E o ®)(LH)—* p(z)

Pirsa; 06{.20029 k'}l (i?)—lzf 1 e 6065




(Closed) Probe String

=  One can show that, in the large N limit, the Hamiltonian

in this basis becomes ( |ny, ns, ..., nr)), (hep-th/0612014)
Yal(Z) = In)
H= AZ(LT —L1y) |
0) =¥p(Z2) =1
= One finds an interesting algebraic structure
L.i=5h . By = |0)(0]
- . . : ?{k} — h/dz > zk—l
L=+ @EH T+ Y o®(EH*, ‘ “{2)
Pirsa: 061.20029 k>1 ( Li‘)—l f_,T = 1 Page 61/93




(Closed) Probe String

= Representation of the Algebra: assume ¥ (Z) Is a
polynomial of degree #2. They will obey a recursion relation

Zn(Z) = r(n)n1(Z) + Y ur(n)tbn_i(2)
k>0

m One finds,

L' =a'r(n) + Z a*ug(n) i) =n+1) aa' =1

\ k>0

Determined by the algebra
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(Closed) Probe String

=  One can show that, in the large N limit, the Hamiltonian
in this basis becomes ( [ny, ns, ..., ny)), (hep-th/0612014)

Ya(Z) = In)
0) =1(Z) =1

et

L
H=X) (LT - L], )(L — Liya)
=}

= One finds an interesting algebraic structure

(Li=5h . By = [0)(0]

Y 2 _k—1
L=/ +(EN7T + Y v®(@n >, | =1 [ &)

Pirsa: 061.20029 k>1 ( 1"-‘ F ) —1 zT = 1 Page 63/93




(Closed) Probe String

= Representation of the Algebra: assume ¥(Z) Is a
polynomial of degree 2. They will obey a recursion relation

Zn(2) = r(n)n1(Z) + Y ur(n)tbn_i(2)
k>0

2 One finds,

L' = alr(n) + ) _ dur(n) atlny = ln+1) aa' =1

\

Determined by the algebra
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Classical Limit

= Inthis representation, the coherent states are

Pay=zl) | Y. vi(2)n)
n=0
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Classical Limit

= In this representation, the coherent states are
ZYn(Z) = r(n)¥ns1(2)
3 Z UL‘(”‘)?ﬁ}n—k(z)

k>0

P2y =zlz) |2 x ) 95(2)n)
n=0

= Range of z is determined by normalization
condition: 0 < (z]2) < x

irsa: 06120029 Page 66/93



Classical Limit

= In this representation, the coherent states are

.\ g | 2O T T2
L|z) = z|z 2) o Yr(z)|n
) ) 0 +Zuf.:(”)%5’n—k(z)
k>0

= Range of z is determined by normalization
condition: 0 < (z]2) <
= Action (in the large angular momentum limit):

1 - - A i T ) o .
= L[d'r/ do (%Vf— %V:?:— F|zr|") V = dlog (Z |bn(f)|‘)
- | n=>0

Page 67/93
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Examples

= Circular Droplet ({)(z) = O): recover usual bosonic lattice

Normalized only
inside unit disk

. 1
zlz) = . Z 2
(1) = 3_ Wn(* = ;=

n=—>0

irsa: 06120029 1 o | z‘ Page 68/93



Examples |

= Elliptical Droplet ((U(z) =t, z22=€22/2)

1 | Chebyshev
Lt = - (a' + ea Yn(2) = Polynomials of
V1 — € ( ) Second Kind

Normalizable
only inside
ellipse
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String Theory Interpretation

s “Classical” ground states are dual to 10-dimensional
solutions of supergravity known as 1/2 BPS geometries.

Pirsa: 06120029 Page 70/93
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String Theory Interpretation

s “Classical” ground states are dual to 10-dimensional

solutions of supergravity known as 1/2 BPS geometries

All metric are classified by single function that take
values £72 In a two-dimensional (space-like) surface.

Pirsa: 06120029




String Theory Interpretation

s “Classical” ground states are dual to 10-dimensional
solutions of supergravity known as 1/2 BPS geometries.

s All metric are classified by single function that take
values £72 In a two-dimensional (space-like) surface.

Extra
spatial
dimension




String Theory Interpretation

= The SU(2) sector is dual to strings that live inside the
droplets and rotate on a S c S3 fiber.

S fiber

Pirsa: 06120029 Page 73/93



- String Theory Interpretation

= The SU(2) sector is dual to strings that live inside the
droplets and rotate on a S' c S3 fiber.

Rotation

Pirsa: 06120029 Page 74/93



| String Theory Interpretation

= The SU(2) sector is dual to strings that live inside the
droplets and rotate on a S c S3 fiber.

Rotation

m  Number of Y fields (L) = units of angular momentum
along S’

|n1 PR nL) Page 75/93
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= The SU(2) sector is dual to strings that live inside the
droplets and rotate on a S c S3 fiber.

Rotation
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~ Stning Theory Interpretation

= The SU(2) sector is dual to strings that live inside the
droplets and rotate on a S c S3 fiber.

__ fiber
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String Theory Interpretation |

s “Classical” ground states are dual to 10-dimensional
solutions of supergravity known as 1/2 BPS geometries.

= All metric are classified by single function that take
values £72 In a two-dimensional (space-like) surface.

Extra
spatial
dimension




= The SU(2) sector is dual to strings that live inside the
droplets and rotate on a S c S3 fiber.

ST fiber
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= The SU(2) sector is dual to strings that live inside the
droplets and rotate on a S c S3 fiber.

Rotation
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~ String Theory Interpretation

=

= The SU(2) sector is dual to strings that live inside the
droplets and rotate on a S c S3 fiber.

Rotation

m  Number of Y fields (L) = units of angular momentum
along S’

|ﬂ1 R n[,) Page 81/93
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String Theory Interpretation

= Metric inside the droplet S' fiber ~ Y field
in matrix model

= - 2
ds* = —h~" (dt = %’Vdf—i— %fdz) + h*dzdz + h*dy”

. 1 :
=0logK, h'=00logK logK = E f Y — log(z — Z')
D Il = &

Pirsa: 06120029 Page 82/93



String Theory Interpretation

= Metric inside the droplet S' fiber ~ Y field
In matrix model

= - 2
ds® = —h~ (dt — SVdz+ %f'dz) + h2dzdz 4 h~2dy?

_ 1 ,
=0JlogK, h'=080logk logK= E ﬁj{ 2 =7 108(Z — %)
D i —

.iv

= One can show that strings rotating fast along circle are

described by the effective sigma-model ( L>>1, \/LZ = fixed
<<1).

. A ;
Pirsa: 06120029 S o L/dT/ dg (_-‘TF_ _11-:; N F o |.}) Page 83/93
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String Theory Interpretation

s We discover that the full metric on the droplet can be
reconstructed from the orthogonal polynomials:

Kz, z) = Z Iwn(f)lz

n=>0
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String Theory Interpretation

s We discover that the full metric on the droplet can be
reconstructed from the orthogonal polynomials:

K(z,2) =Y _ Wn(d)?

n=>0

= One can explicitly verify this for all cases studied above,
iIncluding the complicated “Hypotrochoid™

s = 2 (*+2° 3—2z%))a O(z) =a z3/3
V =8log K = P R
(22427 +32°-223%) a”
(1= |zP)
rsa: 06120029 (z* (3+2%)+322+32%-222%)d’ Page 85/93
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Summary and Conclusions

= [he one-loop SU(2) sector of N =4 SYM can be

regarded as a toy model of Quantum Gravity on
some reduced 3+1 dimensional space-times

= The classical limit is reached at large N and for
states with large quantum numbers (angular
momenta).

= The classical limit agrees with String Theory
Closed Strings

D-branes

Open Strings

72 BPS geometries (and closed strings on them)
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