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Why emergent geometry?

* Field theory lives in lower dimensions than gravity

« Extra dimensions are encoded “mysteriously” in field theory.

- For example: local Lorentz covariance and equivalence principle need to be
derived from scratch.

- Not all field theories lead to a reasonable geometric dual: we’ll see examples.

- If we understand how and when a dual becomes geometric we might
understand what geometry is.



Goal

- Do computations in field theory

- Read when we have a reasonable notion of geometry.



When do we have geometry?

We need to think of it In terms of having a ot of light
modes: a decoupling between string states and
‘supergravity”

Need to find one good set of examples.



Some technicalities



Coordinate choice

Global coordinates in bulk correspond to radial
quantization in Euclidean field theory,
or quantizing on a sphere times time.




In equations

ds® = — cosh? pdt? + dp? + sinh® pd0?

Conformally rescaling to boundary

exp(—2p)[— cosh? pdt® + dp? + sinh® pdQ?]
(—dt® + dQ?)
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HSBXRQA

amiltonian is generator of dilatations.

—nergy of a state is the dimension (incl. anomalous
dimension) of the corresponding operator.



AdS/CFT isa

uantum equivalence

—verything that happens in field theory (the boundary)

has a counterpart in gravity (the bulk).

counterpart in t

—verything that happens in the bulk has a

he boundary

This implies they have the same Hilbert space of
states as representation theory of Conformal group.



For this talk

AdS5 x S° dual to N=4 SYM

(deformations or (Deformations or
Orbifolds of) Orbifolds of)




Plan of the (rest of the) talk

* The problem of here and now

- Giant gravitons

- Giant graviton states and collective coordinates

 Strings stretched between giants

« Deformations and geometric limits

« Conclusion/Outlook



Here and now.

To talk about geometry we need to be able to place
an excitation/observer at a given location at a given
time.

Then we can talk about the dynamics of such an
excitation.



To measure a distance

Iwo observers and a measure tape between them



Olbserver: heavy object, so it stays put (classical).
D-branes are natural

Measuring tape: strings suspended between
D-pranes.

Estring ~ T/



Why giant gravitons, what are giant gravitons®



GIANT GRAVITONS

Gravitons: half BPS states of AdS

Point particles moving on a diameter of sphere and
sitting at origin of AdS

Preserve SO4)x SO(4) symmetry



There are also D-brane (D3-branes) states that respect
the same symmetry and leave half the SUSY invariant.

SO(4) x SO(4) invariance implies

-

Sranes wrap a 3-sphere of 5-sphere at\
origin of AdS (moving in time)

- J

OR

Branes wrap a 3-sphere of AdS, at a
point on diameter of 5- sphere



Solution
(z')? + (27)? + 1% = 1
solving equations of motion gives

r' +iz® = z = exp(it)

Picture as a point on disk moving with
angular velocity one

The one at z=0 has maximum angular momentum

McGreevy, Susskind, Toumbas, hep-th/000307



They are

D-branes

Can attach strings

Gauge symmetry
on worldvolume

Mass of strings should
depends on geometr

Gauss’ law
Strings in =
Strings out
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INn gravity,
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Giant graviton states and their collective
coordinates.

To preserve SO(4)xSO(4) invariance, gravitons
need to look like

Tr(Z™)

Where Z Is a complex scalar of the N=4
SYM multiplet.



Giant graviton states:

NI\ /

o Tyevesy 051011 st N 11 ()
deth — €i,..., 10380415t N Ej / " Z]1 tt Z]e

Subdeterminant operators

Balasubramanian, Berkooz, Naqgvi, Strassler, hep-th/0107119

Complete basis of a
YO

| half

=

PS operators in terms of

Ung Tableaux,

Corley, Jevicki, Ramgoolam, hep-th/0111222
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Interpretation
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Introduce collective coordinate for giant gravitons

Consider

N
det(Z — X) =) (=N " dety(2)
¢=0

This Is a linear combination of states with
different R-charge, depends on a complex
parameter, candidate for localized giant
gravitons in angle direction




Computations can be done!



Can compute norm of state

N
- 1
!

— T % o *\ N — N _ - \ *
(det(Z — A*)det(Z — X)) = ;%(A)‘ ) K(N_g)! - N!;%()\)\ )E@

can be well approximated by
(det(Z — X\*)det(Z — \)) = Nlexp(A\*)

For

A < VN

The parameter belongs to a disk



Consider a harmonic oscillator and coherent states
) = exp(aa)

Then

(Bla) = (0] exp(3*a) exp(aa’)[0)
= exp(a3*)(0] exp(aa’) exp(5*a)|0)
= exp(a3”)




This means that our parameter can be
INnterpreted as a parameter for a coherent state of
a harmonic oscillator.

Can compute an effective action

Sepp = [ dtLNR1N) ~ (AIHIN)



We get an inverted harmonic oscillator in a first
order formulation.

Seff:/dt %(A*A—A*A)—(N—M*)

Approximation breaks down exactly when
—nergy goes to O

Solution to equations of motion is that the
parameter goes around In a circle with angular
velocity one.




This Is very similar to what happens in gravity

It we rescale the disk to be of radius one,
we get

Seff = N/dt %(5*5 — &) — (1— &€

The factor of N in planar counting suggests that this
object can be interpreted as a D-brane




Matches exactly with the fermion droplet picture of
half BPS states

D). B. hep-th/0403110
Lin, Lunin, Maldacena, hep-th/0409174



Attaching strings

The relevant operators for maximal giant are

ee(Z,...Z, W . WF)

Balasubramanian, Huang, Levi and Naqvi, hep-th/0204196

These can be obtained from expanding
det(Z +» &WY)

And taking derivatives with respect to parameters



Main idea: for general giant replace Z by Z-A in the
expansion

det(Z + ) &W') =det(Z) exp(Trlog(1+ Z~* Y &W'Z77))



One loop anomalous dimensions = masses of

strings

Want to co
St

mpute effective Hamilton

retched between two gia

lan of strings

NtS.

det(Z — M) det(Z — Xo)Tr((Z — M) 7Y (Z — X)) 1 X)

—xact full combinato
Messy: easie

fics of 2 giants on same group Is
1o Illustrate on orbifolds.



Hi _1o0p X g5 2y NTr[Y, Z][07, Oy ]

Need following partial results

1
Z— A

0z det(Z — X) = det(Z — \)
Oztr (Z = N)7'W) = —(Z = N)"'W(Z - A7)

Collect planar contributions.



What we get In pictures

mgd — Q%MP‘ — 5“2

EQ%MN‘f—g

Result is local in collective coordinates (terms t

2

2

nat could

change collective parameters are exponentially

suppressed)

Mass proportional to distance Is interpreted as Higgs
mechanism for emergent gauge theory.



Spin chains

Y - Y"

Need to be careful about planar versus non-planar
diagrams.

A~ N1/2



Simplest open chains

det(Z — \)Tr(

YZ™MY ... Z"Y
4 — A )

Just replace the W by n copies of Y: Z can jump in and
out at edges. So we need to keep arbitrary Z in the
middle.




Choose the following labeling for the basis

‘n17n27n3 . > = | Tai/@nlaT?\l/@nQ)Ta\L@ngv . >

Can do same for closed strings



After some work we can show that the 1-loop
anomalous dimension (spin 1/2 chain) for
bulk Is given by a nearest neighbor interaction

Hepr = gy N Y (al, — al) (@i — a))

INn a bosonic basis.

Which clearly shows it Is a sum of squares.

Ground states?



Cuntz oscillators

aa’ =1



After some work ... boundary terms can be
computed

Still a sum of squares



We need to try to solve for the ground state.

We can try converting the problem to c-number
equations If we introduce generalized coherent states

The parameter z also belongs to a disk of radius 1.



To find ground state, coherent state ansatz

% ° %
2 2
<Zl, ce Zk"HSpiIl Chail’l‘zl’ ce Z]{;> — gYMN |\/—N — 21| + Z ‘ZZ — ZH—1| + \/—N — Zk
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% %
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v N v N




We can add these to solve the linear equations

)\* X

m \/N ( )( —|—1)
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f — )\*N_I/Q g: 5\*N_1/2

These can be pictured on the “free fermion disk”™
The z coordinates also have a geometric interpretation!

E(zp,. .., 2k41) = g%MNZ | Zip1 — 2|



—Nd result:
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Iwo loops...

= 0 In ground state

| J

(Gives next order in relativistic correction




From the gravity side

Need to modify a calculation in sigma model on a three
sphere times time.

H. -Y. Chen, N. Dorey and K. Okamura, “Dyonic giant magnons,” JHEP 0609, 024
(2006) [hep-th/0605155]

Chrysostomos Kalousios, Marcus Spradlin, and Anastasia Volovich,JHEP, 0703:020,
2007

Final answer Is

A=+ Dl &

A2




Why"? Central charge extension

ActingonaY

Y = |Z,Y]  Beisert hep-th/0511082

iNn Cuntz basis

\/N(az — CLJ;L+1)



Y — [Y, 82]

(a; — ai+1)/VN

And remember that our ground states are
elgenstates of these lowering operators. It gives

7 |




Total central charge

¢ = Z _Zz—l—l —ZO_ang_é

iIndependent of the state, but sourced by D-branes



Small representation of centrally extended PSU(2|2)

E=/n? +g2Nj¢ - €

—xact result to all orders



Now deform N=4 SYM

W ~Tr(XYZ —qXZY)

Leigh-Strassler

Special case
qq" =1

Preserves integrability
q = exp(2i3)



Hi_jo0p = Z(CLI — q*quLJrl)(ai — qaiq1)

The g can be removed by twisting (D.B + Cherkis,

hep-th/040521 5)

This effectively changes

§—&q"


http://arxiv.org/abs/hep-th/0405215
http://arxiv.org/abs/hep-th/0405215
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Geometric limits: “lots of operators with small
anomalous dimensions”



You have a lot of supergravity and field theory modes on
branes that do not become stringy, rather, effective field
theory on a SUGRA background.




Simplest one

qk =1 + 92]\7 — 00
+ ¢°N|E — §|2 fixed or scaled

Only n=km survives at low energies

his iIndicates a theory on giants of the form

S5 /7,



We can now consider also “images”

~S

§=¢&q°
We recover light modes when

n=—s modk

Indicates a relative Wilson line on the guotient sphere.



Another limit, small beta

B~ \/n2+g2N\€—é—£z‘6n+£(w)n+-.-\2

Now take

~

§=¢

F o~ \/n2 + g2N|€|282n2

Is of order n If
g°NB* ~ 1



Interpretation

E ~ An

Think about this as the spectrum of a relativistic
particle on a circle

1
A= RE) \/1 + €295 0 N 52

We start seeing cycles getting squashed



Another limit, small beta

B~ \/n2+g2N\§—é—£z‘6n+£(w)n+-.-\2

Now take

¢ = € exp(—2i0)

E =~ \/n?+ ¢g?N[¢[262(n + 0/5)?

When we complete the square, we get a
“position dependent Wilson line”




his has to be interpreted as the
11 224

Field strength In gravity.



Conclusion

Collective coordinates need to be introduced to resolve a degeneracy
problem (geometric zero mode angle)

Can start obtaining effective actions for giant gravitons with a clean
geometric interpretation.

Attaching strings is no problem, and we start seeing emergent Lorentz
symmetry in bulk.

Can have results to all orders using central charge arguments: truly Lorentzian

« We can play with final answers to understand when we can have geometric
limits. Can clarify when SUGRA is valid



Things to do

Non-integrable deformation |q| different than 1

Understand higher loop orders.

Interacting open strings: can we understand splitting and joining contributions
to derive effective interacting field theory on branes?

Branes at angles?

Multiple brane combinatorics ( reintroduce the technology of Young Tableaux
more seriously with collective coordinates takes into account: this is “easy”
but requires being careful)



