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Motivation

Two current challenges in theoretical physics

Challenge Nr. 1:

Find a unified theory of all known interactions:

Electromagnetism, Weak force, Strong force
& Gravity

Challenge: Quantization of gravity



Motivation

Challenge Nr. 2: Strongly coupled systems

Describe observables and processes
In systems with a given interaction

Challenge: Beyond perturbation theory

Example: Yang-Mills theory
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Challenge in theoretical physics: Strong coupling
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Weak coupling
g=1

Strong coupling

g > 1: Application of perturbation theory not possible
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Gauge/Gravity Duality

Duality:

(Action/Hamiltonian I) (Action/Hamiltonian Il)

Theory | J Duality

Theory Il }

Physical System

Gauge/Gravity Duality:

A theory without gravity is dual to a gravity theory.
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Gauge/gravity duality

Conjecture which follows from a low-energy limit of string theory

Duality:

Quantum field theory at strong coupling
< Theory of gravitation at weak coupling

Holography:

Quantum field theory in four dimensions
< Gravitational theory in five dimensions



Foundations: Gauge/gravity duality

Best understood example: AdS/CFT correspondence

AdS: Anti-de Sitter space, CFT: Conformal field theory
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Anti-de Sitter Space

Hyperbolic space of constant negative
curvature, has a boundary

Embedding of (Euclidean) AdS,;.; into
Minkg. o:

_X§+X12+X22+"'+X§+1 =-L°
Isometries of Euclidean AdS,.1:

SO(d + 1, 1)

Metric on Poincaré patch:
ds? = e2T/deuda:“ + dr? or
ds® = é’—j(dajud:p” + dz?)

Source: Costa, Penedones, Poland, Ryshkov 1109.6321
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Conformal field theory

Quantum field theory

iIn which the fields transform covariantly under conformal transformations

Conformal coordinate transformations:

Preserve angles locally: dz) dz'* = Q°(z)dz, dz*

Correlation functions are determined up to a small number of parameters
J.E., Osborn 97

In AdS/CFT correspondence: Conformal field theory in 3+1 dimensions:
N = 4 SU(N) Super Yang-Mills theory (global symmetry SO(4,2) x SU(4))
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AdS/CFT correspondence

Minkowski Anti-de Sitter
spacetime spacetime

=
)

extra dimension

‘Dictionary’ Gauge invariant field theory operators
< Classical fields in gravity theory

Symmetry properties coincide (SO(4,2) x SO(6))

Test: (e.g.) Calculation of correlation functions
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AdS/CFT correspondence

String theory origin = Ten dimensions

AdS5 X S5
Symmetries of field theory and geometry coincide: SO(4,2) x SO(6)

Internal manifold determines field content
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Generalized AdS/CFT Correspondence: Gauge/gravity duality




Generalized AdS/CFT Correspondence: Gauge/gravity duality

Generalization of AdS/CFT to quantum field theories of experimental relevance?



Generalized AdS/CFT Correspondence: Gauge/gravity duality

Generalization of AdS/CFT to quantum field theories of experimental relevance?

Prototype candidate: Low-energy QCD



Generalized AdS/CFT Correspondence: Gauge/gravity duality

Generalization of AdS/CFT to quantum field theories of experimental relevance?

Prototype candidate: Low-energy QCD

SU(3) gauge theory with matter (gluons and quarks)
Strongly coupled at low energies = mesons, baryons

Beta function negative
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Generalized AdS/CFT Correspondence: Gauge/gravity duality

Generalizations:

1. Symmetry requirements are relaxed in a controlled way

= Renormalization Group flows

=- Finite temperature, finite density
2. More degrees of freedom are added (Example: quarks)

3. Large N limit continues to apply

16



Top-down vs. bottom-up

Top-down: Begin with string theory in ten dimensions

= Lagrangian of dual field theory known, few parameters



Top-down vs. bottom-up

Top-down: Begin with string theory in ten dimensions

= Lagrangian of dual field theory known, few parameters

Bottom-up: Just work with deformations of AdS, ignore internal space

=

Calculations simpler, however only global symmetries of dual field theory
Known

Universality
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Top-down approach

Use 10-dimensional (super)gravity actions obtained from string theory
to describe

Dual degrees of freedom in strongly coupled quantum field theory
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Introduction: String Theory

Quantum Theory of Gravity and Unification of Interactions:
Give up locality at very short distances

Natural cutoff: String length

S MPlanck: ’

Open strings: Gauge interactions Closed strings: Gravity

Higher oscillation modes may be excited =- Particles

19



Introduction: String Theory

Quantization:
Supersymmetric string theory is well-defined in 9 + 1 dimensions
(no tachyons, no anomalies)

Supersymmetry: Bosons < Fermions

What is the meaning of the extra dimensions?

1. Compactification

2. D-Branes

20



D-Branes

D-branes are embedded in ten-dimensional space

"
D

D3-Branes: (3+1)-dimensional hypersurfaces

open strings may end on D-branes < dynamics

(Hypersurfaces)
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D-Branes

In low-energy limit (strings pointlike) =

Open Strings < Field theory (Gauge theory) degrees of freedom on the brane



D-Branes

In low-energy limit (strings pointlike) =

Open Strings < Field theory (Gauge theory) degrees of freedom on the brane

Second interpretation of D-branes:
Solitonic solutions of ten-dimensional supergravity

heavy objects which curve the space around them

Elementary excitations: closed strings
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AdS/CFT correspondence

Map:
Four-dimensional quantum field theory

< 5 + 5-dimensional gravity theory!

arises from identifying the two different interpretations of D-branes

D3 Branes =

N = 4 Super Yang-Mills theory is dual to string theory on AdSs x S°
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String theory origin of the AAS/CFT correspondence

D3 branes in 10d

7

-€

duality

I

Supersymmetric SU(N) gau-
ge theory in four dimensions
(N — o)

7

{} Low energy limit

e

\

AdS.x S°
near-horizon geometry

Supergravity on the space
AdSs x S°
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AdS/CFT correspondence (Maldacena 1997)
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AdS/CFT correspondence

Field-operator correspondence:

d I
<6fd x¢o(x)0(x)>CFT _ Zsugra

¢(0,7)=¢0(Z)

Generating functional for correlation functions of particular composite operators
In the quantum field theory

coincides with

Classical tree diagram generating functional in supergravity



AdS/CFT correspondence

Field-operator correspondence:

d I
<6fd x¢o(x)0(x)>CFT _ Zsugra

¢(0,7)=¢0(Z)

Generating functional for correlation functions of particular composite operators
In the quantum field theory

coincides with

Classical tree diagram generating functional in supergravity

Dictionary:  field theory operators < supergravity fields

OAHQbms A:%+\/%2+L2m2
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Book on gauge/gravity duality

Oy

2\ V% —
iy, N )

h"l!!: e

Gauge/Gravity
Duality

Foundations and Applications

Martin Ammon
Johanna Erdmenger
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Bottom-up approach

Strongly coupled quantum field theories

are mapped to

Weakly coupled gravity theories

(difficult to solve)

(easy to solve)
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Finite temperature

Finite temperature field theory is dual to black hole embedded in AdS space

Motivation: In equilibrium, finite temperature given by periodic imaginary time
(Matsubara formalism)

Euclidean signature black hole also requires compactified imaginary time for
regularity at horizon!

Black hole metric (embedding in AdS):

ds®> = L

(f(z)d72+da?2+ ! dz2> , flz)=1-=.

f(z)

2
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Finite temperature

Hawking temperature

Th =1/(7zp)

IS identified with temperature of dual field theory

30



Black holes

Gravity objects
with remarkable quantum properties

Very massive objects
Large mass < Strong curvature

Once matter or light passes the Schwarzschild
radius, it is trapped inside the black hole and
cannot escape any more. = Horizon

Hawking temperature: Bekenstein entropy

S=1a
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Black holes

In AdS/CFT:
Black hole is a particular solution of the equations of motion

of an abstract gravitational theory in Anti-de Sitter space

Information content of black hole & Quantum information theory
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Causal structure of space-time

xr =ct

Flat space:

Black hole:

tl\

Setc=1=x=t

light ray

light cone

L.

t™ A

1L X

h

>
A

-
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Retarded Green’s Functions in Strongly Coupled Systems

Singularity

Anti-de Sitter
black hole

t
| Singularity

0(O4)
00 B(0)

0P A(1)

Retarded Green’s function: GgAOB —

56=0 00 B(0)

subject to infalling boundary condition at horizon

35



Retarded Green’s function and quasinormal modes

Complex energy eigenvalues of fluctuations about gravity background
Example: Fluctuations of scalar field ®(z, z) = fcl%e"iwtﬂ;fcb(w, k. 2)

Insert into equation of scalar fluctuation in AdS black hole background:

(O—-m?L?)®(k,2) =0

4u30,, (£8uq)(% k)) + (71';)2]" (w2 _ \E|2f> ®(u, k) — m*L?*®(u, k) =0.

u = 2%/z;



Retarded Green’s function and quasinormal modes

Complex energy eigenvalues of fluctuations about gravity background
Example: Fluctuations of scalar field ®(z, z) = fcl%e"iwtﬂ;fcb(w, k. 2)

Insert into equation of scalar fluctuation in AdS black hole background:

(O—-m?L?)®(k,2) =0

3 / u
=~0,P

4u” 0, (u(’?u (u, k:)) + 7TV ]
u = 2%/z;

Asymptotic solution near boundary:

(u, k) ~ do)(k)u' D21+ O(w)) + ¢y (k)u*(1 + O(u))

(w2 _ \E|2f> ®(u, k) — m2L2®(u, k) = 0.

36



Retarded Green’s function and spectral function

w (which may be complex) determine poles of retarded Green’s function

(location, decay width)

Spectral function: R(w, k) = —2ImGE(w, k)
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Example for spectral function: p meson in dense hadronic medium

T, 30000 ™M=5
£ | — d-
= 25000 — 4=
S
= 2000 =
S

1500 -

1000 -

500 -

0= : Ll
35 4.0 4.5 5.0 55 6.0
w/(2nT)

AdS/CFT result (J.E., Kaminski, Kerner, Rust 2008)



Spectral function at finite baryon density

p vector meson spectral function in dense hadronic medium

- i -10
T, 3000f ™=5 f
= I C{: 0.5 I vacuum
= 2500 —— d=1 -8 | ———- p,=0.5p,
< o — d=2 e p=1.0p,
(55 2000f — =3 ¥ T A%
— L %)
K 1500 £
L @y
| E
1000 =
500 -

0=~ ; Ll
35 4.0 4.5 50 55 6.0
w/(2nT)

AdS/CFT result

(J.E., Kaminski, Kerner, Rust 2008)
Field theory (Rapp, Wambach 2000)
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First example for applications: Shear viscosity

Shear viscosity over entropy density
1 h
S B 4 kB
Kovtun, Son, Starinets PRL 2004

Universal lower bound (does not depend on details of theory) at least to lea-
ding order

Bound satisfied by the most strongly coupled systems (g — o)
Experimentally confirmed for quark-gluon plasma at RHIC accelerator

Also relevant for electrons in solid?

40



Shear viscosity

Hydrodynamics: Long wavelength, low-frequency fluctuations in fluids
Expand physical quantities in derivatives of the fluid velocity: v, Vv, VV1© ..

Relativistically: Four-velocity u* = (u°, u', u?, u?), utu, =1

W0 =1/VI R, @ =d/VI -7

Consider energy-momentum tensor 7,

Contains information about energy density, energy and momentum flux
Hydrodynamic expansion to first order in derivatives:
Ty (z) = Too (2) + T3 (%) + - . .

T (z) = (e + P)upuy — Pguw, TS =1 (8uus + 8y — 290ru™) + Cgpwdru’

n shear viscosity, ( bulk viscosity

41



Holographic calculation of shear viscosity

Energy-momentum tensor 7),,, dual to graviton g#

Calculate correlation function (7,,(z1)T,,(z2)) from propagation through
black hole space

Shear viscosity is obtained from Kubo formula:

1

n = —lim " ImGﬁy,xy (w)

Shear viscosity n = 7 N?T2/8,  entropy density s = 72 N?T/2

n 1 h
8_47TIZ€B

(Note: Quantum critical system: 7 = h/(kgT))

42



Charged fluids: Vorticity

J.E., Haack, Kaminski, Yarom 0809.2488; JHEP 2009

Action of N' = 2, d = 5 Supergravity:
From compactification of d = 11 supergravity on a Calabi-Yau manifold

§=__1 /[H(R+12—2F2>——A/\FAF}OZ

167G5 24/3
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Charged fluids: Vorticity

J.E., Haack, Kaminski, Yarom 0809.2488; JHEP 2009

Action of N' = 2, d = 5 Supergravity:
From compactification of d = 11 supergravity on a Calabi-Yau manifold

1 1
S = — /[\/—g<R+12—ZF2>——A/\F/\F}dm

167G5 24/3

Chern-Simons term leads to axial anomaly for boundary field theory:

1

Budthy = 1o

1% (o}

Contribution to relativistic hydrodynamics, proportional to angular momentum:

Ty = pup €y, Wy = Leue,u’d7u?, in fluid rest frame J = LV x @

43



Chiral vortical effect

Chiral separation: In a volume of rotating quark matter, quarks of opposite chirality move in
opposite directions. (Son, Surowka 2009)

Chiral vortical effect

L Non-central
A heavy ion collision
t
b L @ .—>
L L |
|
Coae| LA
R

Anomaly induces topological charge Q5 = Axial chemical
potential us <> AQs

associated to the difference in number of left- and right-
handed fermions

Proposal for experimental confirmation (Oz, Keren-Zur 2010):
Enhanced production of spin-excited hadrons along rotation axis

44






Chiral vortical effect

Chiral separation: Relativistic quantum effect



Chiral vortical effect

Chiral separation: Relativistic quantum effect

¢ 4 coffee with sugar
ate —— (chiral molecules)

£, #0 £,=10
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Non-equilibrium in holography

Modelled by time-dependent solutions in gravity
Shock waves, collapsing matter shells
Application to formation of quark-gluon plasma

Very short hydrodynamization time

Chesler+Yaffe, Romatschke, Ecker, van der Schee, ...

47



Entanglement entropy

Von Neumann entropy Sy = —Trplnp
Reduced density matrix p4 = Trpptot
Entanglement entropy

Sa = —Trapalnpa



Entanglement entropy

Ryu-Takayanagi 2006:

A

2D

AdS

Von Neumann entropy Sy = —Trplnp
Reduced density matrix pa = Trppiot
Entanglement entropy

Sa = —Trapalnpy

_ Areayy

5S4 4G N

va: Minimal area with 0A = 0v4

48



Entanglement entropy: Quantum mechanics

Density matrix p = ) pn| V) (¥,

Von Neumann entropy Syny = —Tr(pln p)

Maximised when p diagonal with equal entries,
vanishes for pure states where p* = p



Entanglement entropy: Quantum mechanics

Density matrix p = ) pn| V) (¥,

Von Neumann entropy Syny = —Tr(pln p)

Maximised when p diagonal with equal entries,
vanishes for pure states where p* = p

Consider product Hilbert space H = Ha ® HB

Reduced density matrix
PA — Tertot

Entanglement entropy
Sa=—Trapalnpa

Analogy to black hole entropy
(‘Lost information’ hidden in B)

49



Entanglement entropy: Gauge/gravity duality

AdS

Ryu-Takayanagi 2006:

g, _ Arearyy
47 4Gy

va: Minimal area bulk surface with 0A = 04

Satisfies strong subadditivity

S4+ 88 > SquB + SanB

50



Entanglement entropy: Examples

Conformal field theory in 1+1 dimensions (Cardy, Calabrese):

C

Reproduced by Ryu-Takayanagi result

A x 1/€, e boundary cut-off in radial direction
c=3L/(2G3)

Finite temperature (at small ¢):

S(t) = S <L sinh(27r€T)>

el
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Holographic entanglement entropy: Arbitrary dimensions

J.E., Miekley 1709.07016

Analytic expression in closed form for strip region:

_ ~ d—2 ~ 2(d=1) _4
Lt () il S Z (1/2) 5 "5 ) (Q)Amd (5.5D)

SEE = +
_ — d—2 I
2(d —2)Gn 4(d—1)Gn 22 A Am/! F(%GSE) 2
2(d—1)d
EE EE EE EE . ~EE EE EE EE . X
X3d—2+1F3d—2 1,&_1,...,ai_§,bl y ey O2(d—1) 1y Qp ,...,ai_l, 1 93 020d—1)3 (z—;)
X X 2 x 2 2 X T2 X X

2. Turning point of minimal surface

Given implicity in terms of strip width /¢
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Holographic entanglement entropy: Arbitrary dimensions

Entanglement density

S(T) — 5(
o —
vol(A)
g
S
1.2 7
,‘-....'hn-
1 /o T T T
1L.O 1T—17 T I
e -
0.8 l e e
] ,’I P —
067 I e dimension d
18y
0.4-:,:' / -3 6
:[,/ 4 —- 7
0.2 1{1/ 5 o——. §

J.E., Miekley 1709.07016

Non-monotonic behaviour
signals violation of area
theorem
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Generalized AdS/CFT Correspondence: Gauge/gravity duality

Generalization of AdS/CFT to quantum field theories of experimental relevance?

Prototype candidate: Low-energy QCD

Generalizations:

1. Symmetry requirements are relaxed in a controlled way

= Renormalization Group flows

2. More degrees of freedom are added (Example: quarks)

3. Large N limit continues to apply
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Breaking of conformal symmetry and supersymmetry

Deformations of AdSs and S°

Minkowski— ~

spacetime el Anti-De Sitter-
~~.. Spacetime

™

Fifth Dimension < Energy scale

Supersymmetry breaking by deforming the sphere S°

9



Quarks in the AdS/CFT correspondence

Add D7-Branes (eight-dimensional surfaces) to ten-dimensional space

0/ 1]2|3|4|5|6]|7]|8]|9
ND3 | X | X | X | X
12D7 | X | X[ X[ X[ X | X | X ]| X

Quarks: Low energy limit of open strings between D3- and D7-Branes



Quarks (fundamental fields) from brane probes

N D3
v

0123 conventional

open/closed string duality

4567 SYM

89 3_3
quarks
NX 3T
flavour open/open

/ string duality

N; probe D7
i P R4 Adsj

brane
N — oo (standard Maldacena limit), N small (probe approximation)

duality acts twice:

N = 4 SU(N) Super Yang-Mills theory IIB supergravity on AdSs x S5
coupled to G +
N = 2 fundamental hypermultiplet Probe brane DBI on AdSs x S°

Karch, Katz 2002
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Quarks and Mesons

Quarks are introduced into AdS/CFT via the addition of brane probes
Ny < N.,, (Ny=1onourcase)

Brane probes: open strings between D3 branes and brane probe correspond to
fundamental degrees of freedom in the field theory

Field theory described:
L=LiTr F*F,, + 14Dy
gauge group SU(N)

U(1) 4 symmetry: two Dirac fermions ¢, ¥r; ¢ =4 + ¥r

Y — YL, YR — e YR

chiral symmetry broken by condensate (/1))

o8



Application: Quarks in the AdS/CFT correspondence

Add D7-Branes (eight-dimensional surfaces) to ten-dimensional space

><)

\_/

Meson masses from fluctuations of the surface (D7-Brane):

7 meson (pseudoscalar):
Energy eigenvalues of D7-brane coordinate fluctuations

p meson (vector meson):
Energy eigenvalues of gauge field fluctuations on D7-brane
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Chiral symmetry breaking within generalized AdS/CFT

Combine the deformation of the supergravity metric
with the addition of brane probes:

Dual gravity description of chiral symmetry breaking and Goldstone bosons

J. Babington, J. E., N. Evans, Z. Guralnik and |. Kirsch,
“Chiral symmetry breaking and pions in non-SUSY gauge/gravity duals”

Phys. Rev. D 69 (2004) 066007 [arXiv:hep-th/0306018].
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Applications to QCD-like theories: Light mesons

Babington, J.E., Evans, Guralnik, Kirsch PRD 2004
Gravitational realization of

Spontaneous chiral symmetry breaking

New ground state given by quark condensate (1))

Spontaneous symmetry breaking — Goldstone bosons (Mesons)

61



Light mesons

Babington, J.E., Evans, Guralnik, Kirsch PRD 2004

Meson masses obtained from fluctuations of hypersurface probe D7-brane

in a confining non-supersymmetric ten-dimensional gravity background

X

)

7 pseudoscalar meson mass: From fluctuations of D-brane

p vector meson mass: From fluctuations of gauge field on D-brane

62



D7 brane probe in deformed backgrounds

D7 brane probe in gravity backgrounds dual to

confining gauge theories without supersymmetry.

Example:

Constable-Myers background (particular deformation of AdSs x S° metric)

The deformation introduces a new scale into the metric.

In UV limit, geometry returns to Ad.Ss x S° with D7 probe wrapping AdSs x S3.

63



General strategy

. Start from Dirac-Born-Infeld action for a D7-brane embedded in deformed
background

Sp7 ~ /d8£ v/ —det(P[G] + 27/ F)

. Derive equations of motion for transverse scalars (ws, wg)

. Solve equations of motion numerically using shooting techniques

Solution determines embedding of D7-brane (e.g. ws = 0, wg = wg(p))

. Meson spectrum:
Consider fluctuations dws, dwg around a background solution obtained in 3.

Solve equations of motion linearized in dws, dws

64



Asymptotic behaviour of supergravity solutions

UV asymptotic behaviour of solutions to equation of motion:

wg x me "+ ce 3"

|dentification of the coefficients as in the standard AdAS/CFT correspondence:
m quark mass, c¢ = (gq) quark condensate

Here:
m # 0: explicit breaking of U (1) 4 symmetry

c # 0: spontaneous breaking of U (1) 4 symmetry

65



The Constable-Myers deformation

N = 4 super Yang-Mills theory deformed by VEV for tr F*YF,,
(R-singlet operator with D = 4) — non-supersymmetric QCD-like field theory

The Constable-Myers background is given by the metric

4 4\ 0/4 4 a\ (2—96)/4 4 4 6
2 _q/9 (W +D 2 12 (wWS+0b w* —b 2
ds® = H~ "/ ( ) dxi + H" (w4_b4> — dw?,
i=1

4 4\ 0
H:(w H’) —1 (A% + 5% = 10)

and the dilaton and four-form

b\ © 1
e2? = ¢2%0 (w il ) : Cla) = —ZH_ldt ANdx N\dy N dz

This background has a singularity at w = b
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The Constable-Myers deformation

The Constable-Myers background is dual to a confining gauge theory

since the Wilson loop displays an area law

Gravity dual of Wilson loop:

Minimal surface in dual geometry ending on the loop

67



Chiral symmetry breaking

Solution of equation of motion for pro- Numerical Result:

be brane W,
e 1. 75 
1.5\ m=1.5, ¢=0.90
\ m=1.25, c=1.03
| \ m=1.0, c=1.18
S; m=0.8, c=1.31
- (o m=0.6, c=1.45
\ m=0.4, c=1.60
bad m=0.2, c=1.73
N\ T good m=10"-6, c=1.8
\ e ugly 3 P
gsingularity
‘A Result:
s Screening effect: Regular solutions
do not reach the singularity
1.0
03 Spontaneous breaking of U(1) 4

symmetry: For m — 0 we have

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 >n’l C = <QE¢> # O
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Meson spectrum

From fluctuations of the probe brane

nmeson nmass

6,
5,

4 L

.
.....
=14

Goldstone boson (n')

Gell-Mann-Oakes-Renner relation: My eson X \/MQuark

qguar k mass
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Comparison to lattice gauge theory

Mass of p meson as function of 7 meson mass? (for N — oo)

T | T | T T T
L attice extrapolation
141 | = AdS/CFT computation L
O N=3 AY
O N=4
& N=5
L A N=6
VvV N=7
o N=17
a m
&
- 12 _
Q
&
l /1% —]
1 | 1 | 1 | 1 | 1
0 0.25 0.5 0.75 1
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Comparison to lattice gauge theory

Gauge/Gravity Duality: J.E., Evans, Kirsch, Threlfall ‘07, review EPJA

Lattice gauge theory: Lucini, Del Debbio, Bali, Panero et al '13

Result Gauge/Gravity Duality:

mals) oo (L)

Result Lattice Gauge Theory (Bali, Bursa '08): Slope 0.341 £ 0.023



Comparison to lattice gauge theory

Gauge/Gravity Duality: J.E., Evans, Kirsch, Threlfall ‘07, review EPJA

Lattice gauge theory: Lucini, Del Debbio, Bali, Panero et al '13

Result Gauge/Gravity Duality:

mals) oo (L)

Result Lattice Gauge Theory (Bali, Bursa '08): Slope 0.341 £ 0.023

Why is the agreement so good?
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Comparison to lattice gauge theory

D7 probe brane action expanded to quadratic order:

Am?2L?

IDX|? + e | X|? + (27 F)?

_ 3 4 3
S = 1 Vol(S”)Tr /d xdpp [,02 X



Comparison to lattice gauge theory

D7 probe brane action expanded to quadratic order:

Am?2L?
02

S = 7,Vol(S*)Tr /d4xd,0 p° [ IDX|? + X |* + (27a'F)?

p? + | X7

Phenomenological model: J.E., Evans, Scott 2014

Metric

ds? dax?

_ L2d,02 N /02 € |X|2
p?+ X7 L7
Fluctuations X = [(p)e™ "

Make contact with QCD by choosing

3(N2 —1)
Am?L? = —2~v = —
m ! 2N @
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Anomalous dimension for gravity theory and for Yang-Mills J.E., Evans, Scott

2.07
1.5-
- — Constable—Myers
— Yang—Mills N -0
1.0r
0.5¢
00 20 25 odrl
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p Meson vs. m meson mass? J.E., Evans, Scott

1.9r
i SU(3)LaT
1.4] =9 SU(S)Lat
: ° "o
13l . » « SU(7)LAT
o | o e . SU3)
§‘-|L
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: o o . SU(7)
1.1j Y ’.
- A SU(9)
: a’,t.‘.
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Sakai-Sugimoto model

D4/D8/ D8 brane model Sakai+Sugimoto 12/2004
(cf. work by A. Rebhan)

Chiral symmetry breaking SU(3) x SU(3) — SU(3)

= More realistic



Sakai-Sugimoto model

D4/D8/ D8 brane model Sakai+Sugimoto 12/2004
(cf. work by A. Rebhan)

Chiral symmetry breaking SU(3) x SU(3) — SU(3)

= More realistic

Energy scale is compactification scale of 5th dimension

Quark masses cannot be dialled
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Sakai-Sugimoto model
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FInite Temperature: D7 brane embedding in black hole background

First order phase transition

Babington, J.E., Evans, Guralnik, Kirsch
Mateos, Myers, Thomson
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D7 brane embedding in black hole background

Babington, J.E., Evans, Guralnik, Kirsch 0306018

Condensate ¢ = (y1)) vs. quark mass m
m in units of T

Embeddings A

L3 -C

2,
1.75¢
1.5 m=15 Minkon 0.1
1 25f me125 O IKOWSK 0.08 phase

1t m:/lo m388% 0.06 transition
2 = oo
0.5}

m=04 Black hole 0.02
e - m=02 | —
i : 2 P 02 04 06 08 10 12 m
Phase transition at m. =~ 0.92
(1st order) Cou
0.9160. 918 0. 92 0. 9220. 9240. 9260. 928 0. 93 K| rSCh 2004
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Masses and decay widths of mesons - Spectral functions

Standard procedure in D3/D7: Mateos, Myers et al 2003

Meson masses calculated from linearized fluctuations of D7 embedding

Fluctuations: dw(zx, p) = f(,o)ei(’g'f_wt), M? = —k?
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For black hole embeddings, w develops negative imaginary part

=- damping = decay width



Masses and decay widths of mesons - Spectral functions

Standard procedure in D3/D7: Mateos, Myers et al 2003

Meson masses calculated from linearized fluctuations of D7 embedding

Fluctuations: dw(zx, p) = f(p)ei(g'f_wt), M? = —k?

For black hole embeddings, w develops negative imaginary part

=- damping = decay width

Make contact with hydrodynamics: Starinets, Kovtun ....
Spectral function determined by poles of retarded Green function
Quasinormal modes

|dentify mesons with resonances in spectral function
Landsteiner, Hoyos, Montero
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Hydrodynamics from AdS/CFT - Specitral functions

Hydrodynamics from AdS/CFT Son, Starinets et al

Transport processes in the quark-gluon plasma
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Hydrodynamics from AdS/CFT - Spectral functions

Hydrodynamics from AdS/CFT Son, Starinets et al

Transport processes in the quark-gluon plasma

Time dependence requires Minkowski signature AdS black hole

Infalling boundary condition required at black hole horizon

Spectral function from imaginary part of retarded Green function

—

GRW(w, k)= —z’/d4x e’ kf@(xo) ([J.(2), J,(0)])

Correlator calculated from propagation through AdS black hole space
Here: J,: flavour current dual to gauge field on D7 brane

Spectral function = Resonance spectrum (vector mesons)
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Finite U (1) baryon density

Mateos, Myers, Matsuura et al
Baryon density np and U (1) chemical potential u
from VEV for gauge field time component:

25/2
n
NV T3

d= B

At finite baryon density, all embeddings are black hole embeddings
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Phase diagram with finite U (1) baryon density

Phase diagram:

grey region: ng =0
white region: ng # 0

0.8 |
v 0.6 |
S
S
304 |
02 S d=0.00315 |
0.2 0.4 06 0.8 1
T/M

Sin, Yogendran et al; Mateos, Myers et al; Karch, O'Bannon; ...
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Spectral Functions for Vector Mesons

Gauge field on D7: background + fluctuations

Au(p, @) = 6% Ao(p) + Au(Z, p)

Insert this into equations of motion from DBI action of D7 brane

In Fourier space, use gauge invariant quantities

Ey =wAg + qAy, Ey,z — WAy,z (q — O)

Green functions

N¢N.T? 0,E(p)
GR_ R _ R _ R _ /7% I; 3%p

At vanishing density: Myers, Starinets, Thompson
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Spectral function for vector mesons with U (1) quark chemical potential

J.E., Kaminski, Rust 0710.0334

Spectral functions - temperature dominated regime
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Spectral function for vector mesons with U (1) quark chemical potential

J.E., Kaminski, Rust 0710.0334

Spectral functions - temperature dominated regime

S d=0.25 T 2 A
& 4 =0l e 2000 G025
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For increasing m /T, peaks first move to smaller, then to larger frequencies
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Spectral function

Specitral functions - potential-dominated regime
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Spectral function

Spectral functions - potential-dominated regime
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Agrees with supersymmetric meson spectrum

(Calculated analytically by Kruczenski, Mateos, Myers, Winters 0304032)



p vector meson spectral function in dense hadronic medium

T, 30000 ™M=5
£ | — d-
= 25000 — 4=
S
= 2000 =
S
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0= : Ll
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w/(2nT)

AdS/CFT result (J.E., Kaminski, Kerner, Rust 2008)



Spectral function at finite baryon density

p vector meson spectral function in dense hadronic medium

- i -10
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AdS/CFT result

(J.E., Kaminski, Kerner, Rust 2008)
Field theory (Rapp, Wambach 2000)
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Pomeron in AdS/CFT

Brower, Polchinski, Strassler, Tan JHEP 0712 (2007) 005
Pomeron:

Coherent color-singlet excitation in high-energy hadronic scattering
At large s, small ¢, large N

It contributes the leading singularity in the angular momentum plane

Pomeron in AdS/CFT: (large N)

Calculation of field theory amplitude from string amplitude in ten-dimensional
AdSs x S° space with cut-off

Four-dimensional scattering given by coherent sum over scattering in the six
transverse dimensions
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Hard scattering

Holographic encoding of gauge theory physics:

Low energy states at small r, high energy states at large » (near boundary)

Warped space: , ,

2 r L 2 2, 2
ds” = —n dxtdx” + —dr® + L°ds
2 2 X
Iri
Minkowski Anti-de Sitter
spacetime spacetime

,r. ~
| -

A(s,t) oc s*07)

Y

extra dimension

p,, conserved momentum, corresponding to invariance under translation of «*

p, momentum in local inertial coordinates for momenta localized at r
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Pomeron in gauge/gravity duality

At large s, highest trajectory will dominate:

t positive: » small:  soft (Regge) pomeron, properties determined by confining
dynamics: glueball

t negative: r large: hard (BFKL) pomeron, two-gluon perturbative small object
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Recent refinements

Ballon-Bayona, R. Quevedo, Costa
1704.08280

Exchange of higher-spin fields in the
graviton Regge trajectory

dual to glueball states of twist two

First four pomeron trajectories are
considered; fit to HERA data

r < 0.01
0.1 < Q? < 400 in GeV?

Xc21 o. f. — 1.7

1e-04

1e-03
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Example: Froissart bound

High-energy behaviour of total cross-sections in two-particle scattering
Heisenberg 1952:
A target hadron is surrounded by a pion field with energy density oc e ="

Inelastic processes will occur when the collision is close enough to locally yield
enough energy to create a pion pair

= 1 E
o X — In® —
ma My
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Example: Froissart bound

Froissart 1961:

At high energies, the total cross-section for two-particle scattering (protons) has
an upper bound

S
o In? =
S0

s centre-of-mass energy, sy energy scale

General argument based on unitarity of S matrix and
analyticity properties of the scattering amplitude



Example: Froissart bound

Froissart 1961:

At high energies, the total cross-section for two-particle scattering (protons) has
an upper bound

S
o In? =
S0

s centre-of-mass energy, sy energy scale

General argument based on unitarity of S matrix and
analyticity properties of the scattering amplitude

QCD considerations link the Froissart bound at high energies to the dynamics
of ultra-soft gluons (strongly coupled)
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Example: Froissart bound in gauge/gravity duality

Giddings Phys.Rev. D67 (2003) 126001; Kang, Nastase Phys.Rev. D72 (2005) 106003
AdS metric with IR cutoff (‘hard wall’), point mass m is placed on this IR wall

This creates perturbations of the AdS space which may lead to the formation of
a black hole in AdS space

Geometrical cross section of this black hole
maximum possible scattering cross section in the field theory

2 o B
o <oppg =nr; x In® —
Eq
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Subleading corrections to Froissart bound from AdS black holes

Diez, Godbole, Sinha, Phys.Lett. B746 (2015) 285

Subleading corrections o« —In(s/sg) and o In s/sgInln s/sq,
from higher curvature corrections

improve fits to cosmic ray and LHC data
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Subleading corrections to Froissart bound from AdS black holes

Diez, Godbole, Sinha, Phys.Lett. B746 (2015) 285
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FIG. 1: (Colour online.) Fit results to experimental values of 0%, and o%,. The magenta solid, orange dot-dashed, blue dashed and black
dotted curves are the (57)-(60) fits to the pp (green circles) and pp (red squares) data points, respectively. The data are from CDF, E710, E811,
UA1, UA4, UAS experiments [35-42]. The pp data points also include ot?, results from the LHC (at /s = 7, 8 TeV) [43—45] and cosmic-ray
data [46].



Total vp cross section

Caldwell, Wing Eur.Phys.J. C76 (2016) 463
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Conclusions and outlook

Gauge/gravity duality :

New duality between quantum field theory and gravity
New approach for describing strongly coupled systems

Application examples:

Transport, hydrodynamics, non-equilibrium, mesons, glueballs, Wilson loops,
deep inelastic scattering ...

Much more to explore!
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