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Gauge/gravity duality provides simple tools to study
some strongly-coupled guage theories, e.g.,

Type llIb strings

onAds, X s> <4ummlp O74 ?'?4 Uﬂ:‘{ﬁ)
with RR flux N super-yang-iviilis
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Theoretical tools to study such strongly-coupled
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= =

Gauge/gravity duality provides simple tools to study
some strongly-coupled guage theories, e.g.,

. sugra

Type llb string¥ o
onAdS; XS <4 |

with RR flux N. super-Yang-Mills

limited to: large N, and large 't Hooft coupling
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QCD =4 SYM

confinement, conformal,
discrete spectrum, continuous spectrum,
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QCD =4 SYM

-0 confinement, conformal,
' discrete spectrum, continuous spectrum,
scattering, . . .. no S-matrix, SUSY, .. ..
very different !!
strongly-coupled plasma strongly-coupled plasma
[>T, L
of gluons & fundamental matter of gluons & adjoint matter
deconfined. screening. deconfined, screening,
finite corr. lengths, . . . finite corr. lengths, . . .
very similar !!
>>T. runs to weak coupling remains strongly-coupled
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Reality check? Is this more than hot air?
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Karsch (hep-lat/0106019)

m—— e —— S —

3 flavour
2+1 flavour
2 flavour
N=4 SYM ——-—
{Gubser, Klebanov & Peet hep-th/9602135)

2 = TIT, ¢ S



“80% Is closer to 75% than 100%"
Strongly coupled QGP seems to be “conformal”, just above T.

1 _________________________________________________
scale energy density by free result
BEt-— -
elgg

3 flavour
2+1 flavour
2 flavour
N=—A4ASYM ———

2 3 TIT, ¢ S
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“80% Is closer to /5% than 100%"

Strongly coupled QGP seems to be “conformal’, just above T.
LHC

=
m—— e —— e ———

3 flavour

| 2+1 flavour
' 2 flavour
| N=4 SYM ——-—
I
| = - : :
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“80% is closer to 75% than 100%"

Strongly coupled QGP seems to be “conformal”, just above T.
LHC

=
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Speed of sound: Ric ¥
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Elliptic flow: inferred from RHIC data

assumes Shear Viscosity n is very small!

Romatschke & Romatschke,
arXiv:0706.1522 [nucl-th])

25

seems toneed: 4mwn/s~1
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Elliptic flow: inferred from RHIC data

assumes Shear Viscosity n is very small!

Romatschke & Romatschke,
arXiv:0706.1922 [nuclth]) | secems to need: 4T n/s ~ 1

75

20

I3

10

VERY small!
Edd = e g
— Heimm [ ILFa I
—— Nizcgen I0MMP2
- Wamer 100MPa
/ l
' \// Wiscosury beand o
Pirsa: 08030072 - SR l = ., Page 54/148

1000

Jh. .. a3k B A S FEssawy A4 s



Elliptic flow: inferred from RHIC data

assumes Shear Viscosity n is very small!

Romatschke & Romatschke.
arXiv:0706.1922 [nuclth]) | scems to need: 41t /s ~ 1

Theoretical challenge:
both perturbative analytic
and computer techniques

fail for strong-coupling dynamics!
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Elliptic flow: inferred from RHIC data

assumes Shear Viscosity n is very small!

Romatschke & Romatschke.
arXiv:0706.1522 [nucl-th])

seems toneed: 4mwn/s~1

universal result for all known
theories with gravity dual:

Arnn/s =111

Kotvun, Son & Starinets; Buchel & Liu;

-----
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Motivation: “Quark Soup al dente”

A

AdS/CFT does not grve sdentical physics to QCD,

w*

but may be useful to : dy strtmgfy coupled QGP
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Motivation: Quark Soup al dente

AdS/CFT dees net gtve zdentrcal phyelce to QCD,
etmnghy coupled QGP
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‘leld theory overview:

N=2 SU(N_) super-Yang-Mills with (N.+1) hypermultiplets
fundamental -’ t- adjoint

adjﬂint fields: vector: (Aﬂr)abr (¢'1,2)ab: (%)ab
1 hyper: (612)%, (¥3.4)%

fundamental fields: N.massive hyper's “quarks”

Pirsa: 08030072 Page 61/148



Motivation: Quark Soup al dente

AdS/CFT does mt grve tdentlcat phys&cs to QCD,
but may be uﬁefut to stmng?y coupled QGP

—

"’E~—'_:-_' :E'. =

with objectwe G adffmg fuﬁéémental matter




‘ield theory overview:

N=2 SU(N_) super-Yang-Mills with (N.+1) hypermultiplets
fundamental J Ladjoint

adjoint fields: vector: (4,)%, (¥1.2)%, (¢3)%
1 hyper: (¢1.2)%. (¥3.4)%

fundamental fields: N massive hyper's “quarks”
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‘leld theory overview:

=2 SU(N,) super-Yang-Mills with (N:+1) hypermultiplets
fundamental -’ t-adjcrir'ﬂz

adjoint fields: vector: (A,)%. (¥1.2)%: (¢3)% | N =4 SYM
1 hyper: (¢12)%, (¥3.4)% content

fundamental fields: N:massive hyper's “quarks”

fund. in U(N,)
& global U(N,)

» work in limit of large N. and large A but N; fixed
“quenched approximation™ Nz/N. — 0



- note not a confining theory:
_ freequarks ~ ™m4q
‘mesons” (ff bound states) ~ mgy/VA
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Finite Temperature:

* low temperatures:
free quarks ~ mq — Am(T)

mesons (ffbound states) ~ my/VA — Am/(T)
unusual dispersion relations: VUmazs < €
quasi-particle widths increase dramatically near v«
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- note not a confining theory:
_ freequarks ~ "mq
“‘mesons” (ff bound states) ~ my/VA

Finite Temperature:

* low temperatures:
free quarks ~\ ey
mesons ( ff bound statg C, e/VI — Am/(T)
unusual dispersioa\§ | '- ONsS: VUmaz < C
Q increase dramatically near v,,4+

quasa—partl '

» phase trﬂ_ T ~ mq/\/x (strong coupling!!)

A & '--:

TN ratures:
_ NO quark or meson quasi-particles
“‘quarks dissolved in strongly coupled plasma’™ rueuus



Aharony, Fayyazuddin & Maldacena (hep-th/9806159 )
Karch & Katz (hep-th/0205236 )
dding flavour to AdS/ICFT
h add N; probe D7-branes o

AdS5 bﬁun.dﬂry /

85



Aharony, Fayyazuddin & Maldacena (hep-th/9806159 )

Karch & Katz (hep-th/0205236 )
dding flavour to AdS/ICFT
h add N; probe D7-branes o

AdSﬁ boun.dary /

Mesons (f f bound states) dual to open string
ooz States supported by D7-brane

; : \ /4
T ff\
[N G Q

Dole



Gauge/gravity dictionary:

supergravity modes: huyy — T

D7-brane modes:
A o T o T [y’ + S Dy d]
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Gauge/gravity dictionary:

supergravity modes: huyyr — Tu

D7-brane modes:
AY o JP~Tr [;Ef-fmw 4 Cb’iD”CDj]

Probe approximation: N;/N. — 0

Above construction does not take into account the
“gravitational” back-reaction of the D7-branes!

— considering large-N_ limit with N, fixed

(see, however: Burrington et al; Kirsch & Vaman;
rsa; 08030072 Casero, Nunez & Paredegesis_ )



Kruczenski, Mateos, RCM and Winters

Mesons: (hep-th/0304032)

lowest lying open string states are excitations of the
massless modes on D7-brane: vector, scalars (& spinors)

— their dynamics is governed by usual worldvolume action:

1 8 /
Spr = ~oryT— f 8¢ \/ — det (P[Glyp + 27a/F,p)
1
| P[CNAFAF
2(2?1')595a"2/ [ AR
free spectrum:

- expand action to second order In fluctuations
« solve linearized eq’s of motion by separation of variables

Veff
X discrete
specitrum

-
irsa: 08030072 : . Page 76/148
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D7-brane modes:
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Gauge/gravity dictionary:

supergravity modes: huyy — T

D7-brane modes:
AY o JT~Tr [;B‘imw + cb??D,uqﬂ]

Probe approximation: N;/N. — 0

Above construction does not take into account the
“gravitational” back-reaction of the D7-branes!

— considering large-N_ limit with N, fixed

(see, however: Burrington et al; Kirsch & Vaman;
rsa; 08030072 Casero, Nunez & Paredesesus_ )



Kruczenski, Mateos, RCM and Winters

Mesons: (hep-th/0304032)

lowest lying open string states are excitations of the
massless modes on D7-brane: vector, scalars (& spinors)

— their dynamics is governed by usual worldvolume action:
1 8 I
_(2?1_)795&;4 /d £ \/— det (P[G]ab + 27 Fab)
1

| P[CNAFAF
I Q(ZW)SQSQQf [ LN

free spectrum:
- expand action to second order In fluctuations
- solve linearized eq’s of motion by separation of variables

Veff

Sp7

X discrete

spectrum

L
irsa: 08030072 : : Page 79/148
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Kruczenski, Mateos. RCM and Winters
Meson spectrum: (hep-th/0304032)

M2(n,0) = 2L (n+ £+ 1)(n + £+ 2)

n =radial AdS quantum #
¢ =angular quantum # on S°= R-charge

massive supermultiplets with 8(£ + 1)bosons and fermions

L m m
w—r—1) : T’]’I,gap=2\/§ﬁ=47r 9 —47[-_(}

\/Q %" M NC \ﬁ
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Kruczenski. Mateos. RCM and Winters
Meson spectrum: (hep-th/0304032)

M2(n,€) = 4L (n+ £+ 1)(n + £+ 2)

n =radial AdS quantum #
¢ =angular quantum # on S°= R-charge

massive supermultiplets with 8(£ + 1)bosons and fermions
5 m
n=—=_r =14 : mQap=2\/§ﬁ=4ﬂ' e

;nq 471'7
\/ 9y Ve A
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Kruczenski, Mateos. RCM and Winters
Meson spectrum: (hep-th/0304032)

M2(n,£) = 2L2(n + £+ 1)(n + £+ 2)

n =radial AdS quantum #
¢ =angular quantum # on S°= R-charge

massive supermultiplets with 8(£ + 1)bosons and fermions
/) m m
n=£=0 : mgap=2\/§ﬁ=4?r - 2

5=

\/g }zfﬂrf Nc \/X

Meson interactions:

Continue expansion of D7-brane action beyond 2"¢ order
- substitute © = ¢(z)v¢,, ((r)Y,(2) and integrate out r and S°
2nma’ 1

L rcasy2 9.2 f a2
eg., L ~ — (@ M<¢“| 4 o(9
g £y 5 [(90)% + M| + = ——=0(99) +
agrees with Zxaf 1 1 12 J‘
''''' large N 9636 = "L /N. mqv/Ne -



Kruczenski, Mateos, RCM and Winters
Meson spectrum: (hep-th/0304032)

M2(n,0) = 2L (n + £+ 1)(n+ £+ 2)

n =radial AdS quantum #
¢ =angular quantum # on S°= R-charge

massive supermultiplets with 8(£ + 1)bosons and fermions

L m m
n—r—1: mQapZZ'\/ﬁﬁ=4ﬂ' 4 4?;-_‘1

\/ g%uNc 2

Meson interactions:

Continue expansion of D7-brane action beyond 2"¢ order
- substitute ®© = ¢(z)v,, ((r)Y,(2) and integrate out r and S°

!
[(96)2 + M26?] + =72 \/%_qﬁ»(aqs)%t...

1
e.g., EEff £ —5

agrees with 2ra! 1 1 1 J‘
Pirsa: 08030072 — ; ~ —_ msongaﬁable
large N (06 = L /No mqv/N, T 1/N



Witten; ...
Gauge/Gravity thermodynamics: e

Gauge theory thermodynamics = Black hole thermodynamics

» Replace SUSY D3-throat with throat of black D3-brane

» Wick rotate and use euclidean path integral techniges

Here extend these ideas to include
contributions of probe branes/fundamental matter
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Babington, Erdmenger, Evans, Guralnik & Kirsch [hep-th/03060138]
Mateos. RCM &Thomson [hep-th/0605046]. . . . . .

Gauge/Gravity thermodynamics with probe branes:
put D7-probe In throat geometry of black D3-brane

SUSY embedding

< 7/ / T=0: “brane flat”

D39 raise 1. horizon expands and increased gravity
R pulls brane towards BH horizon

/ N /
Y Low T: tension supports brane;
. D7 remains outside BH horizon

Black hole embedding

L5525

High T: gravity overcomes tension;
D7 falls through BH horizon
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