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ds? = —eVdt2 4+ eAMgr2 4+ 124Q, .

TOO = &(r) Tij = P(r)dl.j P(r.) =0

1
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Tolman—-Oppenheimer—Volkoff equations

Only unknown: Equation of State  F(g, P) = 0
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Perturbation Theory 1 > 1 Gel/ u <500 MeV
LatticeQCD U K T T ~01—1keV

Chiral Perturbation Theory n < ng =~ 0.16 fm™3 N ~ 5 7

Phenomenological models: Nambu-Jona-Lasinio, Walecka
Extrapolated from low density
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ﬁﬂ(—hybﬁd traditional neutron star

neutron star with
pion condensate
Fe
color-superconductin 6
strangeué}:ark matter J 10 " gem :
(u,d,s quarks) 11 3
10  glem
25C  cpL
CSL et 1014 gms
gCFL CFL KD
CFL-K
LOFF 0 Hydrogen/He
CFL-n = at%ns%here
strange star
nucleon star

[Weber astro-ph/0407155]
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R~ 10 km



What about holographic models?

Strong coupling

No problems with large density

Large-N: baryons are difficult
Not QCD: systematic uncertainty



What about holographic models?

Strong coupling

No problems with large density

Alternative large-N limits
Not QCD: systematic uncertainty



What about holographic models?

Strong coupling

No problems with large density

Restrict to deconfined phase

Not QCD: systematic uncertainty



What about holographic models?

Strong coupling

No problems with large density

Restrict to deconfined phase

universality in quark-gluon plasma (?)



gﬁﬂ(—hybn'd traditional neutron star

neutron star with
pion condensate
Fe
6
strange quargmatter 10 " gem :
(u,d,s quark; 11 3
10 glom
Deconfined matter at the core 0™ gom3
gurL 0
CFL-K
LOFF 0 I Hydrogen/He
CFL-n o at%ns%here
strange star
nucleon star

[Weber astro-ph/0407155]
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Quick introduction to AdS/CFT



Basics

AdS
UV/IR
Black holes
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d dimensions




AdS space

@\ radial direction

Field theory
directions

volume ~ area






UV/IR

Massive particle at rest

A " Lightcone



RG flow Holography

UV CFT



Black hole

Thermal state

Temperature = Hawking temperature

Thermal Entropy = Black hole area

TZ(—f(T)dtz + Sde‘dxf)

er

rd

flr) =1



Black hole

Thermal state

Temperature ~ Ty

Thermal Entropy ~ er—l

TZ(—f(T')dtz + gl]dx‘dxf)

er

rd

flr) =1



The correspondence

Symmetries
Fields/Operators
Action



Symmetries

Field theory Gravity

III

Local symmetries are not physica

Global symmetries «— Asymptotic symmetries

Conformal symmetries - ~ AdS isometries
2 dr* 2 U~V
r—o Ar yH _)xﬂ//l ds =T—2+r Nuvdxtdx



Operators/Fields

Field theory Operators «— Gravity fields

Local gauge-invariant Local fields
0 (x) (x,7)

Conformal dimension A Mass M * = A(A —d)

Equal charges and spin

g  (0)
rd—A " A

d(x, 1) ~



Action
Field theory Gravity

Generating functional On-Shell action

wigl=(el9°)  slol=1 — [ ® + Lo

5% W
d g*

(00) =



A model of deconfined matter



Field theory
N. > o

N =4 SU(N,) SuperYang-Mills 2, = gyy2N.> 1

N =2 Ny KN, Flavor hypermultiplets

Fields in adjoint of color: A, , pt=16 pa=14

~

Fields in (anti)fundamental of color: 4, q, VY,



Gravity dual

AdSs x S°+ Ny D7 flavor branes

2 dr® 2 W,
ds =f(r)r2 Fre(—f(r)des + §;;dxtdx’) + ds

D7 flavor branes { d,

probe approximation



Gravity dual

AdSs x 5>+ Ny D7 flavor branes

SD7 — _T7fe_(p\/det(gab Fab) T7fC4_/\F /\F

(]O> baryon chemical potential
|
L a2

Ag =

baryon charge density

r
(beta-equilibrium: no electrons)



Free energy

free energy = -on-shell action (gravity+D7)

gravity action does not depend on chemical potential

Fe ~ —N.° T*

D7 brane action at small temperatures

N N 2
L (u? — po?) “+O(u3T)

4y3 Ay m
[Karch, O'Bannon 0709.0570]

Fp7 =



Extrapolation to QCD
Number of color and flavors the same as QCD N, = N¢=3

Stefan-Boltzmann result at large chemical potentials

l’t_

Pressure (=- free energy) vanishes ~ 1/3 nucleon mass

u, =~ 308.55 MeV



Application to neutron stars



Comparison to nuclear matter
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Structure from TOV equations

2.5} -
1nf—
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Structure from TOV equations

Increasing pressure
:b

.
Radius(km)
deconfined matter at the core starts



Structure from TOV @q |ations

unstable branches



Structure from TOV equations
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The importance of being stiff

A non-Trivial Condition for Serious EoS



Neutron star mass larger for stiffer EoS

!

stiffness ~ speed of sound

- 9P

2
Us G E




Conjecture: speed of sound is bounded in holographic models

[Cherman, Cohen, Nellore '09; Hohler, Stephanov '09]
[Cherman, Nellore '09]

Assumptions: UV fixed point (asymptotically AdS)

Shown true for: scalars at finite temperature

Holds in SUGRA models: Klebanov-Strassler, N=2*
Holds in D-brane models even at finite density (D7 model)
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P (MeV/fm")
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Conjecture: speed of sound is bounded in holographic models

Assumptions: UV fixed point (asymptotically AdS)

scalar at low temperature and finite density
small breaking of conformal invariance
SUGRA model: R-charged black hole
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Outlook

Speed of sound with large breaking of conformal invariance
Mixed phases in neutron stars

Nuclear matter in holographic models (light baryons?)
Surface tension of bubbles in mixed phases

Transport properties, emissivities, etc
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