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Neutron star merger observed
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Theoretical modelling

Droplet of self-gravitating
perfect fluid

ds2 = −eνdt2 + eλdr2 + r2dΩ2

λ = − log

(
1− 2M

r

)
Tµ
ν =

(
ε

δij p

)
Tolman-Oppenheimer-Volkoff equations (TOV)

M ′ = 4πr2ε

ν ′ = − 2

ε+ p
p′

p′ = −eλ

r2
(ε+ p)(M + 4πr3p)
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Equation of state

To have a closed system of equations, we need an equation of
state (EoS)

6/24



Nuclear matter EoS
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Nuclear matter EoS

[Kurkela-Fraga-Schaffner-Bielich-Vuorinen ’14]

After 44 years, QCD remains a challenge!
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String theory’s user’s guide

What is string theory?

A theory of hadrons

A theory of quantum gravity

A theory of everything

A theory of nothing
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Emerged key result: a duality relating QFT and gravity

Known as:

AdS/CFT correspondence

CFT: conformal field theory
AdS: anti-de Sitter space

Holographic duality

Gauge/gravity duality
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At the heart

In the spirit of condensed matter physics:

At strong coupling new weakly-coupled degrees of freedom emerge
dynamically.

New feature:

The emergent fields live in a space with one extra dimension →
holography

The extra dimension is related to the energy scale.

13/24



Applications

AdS/CFT has applications in

Strong coupling dynamics of gauge theories (QCD,
integrability in QFT, electroweak symmetry breaking and LHC
physics, string phenomenology,. . . )

Condensed matter physics (superconductors, quantum phase
transitions, cold atoms, topological insulators)

Black hole & neutron star physics and quantum gravity

Entanglement and quantum information theory

Relativistic hydrodynamics

. . .
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Organizational principle
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Organizational principle: all physics
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Organizational principle: more?
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AdS/CFT as a new tool

Standard toolbox

perturbation theory

lattice gauge theory

integrable systems

AdS/CFT

Systems, where non-holographic
techniques fail

strong coupling

finite density

non-equilibrium,
time-dependence

3 and 4 dimensions
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QCD pre-AdS/CFT

Weak coupling (at high temperature)
[Arnold-Moore-Yaffe ’00]

η

s
∼ 1

g4
YM log g−1

YM

How about QCD just above deconfinement?

No way to get at this number from lattice gauge theory

One might have thought: The viscosity will be important
parameter in hydro modeling of data from HIC. Maybe hydro
won’t work!
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AdS/CFT lessons for QCD

Some features may be universal and amenable for holographic
modeling

Good example
[Policastro-Son-Starinets ’01]

η

s
=

1

4π

Same for all non-Abelian gauge plasmas with gravity dual in
the limit λ→∞, N →∞:

Theories in different dimensions
With or without fundamental matter
With or without chemical potential
. . .
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The viscosity turned out to be a small effect in hydro modeling
[Romatschke-Luzum ’08]
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How about neutron stars?

July 2017:

“. . . the effects of bulk viscosity should be consistently included in
future merger simulations.”

“. . . given the vital role they play in determining the strength of
thermal transport and shear or bulk viscous dissipation,

. . . motivate additional work to refine constraints on the physical
conditions under which these phenomena occur in high-density

matter.”
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Holographic model

From referee report:

“This idea is sound and opens a new direction for the study of
neutron star physics, as it can serve as a role model for future
investigations. The results obtained in this work match current
expectations / observations: critical quark density for the
deconfinement transition, latent heat density for the latter,
pressure-energy density curves, mass-radius curves for neutron
stars. . . ”
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Vision

Holography is powerful enough to provide ballbark estimates for

equation of state at finite temperature & magnetic field

mass-radius curves

deformation parameters (moment of inertia, tidal numbers,
quadrupole moments, . . . )

transport coeffs (viscosities, conductivities, . . . )

quasi-normal modes (relevant for ringdown)

neutrino emissivities (relevant for cooling)

...

Stay tuned!

Thank You!
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