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The EOS determines the main properties of the star,
but there are other interesting aspects associated to transport:

Cooling: heat conductivity, neutrino emissivities

@ Damping of oscillations: shear and bulk viscosities

o Magnetic fields: electric and thermal conductivities

o Mergers: viscosities, conductivities, evolution far from equilibrium
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Computing transport properties is challenging

o Lattice QCD: real time dynamics, sign problem

e Kinetic theory/ perturbative QCD: quasiparticles, weak coupling
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Computing transport properties is challenging

o Lattice QCD: real time dynamics, sign problem

e Kinetic theory/ perturbative QCD: quasiparticles, weak coupling

Gauge/gravity duality goes around these issues: complementary approach
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Motivation

strong coupling —> gravity duals

o Near-equilibrium transport properties can be extracted from classical
gravitational solutions (linear perturbations)

@ Black holes: hydrodynamics at long wavelengths

o Agreement with QGP formed in heavy ion collisions

Kovtun, Policastro, Son, Starinets '02-; Bhattacharyya, Hubeny, Minwalla, Rangamani '07-
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Motivation

strong coupling —> gravity duals

o Far from equilibrium evolution: numerical GR

@ Black hole formation: thermalization time

@ Black hole evolution: isotropization and hydrodynamics at late times

Chesler, Yaffe '08- ; Janik '09-; Attems, Bea, Casalderrey-Solana, Heller, Mateos, van der Schee '11 -
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Hydrodynamics and transport coefficients



Relativistic hydrodynamics

@ Conserved currents: energy-momentum T*" and baryon charge J#
V. T" = F,J" V,J"=0
o Fluid velocity u* and the densities: energy ¢, charge p and pressure p
utu, = =1, PM = g"" 4+ utu”
o Hydrodynamic constitutive relations
™" = eutu” + pP*" + 7hv

JH = put +*
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Implications of Lorentz symmetry

@ energy current = momentum density
T0i _ i0

@ Heat current _ A ‘
Q’L _ TOz o ,qu

= Electric and thermal conductivities are not independent

=- Single independent transport coefficient o

JH=put + o (E“ — TP‘“’@V%)
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Transport coefficients

@ No-force condition ‘ pEi = sVil =0 ‘
o Conductivities J = gijEj7 Q' = —mijVjT
E+DP s ) w e+Dp s
i = 59, ki = Eg= Tl sl
7 7 Ts ! T P

@ Viscosities
TH = eufu” 4+ pP* — notv — (P* o u?

2
oMY — PuaPVB <aau3 + aBua — g agaxuk>
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Holographic calculation



Holographic models

Symmetric quark matter m, = mq = m; = mq and 1, = pg = ps = fiq

D3-D7 model: “top-down”
Karch, Katz '02

V-QCD model: “bottom-up”

Jarvinen, Kiritsis '11; Gursoy, Kiritsis, Mazzanti, Nitti '07-'09

N = 2 supersymmetry
Conformal Glue
Quenched: Ny < N,
Nonzero quark masses

Nonzero chiral condensate
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Non-supersymmetric
Running coupling constant
Unquenched: N;/N, ~ 1

Massless quarks

Vanishing chiral condensate
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Action and holographic dictionary

Glue
S!] 2h /dOTF< -5 ;L¢au¢ - V(@-,X))
Flavor
Sp=-53 /d5xZ b, X)\/ — det (9w + K(é, X)0ux 00X + W(h, X) Fuv)

Metric g,,, <> energy-momentum tensor

Flavor gauge field A,, < baryon charge (F),, = 0,4, — 0, A,)
“Dilaton” ¢ <> gauge coupling

“Tachyon” x <> quark masses

K3~ 1/NZ, Ty ~ Ny /N,

C. Hoyos (UO) Holo Transport Modern EOS in NS 9/20



Comparison between the holographic models

ds® = gtt(f‘)dt2 + Gz (’)”)dl_'Q + g,«,,(r)dr2

A= Ag(r)dt, ¢=(r), x=x(r)
gie(ry) = As(ry,) =0

General solutions:

D3-D7 model V-QCD model

Metric fixed to AdS5 | Non-conformal metric

p=0 ¢ nontrivial
Flavor is a probe Flavor backreaction
X nontrivial x =20
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General formulas

o Transport coefficients determined at the black hole horizon
T (surface gravity), s (area), p (electric flux), ¢, = ¢(r4), Xu = X(74)
Boundary values determine ¢, p and p

o Conductivity

W,
V(@20)2 + (g1 )P T2W2 22

QHng

Shear viscosity

o Bulk viscosity
¢ 23
n

= (Sasd)H + Papd)H)z ( )1/2 ;VZ

o (805X, + POpXy)”
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D3 — D7 at low T

Conductivities:

NCNfA’/* 'u<21 — Tni KT~ N, Nf’)* lu’(l(/’L B Tnz)
Tr)\Ys\'I T ’ 271— \/ AY}M T
Viscosities:
o NNy

2 2
~ 1 -m
8T/ Ay s quq q)

2)2

U—ww ~

~ N(:Nf’\/* QH“(](N(I m

~ m;
2/ Ay, L (Bud —m2)?
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Formulas from perturbation theory

@ Conductivities

2, 2/3 2
TL A~ Mq””n TT m
o ~0.01 T 0.5—5
@ Viscosities
ﬂ 2/5
3
n~~4.4x10" 2T5/3’ (=0

Heiselberg, Pethick '93; Arnlod, Dogan, Moore '06
2

2
Debye mass m? = 2% (Nfu3 + (2N: + Nf)gTQ)

Strong coupling constant (up to 2-loops) Baikov, Chetyrkin, Kuhn '17

A

pQCD

1
s (Myen = 2GeV) = 0.2994, x ~ 5~ 2
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Numerical results: conductivities

pQCD, D3-D7, V-QCD
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Numerical results: V-QCD conductivities
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Numerical results: viscosities

pQCD, D3-D7, V-QCD
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Numerical results: V-QCD viscosities

¢/T [gem~'s~ 1K™
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Frequency dependence of V-QCD viscosities
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Preliminary: damping of r-modes in D3-D7

@ r-modes: spin down of rotating neutron stars Friedman, Schutz '78
o Large bulk viscosities: allow fast rotation with f ~ 1 ms™! Alford, Schwenzer '14

@ Bulk viscosity can be enhanced through resonant EW processes
u 4+ d < u ~+ S Alford, Mahmoodifar, Schwenzer '12

@ Relevant for unequal quark masses

Clgem™'s™)
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T. Gorda, C.H., N. Jokela, M. Jarvinen, A. Kurkela, R. Paatelainen, J. Remes, S. Sappi, A. Vuorinen
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To do: observable effects in static NSs and mergers?

Possible extensions:
@ Quark masses
Nonzero temperature

Magnetic fields

Anisotropic EOS

°
(]
@ Quark pairing (color superconductor)
°
@ Inhomogeneous phases
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Extra slides



Numerical results: electric conductivity
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Numerical results: thermal conductivity
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Numerical results: shear viscosity
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Numerical results: bulk viscosity
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