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Motivation

o Neutrino (v) radiation is the main
mechanism for Neutron Star (NS)
cooling

o Requires the knowledge of v
interaction with dense OCD matter in
the core :

j&d e UL/R]L/R)R
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Motivation

o Computing (]L/R]L/R)R in the dense

strongly-coupled QCD matter is a
difficult problem

o We consider the holographic
approach

Problem : compute (/L/R]L/R)R in

holographic QCD at finite T and ng

— This work : simplest toy model
(quark matter in V' = 4 SYM)
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Formalism for neutrino transport

The transport of neutrinos is described by the Boltzmann equation obeyed by the
v distribution function f,(x,t; k,, )

(kv | a)fv = ](Ev)(l - fv) —

Emissivity

1
B
Mean Free Path

We focused on charged current interactions : v, +d < e~ +u

At order O(G%) in the electro-weak interaction

dk3
Jo(B) = O [ g3 (kins) x (stats) x ImCiAS)
K, k, Dense QCD
R
~ {/1J5)
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The holographic set-up
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The holographic correspondence

,-J
gun, ¢
L ARAS
-coupled quantum field -curved classical gravitational
theory in 4D theory in 5D
The of the 5D space ( ) is the on which the quantum

theory is defined
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The Holographic Dictionary

Every has a in the bulk of same quantum numbers
Tuv N x4 SMN
0 34 P

G:9,J*=0 © G:AM
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The Holographic Set-up

Simplest bottom-up holographic toy model with chiral currents ]Z/R

Tuv A 8MN
U(Nf)L X U(Nf)R ‘ au]E/R =0 & U(Nf)L X U(Nf)R AL/R

12 R
s = M3 j dx5y=g (R + 57 LRTe{FyFUY + Fyud P })
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Background solution

We want to compute in an equilibrium state at = dense
strongly-coupled

- Charged AdS , with charge

Q x ugq

AdSS- Reisnner-

T,
( Hq) Nordstrom
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Summary of parameters

Parameters of the Mpit Fitted to free quark-
" gluon thermodynamics
U
— Varied
parameters T
E
, v Varied
properties T
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Holographic calculation of the chiral
current 2-point function
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Perturbations of AdS-RN

5A,

5UH>ZZUHP”R5AV

/
o
o “ U
/

Linear response theory Perturbations of AdS-RN
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Hydrodynamic approximation

Hydrodynamics describes the long-range dynamics of the system :

> Expansionin (w/T, k/T), with transport coefficients

2 2 2
—n\R(,.7) _ 1 | Wtk w k*
J7J4) (w,k)—G(P,Ma)+PMw+ka2)<1+0(T,T2)>,

Conductivity 9.J° = DAJ°

AdS-RN : the hydro approximation remains valid at T << w, k << 1,

[Davison & Parnachev ‘13]

= vtransportinaNS: E, i, 1, K U [Moitra, Sake & Trivedi 21]

At 1, > T, we have p,, iy, = 0.7 g
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Numerical results
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comparison with hydro

Opacities

(cwygu)0t607

E,/T

10 MeV

T =

(cwy8u)0t607

(L/r)0BoT

E//T
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Comparison with weak coupling  (weamow =2

Ko(E,) in km™
1x10%¢

5x 104t

1x 104+
5000 ¢
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e Y

900 ¢
PRI RN ERand | a a PP | a PRSP | ) EV/T
0.050.10 0.50 1 5 10

—— Holographic pQCD

T =10MeV, ng=0.11fm™3
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Summary and outlook

First step towards the description of holographic neutrino transport : toy model of
strongly-coupled quark matter

o Hydrodynamic behavior
o Opacity suppressed compared with the weak coupling result

o More work is needed to corroborate these results

Several directions of improvement :
o Neutrino rates from neutral current interactions
o Transportin an isospin asymmetric medium

o More realistic model of holographic QCD
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A. Details about the formalism for neutrino
transport
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Formalism for neutrino transport

Exercice : compute the exact propagator G,,(x,,t1; X, t,) of v'sin a dense QCD
medium

Quasi-particle approximation :

G, is described by the v distribution function f,(x, t; k, )

The transport of neutrinos is described by the Boltzmann equation obeyed by f,,

1
AED

Mean Free Path

(kv | a)fv = ](Ev)(l - fv) —

Emissivity
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Schwinger-Dyson equation

The kinetic equation can be derived from the finite temperature Schwinger-Dyson
equation, at order O (G#%) in the electro-weak interaction

vinee +p

Dirac R
equation , dk; o
j(E,) = G? J (2753 (kins)* 7 x (stats) X Im(i{/3 J2)®) ,
Ee, EV Dense QCRD
~ {/2J5)
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B. Large N
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The Holographic Set-up

Simplest bottom-up holographic toy model with chiral currents ]L/R

Tuv A 8MN
N, - o© —ffinite
U(Nf)L X U(Nf)R : au]E/R =0 < U(Nf)L X U(Nf)R AL/R C

12 K L R
S = Mz, N? j dx°+/—g (R + 77N Tr {Fz(vu)vF(L) + Ffw%Fm)})

24/17



C. Details about the perturbations of AdS-RN
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Pe rtu rbat'OﬂS Of AdS_RN [So.n&Starinets ‘02]

[Skenderis & van Rees ‘08]
(J1J,)¥ is obtained by considering perturbations of the fields on top of AdS-RN
Al = Alg + AR, Gun = Gun + S9un

ikOzyy

V(p! 5(p f( )4 lk.ka(Z)a(pO(k) ) Atz ~ Zy - Ck(Z) ~ (ZH _ Z)_ 4

Infalling boundary condition

o Only 6T j;y < 0Ag couplesto o g

o The charged current gauge fields decouple from 6g
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Perturbations : Symmetries

The boundary plasma has an SO(3) rotational invariance

() 5)R (a), l?) = pt (a), E) i (e, k) + P! (w, E) i (o, K)

Ao Ao
— ]_é - ké>3

For a given mode (w, k), it reduces to an SO(2) subgroup |
The perturbations are divided into helicity sectors that decouple \/50(2)

Helicity Gauge field Metric

h=0 54, ,045 599,895,693 ,891 + 893

h=1 841, 5957 895"

h=2 — 5gi,8g1 — 85g4

92,0091 92 27/17




Sector decoupled from the metric

Consider 0A,, that decouples from 6 g,,,

The modes are organized in terms of the under
U(1) : 64 » 64 + dSA
h=1 h=0
54,64, El = w4, + k84,
The linearized in each helicity sector can be written in terms of
the gauge-invariants
The IT’s are extracted from the (z-0)
I
Hloc—faz&ql H"oc—fang
z 86A, ’ z SE!

z—-0 250 28/17



Sector coupled to the metric

0X = 0Ap couplesto gy,

Again, organize the modes in terms of the under :
o U(1l) :6X » 6X + ddéA

5X; = 6Xyy + 8EN Ky + Ky Dy 6V
Ogun = O0gun + Vu oSy + Vyoéy

5X1,2 551 = (1)5X3 + k6X0 + a(Z),u k(&g% + 5g%)

5S
12 — 1,2 1,2 2
6Y™° = kégy” + wbg; = 2wk8g3 + w?8gZ — F(2)k28g° + b(z, w/K)k%(8gt + 5g2)
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Sector coupled to the metric

The linearized in each helicity sector can be written in
terms of the

o h =1:2coupled 2" order ODE’s for 6X; , and §Y1*
o h = 0:2 coupled 2" order ODE’s for 65, and 65,

The II's are extracted from the (z - 0)
h=1: 6X; = 6X; +z%6Tx, + -+,  O8llg, = Msx6X; + Mz 6Y1,
Compute and invert the linear relation

(1%, T14,) ( (1) <2)) s8M  sx@\™
My Ny ) = (6117 ST . R
1 1 5Y(11) 5Y(12)
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Hydrodynamic approximation

The long-range behavior of a system near equilibrium is described by hydrodynamics
— Equilibrium correlators follow a universal long-range structure :

o Expansionin (w/T, k/T), with transport coefficients

o The hydro modes appear as poles at leading order

R E; — 1 [ 0)2 - ACZ 1 9] W ACZ
J1s) (w, )—a P’law+P’10a)+ka2 + 772 )]

Conductivity 9.J° = DAJO
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Charged current correlators
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