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Motivations

Motivations

Neutron stars are the remnants of old massive stars that undergo a supernova explosion and a
subsequent gravitational collapse.

=> unique setting for exploring QCD in extreme conditions!
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Hints of a quark matter core in massive neutron stars [Annala et al. 1903.09121]

Weak interactions: affect the properties of neutron stars and their binary mergers.
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Why are weak reactions important?

The system is in chemical equilibrium via weak processes
Perturbation: density oscillation = drives system out of equilibrium.

Response: weak processes work to restore the balance and dampen the perturbation

4

Effective bulk viscosity
Stability window of rotating stars, emission of gravitational waves...

Holography = weak reaction rates for strongly coupled cold quark matter.
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Weak reaction rates

Weak processes

The relevant weak processes, or reactions, are produced by a W-boson exchange or emission:

(utd=u+s|, utl" >dstv, ds—outl +0, 5 >l +ve + 0,

s U
w+
u d
beta-equilibrium condition: Lo + e = g = s, e = fle = fy -
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Weak reaction rates

Weak reaction rates

If a perturbation takes the chemical potentials out of their equilibrium values, the weak reactions
will not be in balance, and the densities will change according to the weak rates I':

dn.,
dt
dng
dt
dng
dt
dng,
dt

Z (Fd—nLZD —Twtsdr + Usuer — Fué—»st/) ’
L=e,pu

Psusud = Dud—su + 2 (Fu£—>du - Fd—»uél'/) )
L=e,p

Tud—ssu — Dsuoud + Z (Fuéasu - Fs—»uff/) )
L=e,p

Fdﬂuzll’/ - Fullﬂdu + Fsﬁullﬂ - Fuﬁlﬂsu + Fezaéluzﬂl - F€1H22V1172 .

Small deviation from beta-equilibrium (Sppa /pup « 1):
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Fudossu — Dsusud = Ads(‘siu's - 6,LLd)7
Putdy = Tasuts ~ Nog(Spa — Sppu — Sp1e),
Cutssy = Tsouer = )\fLS((s:LLS - 6/1% - 5“@)7

LCespvopy — Tuoevymp = Aep(Opip — Spte).




Flavor Ward identities

Fermi's interaction

QCD preserves flavor symmetry.

Non-Abelian flavor symmetry: SU(3)r, x SU(3)gr for quarks and SU(4)r, x SU(4)g for leptons

Conserved current with f =1,qand x = L, R.

Current transformation: Sop Jf\ = iO?X[J}‘X, fo]

Weak interactions can break flavor symmetry!

Lermi = 72\/§GF (Jéﬁ)T Jch.,u

Jh =Verver + Uy urL + cosOc upyHdr + sinfo upyHsy,

LEermi = nhon-conservation of flavor currents
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Flavor Ward identities

Flavor Ward identities

WY = VG 3 [cos 0 (T )Y (Y L)% = TE L GE >
i

im0 D UE LY, — D GED ]

4 ) . ,
amug) W = iV2Gpnuy [cos 2e] sm&cnuu«JgL)uS(JqVL) h — (J(‘;L)éu(J(’;L)ijp

—cosbo N (I, - DL OED) ">}
l=e,pn

2ul(I)%)> = iVEG ppy [ cos 0 sin 0cmuu (I ) (TE L)% = (TH )5, (T8 )Y

—sinbo Y RIS, - E G >],
l=e,p

oud(I > = iV2G pnuy [—cosecw DOEDS, = T LGS
L u v L s v v, 0 v v 0 4 v
= sin OGN LY, = )W EE D = ) GEE), - G, GE]
ou(I D = ivEG Py [cosec<<JgL>1:;(JfL)€ - LD

i 00 ) UE LY, = W GEL D+ G, - G, GEDE] -

OulI*y ~ Gpnuu (J* J¥)  (non-diagonal operator)
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Flavor Ward identites

Finite temperature theory T' = 1/ = thermal correlation functions
(Tc[O(z1)O(22)])

Effect of Fermi's interaction in the thermal expectation value of an operator O(z)
(O@)ay = Tc [O@)etSe Fremi] g ~ (O@))o +i L d*2/(Te [O() Lrermi(#')] o

Facorization of the current four-point function = happens naturally at large N. (holographic
models)

(1@ D@ [(78)% @5 ) o~
Sy g [<<J7>%<w>u,%>a; (@ )0d(J¥) a(@) (TF) % (' )o+
(I @) () @ Dol (T (@) (T7)% <x’>>o} :

= leading contribution O(GF) is proportional to the correlators

Andrea Olzi (Florence U., INFN Florence) Weak reaction rates from holography May 12, 2025



Flavor Ward identities

Gauge invariant formula for the rates

Quark and lepton densities:

Ny = (Jg)uu’ ng = (Jg)dd’ ns = (Jg)ss’ ne = (Jlo)el'

Finally, the rates are given by

4G%‘ sin® ¢ cos® 0c Ayd— sus

>

u

o
4

[ 2 2

Aud  ~ 4GEcos”Oc Aye—av,
2 2

4G sin” 0c Aye— sy,

2
)\e‘u 2 4GF Auug—n/ue.

S
2

A R Tuw ) J dH P00, K77y (o, K)
Tt B N C7o LRV (%)

py o Ret. ; pv
Pab = 2lm [Gab,ba ]

[ The spectral function p can be computed using holographic methods! ]
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Why Holography?

Neutron stars involve one of the most extreme forms of matter (Tcore &~ 100 keV, up ~ 1 GeV)

{

At the densities involved, QCD cannot be treated perturbatively, and lattice QCD suffers from the
sign problem = other non-perturbative approaches

Holography can be used as a tool to study non-perturbative aspects of QCD-like theories.

/ QFT in d dimensions
Holographic dictionary

Quantum Gravity in (d+1) dimensions

Strongly coupled QFT in d dim. ‘ — ‘ Classical gravity theory in (d + 1) dim.
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Holographic model

The holographic model

Bottom-up holographic QCD model dual to a SU(N.) gauge theory with N flavors.
Gravity and matter content:
6

1
Se = dxv/=g(R—2A), A=-—
: 16w05.[ zvV=g( ) L2

N 2 2, 3 2 1 2 2
Sf—J-d z+/—gTr {gx (7|DX| +E‘X| 7@(F(R)+F(L)>

where

DnX =onX —iAPX +ixaA®  pDyxt—onxt —ixTa() +ia(P xt

L,R L,R L,R . L,R L,R
F{EE — 0y, AR —an AR 1 gal) | AE)

L_ N s Ne

g2 T 12727 X 472
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The holographic model

We consider zero quark mass = XP& = 0 (consistent with the EOMs)

Anti-de-Sitter Reissner-Nordstrom black hole geometry

L2 dz? 24 28
ds? = = (—f(z)dt2 +d7? + ) fz)=1-M= +Q*=
2 £(2) % Zh
2
bk bkg) © Z a
(), = (), =5 (1- 5 )
h
2 2 2
M:l—‘,—Q2 Q2:Zh'uq thi 1+(£> _ﬂ
2 Hq Hq Hq
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Spectral function

Computation of the spectral function

Fluctuations of the background gauge field

3
AELL’R)(I‘U‘ f J d k 7zkozo+zk xA(L R)(ko k Z) .

4

Equations of motion

2A ) (2) + (f,(z) - 1) 2= A" (z) + (ff(%z) - fli)) AP =0

z

f(z)
f(2) 9:E(w,r)(2) 1 (L.R) | ok jcm)
o (% R-k2()) T T e =0 Ba = kTR A

Holographic prescription for computing the retarded correlator of an operator O:

aZ ¢(k07 k7 Z)

Ret. O

= p(k° k) = —2Im [GRet-(kO,k)] .
z=0
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Results for the weak rate

Results

Analytic estimate

6q —3/2 N
log —= N
(Og wT)

= on2

T
Numerical result (7 =10"1,10"2,1073, 10*4,10*5)

Hq
0.002
< 0.001
b -
&
ki .
T sx1074
IS
1
2x1074
4 6 8 10 12
()
log| —
xT
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Results for the weak rate

Comparison with the pQCD formula

[H. Heiselberg, J. Madsen, and K. Riisager,Phys. Scripta 34 (1986) 556-560; H. Heiselberg, Phys. Scripta 46 (1992) 485-488; J.
Madsen, Phys. Rev. D 47 (1993) 325-330.]

We have obtained the leading order low-T" behavior of the weak rate in a large-density state of
strongly coupled matter at beta-equilibrium.

N2 (3 6g\ 32
Ads ~ — = ,ugTQ log q
32 T —— 7l
Fermi liquid "
non-Fermi liquid Log-correction

We can compare this result to the perturbative QCD result (k ~ 0.13)

4
16 5 4austron K Qtstrong [
Ads & - “2T2 1+ € log erd
™ 9 T
Fermi liquid T -
non-Fermi liquid Log-correction
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Results for the weak rate

Comparison with the pQCD formula

[H. Heiselberg, J. Madsen, and K. Riisager,Phys. Scripta 34 (1986) 556-560; H. Heiselberg, Phys. Scripta 46 (1992) 485-488; J.
Madsen, Phys. Rev. D 47 (1993) 325-330.]

We have obtained the leading order low-T' behavior of the weak rate in a large-density state of
strongly coupled matter at beta-equilibrium.

2 /3 6pq\ 3/2
Ads ~ ﬂ 2ol log il
2 Ve 4 T

Fermi liquid —_

non-Fermi liquid Log-correction

Suppression!

We can compare this result to the perturbative QCD result

16 4 ; 4
Ags — ,U«{SJTQ (l + Qistrong log ho‘strongl’zq)
s — 97 T
Fermi liquid

non-Fermi liquid Log-correction

Enhancement!
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Future directions

o Compute the rates in other models used to study neutron stars: D3/D7, VQCD,...
[C. Hoyos, N. Jokela, A.O., ongoing work]

@ Non-zero quark masses [C. Hoyos, N. Jokela, A.O., ongoing work]

o Quark pairing
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Thanks for your time!

Thank you for your time!
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