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Neutron stars: ultradense fluid coupled to dynamical gravity

We can measure properties of QCD at extreme conditions from astrophysical
observations!

Osclillations, tidal deformations

Gravitational
waves

Detector



Neutron stars contain one of the most extreme forms of matter, with
densities above atomic nuclei and relatively low temperatures
(compared to the QGP of RHIC and the LHC)

Some heavy ion collision experiments have been designed to study similar
regions of the phase diagram
(FAIR in Darmstadt, NICA in Dubna, J-PARC in Tokai)

Outer layers of the star can be described with nuclear matter models and
chiral effective theory, the interior however is poorly understood

First principles methods cannot be used, neither perturbative QCD
(strongly coupled matter) nor lattice QCD (sign problem at large densities)
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(FAIR in Darmstadt, NICA in Dubna. J-PARC in Tokai)

Outer layers of the star can be described with nuclear matter models and
chiral effective theory, the interior however is poorly understood

First principles methods cannot be used, neither perturbative QCD
(strongly coupled matter) nor lattice QCD (sign problem at large densities)

Holographic models avoid these issues

Complementary to other phenomenological models



Holographic models

Strongly coupled gauge theory Weakly coupled gravity
D-dimensions D+1 - dimensions
Deconfined phase Black hole geometry

(Quark-gluon plasma)

Confined phase “Soliton” geometry
(Hadrons)
Baryon density Electric charge density

(Global current) (Gauge field)
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D-dimensions D+1 - dimensions
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Confined phase “Soliton” geometry
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(Global current) (Gauge field)

Most relevant property of matter: equation of state

Determines mass vs radius curve, tidal deformability, moment of inertia, etc



Equation of State from holographic models

D3-D7 model Karch, Katz, hep-th/0205236

Hoyos, Rodriguez-Fernandez, Jokela, Vuorinen,1603.02943
Annala, Ecker, Hoyos, Jokela, Rodriguez-Fernandez, Vuorinen, 1711.06244
Fadafan, Cruz Rojas, Evans, 1911.12705, 2009.14079

V-QCD model Jarvinen, Kiritsis, 1112.1261

Jokela, Jarvinen, Remes, 1809.07770, 2111.12101
Bartolini, Gudnason, Jarvinen, 2504.01758

WSS model  Sakai, Sugimoto, hep-th/0412141

Kovensky, Poole, Schmitt, 2111.03374

Papadopoulos, Schmitt, 2411.08023



Equation of State from holographic models

V-QCD model
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The EoS determines the static properties of neutron stars

However, when interested in dynamical evolution other properties
become relevant: transport, emission rates, etc

Holography is well-suited for this task: previous success in
description of quark-gluon plasma

e.g. KSS estimate of shear viscosity
Kovtun, Son. Starinets, hep-th/0405231



r-mode instability

Inertial frame Rotating frame
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r-mode instability
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Damping of oscillations: viscosity
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Chabanov, Rezzolla 2307.10464



In the following we will be interested in estimating the

viscosity of (unpaired) quark matter at large baryon density

Holographic dual description = charged black hole



Quark matter in mergers and core of neutron stars

t — tmer M|

D T nax
max
b d ny,
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O Yquark

nh/ns

Tootle, Ecker, Topolski, Demircik, Jarvinen 2205.05691

Other hybrid models e.g. Blacker, Bauswein 2406.14669

Hints of a quark core in massive stars

from model-independent estimates of EoS

Annala, Gorda, Kurkela, Nattila, Vuorinen 1903.09121



Textbook definition of viscosities

Hydrodynamic constitutive relations (Landau frame)
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Microscopic (QCD) contributions

perturbative QCD

Heiselberg, Pethick, Phys.Rev.D 48 (1993)

Holographic (D3-D7) model at T=0
St NfNCP)/*

nf_ﬂ STV s

e Mgp (p* = ME)?
2 /A (3p? — Mg)?

Hoyos, Jokela, Jarvinen, Subils, Tarrio, Vuorinen 2109.12122

(n* — M)

C — NcNf



Microscopic (QCD) contributions

Shear viscosity
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In addition to the microscopic viscosity there is an effective bulk viscosity due to
chemical re-equilibration

Due to a coincidence in time scales, the effective bulk viscosity contribution is the
most relevant one for density oscillations

The effective viscosity can be implemented in Muller-Israel-Stewart (MIS) formulation of
hydrodynamics or in reacting fluid mixtures



Some references studying bulk viscosity effects in binary mergers

Perego, Bernuzzi, Radice 1903.07898

Chabanov, Rezzolla, Rischke 2102.10419 Yang, Hippert, Speranza, Noronha 2309.01864

Most, Harris, Plumberg, Alford, Noronha, Noronha-Hostler,

Pretorius, Witek, Yunes 2107.05094 NEUTRINO TRAPPING

Espino, Hammond, Radice, Bernuzzi, Gamba, Zappa,

Longo Micchi, Perego 2311.00031
Hammond, Hawke, Andersson 2108.08649

BOUNDS, TIDAL DEFORMABILITY
Radice, Bernuzzi, Perego, Haas 2111.14858 Ripley, Hegade, Chandramouli, Yunes 2312.11659
Hegade, Ripley, Yunes 2407.02584

Camelio, Gavassino, Antonelli, Bernuzzi, Haskell
2204.11809, 2204.11810 OTHER CALCULATION OF BULK VISCOSITY
Hernandez, Manuel, Tolos 2402.06595

Zappa, Bernuzzi, Radice, Perego 2210.11491

Chabanov, Rezzolla 2307.10464,
2311.13027



Multi-component reacting fluid mixtures Camelio, Gavassino, Antonelli, Bernuzzi, Haskell
2204.11809

v#(puu) — 0, THY — (E n p)uﬂuu _~_pg“y:

V)= -er. o-y.o
V, (ngu“) — myR;,



Multi-component reacting fluid mixtures Camelio, Gavassino, Antonelli, Bernuzzi, Haskell
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Multi-component reacting fluid mixtures Camelio, Gavassino, Antonelli, Bernuzzi, Haskell
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Mathematical map from multicomponent reacting fluids to MIS

Gavassino, Antonelli, Haskell, 2003.04609
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Mathematical map from multicomponent reacting fluids to MIS

Gavassino, Antonelli, Haskell, 2003.04609
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Let us see how the effective viscosity emerges



beta equilibrium

w ut+d=u+s, u+l —d,s+ vy,

d,s > u+L0" +vp, £ — 05 +vp + U,

Pou T+ fhe = [bd = Ws, e = He = Hp
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EW processes conserve baryon number and electric charge
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Effective bulk viscosity

Bz~ —((V 0P
— dVg _
~ _ €l Vg = —
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Sawyer, Phys. Rev. D 39 (1989)
Haensel, Levensh, Yakovlev, astro-ph/0004183



Effective bulk viscosity
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Leading contribution Effective bulk viscosity

AlA%
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Leading contribution Effective bulk viscosity
A A2
w? + \C?
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)\1 — )\ds

Equation of State



Leading contribution

u+d=u-+s ( =

Scattering amplitudes

Effective bulk viscosity
A A2
w? 4+ \{C*

Equation of State



Leading contribution Effective bulk viscosity
A A2
w? + \C?

Scattering amplitudes NG |
Take pQCD value

u+d=u-+s ( =

Equation of State



Effective bulk viscosity from holography

1032 o T T ™ ™ ]
//'“\?ﬁo@
’ ‘0
— 1030 B /// \\\0‘5 < Nucl. T
ICIJ e \\;:);;_-, Shsat
/ N
T 1028 | , 7 {\é& /.—~.\ \\: |
= ’ e 7 '\ :
Q e oY /7 | N N
50 2 ,/ Q(b /‘G)\\_ P\ .\ :. \\
— 10°° $ o “ SO
. /\\: O I\, AN
/&}b 2 ),) . !
L& Yy AN
1024 - ‘/ Q ’\. _
e N
107 107 1072 107! 10° 10!
y T [MeV]
T

EoS D3-D7 and V-QCD computed
holographically

D3-D7 matched to pQCD at very
large density

V-QCD fitted to lattice data at small
density

Cruz Rojas, Gorda, Hoyos, Jokela, Jarvinen, Kurkela, Paatelainen, Sappi, Vuorinen 2402.00621



1032 B T v T — T T 11117 T T 1111 T T T 1T ]
Ripley, Hegade, Chandramgyll Yunes 2312.11659
- “2
7’ \ O{‘
/

— 10} R \f’@ Nucl. -
| /// AN J:; 5nsat
2 ,? m N

T 108 L R Chapam)v Rezzolla '23@7 1@464 -
E e 3 f) ./ N \\

Q ’ ) 7 | N . N
I PR L I SN N
— 10 & QO “ S
S L3 Q N N
R "2 N '
L& K N
1024 " ‘/ < \
R
104 107 1072 100" 10° 10!
. T [MeV]
f=—=1kHz
2T

Effective bulk viscosity from holography
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Analytic formula for D3-D7 with zero temperature E0S

AN pS (M2 — M3)?

¢ = K2K20? + mi)2 (Kq + K)?

K; = 3u2 — M?

(/

Cruz Rojas, Gorda, Hoyos, Jokela, Jarvinen, Kurkela, Paatelainen, Sappi, Vuorinen 2402.00621



Temperature dependence determined by reaction rate
Formula simplifies for massless quarks and small temperature

Perturbative calculation + non-Fermi liquid correction:
4
A 64
=) 1ltaleg =) ==
5%

T G2 sin® 0. cos? 0, pu5T>

5 5 5 Heiselberg, Madsen, Riisager, Phys. Scripta 34 (1986)
A~ 0.158 VvV &s \/”’UJ T g T K Heiselberg, Phys. Scripta 46 (1992)

_ Madsen, Phys. Rev. D47 (1993
o = 4a,/(9m) Y (1999)




Temperature dependence determined by reaction rate

Formula simplifies for massless quarks and small temperature

Perturbative calculation + non-Fermi liquid correction:

4
A 64 2 i 2 o2
A = |14+ olog 7 ﬁG’F sin” 0. cos” 0.1
Heiselberg, Madsen, Riisager, Phys. Scripta 34 (1986)
A = 0.158 VvV &s \/uu T Hg T K Heiselberg, Phys. Scripta 46 (1992)
o = 4o /(97_‘_) Madsen, Phys. Rev. D47 (1993)
— s

Strong coupling calculation? Holography has access only to gauge-invariant objects

Hoyos, Olzi, Rodriguez-Fernandez 2407.21643



Breaking of flavor symmetry by Fermi’s interaction
EFermi — _QﬁGF(JéLh)TJchM

Jé”h =VerY'er + v, Ly " pr + cosOcury"dy + sinOc ury" sy,

Not invariant under flavor rotations
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Conservation of electric charge and baryon and lepton numbers

Ou ((T5)" + (J§) 0+ (T5)s) = 0, 8u((I])"E, + (T[) ) = 0,
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Leading contributions in the Fermi coupling
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Expected at large-N

Non-factorization from effective eight-fermion interactions



Non-conservation equations
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Gauge-invariant formula for the rates
(assuming time-reversal invariance and local thermal equilibrium)

d*k
Tsashssssg _7f1 afbsrerd — TuvTlop (2m)4 [(nfl ac(Fo) _”fz,db(ko))ﬁ?f ac (Ko, )Pf db(kﬂak)]
1
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ePkotrsra—pey) _ 1

Vanishes at beta equilibrium
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Holographic calculation

Holographic QCD model

3 1
Sy = [ @ov=gte | (IDXP+ J5IXP) ~ 1og (Foy+ Fy)
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Holographic calculation

Holographic QCD model

3 1
Sy = /d5:r: v—g'Tr [ggf (—|DX|2 + E|X|2) T2 (F(2R) +F(2L))]

4gz
DnX =0nvX —iLyX +iXRn, DNXT=0nXT4+iXTLy —iRNXT

Foaymun = OmAN — ONAn — i [Apr, AN]

Charged black hole geometry

LZ
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Comparison with pQCD: non-Fermi liquid
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Comparison with pQCD: non-Fermi liquid Suppression

Enhancement



Outlook

Turn on nonzero quark masses

Compute rate in models with EoS fitted to QCD: D3-D7, V-QCD, others

Full dependence on chemical potentials: large deviations from beta equilibrium
Implementation of flavor non-conservation equations in hydrodynamics

Other weak rates: neutrino emission Jarvinen, Kiritsis, Nitti, Preau 2306.00192
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Thanks!
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