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The structure of neutron stars



Introduction

Neutron star binary systems

Compact stars are natural laboratories to test the properties of
dense matter in extremely strong gravitational fields.

Gravitational wave signal from binary neutron star systems
carries reach information about the structure of dense matter.

Gravitational waveform might be affected by damping of
density oscillations after merging of two compact stars.



Introduction

Dynamics of BNS mergers

Characteristic timescales of initial phase of post-merger ∼ 10 ms (over which intense
gravitational wave emission is expected); long-term post-merger evolution phase ∼ 1 s
Characteristic oscillation frequencies in BNS mergers lie in the range 1–10 kHz

L. Rezzolla and O. Zanotti, Relativistic Hydrodynamics (Oxford University Press, 2013).



Introduction

Temperature-density profiles of post-merger object

J. Fields, et. al., Thermal Effects in Binary Neutron Star Mergers. ApJL 952 L36 (2023)



Introduction

Four fundamental forces of nature in neutron stars

Gravity
Star formation, BNS mergers
Gravitational waves (LIGO, Virgo)

Electromagnetism
Crust structure, transport properties
Evolution of magnetic fields

Strong interactions
Equation of state, mass-radius relation
Core composition and phase structure

Weak interactions
β-equilibrium, neutronization of matter
ν-transport, cooling, bulk viscosity



Introduction

Motivation of our work

Bulk viscosity describes energy dissipation in thermodynamic systems when pressure
falls out of equilibrium due to fluid expansion and contraction

Out of equilibrium phenomena like weak interactions can lead to bulk viscosity

Aim of this work

1 Study of weak interactions in baryonic (npeµ) and quark (udse) cores of neutron stars

2 Computation of bulk viscosity from weak interactions in binary neutron star mergers

3 Assessment of bulk viscous damping rates of density oscillations of post-merger object;
comparison between baryonic composition and quark composition

This talk is based on two recent papers:

M. Alford, A. Harutyunyan, A. Sedrakian, Bulk viscosity from URCA processes: npeµ matter in the

neutrino-transparent regime. Phys. Rev. D 108 083019 (2023); arXiv:2306.13591 [nucl-th]

M. Alford, A. Harutyunyan, A. Sedrakian, S. Tsiopelas, Bulk viscosity of two-color superconducting quark matter in

neutron star mergers. Phys. Rev. D Letters 110, L061303 (2024); arXiv:2407.12493 [nucl-th]
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Literature on bulk viscosity
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Using Perturbative QCD and Holography. Phys. Rev. Lett. 133 (2024) 071901.
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Weak interactions in dense matter

Weak interactions in baryonic matter

Simplest semi-leptonic weak-interaction processes – direct Urca processes

n → p + e− + ν̄e neutron e−decay

n → p + µ− + ν̄µ neutron µ−decay

p + e− → n + νe electron capture

p + µ− → n + νµ muon capture

Pure leptonic process – muon decay

µ− → e− + ν̄e + νµ

Neutrinos escape the star at temperatures T ≤ 10 MeV

In β-equilibrium µn = µp + µe = µp + µµ. Departure from equilibrium is measured by

δµe = µn − µp − µe ̸= 0, δµµ = µn − µp − µµ ̸= 0

Muon decay process is typically much slower than semi-leptonic processes
⇒ bulk viscosity arises from two independent oscillatory degrees of freedom



Weak interactions in dense matter

Urca process rates in baryonic matter

Rate of neutron decay n → p + l− + ν̄l
[
f̄ (k) = 1 − f (k)

]
Γn→plν̄ =

∫
dΩk|MUrca|2f (kn) f̄ (kl) f̄ (kp) (2π)4 δ(4)(kp + kl + kν̄ − kn)

The squared matrix element of Urca processes [G = GF cos θc(1 + gA)]

|MUrca|2 ≃ 32G2(ke · kp)(kν̄ · kn)

In β-equilibrium Γn→plν̄ = Γpl→nν ; for small departures from equilibrium

δΓl = Γn→plν̄ − Γpl→nν = λlδµl, λl =
δΓl

δµl

In degenerate matter where T ≪ µ∗

λl =
17

480π
G2T4µ∗n (p

2
Fp + p2

Fl + 2µlµ
∗
p − p2

Fn) θ(pFl + pFp − pFn)︸ ︷︷ ︸
Pauli blocking factor

If θ = 0, modified Urca processes with spectator nucleon should be included

N + n → N + p + l− + ν̄l, N + p + l− → N + n + νl



Weak interactions in dense matter

Weak interactions in quark matter

Semi-leptonic weak-interaction processes in quark matter of direct Urca-type

d → u + e− + ν̄e u + e− → d + νe

s → u + e− + ν̄e u + e− → s + νe

In β-equilibrium µd = µs = µu + µe. Out of equilibrium

δµd/s = µd/s − µu − µe ̸= 0

Non-leptonic weak-interaction processes in quark matter

u + d ↔ u + s

They equilibrate much faster than Urca processes at temperatures T ≤ 10 MeV

Therefore, d and s quarks are always equilibrated with µd = µs
⇒ bulk viscosity arises from one independent oscillatory degree of freedom



Weak interactions in dense matter

Urca process rates in quark matter

For small departures from equilibrium δΓd/s = λd/s δµ; for degenerate quarks T ≪ µ∗i

λd ≃ 0.2G2
F cos2 θcp2

FdT5, λs ≃ 0.03G2
F sin2 θcµ

∗
s m∗2

s T4

d-Urca rate has no threshold, but additional power of T as compared to baryons λ ∼ T4

For ultrarelativistic u, d quarks in β-equilibrium pFu + pFe ≃ pFd ⇒ Fermi momenta
are on the borderline between the Urca process being allowed and being forbidden
⇒ direct Urca channel for light d-quark is only thermally allowed

Urca channel for massive s-quark is always open with pFu + pFe − pFs ≥ 70 MeV

The rate of the non-leptonic processes

λnon−lep =
64

5π3
G2

F sin2 θc cos
2 θcµ

∗5
d T2 ∼ T2

Fast non-leptonic equilibration λnon−lep ≫ λd/s in degenerate matter
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Models of neutron star matter

Baryon-meson Lagrangian for nuclear matter (Walecka model)

L =
∑

b

ψ̄b

[
γµ

(
i∂µ − gωωµ −

1
2

gρτ · ρµ

)
− (mb − gσσ)

]
ψb︸ ︷︷ ︸

baryons

+
∑

l

ψ̄l(iγµ∂µ − ml)ψl︸ ︷︷ ︸
leptons

+
1
2
∂µσ∂µσ −

1
2

m2
σσ

2 − U(σ)−
1
4
ωµνωµν +

1
2

m2
ωω

µωµ −
1
4
ρµνρµν +

1
2

m2
ρρ

µρµ︸ ︷︷ ︸
mesons

Baryon sum is over n and p

Leptons include e, µ and (at T ≥ 10 MeV) also νe and νµ
Mesonic fields include σ, ωµ and ρµ mesons

We consider two baryonic models based on relativistic Lagrangians:

DDME2 (softer): linear mesonic fields U(σ) = 0; density-dependent couplings gσ,ω,ρ

NL3 (stiffer): non-linear mesonic fields U(σ) = g2σ
3/3 + g3σ

4/4; constant couplings



Models of neutron star matter

Particle fractions in equilibrium (DDME2 & NL3)

Conditions determining the equilibrium state

µn = µp + µl β−equilibrium

nB = nn + np baryon conservation

np = ne + nµ charge neutrality
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Models of neutron star matter

NJL model for quark matter

L = ψ̄(iγµ∂µ − m̂)ψ︸ ︷︷ ︸
free Dirac fields

+ GS

8∑
a=0

[
(ψ̄λaψ)

2 + (ψ̄iγ5λaψ)
2
]

︸ ︷︷ ︸
scalar interactions

+ GV (ψ̄iγµψ)2︸ ︷︷ ︸
vector int.

+ GD
∑
γ,c

[
ψ̄a
αiγ5ϵ

αβγϵabc(ψC)
b
β

] [
(ψ̄C)

r
ρiγ5ϵ

ρσγϵrscψ
s
σ

]
︸ ︷︷ ︸

diquark interaction (color supeconductivity)

− K
{

detf [ψ̄(1 + γ5)ψ] + detf [ψ̄(1 − γ5)ψ]
}︸ ︷︷ ︸

′t Hooft interaction (UA(1) anomaly)

+
∑

l

ψ̄l(iγµ∂µ − ml)ψl︸ ︷︷ ︸
leptons

ψ = (ψu, ψd, ψs) is the isotriplet Dirac field of 3-flavor quark matter

Attractive scalar interactions + repulsive vector interactions

Attractive diquark channel for color- and flavor-antisymmetric pairing of u and d quarks;
unpaired s quarks because of higher mass ⇒ 2-flavor-color superconductivity (2SC)



Models of neutron star matter

Density oscillations in quark matter

Pairing in 2SC phase is only between red and green quarks; the gap is given by

∆ = GD

〈
(ψ̄C)

a
αiγ5ϵ

αβcϵabcψ
b
β

〉
In neutrino-transparent matter T ≪ ∆ ≃ 150 ÷ 200 MeV

Constituent masses and effective quark chemical potentials are given by

Mα = mα − 4GSσα + 2Kσβσγ µ∗ = diagf (µu − ω0, µd − ω0, µs − ϕ0)

Quark-antiquark condensates in the mean field approximation are given by

σα = GS
〈
ψ̄αψα

〉
ω0 = GV⟨ψ†

uψu + ψ†
dψd⟩ ϕ0 = 2GV⟨ψ†

s ψs⟩

Charge neutrality (both color and electric) and baryon conservation imply

ñu + ñd + ñs = 2(nu + nd + ns) = 2nb

2
3
(nu + ñu)−

1
3
(nd + ns + ñd + ñs) = ne + nµ

ni are densities of blue quarks, and ñi are summed densities of red and green quarks.



Models of neutron star matter

Unpaired particle fractions in equilibrium (NJL)
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Only blue components of u and d quarks are unpaired

s quarks are totally unpaired; they reduce the population of leptons

u, d quarks are ultrarelativistic, whereas s quarks remain massive



Models of neutron star matter

Direct Urca threshold

Baryonic matter Quark matter
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NL3 has direct Urca thresholds at nB ≃ 1.3n0 (electron) and nB ≃ 1.6n0 (muon)

DDME2 has no threshold up to densities nB = 5n0

For u, d quarks in β-equilibrium pFu + pFe ≃ pFd ⇒ phase space for direct Urca
process opens only due to thermal blurring of the Fermi surfaces at T ≥ 1 MeV

s-quark Urca channel is always open with pFu + pFe − pFs ≥ 70 MeV



Models of neutron star matter

Electron capture rates in baryonic matter
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Fast increase of direct Urca process rates with temperature

Boltzmann suppressed rates at low temperatures below the threshold density

Qualitatively and quantitatively similar electron and muon capture rates

Significant relativistic corrections to baryon spectrum at nB/n0 ≥ 3



Models of neutron star matter

Muon capture and muon decay rates
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Boltzmann suppressed muon decay rates at low temperatures

Comparable muon capture rates at T ≤ 3 MeV below the threshold density

Electron capture rates are much larger than muon decay rates
⇒ slow lepton equilibration limit, e-Urca and µ-Urca processes are independent



Models of neutron star matter

Weak process rates in quark matter
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⇒ µs = µd ̸= np + ne in the regime where Urca processes are important
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Bulk viscosity from weak interactions

Bulk viscosity of baryonic matter

Consider small-amplitude density oscillations in baryonic matter with frequency ω

nj(t) = nj0 + δnj(t), δnj(t) ∼ eiωt, j = {B, n, p, e, µ}

Particle production equations due to Urca processes (θ = divv)

∂np

∂t
+ θnp0 = λeδµe + λµδµµ,

∂ne

∂t
+ θne0 = λeδµe

Due to δnj, pressure p = p(nj0 + δnj) obtains a non-equilibrium part

δp =
∑

j

∂p
∂nj

δnj = −ζθ

Two degrees of freedom contributing to the bulk viscosity; if muons are neglected

ζ =
C2

A
γe

ω2 + γ2
e

A =
δµe

δnn

∣∣∣∣
nB

C = nB
δµe

δnB

∣∣∣∣
Yn

γe = λeA

Maximum bulk viscosity at temperature where the relaxation rate γe(T) = ω

Vanishing bulk viscosity in limits of slow (γe ≪ ω) and fast (γe ≫ ω) equilibration



Bulk viscosity from weak interactions

Bulk viscosity of quark matter

Next consider density oscillations in quark matter with frequency ω

nj(t) = nj0 + δnj(t), δnj(t) ∼ eiωt, j = {u, d, s, e}

Particle production equations due to semi-leptonic (Urca) and non-leptonic reactions

∂nd

∂t
+ θnd0 = −λdδµ−Iud→us

∂ns

∂t
+ θns0 = −λsδµ+Iud→us

∂nu

∂t
+ θnu0 = (λd + λs)δµ

∂ne

∂t
+ θne0 = (λd + λs)δµ

Bulk viscosity from Urca processes (assuming µs = µd)

ζ =
C2

A
γ

ω2 + γ2
A =

δµ

δnu

∣∣∣∣
nB

C = nB
δµ

δnB

∣∣∣∣
Yu

γ = (λd + λs)A

Maximum bulk viscosity at temperature where the relaxation rate γ(T) = ω

Vanishing bulk viscosity in limits of slow (γ ≪ ω) and fast (γ ≫ ω) equilibration



Bulk viscosity from weak interactions

Relaxation rates in baryonic matter
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Relaxation rate γe(T) increases rapidly with temperature

Relaxation rate resonates with typical post-merger oscillation frequencies
f ∼ 1 kHz at 2 ≤ T ≤ 4 MeV and f ∼ 10 kHz at 4 ≤ T ≤ 6 MeV

The resonance point shifts to lower temperatures above the direct Urca threshold



Bulk viscosity from weak interactions

Bulk viscosity of baryonic matter (f = 1 kHz)
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Bulk viscosity attains maximum at T ≃ 3 ÷ 5 MeV below direct Urca threshold and
T ≃ 2 MeV above threshold

Muons enhance the bulk viscosity in the right side of the maximum at densities below
threshold and to the left side of the maximum at densities above threshold

Stiffer model NL3 predicts larger maximum bulk viscosity than softer DDME2



Bulk viscosity from weak interactions

Relaxation rates in quark matter
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Urca relaxation rate of quark matter is similar to that of baryonic matter

Resonance around T ≃ 3 − 4 MeV at f = 1 kHz and T ≃ 5 − 6 MeV at f = 10 kHz



Bulk viscosity from weak interactions

Bulk viscosity of 2SC quark matter
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Maximum bulk viscosity arises at T ≃ 3 ÷ 4 MeV – temperatures typical to mergers

At T ≤ 4 MeV bulk viscosity of quark matter lies between results of 2 baryonic models

At T ≥ 4 MeV bulk viscosities of baryonic and quark matter are very similar

Will these bulk viscosities affect the merger dynamics?



Bulk viscosity from weak interactions

Bulk viscosity of 2SC quark matter
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Maximum bulk viscosity arises at T ≃ 3 ÷ 4 MeV – temperatures typical to mergers

At T ≤ 4 MeV bulk viscosity of quark matter lies between results of 2 baryonic models

At T ≥ 4 MeV bulk viscosities of baryonic and quark matter are very similar

Will these bulk viscosities affect the merger dynamics?
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Damping of density oscillations

Estimation of density oscillation damping timescale

Density oscillations with amplitude δnB have the energy density

ϵ =
K
18

(δnB)
2

nB

K is the coefficient of matter incompressibility

K = 9nB
∂2ε

∂n2
B

Energy dissipation rate per volume by bulk viscosity

dϵ
dt

=
ω2ζ

2

(
δnB

nB

)2

Characteristic timescale of dissipation τζ = ϵ
dϵ/dt

τζ =
KnB

9ω2ζ

For maximum bulk viscosity damping timescale is the shortest

τmin =
2

9ω
KnB

C2/A
∼

1
ω



Damping of density oscillations

Oscillation damping timescales in baryonic matter (f = 1 kHz)
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Fast damping τζ ≤ 10 ms at temperatures T ≃ 3 ÷ 5 MeV and densities nB ≤ 3n0
⇒ significant impact on merger dynamics

Stronger damping for stiffer models with direct Urca threshold
⇒ potential imprint of stiffness of EoS on observational signatures



Damping of density oscillations

Oscillation damping timescales in quark matter
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Noticeable damping of low-frequency oscillations only in long-lived remnants

Strong damping in short-lived remnants at high-frequencies f ∼ 10 kHz

Similar damping rates for NL3 and NJL with different critical temperatures
⇒ possible information on core composition from observational data



Conclusions

Urca process rates in baryonic/quark matter resonate with density oscillations of mergers

Bulk viscosity from Urca processes has maximum at T ≃ 2 ÷ 6 MeV typical to mergers

At its maximum bulk viscosity is strong enough to damp density oscillations in mergers

Damping patterns may contain useful information on properties of neutron star matter

THANK YOU FOR ATTENTION!


	Introduction
	
	Weak interactions in dense matter
	
	Models of neutron star matter
	
	Bulk viscosity from weak interactions
	
	Damping of density oscillations
	

