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Abstract. We compute first and second-order bulk-viscous transport proper-
ties due to weak-interaction processes in npe matter in the neutrino transparent
regime. The transport coefficients characterize the out-of-beta-equilibrium pres-
sure corrections, which depend on the weak-interaction rates and the equation
of state. We calculate these coefficients for realistic equations of state and show
they are sensitive to changes in the nuclear symmetry energy J and its slope L.

1 Introduction
In binary neutron mergers, local density variations can drive the system out of beta equilib-
rium [1, 2]. Under certain conditions, weak interactions are not fast enough to restore beta
equilibrium, resulting in dissipative work [3–5]. This is particularly relevant for the neutrino
transparent regime of neutron star mergers, where it was argued in Ref. [6] that bulk-viscous
dissipation may lead to damping of density oscillations in the post-merger phase.

It was shown in Ref. [7] that a two-component reactive fluid mixture can be rigorously
rewritten as a resummed Israel-Stewart theory [8], with transport coefficients that explicitly
depend on the bulk viscous scalar correction to the pressure. In this proceedings, we follow
[7] to determine the first and second-order bulk-viscous transport coefficients for neutrino
transparent npe matter using some realistic equations of state (EoS). We show that the pres-
sure correction to beta equilibrium can be nonlinear, even near equilibrium for some EoSs,
necessitating a resummed bulk-viscous description. We also investigate how the nuclear sym-
metry energy can affect the transport coefficients. The nuclear symmetry energy, Esym, de-
scribes the energy difference between symmetric nuclear matter and pure neutron matter. It
is usually modeled as a series expansion in baryon density nB,

Esym(nB) = J +
L
3

(
nB
nsat
− 1
)
+ O



(
1 − nB

nsat

)2 , (1)

where J is the symmetry energy at the nuclear saturation density nsat = 0.148 fm−3, and L its
slope [9]. To explore their impact on bulk-viscous transport coefficients, we systematically
vary J and L (within existing constraints [10]) in this work.
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2 Resummed Israel-Stewart theory from chemical imbalance
We examine neutron star mergers at low enough temperatures and densities where the neu-
trino mean free path exceeds the star’s radius [3]. The system is then neutrino transparent and
only contains protons (p), neutrons (n), and electrons (e). When this matter gets out of beta
equilibrium, flavor equilibration will then occur through direct Urca processes, n→ p+e−+ν̄e
and p + e− → n + νe, as well as modified Urca processes, n + X → p + e− + ν̄e + X and
p + e− + X → n + νe + X, where X is a spectator nucleon, a neutron, or a proton.

For a neutrino-transparent system, we can write the criterion of beta equilibrium using
the principle of detailed balance,

µn = µp + µe, (2)
where µn, µp, and µe are the chemical potentials for neutrons, protons, and electrons. The
deviation from beta equilibrium can be measured by the difference δµ = µn − µp − µe, where
δµ = 0 represents beta equilibrium. In binary neutron star mergers, there are density fluctua-
tions that occur on a millisecond timescale, which is comparable to the timescales needed by
weak interactions to restore beta equilibrium [3, 4]. Therefore, in this case, weak interactions
do not have enough time to restore beta equilibrium, resulting in dissipation [11].

We assume the energy-momentum tensor of the system to (formally) have the form of an
ideal fluid,

T µν = (ε + P)uµuν − Pgµν, (3)
where ε is the energy density, P is the total pressure, and gµν is the spacetime metric. Ap-
proximating the energy loss from neutrino to be zero, the equations of motion correspond to
the conservation laws

∇µ
[
(ε + P)uµuν − Pgµν

]
= 0, ∇µ(nBuµ) = 0, (4)

uµ∇µYe =
Γe

nB
, (5)

where nB is the baryon density, Ye is the electron fraction, and Γe is the reaction rate. Thus,
Ye is not simply transported along fluid lines due to the source term Γe due to the weak
interactions.

Following Ref. [7], one can show this system of equations is exactly equivalent to a bulk
viscous description,

∇µ
[
(ε + Peq + Π)uµuν − (Peq + Π)gµν

]
= 0, ∇µ(nBuµ) = 0, (6)

τΠuµ∇µΠ + Π = −ζ∇µuµ, (7)

where the bulk scalar Π = P − Peq denotes the deviations from beta equilibrium (hence,
Π = Π(ε, nB, δµ)). Above, τΠ is the relaxation time, and ζ is the bulk viscosity. What dis-
tinguishes this theory from standard Israel-Stewart theory [8] is that, here, both τΠ and ζ
depend explicitly on the bulk scalar, i.e., τΠ = τΠ(ε, nB,Π) and ζ = ζ(ε, nB,Π). Therefore,
these transport coefficients τΠ and ζ can depend on equilibrium and out-of-equilibrium quan-
tities (such as Π) in the neutrino transparent regime. Alternatively, one may say that viscous
corrections are resummed into the definition of the transport coefficients of this theory.

3 Results for the transport coefficients
We use Walecka-like relativistic mean-field models with parameters consistent with all mass-
radius observations [12]. As Fig. 1 shows, realistic EoS can lead to nonlinear behavior of the
bulk pressure near beta equilibrium. We show in Fig. 2 and Fig. 3 our results for the transport
coefficients that depend on Π. One can see that the transport coefficients are quite sensitive
to variations in J and L.
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Figure 1. Symmetry energy dependence of the bulk pressure as a function of the deviation from the
equilibrium charge fraction, at two times saturation density, temperature T = 2 MeV, and fixed symme-
try energy slope L.
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Figure 2. Resummed bulk viscosity ζ as a function of the deviation from the equilibrium charge frac-
tion, at saturation density and temperature T = 2 MeV. Left: Dependence on the symmetry energy at
saturation, J. Right: Dependence on the slope of the symmetry energy, L.

4 Conclusion

The neutrino transparent regime of the matter created in neutron star mergers may be de-
scribed using an Israel-Stewart-like theory with transport coefficients that explicitly depend
on the bulk viscous scalar. In these proceedings, we reported our results for these transport
coefficients that encode far-from-equilibrium effects, showing that they are strongly affected
by typical parameters of the dense matter equation of state, such as the nuclear symmetry
energy and its slope. Further work is needed to determine potential gravitational-wave signa-
tures of such bulk-viscous effects [13–15].
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Figure 3. Resummed relaxation time τΠ as a function of the deviation from the equilibrium charge
fraction, at saturation density and temperature T = 2 MeV. Left: Dependence on the symmetry energy
at saturation, J. Right: Dependence on the slope of the symmetry energy, L.
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