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In this work, we extend our previous study of the bulk viscosity of hot and dense npe matter induced by
the Urca processes in the neutrino trapped regime to npeyp matter by adding the muonic Urca processes as
well as the purely leptonic electroweak processes involving electron-muon transition. The nuclear matter is
modeled in a relativistic density functional approach with two different parametrizations which predict
neutrino dominated matter (DDME2 model) and antineutrino dominated matter (NL3 model) at temper-
atures for which neutrinos/antineutrinos are trapped. In the case of neutrino-dominated matter, the main
equilibration mechanism is lepton capture, whereas in the case of antineutrino-dominated matter this is due
to neutron decay. We find that the equilibration rates of Urca processes are higher than that of the pure
leptonic processes, which implies that the Urca-process-driven bulk viscosity can be computed with the
leptonic reactions assumed to be frozen. We find that the bulk viscosity decreases with temperature as
¢ ~ T~2 at moderate temperatures. At high temperatures this scaling breaks down by sharp drops of the bulk
viscosity close to the temperature where the proton fraction is density-independent and the matter becomes
scale-invariant. This occurs also when the matter undergoes a transition from the antineutrino-dominated
regime to the neutrino-dominated regime where the bulk viscosity attains a local maximum. We also
estimate the bulk viscous dissipation timescales and find that these are in the range = 1 s for temperatures
above the neutrino trapping temperature. These timescales would be relevant only for long-lived objects
formed in binary neutron star mergers and hot proto-neutron stars formed in core-collapse supernovas.

DOI: 10.1103/PhysRevD.104.103027

I. INTRODUCTION

Binary neutron star mergers, which were observed
in gravitational waves by the LIGO-Virgo collaboration,
offer a new setting in which to study the properties of
superdense, strongly interacting matter. These events are
complementary to the studies of cold neutron stars, which
probe the near zero-temperature limit and heavy-ion
collisions which are covering less baryon-dense finite
systems. Thus, they offer an opportunity to gain insight
into the physics of hot, dense and highly isospin asym-
metric matter by analyzing the premerger gravitational
waves (already observed in two merger events, GW 170817
and GW190425 [1,2]) and the postmerger signal which will
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be accessible to advanced LIGO and the next-generation
gravitational-wave observatories, such as the FEinstein
Telescope [3] and the Cosmic Explorer [4]. Furthermore,
electromagnetic counterparts of the gravitational waves
produced in neutron star mergers can be used to set bounds
on the properties of compact stars.

Numerical simulations of neutron star mergers using
the nondissipative hydrodynamics [5—16] (for reviews see
[17-19]) show that the matter in the postmerger object
undergoes oscillations which may be damped by dissipa-
tive processes. The initial estimates of the potential impact
of dissipation on these oscillations based on cold-matter
transport in neutron stars [20] highlighted the potential
importance of bulk viscosity in damping the modes.
Subsequent studies computed the bulk viscosity of dense
matter in various regimes [21-23]. In particular, our
previous work [22], focused on the neutrino-trapped regime
and computed the bulk viscosity of hot nuclear matter using
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the relativistic density functional method for the equation
of state (EoS) and single-particle spectra of baryons
consistent with the prevailing conditions in the post-merger
object. It was found that in the regime where neutrinos
are trapped the bulk viscosity is reduced compared to the
neutrino free-streaming regime. Our estimates of the
damping timescales [24] indicate that the bulk viscous
damping would be most efficient close the temperatures
T, ~5 MeV [25,26] at which the transition from trapped
to the free-streaming neutrino regime occurs. The efficacy
of the bulk viscosity was estimated by embedding it in the
ideal hydrodynamics simulations [27], but this study was
restricted to the free-streaming regime only.

The aim of this work is twofold. First, we extend our
previous study [22] of neutron-proton-electron (npe) mat-
ter to include muons. It is well established that muons
appear in significant amounts slightly above the nuclear
saturation density, which makes their proper treatment
mandatory. Their appearance gives rise to new types of
Urca processes and opens up the possibility of purely
leptonic electroweak processes. Thus, it is the purpose of
this work to assess the impact of these processes on the bulk
viscosity of npep matter. The second purpose of this work
is to improve on the approximations used in Ref. [22], by
computing the reactions rates of baryonic Urca processes in
a fully relativistic manner. We show below that using
relativistic rather than approximate nonrelativistic forms of
baryon spectra produces a sizeable effect already above
twice the nuclear saturation density. Below we focus again
on the neutrino-trapped regime, in which neutrinos have a
mean free path that is significantly shorter than the stellar
size. The resulting nonzero lepton chemical potential
affects both the composition of matter and the reaction
rates, and constitutes the main difference between this work
and the extensively studied low-temperature limit of npe
and npeyu compositions [28-37]. We demonstrate explicitly
how the low-temperature expressions are obtained from their
more general counterparts derived here in Appendix A. Asin
Ref. [22] we will assume that thermal conduction is efficient
enough to keep matter isothermal as it undergoes oscillations.
While such assumption is needed for the treatment of the
oscillations, the rates of various weak processes we compute
below are local quantities and do not require such an
assumption. The background matter will be treated within
the covariant density functional models based on the
DDME?2 parametrization [38] with density-dependent cou-
plings and NL3 parametrization [39] which features density-
independent couplings but is supplemented with nonlinear
self-interaction terms for scalar mesons. More details on
these models are given in Ref. [22].

Our study is focused on the bulk viscosity, but the
methods and results are of more general interest, as they can
be applied to obtain other microphysical characteristic of
dense matter, for example, neutrino opacities.

The density-temperature regime studied here occurs
in neutron star mergers and also in supernovae and

proto-neutron stars, albeit in those cases the lepton fraction
is larger (Y, ~ 0.4) than in the merger case (¥, ~0.1) [40-
42]. It is worthwhile to note that the importance of muons
has been addressed recently in the supernova context as
well [43,44].

This paper is organized as follows. In Sec. Il we discuss the
rates of the nucleonic Urca and purely leptonic processes.
Section III derives the corresponding expressions for the bulk
viscosity. In Sec. IV we present the results of numerical
evaluation of the rates and bulk viscosity on the basis of two
density functional theory models at a finite temperature
which account for a neutrino component with nonzero
chemical potential. Our conclusions are given in Sec. V.
Appendix A details the computation of the phase-space
integrals needed to evaluate the rates of the Urca processes.
Finally, Appendix B details the computation of the suscep-
tibilities of nucleonic matter, which are required for the
evaluation of the bulk viscosity coefficient.

In this work we use natural (Gaussian) units with
h = ¢ = kp = 1, and the metric g,, = diag(1,-1,-1,-1).

II. WEAK PROCESSES IN NEUTRON
STAR MATTER

We consider neutron-star matter composed of neutrons,
protons, electrons, muons, and electron and muon neutrinos
in the density range 0.5ny < ng <5n,, where ny~
0.152 fm~3 is the nuclear saturation density, and temper-
ature range T, < T ~ 100 MeV with T, ~5 MeV being
the temperature above which neutrinos (or antineutrinos)
are trapped in a neutron star [26].

The p-equilibration processes among the baryons we
consider below are the direct Urca processes

nap+e +0, (neutrone— decay), (1)
p+e 2n+v, (electron capture), (2)
nap+u +0, (neutronu — decay), (3)
p+u 2n+vy, (muon capture). (4)

If muons are present in matter, the following purely
leptonic reactions are operative

u-2e +0,+v, (muondecay), (5)

W~ +v,2e” +v, (neutrino scattering), (6)

U~ +0,2e +10, (antineutrino scattering). (7)
Stellar matter is in approximate f-equilibrium which
implies p,, + p,, = p, + p;, where I = {e, u}. We assume
that neutrino flavor conversion can be neglected, so there
are four exactly conserved quantities: baryon number
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ng = n, + n,, electric charge (the system remains charge
neutral n, =n,+n,), and lepton numbers
n;+n, =Y ng for each flavor / separately. Here Y,
are the lepton fractions, which have typical values Y;, =
Y;, = 0.1 in the BNS mergers [18] and Y;, = Y;, = 0.4
in proto-neutron stars and supernovas [40—42]. Since
there are 4 conserved quantities and 6 particle species,
this leaves two chemical potentials (33) and (34) discussed
below that are driven to zero by weak interactions on
|

I’lL] =

timescales that are potentially comparable to the density
variations in a merger. In this paper, we calculate the
resultant bulk viscosity.

A. Urca process rates

The neutron decay processes (1) and (3) can be written
compactly as n — p + [~ 4+ ;, where [ is an electron or
muon and 7, is the corresponding antineutrino. Then, the
rate of each of these processes can be written as

[ & Bp' Pk B
s = [ Gariin, | G| G | e 2o Ml
X TP FIF () 225k + p 4 K = ), Q

where f(p) is the Fermi distribution function, f(p) = 1 — f(p), and the mapping between the particles and their momenta
is as follows: (1) = k, (v;/0;) = k', (p) = p, and (n) — p'. Similarly, the lepton capture processes (2) and (4) can be
written as p + [~ — n + v; and the corresponding rate is given by

- dp ap' d*k Ak 5
Fptn = (27)32p, / (27)32p}, / (27)32k, / )32k, 2 Mol
x f(f(p)F(K)F(p")(2m)*6(k + p — K — p’)' ©9)

The matrix element of these processes is [45]

Y Mureal? = 32G% o520, [(1+ g4)2 (k- p)(K' - p) + (1 = ga)? (k- /) (K - p) + (g = Dmymy (k- k)], (10)
where Gy = 1.166 x 107> GeV~? is the Fermi coupling constant, @, is the Cabibbo angle (cos 8, = 0.974), g4 = 1.26 is
the axial-vector coupling constant, and m;, and m;), are the effective masses of neutron and proton, respectively. Because
ga =~ 1, the second and the third terms in Eq. (10) are suppressed as compared to the first one so we neglect them in our
further computations.

The equilibration rates given by Eq. (8) and (9) can be computed once we specify the spectrum of strongly interacting

nucleons. We apply the covariant density functional theory (CDF) of nuclear matter which is based on phenomenological

baryon-meson Lagrangians introduced ba Walecka, Boguta-Bodmer and others [46,47].

The Lagrangian density of matter is given by

_ . 1 . .
L= Zu/N {y" <15‘,, ~ 9o, = 59,7 -pﬂ> - mN} wy + zﬂ:w(w"aﬂ —m)y,

1
+ 868 a—zmz o2

where N sums over nucleons, yy are the nucleonic Dirac
fields with effective masses my = my — g,0, with my
being the nucleon mass in vacuum; o, ®,, p, are,
respectively, the scalar-isoscalar, vector-isoscalar and
vector-isovector meson fields which mediate the inter-
action between baryons; ,, = 0,0, — 0,0, and p,, =
0up, — O,p, are the field strength tensors of vector
mesons; m; are the meson masses and ¢g; are the
baryon-meson couplings with i =0, ®, p; finally,
U(o) is the self-interaction potential of scalar meson
field. The leptonic part of the Lagrangian is given by the

1 v 1 2 1 v
-U(o) - Zw/‘ W,y + 5 My, — Zp”

1
D) 'p;w +§m5pﬂ 'p,u’ (11)
|
second sum in Eq. (11), where v, 1€ (e”, 4", v,,1,),

are the free Dirac fields of leptons with masses m,- =

0.51 MeV, m,- =105.7 MeV, and m, = m, = 0. In

the following we will adopt two different parame-
trizations of Lagrangian (11), specifically, the model
DDME2 [38] in which the nucleon-meson couplings
are density-dependent and U(c) =0, and the model
NL3 [39], which has density-independent nucleon-meson
couplings but nonzero self-interaction among o-meson
fields, which is contained in the potential U(c) =

60:6°/3 + gso* /4.

103027-3



ALFORD, HARUTYUNYAN, and SEDRAKIAN

PHYS. REV. D 104, 103027 (2021)

The spectrum of nucleonic excitations derived from
Eq. (11) in the mean-field approximation is given

by [46]
Ep = \/ K2+ my + gowo + I3g,p03 + Z,, (12)

where /5 is the third component of the nucleon isospin, X,
is so-called rearrangement self-energy [48] which should
be introduced to maintain the thermodynamical consistency
(specifically the energy conservation and fulfillment of the

|

Hugenholtz-van Hove theorem) of the system in the case of
density-dependent couplings. Defining the nucleon effec-
tive chemical potentials as py = uy — g,@0 — I3 gppg -,
we can write the argument of nucleon Fermi-functions as
E —py = \/k* +mi} —uy which formally coincides
with the spectrum of free nucleons with effective masses
and effective chemical potentials.

The details of computation of the phase-space integrals
in Egs. (8) and (9) are given in Appendix A. The final
result reads

G*T* [ o
Lo pio(Kay) = ~ 2P / dy / dx[(py, + pn + yT)? = m;? — x°T?)
[(/’tl + Mp + le) — ml m}‘} _ )CZTZ}

x / " 2 7 () f (2 - 716, / " & (2 + )T, (13)

1/T-

1

G2T4 0 o0
Fpl—»iw(ﬂA,) = —5/ dy/ dx[(iub, + /’tz + yT)z - mzz - szz]

X [(u + py + 3 T)* = m} —m3? — x*T?

a,+y;
X
my/T—a;

where G = Gpcos0,.(1 + gy),

4z f(2)f (51 - 20, /

a; = pu;/T for baryons and a;

a,+

dz f(Z - y)f(2)8.. (14)

_apl

= p;/T for leptons, y; =y + pup, /T with pp, = p, + p, —

U, — py being the chemical potential imbalances (see Sec. III). The -functions in Egs. (13) and (14) impose the constraints

Qxi (zk—x)z < (Z—ap
0,: (2 —

0. (2

The integration variables y and x are the transferred
energy and momentum, respectively, normalized by the
temperature; the variables z and 7' are the normalized-
by-temperature lepton and neutrino energies, respectively,

computed from their chemical potentials, and gz; =

\/(Z-l-a[) —-mi/T? and zj, =7 F a,, are the normal-
ized-by-temperature momenta of the lepton and the anti-
neutrino/neutrino, respectively. The rates of the inverse
processes can be obtained from Egs. (13) and (14) by
interchanging f(p;) <> f(p;) for all particles.

In beta equilibrium we have p,, = 0 and the rates of
the direct and inverse processes are equal for each
lepton  flavor: T, ,p =Uppmn = Dicpins Tpimm
[y pi = prspy- For small departures from f-equilibrium
pa, < T, we can assume linear response where the net

~ B w7
x)?<(d+a,+y)?—-m?/T? <

—-x)?2<(Z—a,—y)?—-m?/T* <

(z¢ + x)2, (15)
(z) +x)%, (16)

(7, +x)% (17)

|

proton production rate due to the neutron decay and
its inverse processes is I ,ip = pon = Anopika,-
Similarly, the net proton production rate due to the
inverse and direct lepton capture processes is I'y,_,,; —
[pisn = Apiomia,- Pushing the system out of beta
equilibrium by a chemical potential u,, just replaces one
power of T in the rate with a power of s, , so the expansion
coefficients 1,.,,; and 4., (see Appendix A) are
given by

) o <8Fn—>plz7 _ anlD—)n) _ Fn<—>plz7 (18)
n<ply a'uAl a'uAl pa,=0 T
J) o <8Fm/—>pl al—‘pl—mz/) o Fpl<—>m/ (19)
l<>ny — - = —_=—
pl<ny 8/-4A, 5‘#@ i, =0 T
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B. Lepton process rates

The general form of the lepton reaction rates (5), (6) and (7) reads

Fyoeny = / 49 3 | Mg P £ ) 7 (k) F (ks ) F Uy, ) 22) 60k, + Ky, + oy, — k), (20)
T = / 49 3 [ Mg P (k) (k)7 (k) F ey ) (22) 480 (k, + ey, — K, — ), 1)
Fppes = / a3 | Mgy P 0 £ (ks )7 (e F s, ) (22) 60 (K, + K, — Ky, — ), (22)

where the short-hand notation d€; is the Lorentz-invariant momentum phase-space element, i.e.,

3 Bk &k, 1 &k, 1;
/ko / d k / - H / z v, /U, / 3 ﬂ/ H . (23)
21)32k, ) (27)%2ko, ) (27)2ko,s5, ) (27)32ke,, 15,

The spin-averaged relativistic matrix element of lepton reactions reads [43]

Z ‘Mlep‘z 128G2 (k ku /O )(kv(/ﬁg : ky)' (24)

Computation of lepton process rates can be performed analogously to the Urca process rates. The final expressions suitable
for numerical evaluation are

4G2 T4
Fﬂﬁeau(//&) = / dy/ dx|(u, + Hy, +yT)2 — m? 2T2]
[(/"ue +p, +yT)? — m? — X*T7]
abﬂ+y - - _
x / p dz f(2)f(z = 5)0% / dz f(z' + ) ()05, (25)
4G2T*
Fﬂl/—)é‘b(/’té) / / dx //le —i—ﬂy + yT) _ m _ xZTZ]
(2r)’
x [(uy, + p, + yT)? = m2 = x*T7]
ab”+} - - - u ' —
X / p dz f(2)f (5 — 2)0% / dZ'f(z = y)f(2)6E, (26)

L 4G%T4 0 0 72 2_ 272
F;u’/—mf/(ﬂA) = 5 dy dx[(:ue + /41/” + yT) —m,—X T ]
[(/’41/ + /’lﬂ + yT) - m - 'szz]

< [T dep@ =510k [ £ 0Tk, 27)

Ve

where pf = =y Hy, = He = My, = Ha, — Ha, is the chemical imbalance for leptons, y=y+uk/T, zyn =
max{m,/T — apsa, + 7}, and the #-functions impose the constraints

0% (z—x)* < (z—a, =) < (2 +x)%, (28)
0L: (g —x)* < (d +a, +y)? —m/T* < (2} + x)%, (29)
052 (g —x) < (=, =) —my/T? < (4 +x)°, (30)

with z; = \/(z + @) = m?/T? and 2}, =/ F a,, for 6,/0..
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III. BULK VISCOSITY OF npey MATTER

In this section, we derive a microscopic formula for the
bulk viscosity of neutrino-trapped npep matter arising
from the Urca processes (1)—(4). In the temperature
and density range where the neutrinos are trapped the
p-equilibration rates are much higher than the characteristic
frequency of density oscillations; this corresponds to the
fast equilibration regime [21]. Then the analysis can be
restricted to the “subthermal” case, where the matter is only
slightly perturbed from equilibrium.

Consider now small-amplitude density oscillations in
nuclear matter with a given frequency @ for which we can
write ng(t) = ngy + ong(t) and ny (1) = ny o+ ony, (1),
where ng(t), dny, (1) ~ ¢"'. The baryon and lepton con-
servation laws in the comoving frame imply

0 0
dng = ~Mgo S~ ony, = N0 l={e.nu}t, (31)

where 6 = 90" is the fluid velocity divergence.
The perturbations of particle densities can be separated
into local equilibrium and nonequilibrium parts

ni(t) = nj +6n;(1),  6n;(t) = én3' (1) + énfi(r),  (32)
where j={n,p,e,u,v,,v,} labels the particles. The
variations 6n(r) denote the shift of the equilibrium state
for the instantaneous values of the baryon and lepton
densities np(t) and np (t), whereas on)(t) denote the
deviations of the corresponding densities from their equi-
librium values.

The compression and rarefaction drives the system out of
chemical equilibrium leading to nonzero &n’(t), and, sub-
sequently, to chemical imbalances pn, = ou, + o, —
Ou, — Spy, Which can be written as

,MAE = Anénn + Ayeél’lbe - Ap(snp - Aeéne’ (33)

Ha, = A,on, + A, bn, —A,on, —Aon,, (34)
where A, =A,,—A,,, A,=A,,—A,,, and A; =Ay,
A, =A,,, with

Ou;
A= (2 35
N (a”j)o )

and index O refers to the equilibrium state. The nuclear
off-diagonal elements A,, and A,, are nonzero because
of the cross-species strong interaction between neutrons
and protons. The computation of susceptibilities A;; is
performed in Appendix B.

To proceed further we need to determine how the lepton
reactions (5)—(7) affect the bulk viscosity from the Urca
processes (1)—(4). Typically, we deal with two limiting

cases: (a) fast lepton-equilibration limit, i.e., the lepton
process rates are much higher than Urca process rates;
(b) slow lepton-equilibration limit, where the lepton proc-
ess rates are much lower than Urca process rates. We derive
analytic expressions for the bulk viscosity in terms of
equilibration rates and particle susceptibilities in these two
limiting cases in the next two subsections.

A. Fast lepton-equilibration limit

In this case, the chemical equilibration among leptons
(processes (5), (6), (7)) takes place much faster than
the equilibration between baryons and leptons, therefore
the condition p, —p, = p, — My, can be assumed to be
satisfied while studying the bulk viscosity from the Urca
processes. This implies pp, = p A, = Ha i.e., the electronic
and muonic Urca processes are described by a single
chemical potential shift from equilibrium. The rate
equations which take into account the loss and gain of
particles read

d
Eén"(t) = —0n, — (ﬂ'e + ﬂy)/"AU)? (36)
d
870 (1) = =Onyo + (e + A )ual). (37)
d
57 OMe(t) = =Oneo + Aepia (1) + 1., (38)
9
aén”([) = —el’lﬂo -+ ﬂﬂ,uA(l) - IL, (39)

where /Ie = /1n<—>peli + /1pe<—>nu and lﬂ = /1n<—>p/417 + /1p/4<—>nb
are the summed equilibration rates of the electron and
muon Urca reactions, respectively. The quantity I, is
the summed rate of the lepton reactions (5), (6), (7),
which arises as a result of an almost vanishing shift u, —
Ha, <K Ha but cannot be neglected because the relevant
A-coefficient can be very large, as already discussed
in Ref. [49].

Only two of the balance equations are independent
(one for a baryon and one for a lepton) as the others
can be obtained from them via exploiting the conditions of
charge neutrality én, = én, + én, and baryon conserva-
tion éng = én,, + 6n,. The balance equations for neutrinos
are obtained from Eqgs. (38) and (39) and the constraints
ong, = én;+én,,.

The equilibrium with respect to lepton reactions implies

Opy, + Opy, — Op, — Oy,
=A,on, +A,on, —An,—A,dn, =0, (40)

which gives the constraints
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(A” +Ay”)5np +Ay65nLe —Ayﬂ5nL”

on, = i . (41) N,=-A,AL - (A, +A,))A,+A,), (45)
on, (A, +A,)on, —:y(,énh +A,on, . (42) Np=N,—-N,=A/(A,+A,)+ (A +A,)A,+A4,)
" (46)

withA; = A, +A, +A, +A, . Substituting these expres-
sions into Eq. (33) we find

Ne = Avg (A/t + A,/#), (47)

pa = AL [(N, — N,)én, + N ,6np + N, én; + NﬂénLﬂ],
(43) Ny = Au,, (Ae + Au@)' (48)
where Next we substitute u, in Eq. (36), assume that the

time-dependence of density perturbations is given by
N, =ALA,, 44 sn (1) ~ €™ and take into account Eq. (31) to obtain

iwdn, + On, + AAL' [Ngdn, + N ,6ng + N ony, + N,on |
= AZI [(lC()AL + lNB)ﬁnn + ANpél’lB + 9nnoAL + /1(Ne5nLe + N,uénLM)] = 0, (49)

with 4 = 4, + 4,. Solving for én, gives

B 0 ﬂNpl’lB() +A(NenL90 + NﬂnLuo) - ia)n,,OAL

o = iwA, + Ny (50)
Under similar assumptions Eq. (41) gives
o, = =L {4, + A, g0+ AL (A, + A, iy
iw (iwA; + ANg) . WP . g
+ (o +AAy)A, np o — [io + A(A, +Ap)IA, np o} (51)
where we exploited the relations
NgA, + N, (A, + A,,ﬂ) =A,ALA;, (52)
NpA,, -N,(A, +AD”) :A,,”AL(AH +A4,), (53)
and
A=A, +A,+A, +A,, (54)
Ay=A,+A,+A,+A,. (55)

The equilibrium shifts of neutron and electron densities can be found from the 1 — oo limit of Egs. (50) and (51),
respectively (see also Ref. [24])

0
5"'61(] = ioN {[_ApAL - <Ae —|—A,/€)(A” =+ Avﬂ)}nBO + Ave (A/l + Av#)nL(,O + AI/M (Ae + AIQ)”’L#O}’ (56)
B
0
5n2q = — leB [A”(Aﬂ + Auﬂ)nBO + Au(,AZnLK,O - A”ﬂ (An + Ap)nL},O]' (57)

Finally, for the nonequilibrium shifts, we find
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Npnyo + Nynpy+ Neng o+ Nyng o

én), = —0A , 58
i L Np(iwA, + ANy) (58)
onl, = 0@, +4,) (N N N N,ny o) 59)
"¢ T NpliwAy + aNg) 0 N0 T et 0 T R, 0) (
which can be written in a compact fi 0C?
pact form m—__ % (69)
B(iw + AB)
on, = ——9¢ (60)

" B(iw +AB)’ The bulk viscosity is defined as the real part of —I1/0, i.e.,

A, +A, 0C C?

S, =+ , 61 S A =

e A,  B(io+ B) (61) (=37 T TT AB. (70)

where B = Ng/A;,and C = (N,n,0 + N,n,o +N.ng o+
N, nL,,o)/ Ap.
The full expression for the out-of-equilibrium pressure is
given by
p(t) = p(n;(1)) = plnjo + on(1)] + 6p'(1)
= p*i(1) +0p'(1), (62)

where the nonequilibrium part of the pressure, referred to as
bulk viscous pressure, is given by

: i\
N=6p = Z(m) on';. (63)
J

770

Using the Gibbs-Duhem relation dp = sdT + Y, n;du;,
which is valid also out of equilibrium, we can write [50]

_(9p Op;
¢ = <%)0 = Z:”io <6_nj>0 = Z:niOAij' (64)

Then, using also the relations én), = —on,, on, =
énl, — én,, én,, = —on), we obtain
oc
I1 = Im[_(cn - Cp - Cﬂ + CD#)AL
+ (ce - sze - Cu + Cvﬂ)(Aﬂ +Auﬂ)]' (65)

Writing out Eq. (64) for each particle species and recalling
the definitions of relations A,, =A,,=A,,—A, =
A,, —A, we find

¢ = npAy, Cy = np,oAy,’ (66)

1

Cyp = nnOAnn + npOApn = ngoAnn — NpoA,, (67)

pO
Cp = npOApp + nnOAnp = nBO(Arm _An) + npOApﬂ (68)

which allows us to write (65) as

Bulk viscosity given by Eq. (70) has the classic resonant
form which depends on two quantities: the thermodynamic
prefactor C?>/B which depends only on the EoS, and the
relaxation rate y which depends on the weak interaction
rates of electron and muon Urca processes. The limit of the
absence of muons is obtained from the above equations by
setting n, =n, =0 and taking the limit A,,A, — oo.
Then A, =A, +A,,, and the previous expressions (45)
and (47) reduce to

N,=—(A,+A,+A,)AL, N,=A, AL, (71)

and

B = Al , C= AnnnO - ApnpO - AeneO + Auenzer' (72)

The coefficients B and C coincide with those given in our
previous work [22].

B. Slow lepton-equilibration limit
When the lepton equilibration processes (5), (6), (7) are
slow compared to the Urca processes, i.€., jip, # U A there

are two independent shifts in this case. Now /; ~ 0, and rate
equations take the form

0
a‘snn(t) = —9”n0 - /IeﬂA((w - /IM/‘A,‘(t)’ (73)
0
Eénp(t) = =0n,0 + Aepin, () + Aupin, (1), (74)
0
Eéne(t) = _eneO + /le:“Ag(t)’ (75)
0
E(‘)‘I’lﬂ(f) = —gl’lﬂo + ﬂ‘y,uA#(t)' (76)

Substituting Eqs. (33) and (34) in the rate equations and
assuming the same time-dependence of perturbation as
above we find
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iwon, = —n,00 = (A, + 4,)A,0n, + (A, + 4,)A,0n, — AA, on, + A0, —4,A, on, + 4,A,0n,, (77)
iwdén, = —n,o0 + AA,on, — 1A ,6n, + A,A, én, —A,A,.06n,. (78)

This system of equations is closed upon using the relations on, + én, = dng, én, + én, = én,, én;, = oén, + on, , and
5nLy =on, + 6n,,”, which leads us to (A =4, +4,)

_ 1,00 + A.(A, +A,)0n, — A A,0ng + A, ony

one i+ 2.(A, +A,) ’ (79)
iwon, = —n,00 — (1A, + 1A, + 1, A, + /lﬂA,,”)(Snn + (AA, + 1A, — LA, — A”Ayﬂ)éne (80)
+(AA, + LA, + ﬂﬂAyﬂ)énB —AA,0n, — LA, Sny . (81)
The coupled Egs. (79) and (80) can be solved to find
Dén, — — % {ioln,0(i00 + AeAe + eA,,) + Reo(ReAe + 2y, — 2y, — A, )]
+ [iw(AA, + 2,A, + lﬂAbﬂ) + 24, ((A) = A,) (A — A,) — A%,)}nBO
—AA, o+ 4,(A, + Ay )Ing o — LA, [io + A,(A, + A, )ng o}, (82)
Dén, = — % {ionlio + 4,A; + 4,(A, + A,)] = A.ngolA, (o + 1,A,) = 4,(A, +A,)(Ay — A,)]
+ Aenp oA, (o + 2,A2) + A, (A, + Ay )iwn, — A4, (A, +Ap)A, np o}, (83)
where
D = (iw + A,A))(iw + A,A2) — A4, (A, + A,)*. (84)
The equilibrium shifts Sn;q are found as the limit 4; — oo of Egs. (82) and (83). However, as we showed in Ref. [24], one
can use the quasiequilibrium solutions 5n})- = —0ny/iw instead, which arise in the 4, , — 0 limit of Eqs. (82) and (83). We
then find

- 0 iw(/lecl + AﬂCZ) + lellﬂ [CZ(Ae + Ayﬂ) + C1 (Aﬂ + Ay#)}

onl, = , 85
" (i + 2 A1) (i + AyAy) — Ay (A, + A ) ®5)

s 0 0ACy+Ad[AC) — (4, +4,)C] »
e iw (la) + /’{eAl)(lC() + AﬂAz) — /'Leiﬂ(An +Ap)2 .

The bulk viscous pressure then reads

[ 0 00 C+4,C3) + A JAIC + ACT - 2(A, +4,)C\C)]

iw (iw 4 A, (iw + A,A2) = A4, (A, + A,)? ' (87)
where we used the relations
Cp—Cp—Cot oy =nA, —npA, —noA, +mn,0A, =Cj, (88)
Cn = Cp—Cut 0y =nyA, = npA, — nA, +n, oA, =C. (89)
Extracting the real part of Eq. (87) leads to the final expression of the bulk-viscosity
= AAu{A[(An +A,)C1 = AL G + 4,[(A, +A,)Cr = A,C\ P} + 0 (4,CF + 4,C5) . (90)

{Aedu[A1A; = (A, +A))*] — @0} + 0 (RA; + 4A5)
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If the muon contribution is neglected (4, = 0) Eq. (90)
reduces to

Gy
A+

e (91)

with y, = A,A;, which coincides with the result of our
previous work [22].

In the limit of high frequencies @ > 1A we find from
Eq. (90)

= 2.C3 + l,,C%
- 2

= ge + g;u (92)
w

where ¢, and {, are the contributions by electrons and
muons, respectively.
In the low-frequency limit

2(C — a1 Cy)* 4 2,(Cy — a,Cy)?
Aelﬂ(An +Ap)2(ala2 - 1)2

(= . (93)

with ay :A]/(An +Ap) and a, = Az/(An +Ap)

IV. NUMERICAL RESULTS

A. f-equilibration rates

We start the discussion by presenting the relevant
thermodynamics of f-equilibrated, neutrino-trapped npep
matter for two parametrizations of the density functional
theory—the model DDME2 and the model NL3. The
fractions of massive particles (i.e., nucleons, electrons
and muons) are rather insensitive to the density and
temperature. The particles abundances for ¥, =Y, =

0.1 are as follows: neutron fraction—80%—82%, proton

(a)
DDME2
107 T=5MeV 7]

FIG. 1.

fraction—18%-20%, electron fraction—9.5%—-10.5%,
muon fraction—9%—-10% for model DDME2; and neutron
fraction—77%—-81%, proton fraction—19%-23%, elec-
tron fraction—10%—-12%, muon fraction—9%—-11.5%
for model NL3 in the range 5 <7 <50 MeV and 1 <
ng/ng < 5 with n, being the nuclear saturation density with
the values ny = 0.152 fm™ for model DDME2 and n, =
0.153 fm~ for model NL3.

In contrast to the massive particles, the fractions of
neutrinos are rather sensitive both to the density and
temperature, see Fig. 1. At high temperatures and very
low densities the net neutrino densities become negative in
the DDME2 model, indicating that there are more anti-
neutrinos than neutrinos in that regime. In the NL3 model
instead only the low-temperature and the low-density
regime is neutrino-dominated; the antineutrino population
increases with the increase of both density and temperature.
The reason for this behavior is the larger symmetry energy
in the case of NL3 model which favors larger proton
fractions as compared to the DDME2 model. Charge
neutrality then requires larger electron and muon fractions
and, therefore, smaller neutrino fractions for the given
values of Y; =Y, +Y,. Thus, we have an important
difference in the composition of high-density and low-
temperature, i.e., the degenerate regime of neutrino-trapped
matter for these two models: while the trapped species are
neutrinos in the DDEM2 matter, these are antineutrinos in
the case of the NL3 model. This feature leads to qualita-
tively different behavior of f-equilibration rates and the
bulk viscosity for these two models, see below.

1. Rates of Urca processes

Next, we turn to the discussion of the Urca process
rates. As the neutron decay processes (1) and (3) involve

(b)
102F NL3 |

|
1 2 3 4 5
0

Neutrino fractions in neutron-star-merger matter with ¥; = Yy, = 0.1 as functions of the baryon density ng (in units of

nuclear saturation density n,) for two values of the temperatures for models DDME?2 (a) and NL3 (b). At high temperatures and densities

model NL3 becomes antineutrino-dominated.
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FIG.2. The electron capture rate I',,.,,, (2) and the muon capture rate I',,,,..,,,, (b) as functions of the temperature for various densities
for the model DDME2. The neutron decay rates I',.., ,.; and I, ,,; are negligible compared to the lepton capture rates in the whole
temperature-density range. The dotted lines in panel (a) show the electron capture rates computed in Ref. [22] within the approximation

of nonrelativistic nucleons.

antineutrinos, their rates are expected to be much smaller
than the lepton capture rates if the matter is neutrino-
dominated, as discussed in Ref. [22]. Our numerical
calculations show that the neutron decay rate is negligibly
small if the neutrino chemical potential (for the given
lepton species) satisfies the condition a, = pu, /T > =3.
This condition is satisfied for DDME2 model in the whole
temperature-density range of interest, therefore the domi-
nant equilibration processes are the lepton capture proc-
esses. The rates of the electron and muon capture processes
for model DDME?2 are shown, respectively, in panels (a)
and (b) of Fig. 2. At moderate temperatures, 7 < 10 MeV
the lepton decay rates follow their low-temperature scaling
given by Eq. (A31), i.e. increase cubically with the
temperature. At higher temperatures, this scaling breaks
down. However, the deviation of the exact equilibration
rates from their low-temperature limit is within a few
factors (see Appendix A). A comparison between the left
and right panels in Fig. 2 shows that the electron and the
muon capture rates are quite similar both qualitatively and
quantitatively. In panel (a) we show also the electron
capture rates which were computed in Ref. [22] in the
approximation of nonrelativistic nucleons. As expected, the
importance of relativistic corrections to the nucleon spec-
trum rises with the density, and at the density nz/ny =5
the full relativistic rate is around one order of magnitude
larger than its nonrelativistic approximation.

Figure 3 shows the summed fS-equilibration (Urca) rates
'y =T, opio + Tpresn, for the model NL3. In contrast to the
model DDME2, the model NL3 features two different
regimes of equilibration—the antineutrino-dominated
regime in the low-temperature, high-density sector, where
the dominant equilibration process is the neutron decay;

and the neutrino-dominated regime in the high-temperature,
low-density sector, where the dominant equilibration proc-
ess is the lepton capture. As the antineutrino-dominated
regime is realized at low temperatures and high densities
where the matter is degenerate, the neutron decay rates
follow the scaling « 7> given by Eq. (A33). Numerically
we find that the lepton capture rates are suppressed as long
as the scaled-to-temperature neutrino chemical potential
@,, < —6. Although the net neutrino densities drop with
the increase of temperature (see Fig. 1), their scaled
chemical potentials increase (remaining negative) thus
allowing the neutrinos to come into the game already at
@, ~ —6. At higher temperatures, the neutron decay rates
become suppressed exponentially, and the lepton capture
processes become dominant at a,, ~—3. As a conse-
quence, there is always a sharp minimum in the net
equilibration rate which arises in the transition region
between these two regimes. The transition point moves to
higher temperatures with increasing density as the matter
becomes more saturated with antineutrinos at higher
densities. Note that there are no transitions at the density
np = ng; in this case, the lepton decay is the dominant
process in the whole range of the temperature 1 <7 <
100 MeV shown in Fig. 3.

To show the transition between the two regimes we plot
the equilibration rates for neutron decay and lepton capture
processes separately as functions of the scaled chemical
potentials ,, in Fig. 4. As seen from the figure, the curves
representing the rates of the neutron decay and the lepton
capture processes intersect at a value of the scaled chemical
potential within the range —5 < a,, < —3. Note that the
regime of neutrino-dominated equilibration starts already
around @, ~—3, where the antineutrino density is still
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The summed f-equilibration rates I'; = I',,., ;5 + I'pje,, fOr electronic (a) and muonic (b) Urca processes as functions of the

temperature for various densities for the model NL3. In this case the dominant process is the neutron decay at low temperatures and
the lepton capture at high temperatures. The dotted lines in panel (a) show the electron capture rates computed in Ref. [22] within the

approximation of nonrelativistic nucleons.

higher than the neutrino density. The reason for this is the
difference in the available phase space for the neutron
decay and lepton capture processes. Indeed, the lepton
capture process has a larger kinematic phase space than the
neutron decay, therefore for equal densities of neutrinos
and antineutrinos (i.e., at vanishing neutrino chemical
potential) the neutron decay rates are suppressed as
compared to the lepton decay rates.

As in the case of DDME2 model, we show also the
nonrelativistic electron capture rates in panel (a) of Fig. 3.
The nonrelativistic approximation underestimates the exact
rates by factors from 1 to 10 in the regions away from the
minimum, but close to the minimum, we have the opposite
behavior: the exact relativistic rates are lower as there is no

T T
S1-(a)
10
NL3 nB/n0=3
0 i
_10® *
< h
> N
(] .
= : l
[ 0 :
10 F 7
10" *
\ \ I \
-8 -6 -4 2
w,/T

minimum in the nonrelativistic approximation (the tran-
sition between the antineutrino and neutrino-dominated
regimes is smooth in the nonrelativistic approximation). We
thus conclude that the sharp drop of the neutron decay rate
and the minimum at the transition point is a purely
relativistic effect and does not appear in the nonrelativistic
treatment.

2. Rates of leptonic processes

Next we discuss the results of the leptonic process rates
given by Eqgs. (25)-(27). Figure 5 shows the neutrino (a)
and the antineutrino (b) absorption rates for the model
DDME2. As seen from panel (a), the neutrino absorption

10°(b) | -

w

I [MeV

FIG. 4. The relative rates of neutron decay and lepton capture processes as functions of the scaled-to-temperature neutrino chemical
potentials for electrons (a) and muons (b) for two values of the density for the model NL3.
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Rates of leptonic f-equilibration processes as functions of the temperature for different values of the density for the model

DDME?2. The panel (a) refers to the neutrino absorption, and the panel (b) to the antineutrino absorption processes. We see that for
DDME?2 the leptonic rates are always at least an order of magnitude slower than the Urca electron capture rates (shown by the dotted
lines for comparison; the muon capture rates are slightly higher than the electron capture rates and are not shown.).

rates show similar temperature dependence to the lepton
capture rates (shown by dotted lines), but are smaller on
average by an order of magnitude. The antineutrino
absorption rates are always many orders of magnitude
smaller than the neutrino absorption rates except in the very
high-temperature domain. The rate of the muon decay
process is negligible as compared to the neutrino and
antineutrino absorption processes because of the very small
scattering phase space. These rates are related to the
rate coefficients Ay in the rate equations in a simple way,

10

w+v eoe +v 17
e Wy .

‘ Y A
1 10 100
T [MeV]

Ax =T'x/T (See Egs. (18) and (19); similar relations hold
for the leptonic reactions since they have exactly the same
kinematics.) We can therefore conclude that within the
DDME2 model the leptonic processes are always much
slower than the Urca processes, putting the material in the
“slow lepton equilibration” regime.

In the NL3 model, the neutrino absorption is more
efficient at low densities but is suppressed at high densities
and low or moderate temperatures, see Fig. 6. The anti-
neutrino absorption rates show the opposite behavior: they

T

6 n,/n =1
10 B 0

NL3 - nB/n0=3

i f—— nB/n0=5

(b)

W+v ©oe +Vv
n e

! L L

10 100
T [MeV]

FIG. 6. Rates of leptonic f-equilibration processes as functions of the temperature for different values of the density for the model
NL3. The panel (a) refers to the neutrino absorption, and the panel (b) to the antineutrino absorption processes. We see that for NL3 the
leptonic rates are generally much slower than the summed Urca process rates I' =T, ;5 + '), (Shown by the dotted lines for
comparison for electrons; the muonic Urca process rates I, differ from I', significantly only at the density ny = 3n, and are shown by
blue crosses) except near the transition point where the Urca rate goes through a minimum.

103027-13



ALFORD, HARUTYUNYAN, and SEDRAKIAN

PHYS. REV. D 104, 103027 (2021)

dominate the leptonic processes at high densities and are
damped at low densities. However, the summed rate of
leptonic processes in the case of NL3 model is qualitatively
similar to those of the model DDME2. Consequently, as we
see in Fig. 6, the material described by the NL3 model is
almost always in the “slow lepton equilibration” regime.
The only exception is the region around the transition point
where the Urca process rate has a minimum. Note that the
“fast lepton equilibration” regime is realized only around
the minimum of the muonic Urca rates.

B. Bulk viscosity of relativistic npe matter

In this subsection we will neglect muons and discuss the
bulk viscosity arising only from electronic Urca processes.
We include relativistic corrections to the nucleon spectrum
both in the equilibration rates and the nucleon susceptibil-
ities. The bulk viscosity of npev, matter is given by
Eq. (91) with the susceptibilities C; and A; defined by
Egs. (88) and (54).

The susceptibility A; is not sensitive to the temperature
and the density, whereas C; increases with density and
typically crosses zero at a temperature-dependent value of
the density where the proton fraction in p-equilibrated
matter has a minimum as a function of the density. At this
critical density, the system becomes scale-invariant, so
compression does not drive the system out of equilibrium.
This implies vanishing bulk viscosity at critical densities.

Figure 7 shows the susceptibility prefactor C3/A; as a
function of density for two values of the temperature. At the
critical density, it drops to zero and slowly increases with
the density above that point. For comparison we show also
the results of our previous work [22] with the dotted lines,
which were obtained with the nonrelativistic spectrum for

10° \

()

DDME2

— T=5MeV
——- T=50MeV |

—

(@]
]
I

CYA, MeV]

nucleons. We see that the nonrelativistic approximation
strongly overestimates the susceptibility even at low
densities np < 2n, where the relativistic corrections to
the nucleonic spectrum are relatively small.

The beta relaxation rates y, = 1,A; of electronic Urca
processes which determine the location of the resonant
maximum of the bulk viscosity are shown in Fig. 8.
Qualitatively y, closely follows the behavior of I',. As
the typical frequencies of density oscillations in neutron
star mergers are several kHz, the relaxation is always fast,
ve > o (1 kHz corresponds to 4.14 x 10~'8 MeV). Thus,
the neutrino-trapped matter is in the fast equilibration
regime, and from (91) the bulk viscosity is independent
of the oscillation frequency and is given by { = C2/(A7,).

The results of the bulk viscosity arising from electronic
Urca processes are shown in Fig. 9. At low temperatures,
T < 10 MeV the bulk viscosity decreases according to the
scaling ¢, ~ T~2, which breaks down at higher temper-
atures where the system approaches the point of scale-
invariance. In the case of NL3 model, the bulk viscosity
has a local maximum at high densities due to the transition
from the antineutrino-dominated regime to the neutrino-
dominated regime. At that maximum, the bulk viscosity
jumps nearly by an order of magnitude. Comparing these
results with ones obtained within the nonrelativistic
approximation for nucleons we see that the bulk viscosity
decreases by orders of magnitude when the relativistic cor-
rections are properly taken into account. The main reason
for this is much lower susceptibility C; as compared to the
nonrelativistic case, and also the higher f-equilibration
rates. We also observe that the local maxima in the case of
NL3 model appear only in full relativistic computation as
was mentioned above.

108 T

(b)

NL3

C, /A, [MeV']

— T =5MeV
\ ——- T=50MeV
iR
4 R \ \
10 1 2 4 5

|
3
nB/n0

FIG.7. The susceptibility prefactor C3/A, as a function of the baryon density for two values of the temperature for (a) model DDME2
and (b) model NL3. The dotted lines show the nonrelativistic results used in Ref. [22].
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The relaxation rate y, as a function of the temperature for fixed values of the density for (a) model DDME2; (b) model NL3.

The dotted lines show the relaxation rates computed in Ref. [22] using the approximation of nonrelativistic nucleons. Typical density
oscillations in mergers are at @ ~ 1 kHz ~ 4 x 10~'8 MeV, so neutrino-trapped matter is always in the fast equilibration regime.

C. Bulk viscosity of relativistic npepy matter

In this section, we present the results of the bulk
viscosity of nuclear matter including the contribution of
a muonic component. As discussed in Sec. IV A, in the case
of the DDME2 model the rates of the leptonic processes are
much smaller than the rates of the Urca processes, see
Fig. 5. Therefore, the bulk viscosity of npeu matter can be
computed according to the slow lepton-equilibration limit,
as discussed in Sec. III. As the equilibration rates are much
larger than the oscillation frequency, the bulk viscosity for
the DDME2 model can be computed from Eq. (93). The
results are shown in the left panel of Fig. 10. The generic

S @
“..  DDME2-

10 -
- nB/nO_l .
- AL
. n/m =5 Ay
10*' ko | \l | ]
1 10 100
T [MeV]

behavior of the bulk viscosity of npeu matter is similar to
the one of npe matter but the former exceeds the latter by
factors from 3 to 10 at the left side of the minimum. Above
the minimum, the bulk viscosity of npey matter is almost
the same as the bulk viscosity of npe matter. However,
there is an important difference in the high-temperature
regime, where the total bulk viscosity has a sharp minimum
but does not drop to zero, as it was the case of the bulk
viscosity of npe matter. This behavior is easy to understand
by noting that in the relevant temperature-density range we
have mainly (A, +A,)C; <ACy, (A, +A,)C, < ACy,
(A, +A,)* < AA,, which allows to simplify Eq. (93) to
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FIG. 9. The bulk viscosity due to electron Urca processes as a function of the temperature for (a) model DDME?2; (b) model NL3. The
region 7 <5 MeV is shaded because neutrinos are no longer trapped at those temperatures. The dotted lines show the results of
Ref. [22] using the approximation of nonrelativistic nucleons.
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FIG. 10. The bulk viscosity of neutrino-trapped npep matter as a function of the temperature for (a) model DDME2; (b) model NL3.
The region T < 5 MeV is shaded because neutrinos are no longer trapped at those temperatures. All curves assume the slow lepton-
equilibration regime except the dotted line in panel (b) which assumes fast lepton equilibration.
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a A, (A1A7)? LAY QAT

= é:e + é’yv
(94)

where {, and ¢, are the partial contributions of electronic
and muonic Urca processes, respectively, to the bulk
viscosity. Both susceptibilities C; and C, cross zero at
high temperatures, but the values of those critical temper-
atures for C; and C, are slightly shifted from each other. As
aresult, the summed ¢ has a minimum at a temperature that
lies between these two temperatures but does not drop
to zero.

Turning to the NL3 model we note that also in this case
the matter is mainly in the slow lepton-equilibration regime
except for the region close to the minimum of equilibration
rates, where for ng/ng =3 and ng/ny =5 we have the
opposite regime of fast lepton-equilibration, see Fig. 6.
Figure 10, panel (b) therefore shows the bulk viscosity in
the slow lepton-equilibration limit by the solid, dashed and
the dashed-dotted lines. The one exception is the dotted
line, which shows the fast lepton equilibration limit
[Eq. (70)] for ng/ng = 3.

At the highest density, ng/ny = 5, the bulk viscosity has
one local maximum as the electronic and muonic Urca
process rates have minima at almost the same temperature,
see Fig. 3. For moderate density ng/n, = 3 the minima of
Urca process rates for electrons and muons are at different
temperatures, therefore the bulk viscosity has local maxima
at both temperatures. However, near the maxima we cannot
rely on the slow lepton equilibration approximation: in the
fast lepton-equilibration limit (dotted line) the first maxi-
mum is eliminated by leptonic processes, whereas the

second maximum remains. At the highest density
ng/ng =5, the numerical results for the bulk viscosity
in the fast lepton-equilibration limit are found to be very
close to those of slow lepton-equilibration limit and are not
shown on the figure.

The structure of the postmerger object changes with
time from initially having double density-peaks, associa-
ted with the two neutron stars, to a single density-peak
structure corresponding to the remnant (see, for example,
Refs. [5-16]). So far, we consider the variations of the bulk
viscosity at fixed density, which corresponds to moving
along the constant density surfaces in such an object. It is
also interesting to consider the isothermal surfaces along
which the density is changing. The temperature evolution
in the post-merger object replicates that of the density, i.e.,
a double peak high-temperature structure evolves in time
into a single peak structure. To account for this type of
variation, we plot the bulk viscosity as a function of the
density in Fig. 11.

The density variations of bulk viscosity for each value of
temperature represent self-similar curves, which are shifted
with respect to each other by a magnitude which depends
on the change in the temperature. In the case of model NL3
the curves 7T =5, 30, 50 MeV correspond to the slow
lepton-equilibration limit, and only the curve T = 10 MeV
shows the results of the fast equilibration regime.

D. Damping of density oscillations

In this last subsection, we estimate the timescales of bulk
viscous damping of density oscillations in neutrino-trapped
npeu matter. The characteristic timescale of damping of
density oscillations is given by [20,21,24]
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7= lKnB ) (95) temperature in Fig. 12 for f = 10 kHz. The nuclear
9 w*¢ incompressibility is almost independent of the temperature.
Therefore the damping timescale as a function of the
where . . .
temperature closely follows the inverse bulk viscosity
e showing sharp maxima in the high-temperature regime.
K =9ng 8—11129 (96) In the case of NL3 model there are local minima resulting

is the (isothermal) incompressibility of nuclear matter. The
incompressibility of nuclear matter at finite temperatures is
shown in Ref. [24].

As the bulk viscosity is independent of the oscillation
frequency, the damping timescale is inversely proportional
to the square of w. We show 7, as a function of the

6

from the transition of the matter from the antineutrino-
dominated regime to the neutrino dominated regime. How-
ever, the damping timescales in the neutrino/antineutrino
trapped regime exceeds the characteristic timescales for the
long-term postmerger evolution timescale <1 s at temper-
atures above 5 MeV. At lower frequencies, the damping
timescales will be even larger. Thus, we conclude that the

6
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FIG. 12. The oscillation damping timescale as a function of temperature for various densities and for frequency fixed at f = 10 kHz
for (a) model DDME2; (b) model NL3. The result for the density nz/ny = 3 in panel (b) should be replaced by the blue dotted line
around the minimum.
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bulk viscosity of neutrino-trapped npeu matter from the
Urca processes is not sufficiently large to affect the
evolution of binary neutron-star mergers in the initial hot
regime and could have an impact close to the neutrino
untrapping temperature ~5 MeV.

V. CONCLUSIONS

In this work, we studied the bulk viscosity of neutrino-
trapped npep matter from Urca processes under the
conditions relevant to binary neutron star mergers. We
first generalized the computation of the rates of relevant
p-equilibration processes (i.e., the neutron decay and lepton
capture) as well as those of relevant susceptibilities
performed in Ref. [22] to include the relativistic corrections
to the nucleonic spectra. We find that these corrections
enhance the equilibration rates by factors from 1 to 10. The
numerical computations were carried out within the rela-
tivistic density functional theory for two different EoS
models of nuclear matter.

An interesting feature of full relativistic rates is their
strong dependence on the scaled-to-temperature neutrino
chemical potential a,,. It turns out that if @, > —3 then the
neutron decay rate is Boltzmann-suppressed, and the only
equilibration process is the lepton capture. This is the case
for DDME2 model which has a composition where the net
neutrino densities are mainly positive in the relevant
density-temperature range. The picture is quite different
in the case of model NL3 where the net neutrino densities
are positive only in the low temperature and low-density
sector, and the antineutrino population increases with both
density and temperature. At low densities and high temper-
atures, the lepton capture dominates as in the case of
DDME2 model, but in the low-temperature and high-
density domain, we have the opposite limit. Here the
antineutrino population is dominant, and the neutron decay
is the main equilibration process as long as @,, < —6. For
intermediate values —6 <a, < —3 both processes are
important, and there is a transition point at around a,, =~
(=5) to (—4) where the rates of neutron decay and lepton
capture become equal. Close to this point the net equili-
bration rate has a sharp minimum.

The relativistic susceptibilities are found to be signifi-
cantly (up to orders of magnitude) smaller than their
corresponding nonrelativistic counterparts at densities
ng/ng > 2. Similar to the nonrelativistic case we find that
the susceptibilities corresponding to the partial bulk vis-
cosities from electronic and muonic Urca processes vanish
at a critical density where the electron/muon fraction has a
local minimum as a function of density at high temper-
atures 7 2 30 MeV. At that point the system becomes
scale-invariant: there is no chemical reequilibration induced
by compression which implies zero bulk viscosity on the
time scales relevant to mergers.

Neutrino-trapped matter is always in the regime of fast
p-equilibration, i.e., the relaxation rates are much higher

than the typical frequencies of density oscillations. As a
result, the bulk viscosity is independent of the frequency
and decreases with the temperature. This decrease is
followed by sharp drops to zero at the points where the
system becomes scale-invariant. In the case of model NL3
the bulk viscosity shows also local maxima at intermediate
temperatures where the transition between the antineutrino-
and neutrino-dominated regimes occurs.

The proper inclusion of muons in the computation of
bulk viscosity requires analysis of relative rates of Urca
processes and the rates of pure leptonic processes, i.e.,
muon decay, and neutrino/antineutrino absorption. We
find that the rates of the leptonic reactions are slower than
the Urca process rates almost in the entire temperature-
density range. An exception occurs only in the narrow
vicinity of the transition point in the case of NL3 model.
We, therefore, conclude that the bulk viscosity of npeu
matter can typically be computed in the slow lepton-
equilibration limit. The numerical results show that the
bulk viscosity is enhanced by factors from 1 to 10 as
compared to the viscosity of npe matter. Note that our
study neglects so far the neutrino flavor conversion, which
can affect our results. We plan to address this issue in a
separate study.

Our estimates of the damping timescales of the density
oscillations show that the bulk viscosity of relativistic npepu
matter in the neutrino-trapped regime is not an important
source of damping of density oscillations over character-
istic time-scales of neutron star mergers. However, long-
lived remnants of mergers, which do not collapse to a black
hole, can experience bulk viscous dissipation. Young
protoneutron stars formed in supernova explosions offer
another setting where the bulk viscosity of hot stellar matter
could be important for assessing their oscillation spectrum
and damping time scales.

We finally note that, the methods applied here can be
used to obtain other microscopic characteristics of dense
matter, such as, for example, neutrino opacities. The fully
relativistic treatment of the rates should be of interest in a
broader context of radiation and transport in thermal
quantum field theories with applications to a wide range
of relativistic systems.
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APPENDIX A: PHASE SPACE INTEGRALS into the rates (8) and the inverse of (9) and introducing
a “dummy” integration [we use the same the mapping
between the particles and their momenta (I) — k,
(v;/)) = K, (p) = p, and (n) - p’ as before] we obtain

Here we extend the technique of computing the phase-
space integrals discussed in [21,22] to fully relativistic case.
Substituting the matrix element of the Urca process (10)

|

Fropain) =26 [ 0 [ G2 [0 [ | e P 9)

X FIOF(P)FEK) () a8k + p — )3 (K — p' + ) = 2G? / Bl (@h(g). (A1)

ap' &Pk Vsl d
ny—» 262 d4 / / / k- k/ ./
pl 'uAl / 27)3p Do (27)3k (27[)3](6 (k- p)(K- P')

x FF(p)F () (7)) 6Dk + p — q)o (=K — pf + q) = 2G / Bl (@h(g).  (A2)

where
1) = [ Gt [ G 0Pk P69 (ke p=a). (A3)
3.,/ 31/
10 = [ Gty [ o TR 0K = '+ 0) (A4
3.,/ 31/
1) = [ G [ G T - )89 = ' +g) (43)

with 6@ (k+p—q) =8k +p —q)d(ex + €, —w — pp,), and W (k' — p' + q) = 5(Ek' —p' + q)8(Ley — €, + ).
Here the energy conservation 4&-function has been transformed according to &(ko + po & ki — pp) =

5(e;+ €, — €, T €5,, — ua,), where we added and subtracted u,, in the argument of the é-function, and denoted

by ¢; the energies of the particles computed from their (effective) chemical potentials, e.g., €, = y/ P+ m}‘,z — up- Since
the rates of the inverse processes can be obtained by interchanging in Eqs. (A1) and (A2) f(p;) <> f(p;) for all particles,
the problem reduces to the computation of three g-dependent integrals 7,(q), I,(g) and I5(g) given by Egs. (A3)—(A5).

To compute the integral /,(g) we integrate over proton momentum and separate the angular part of the remaining
integral, which gives

1(q) = (2a) / kjff‘)f(ek)( &) / dx(@ky — qhx — m)(ex + € - @), (A6)

where @ = @ + py,, @ = @ + uj, + p;, and x is the cosine of the angle between k and ¢. The angular integral is done by
using the 5-function to obtain [recall that f(€) = f(—¢)]

1(g) = % Gty + 2y + @) = m2 = m2 = ) / "7 e Fle)f (e — @)0(1 = Ixo)). (A7)

mp—p;

where x is the zero of the argument of the §-function

1

Xg = 2% [—(ex — up — @) + m? + k2 + 7], (A8)

and the limits of integration are found from the limits on the lepton energy e
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(k=q)* +mi? < (ep —pup —@)* < (k+q)* +mi2. (A9)

The energy integral in Eq. (A7) could be done analytically, but for numerical implementation, the form given above is more
suitable.

The computation of the remaining integrals proceeds in full analogy to the above. For integral I,(g) we find

1 o -
L(q) = 55— [, + pn + @) + mi + m? + ¢°] / dey f(ep)f(ex + @)0(1 = |yo|). (A10)
2(27)°q my,+Hy,
where y, is the zero of the argument of the §-function, i.e.,
1 * 2 *2 n 2
yOZM[(ek’+ﬂn+w) —m;? = k? = q*], (A11)
and the step-function sets the following limits on the neutrino energy ey
(K = q)* + m? < (ep + pn + 0)* < (K +q)* + m;%. (A12)
For the integral /53(q) we find
1 * 2_ 2 @ _ oy [T 7
I3(q) = 202174 [(ko, + 1 + @) = mg, = my* = g°] dey f(ex)f(ey —w)O(1 = |z]), (A13)
T q ’nbl_ﬂyl
where z; is the zero of the argument of the S-function, i.e.,
1 . 2 222
ZOZM[_(ek’_ﬂn_w) +m;” + K%+ q°, (A14)
and the step-function sets the following limits on the neutrino energy ey
(K = q)> +m? < (ep — pp — @) < (K + q)> + m;2. (A15)

The expressions for the integrals (A7), (A10) and (A13) are slightly more general than used in the main body of the text
because they include the nonzero mass of neutrinos. As we do not consider neutrino oscillations they can be neglected
hereafter, i.e., we put m,, = 0. Combining Egs. (A1), (A2), (A7), (A10) and (A13), we obtain the final expressions (13) and
(14) of the main text.

Now we are in a position to compute the derivatives of I',_, ,;; and I',,_,,,, with respect to u,,. Note that only the
integral /; depends on u,, and, exploiting the following identity between the Fermi and Bose functions

F@f(z=y) = g(=y)f(z) = f(z=y)], (Al6)
from Eq. (A7) we obtain
811 o 1 + g(&)) _ _ (9 _
T = dngT [g(a))Al (@) =T 5= A (a))] : (A17)
where
M (@) = (e + iy + @) = m} = m? = ) / " denlfler) — flew - D001 - |xo)). (A18)
mp—p;
The rate derivatives then take the form
2 [e] [e]
o Trenilis) =~ [~ o [ dagtw)t + @) [s@)01 @) =7 M @) ). (A1)
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s Tneniis) ==t [ o [ da gl + @) [s@)0,(0) =T o A@) o). (a20)

where
Mola) =, 4+ 0 == =] [ derlfen) = flew + o0 =l (A2D)
M) = [, + 43+ @) =i, =2 = ) [ deelfee) = flew = )61 = 2o (A22)

The derivatives of the inverse rates can be obtained by replacing g(w) — 1 + g(®), g(@) <> 1 + g(®) in Eqgs. (A19) and
(A20). For the A—coefficients we obtain

oot = oy |0 [ da{ @)1 + 5@ @)+ ot0) - @I o M@ prs(o), (a2

G? o o _ _ _ _ 0 _
bt = oy | [ da{ 9@ + 5@ @)+ ot0) - @I oM@ st (20

In f-equilibrium @ = @ which along with the relations I; = —[1 4+ g(®)|A(®), I, = —g(@)Ay (), I3 = —g(@)A;(w)
leads to Egs. (18) and (19) of the main text.

1. Low-T limit of Urca process rates

In the limit of low temperature the inequalities (A9), (A12) and (A15) reduce to

0, =0(pri+ Prp—a)0(q = |Pri— Prpl) (A25)
0y = 0(pry, + Pra— 9)0(q = |PFy, = PFal)s (A26)
0. = O0(pr, + Prn— 2)0(q = |PFy, = PFnl)- (A27)

where we used the notations 6,, 6, and 6, introduced in Egs. (13) and (14). Then the integrals (A7), (A10) and (A13)
(in B-equilibrium) can be approximated as

) uptow
1@ =D G+ = =2 = o, [ dealp(en) - s - )
q mi—py
wg(—w .
== 2070 0,03, + i+ 2y - ). (A28)
I(q) = -9%) 2440, [ d -
2(4) = 555 (=, +40)* + i+ mi o+ g evlf(ev) = flew + )]
(27)°q my,
my, 4y
g(o)T ) ) 5 1 + exp (——L-2)
Oy(PFy, + Pn + 2405 — ¢°) In m o) (A29)
2(2717)561 VA F ! 1 +exp (——”’+;”’+ )
9(w) . \ ot
13(51) 2(2 )5 [(/"1/, +ﬂn) mz%, - mn2 qz}ez dek’ [f(ek’ - a)) _f(ek’)]
4 q mu[_ﬂv,
v " Hy,
g(@)T ) ) ) 1 +exp(— —‘ L)
- 0 2u, 1 — )1 T - A30
220)° (PEn + PEy, + 240,45 — q7) In rep (™ ;L, ) (A30)

Note that in 7,(g) the integral is approximated as @ because baryons are highly degenerate; in the remaining integrals, the
logarithmic factor should be kept since neutrinos are thermal. In the low-temperature neutrino-trapped matter y,, /T — oo,

103027-21



ALFORD, HARUTYUNYAN, and SEDRAKIAN PHYS. REV. D 104, 103027 (2021)

which implies 7/, = 0 and I',..,, ,;; = 0. In this case the logarithm in Eq. (A30) is —w/T, and for I', ..., from Egs. (A2) we
find (we put again m, = 0)

0 0 g(—w .
Cpom = —2G*4n / doaw® /) qqugTq)é’(pm + Prp = 0)0(q = |Pri = Prpl) (P, + PR+ 2005 = )
9(@)

2 2 N )
X mg(prl + pFVl - Q)e(q - |pFI./1 - pFn|)(pFn + prl + 2”141“7[ — q )
_ G*T? [ (pr + pr)S — (PFn — PFU,)s _ (pr1+ pr)3 — (prn — va,)3
4873 5 3

X (P;zrp + Piy + 2uy + PR, + P}zvu, +2u,,p15) + (Pri+ Prp + PRy, — PFn)
X (P%p + pE + 2usy) (PF, + P%m + 2u,,17,) }Q(PFI + Prp + Pry, = Prn)- (A31)

In the nonrelativistic limit for nucleons uy ~ mjy > ppy. Therefore
G*T13
Cpteom =55 mamptipty (Pt + Pep + Pry = Pen)0(Pri + Prp + Py = Prn)- (A32)
which coincides with our previous calculation if we assume massless leptons u; = pg; [see Eq. (24) of Ref. [22] ].

In the case where the trapped species in the degenerate matter are antineutrinos rather than neutrinos we have
#y,/T — —oo, therefore I3 = 0 and ', = 0. The logarithm in Eq. (A29) in this case is @/T and

r 6T {(PF[ +prp)’ = (Prn = Pr)’  (Pr1+ PFp)’ = (PFa — PF3,)°

n—-ply — = 487[3 5 - 3

X (PFp + PE + 2ty + PEy + Pio, = 2l 115) + (Pri+ Prp + Pro, = Prn)

X (P + PE + 200t (P, A PEg, = 2l 1) }9(ppz + Prp + Prs, = Prn)- (A33)

|

In Fig. 13 we show the ratios of summed electron at T > 10 MeV, where the deviation between the exact
Urca rates I', to their low-temperature limit given by  and the approximate rates reaches up to an order of
Egs. (A31) and (A33). We see that the exact rates differ =~ magnitude. Note that the exact rates are mainly larger
significantly from their low-temperature limit typically  than their low-temperature limit in neutrino-dominated

| L L T T LI I

0F@ (b |
- DDME2 NL3
I 1F <= ==
3 T
£ o e L
= IF = =
=T [y
_ nB/n0 =1 _ nB/nO= 1
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| L | :
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FIG. 13. The ratios of summed electron Urca rates I', to their low-7 limit given by (a) Eq. (A31) for model DDME2 and (b) Eq. (A33)
model NL3 (b). The analogous ratios for muonic Urca rates are similar and are not shown.
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matter and smaller in the antineutrino-dominated matter.
The analogous ratios for muonic Urca rates are similar
and are not shown.

APPENDIX B: COMPUTATION OF
SUSCEPTIBILITIES A4;

(6”’) we use the

following formula for the particle densmes

To compute the susceptibilities A;;

ofi il - 1 m* om*  Oy;
8n] /2 +—p2 on; On, ’

in the case of baryons we obtain

9i o
n; = pdplfi(p)

2 Rl @Y

where g; is the spin degeneracy factor, and f(p) and f(p)
are the distribution functions for particles and antiparticles,
respectively. For neutrons, protons, electrons and muons
we have g; = 2, and for neutrinos g, = 1.

Differentiating the left and right sides of Eq. (B1) with
respect to n; and exploiting the expressions

8fl ( m* 8m* o )
=—fi(1- B2

om* ou
0;i =—|—=— |1y L)1, B3
i (an1> li + (8”1) 0i ( )
where
+ L[~ m 1 7 7 ;
Iqi:TT p-dp B e fi(l=f) = fi(1=f)l. i={np} (B4)
T 0 m=+p
The average values of the meson fields are given by [51]
9o\ 17g,\?
Yoo = <m—w> (ny +np). 9pPo3 = 5 <m—pp> (np =), (B5)
which gives (recall that u; = u; — g, — g,p0313; — Z,)
our 9o \ 2 2ng g, 9, \? n,—n 0%
B.=—L=A — (22 1222 Jof 22 |+ P = B6
Y On; Y <mw> + Jw Ong 3 m, 3+ ng U on; (B6)
The scalar field is given by
. _ _9,9U(o) < gﬁ> /
g0 =m—m*=—-=% — | pPdp———Ifi(p) + Fi(p)l. (B7)
m; Oo 71' ms) 5o \Vp

with U(c) being the self-interaction potential of the scalar field, therefore up to terms dg,,/9ng (which are small and can be

neglected) we find

om* g, 8*U(o) do

on; _m_(z; do? an

Y- (5

1n + BPjIl_p)

- 0 p? _
() (5o) X 5 [ rar o o) Fio (33)
i=n,p
Denoting
- 1 3 _
Bi=tim o [Ty o L ) 4 T =, (B9)
we obtain
om* (32)2(Bujl1, + By,IT,)
= — . B10
On; 1= (2)2(15, + 1, )+,;2 ‘?;%’ (B10)
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Substituting this into Eq. (B3) we obtain the following equations for coefficients B;;

BijI(J)ri_7(anll_n+Bpj11_p)Il_i :51']" (Bll)
where
1 mgy\2 1 8°U
e () (12 52Y) -
L, +1,-p 95 m2 do?
In the case of i # j we find from Eq. (B11)
I7,1, I, 17
B,, =yB L B,, =rB,, ———*t—. B13
np 4 pp I(J)rn _ yll_nz pn VDun I(J)rp _ yll_g ( )
Substituting these expressions into Eq. (B11) for i = j we obtain
IT — 1_2 I = 1—2
By =177 0p+ 7:2117 T2 Bpp =177 O”+ }:2”[ T2 (B14)
IOnIOp - 710p11n - yl()n[lp IOnIOp - yIOplln - yIOnIIp
and
17 17
B,, =B iptn (B15)

Substituting Egs. (B14) and (B15) in Eq. (B6) and recalling the definitions A, = A,,, — A

" Il = 11 = 70

0p*1n

mAp =4,,—A,, we obtain

Io —yly (I7, + 17, 2/1 n,—n
e e () (52 ), ®16)
Lo o, = vlopliy = vlg i, \my) \2 Mo
Iy =yl (I7, + 1, 2/1 n,—n
e () (547 ) @17
IOnIOp - yIOplln - lenllp m, 2 o
For leptons we have simply
1 2
A1—1—+’ Av,_IT’ I={e.u} (B13)
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