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Introduction & motivation

Compact-star binaries

@ Compact stars are natural laboratories which allow us to study the properties of nuclear
matter under extreme physical conditions (strong gravity, strong magnetic fields, etc.).

@ The recent detection of gravitational and electromagnetic waves originating from black
hole or neutron star mergers motivates studies of compact binary systems.

@ Such studies might place constraints on the properties of compact star parameters and
contain useful information about the properties of extremely hot and dense matter.

@ Various physical processes in the compact binary systems can be modelled in the
framework of general-relativistic hydrodynamics simulations.

@ Transport coefficients are key inputs in hydrodynamic modelling of compact star mergers
as they measure the energy dissipation rate in hydrodynamic evolution of matter.

@ The bulk viscosity might affect the hydrodynamic evolution of mergers by damping the
density oscillations which can affect the form of the gravitational signal.

@ Our aim is to study the bulk viscosity in dense baryonic matter for temperatures relevant
to neutron star mergers and supernovas 7' > 5 MeV.

@ At these temperatures neutrinos are trapped in matter, and the bulk viscosity arises from
weak interaction (neutron decay and electron capture) processes.




Introduction & motivation

Relativistic hydrodynamics and bulk viscosity

@ Hydrodynamic evolution of a relativistic system is described by means of the
energy-momentum tensor and particle current which obey the conservation laws

o, THY =0, OuNH = 0.
@ For ideal hydrodynamic, i.e., without dissipation
Té“l = 60M”MU —pkoj, Ng = nou”,

and the system of conservation laws is closed by an equation of state py = peq (€0, 10)-

@ For a dissipative fluid with velocity gradients
THY = eutu” — pA*Y + mh¥| NF = nut.
@ In this case the pressure obtains a non-equilibrium contribution
P = peq + 1L

where the bulk viscous pressure reads II = —(60 with § = 0, u*.

@ Thus, the bulk viscosity ¢ describes dissipation in the case where pressure falls out of
equilibrium on uniform expansion/contraction.
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Urca processes and bulk viscosity

Urca process rates

@ We consider a simple composition of baryonic matter consisting of neutrons, protons,
electrons and neutrinos. The simplest weak-interaction processes are the following
(direct) Urca processes

ne2pte + 0, (neutron decay process) D)
pte Z2n+vr, (electron capture process) 2)

@ In [-equilibrium the chemical potentials of particles obey the relation

tn + o = pp + pte. Out of B-equilibrium in general implies an imbalance
BA = pn + pv — Hp — pe 7 0.

as a measure of deviation from S-equilibrium. The rate at which pa relaxes to zero is a
measure of speed at which the constitution of matter adjusts to a change in pressure.
@ The (-equilibration rate for the neutron decay is given by

Plea) = [ dQZ\MUW\ FEVFR)F0F() 2r)* 6@ (p+ k+ K — ),

with f(p) = 1 — f(p). Similar expressions can be written also for I'y,,, T'5, and T,.
@ The squared matrix element of Urca processes is [Gz G2 cos? 0:(1 + 3g A)]

D [ Muea* = 32G* (k- p) (p - K') ~ 32G* popioks-

Si



Urca processes and bulk viscosity

Density oscillations in neutron-star matter

@ Consider now small-amplitude density oscillations in baryonic matter with frequency w
np(r) = npo + dnp(t), np(t) = npo + onp(t), Snp(r), dnp(r) ~ .
@ The baryon and lepton number conservation dn; /9t + div (n;v) = 0 implies
oni(t) = —% np, i=4{B,L}, 6=divy.

@ The oscillations cause perturbations in particle densities n;(t) = njo + dn;(t), due to
which the chemical equilibrium of matter is disturbed leading to a small shift
MA = Oftn + Ot — Spup — S e, which can be written as

8 .
11a = (Amn — Apn) 010 + Apdny — (App — Amp)ony — Ageln, Ay = (aﬁf) .
J7 0

@ The off-diagonal elements A, and Ay, are non-zero because of the cross-species strong
interaction between neutrons and protons.

@ If the weak processes are turned off, then a perturbation conserves all particle numbers
0

0
aénj(t) + ano =0, Jnj(t) = 75 njo.



Urca processes and bulk viscosity

Chemical balance equations and bulk viscosity

@ Out of equilibrium the chemical equilibration rate to linear order in p1A is given by
Iy —Tw=Aua, X>0.

@ The rate equations which take into account the loss and gain of particles read as

0 0
—0nu(t) + Onyy = —Apa(t), —Onp(1) + Onpy = Apa ().
ot ot
@ Solving these equations we can compute the pressure out of equilibrium
p =p(n) = p(njo + 6n;) = po + 6p = peq + op’,

where the non-equilibrium part of the pressure - the bulk viscous pressure, is given by

=6 = Z <8n ) Zn,oAU(Sn
j

@ The bulk viscosity is then identifined from IT = —(6
!
A w2 4+ N2A2

0 0
with susceptibilities A = —— ( Ha ) and C = np ( Ha )
8)Cp ng 8n3

(=




ca processes and bulk viscosity

Limiting cases for bulk viscosity

@ In the low-temperature limit the matter is v-transparent, and the equilibration rate A reads

17
Atrans = m*ZGZT4PF99(PFp + PFe — PFn)7
2401

where pr; are Fermi-momenta of particles. The 6-function blocks direct Urca processes
at densities where pry + pre < pra = modified Urca processes should be included.

@ The neutrino-trapped S-equilibration rate for strongly degenerate matter is given by

1
Arap = ﬁm*szszFepFu (pFe + PFv — PFu — PRY])-

In contrast to the v-transparent case here the rate is finite in the low-temperature limit
= modified Urca reactions are not required to be included.

@ Because in the degenerate regime pr; > T, the equilibration rate is alwals much larger in
the case of trapped neutrinos.

@ In the high-frequency (w >> AA), low-frequency (w < AA) limits and at the maximum
of the bulk viscosity (w = AA) we find

2\ c? c?
Chigh = Fv Clow = Wv Cmax = m



Density functional theory

Beta-equilibrated nuclear matter

We use the density functional theory approach to the nuclear matter, which is based on
phenomenological baryon-meson Lagrangians of the type proposed by Walecka and others.

The Lagrangian density of matter is given by

_ 1 _
L= v [’Y“ (iau — SuNWp — EgpNpr> - mX/:| YN+ D Ay O — ma )
N x

1 1, 1 1, 1 1,
+58”08 o= SMmgo" = U(o) — Zw’“’wuy + Emww”wu — Zp‘”’pw, + impp”pu.

The pressure of baryonic matter is given by

2 4
_ My 2 L Kdk dk A
m2, 2y +1 [ k4 dk ¥ e N0 e
+ 7“0 */’03 + Z on2 /0 TR [f(Ek — py) +f(Ey + HN)]

’

Here my, = my — gono and py; = puy — guwnwo — gpnpPo3l3 are the nucleon effective mass
and effective chemical potentials, respectively; /3 is the third component of nucleon isospin and

o, wo and pg3 are the mean values of the meson fields.



Density functional theory

Meson mean-fields and susceptibilities

@ The mean-field values of the w and p mesons are given by

2 2
g (g
SwWo = ( Y ) (nn + np), 8pP03 = = (l) (np - nn)-
My 2

mp
@ The mean value of the scalar field is given by

8o 8U(0’)

o =52 200 L (80 )’ S P e ) i)

@ The “beta-disequilibrium—proton-fraction” susceptibility in low-7 limit is given by

2 2
™ 1 1 s 27
A:—*(—Jr )+—+—+(g”)
m PFn PFn Ppe Ppl, mp
@ The “beta-disequilibrium—baryon-density” susceptibility in low-7" limit reads

2 2 2 2
pFn_pr PFv — PFe Np — Np 8p 2 pFn_pr 8o 2
C= + - L) g (=2
3m* 3 2 mp 2m* My
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Density functional theory

Particle fractions in equilibrium

The particle fractions are found from S-equilibrium conditions p, + py = pp + pe and
[y = He, the charge neutrality condition n, = n, + ny, the baryon number conservation
ng = ny + np, and the lepton number conservation n; + n,, = n;, = Y ng.

0

: . N 0 I 3
[ P ] v - r ]
-- e M [ T ]
[ T Ve L € 4
2 1 ] a1
Ee Tpe
L ~ 1 5 v
[ S 1 e 10°F C=— E
by =01 I -7 = f Y, =04 L. 1
P St S S B C 1 1 T 1 1 |
1 2 3 1 3 1 2 3 1 2 3
ng/ng ny/n, ny/ng ny/ng

@ We consider two cases: (i) Yz = 0.1 for both flavors, typical for neutron star mergers;
(ii) Yz, = 0.4 and Yz, = 0 typical for matter in supernovae and proto-neutron stars.

@ The particle fractions are not sensitive to the temperature for the given value of Y7.

@ In the low-density and high-temperature regime the net neutrino density becomes
negative, indicating that there are more anti-neutrinos than neutrinos in that regime.

@ Merger matter has much smaller electron neutrino fraction than supernova matter.



Density functional theory

The equation of state for two models of nuclear matter

T T
150 — Y, =04, T=50MeV 4
——- Y, =0.1, T=50 MeV '

100

p [MeV fm”]

50

@ In the case of model DD-ME2 U(c) = 0, and the couplings g, g, and g, are
density-dependent.

@ In the case of model NL3 U(c) = g,0°/3 + g30*/4 # 0, but the couplings go, g, and
gp are density-independent.



Results for bulk viscosity

B-equilibration rates (DD-ME?2)
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The neutron decay rate I'; is exponentially suppressed at low temperatures because of
damping of anti-neutrino population in the degenerate matter.

The electron capture rate I', has a finite low-temperature limit which is oc T°.

In the regime of interest I'} < I',, therefore the electron capture process dominates in
the 3-equilibration and the bulk viscosity.



Results for bulk viscosity

[-relaxation rate (DD-ME2)
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@ The [B-relaxation rate AA determines the frequency at which the bulk viscosity reaches its
resonant maximum (wWmax = AA).

@ The relaxation rate is slowest in the neutrino-transparent case, and increases with the
lepton fraction in the neutrino-trapped case.

@ In neutrino-trapped matter AA > w for oscillation frequencies typical to neutron star
mergers and supernovas = the bulk viscosity takes the form ¢ /= C2/()\A?).

@ The neutrino-transparent matter instead features a relaxation rate which is comparable to
the oscillation frequencies at typical temperatures 7 ~ 2 =+ 7 MeV.



Results for bulk viscosity

The susceptibility prefactor C2/A (DD-ME2)
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@ The susceptibility A does not depend strongly on the density and temperature and has
roughly the same order of magnitude A ~ 1073 MeV~2.

@ The susceptibility C increases with density and at high temperatures 7' 2> 30 MeV
crosses zero at certain values of density where the proton fraction attains a minimum.

@ At this critical density the system is scale-invariant: it can be compressed and remain in
beta equilibrium = the bulk viscosity drops to zero at the critical point.



Results for bulk viscosity

Bulk viscosity of neutrino-trapped matter (DD-ME2)
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The density dependence of the bulk viscosity follows that of the susceptibility C2/A.
The temperature dependence of ¢ arises mainly from that of S-relaxation rate A o< T2.
Bulk viscosity is independent of oscillation fequency and decreases as ¢ o< T2 in the
neutrino-trapped regime.

This scaling breaks down at high temperatures 7 > 30 MeV where the bulk viscosity has
sharp minimums ¢ — 0 when the matter becomes scale-invariant.



Results for bulk viscosity

Bulk viscosity of neutrino-trapped matter (NL3)
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@ The density dependence of the bulk viscosity follows that of the susceptibility C2/A.

The temperature dependence of ¢ arises mainly from that of S-relaxation rate A o< T2.

@ Bulk viscosity is independent of oscillation fequency and decreases as ¢ o< T2 in the
neutrino-trapped regime.

@ This scaling breaks down at high temperatures 7 > 30 MeV where the bulk viscosity has
sharp minimums ¢ — 0 when the matter becomes scale-invariant.



Results for bulk viscosity

Bulk viscosity of neutrino-transparent matter
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The bulk viscosity in neutrino-transparent matter is frequency-dependent.

The relaxation rate is slower for neutrino-transparent matter, and the resonant peak of the
bulk viscosity occurs within its regime of validity.

It attains its maximum value at temperature 7 =~ 2 - 7 MeV, where w = M\A.

This is the temperature range which is relevant for neutron-star mergers. !

M. G. Alford, et al., On the importance of viscous dissipation and heat conduction in binary neutron-star mergers, 2017



Results for bulk viscosity

Bulk viscosity of neutrino-transparent matter (NL3)

Clgem’s']
RN
’
N
\
/

100 f R 11B/n0 =3 T /- —

t _//‘ _ nB/nO =2 + i 7

L ._’:l' ——ny/m =1 1 7 ]

aul ! e mpgy=05 | Y, =0 |

I [ A I Ll

1 2 4 8 1 2 4 8
T [MeV] T [MeV]

The bulk viscosity in neutrino-transparent matter is frequency-dependent.

The relaxation rate is slower for neutrino-transparent matter, and the resonant peak of the
bulk viscosity occurs within its regime of validity.

It attains its maximum value at temperature 7 =~ 2 - 7 MeV, where w = M\A.
2

This is the temperature range which is relevant for neutron-star mergers.

M. G. Alford, et al., On the importance of viscous dissipation and heat conduction in binary neutron-star mergers, 2017



Bulk viscosity of baryonic matter (DD-ME2)
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Results for bulk viscosity
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@ We interpolate our numerical results for the bulk viscosity between the

neutrino-transparent and neutrino-trapped regimes in the interval 5 < 7' < 10 MeV.

@ The bulk viscosity in the neutrino transparent regime is larger, and drops by orders of

magnitude as the matter enters the neutrino-trapped regime.

@ The bulk viscosity attains its maximum at temperatures 7' ~ 2 < 6 MeV.



Results for bulk viscosity

Bulk viscosity of baryonic matter (NL3)
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We interpolate our numerical results for the bulk viscosity between the
neutrino-transparent and neutrino-trapped regimes in the interval 5 < 7' < 10 MeV.

The bulk viscosity in the neutrino transparent regime is larger, and drops by orders of
magnitude as the matter enters the neutrino-trapped regime.

The bulk viscosity attains its maximum at temperatures 7 ~ 2 - 6 MeV.



Results for bulk viscosity

Estimation of oscillation damping timescale

@ The energy density of baryonic oscilations with amplitude dnp is

_ K (6ns)

2 np

@ Coefficient K is the compressibility of nuclear matter

K 0%
=ng_—.
Ong,

@ The enegy dissipation rate per volume by bulk viscosity is

de W3¢ [ Onp 2
d 2 \ng /)’
@ The characteristic timescale required for dissipation is 7 = ¢/(de/dt)
. Knp
=

@ In the high-frequency (w > AA), low-frequency (w < AA) limits and at the maximum
of the bulk viscosity (w = AA) we find

_ Knp _ A2AZ Kng _ 2Kn3
Thigh = W, Tlow = 7@7 Tmin = W



Results ulk viscosity

Nuclear compressibility for two EoS
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Results for bulk viscosity

Oscillation damping timescale for DD-ME2 model

T [MeV]

@ Damping timescales are comparable to the merging timescales Tmerg >~ 10 ms at
temperatures 7 < 7 MeV where neutrinos are not trapped.

@ Therefore, bulk viscosity will have its greatest impact on neutron star mergers in regions
that are neutrino transparent rather than neutrino trapped.

@ This also implies weak damping of gravitational waves emitted by the oscillations of the
post-merger remnant in the high-temperature, neutrino-trapped phase of evolution.



Results for bulk viscosity

Oscillation damping timescale for NL3 model

T [MeV]

@ Damping timescales are comparable to the merging timescales Tmerg >~ 10 ms at
temperatures 7 < 7 MeV where neutrinos are not trapped.

@ Therefore, bulk viscosity will have its greatest impact on neutron star mergers in regions
that are neutrino transparent rather than neutrino trapped.

@ This also implies weak damping of gravitational waves emitted by the oscillations of the
post-merger remnant in the high-temperature, neutrino-trapped phase of evolution.



Conclusions

Conclusions

We studied the bulk viscosity of dense nuclear matter in the case of trapped neutrinos.
We find that the bulk viscosity is dominated by electron capture process and its inverse.

The bulk viscosity attains its maximum at temperatures 2 < 7 MeV for
neutrino-transparent matter.

The neutrino-trapped bulk viscosity does not attain its maximum within its range of
validity because of faster equilibration rates.

The nuclear matter becomes scale-invariant at a critical density at high temperatures
T > 30 MeV driving the bulk viscosity to zero at those points.

The bulk viscosity of neutrino-trapped matter is several orders of magnitude smaller than
that of neutrino-transparent matter.

We find that the neutron star oscillation damping timescales in neutrino-trapped matter
are likely to be too long to affect the evolution of neutron star mergers.

This also implies weak damping of gravitational waves emitted by the oscillations of the
post-merger remnant in the high-temperature, neutrino-trapped phase of evolution.
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