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Relativistic numerical simulations require
macroscopic and microscopic physics

Dissipation from ¢ may be relevant for mergers
at w/2m = 1 kHz and for 7 of a few ms*

—
o

inspiral

o
3

|
O
3

R{Rhgg/(.“h/)]
o
O

postimerger

—

|
[
o

-20 -10 0 10
(2 — tirg ) [ms]

Gravitational-wave profile and the matter evolution of a merger?

LAlford, Bovard, Hanauske, Rezzolla, Schwenzer, 2018, arXiv:1707.09475
2pietrich. Hinderer and Samaidar 2020 arXiv:-2004.0252 7



Bulk viscous damping of density oscillations

Bulk viscosity and oscillation damping timescale in npev, matter?!
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Bulk viscosity and damping timescale as a function of temperature
for various densities at w/2m = 1 kHz

A complementary study assuming quark matter was required

1 Alford, Harutyunyan and Sedrakian, 2020, arXiv:2006.07975



Density oscillations in quark matter

The baryon number density
np = g(nu +ng + ny)
For an oscillation proportional to e*®?

nB — nB,O + 57’13,0

Conservation of baryon number denotes 8 equilibrium
d,(ngut) = Ongy + E5n3,0 =0
with 6 = 0, 6u”
6
on = ——MnNn
B,0 i) B0

n,, Ng, N and n, are modified by processes that change
particle species



Weak-interaction processes

Weak interaction happen in the time scale of density oscillations
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Nonleptonic processes:
u+se—u+d = A
/i ws e
Urca-type processes:
ut+e  —d+v, e V. v,
d—u+t+e +v,
u+e —s+v, 1l d d 7
s—u+e +v, _
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Weak processes at tree level?
1Sa’d, Shovkovy, Rischke, 2007, arXiv:astro-ph/0703016



In f equilibrium

lutsod+u = Tavusuts

and
Ha = Ug

Us = Uy T Ue

Density oscillations drive the system out of f equilibrium

— 1
I‘d+u—>u+s - S+u—>d+u(.u1 - _.ul)

with chemical imbalances
H1 = Us — Ug
Ho = Us — Ue — Uy
U3z = Ug — He — Uy
Atlinear order
A = Dopyndru — Daruos+u
Uy = l-‘s—>u+e+Ve - l_‘u+e—>s+ve
UzhAs = l_‘d—>u+e+Ve - 1_‘u+e—>d+ve
'Wang and Lu, 1984, Phys. Lett. B 148, 211



Particle number density oscillations

Out of 8 equilibrium, no conservation of particle number density

d
0y (ngut) = Ong o + —6ng = —A1 4y — Aoty

i
dy(neut) = Ong o + acﬁne = Aty — Azl3
The equilibration rates!?34
64 5
A= T3 GZsin? O, cos? O, uT
T
17 4
A, = 107 —— G£ sin? O, ugm?2T
Js = ———GZ cos? © T*
3 15772 F COS c AshaUyle
'Wang and Lu, 1984, Phys. Lett. B148,1,2, 3 ‘ 2
“lwamoto, 1980, Phys. Rev. Lett..44, 1637 Hyud = 1+ — as | Pr
3lwamoto, 1982, Annals of Physics 141, 1 31T 11

*Sawyer, 1989, Phys. Lett. B233, 3, 4



Deviations of the particle number density
on; = dn; o + 6n;
modify the total pressure denotes
out of  equilibrium
P(t) = Py(t) + 6p’
Gibbs-Duhem relation
op' = séT + Z-ni&l‘{ i=eud,s
l
The nonequilibrium pressure dp’ = I1

M= Z c;0n;
i

with Ci = ni,OAii and Al] = a,ul/anj



Bulk viscosity in strange quark matter

At first-order relativistic hydrodynamics

Re[IT]
T
The weak-interaction-driven bulk viscosity in strange quark
matter
Ky + Kyw?

(_

K3+ K02 + wt
w is the frequency of the perturbation
Kj (,ui,OJ Aii; nB,O; /11 (T)) 2’2 (T)r /13 (T))

withi =e,u,d,sandj =1,2,3,4



The bulk viscosity requires a model of strange quark matter

f-equilibrium conditions
Ha,o = Hs,o
Uso = Hyo T Uepo

Charge neutrality

1 1 2
N, +§ns +§nd = §nu

n; can be obtained from the thermodynamic potential, {2

(52
n: = —| —
l du; v



Bulk viscosity using the MIT bag model

{(T) varying ng o and m
{max INcreases with ng
Strong dependence on mg
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1 MeV~101° Kand ny, = 0.15 fm™3



Bulk viscosity using perturbative QCD

{(T) varying ng , fixing" A = 2y
{max decreases with ng
mg, ag decrease with ng g

10201 w/2m = 1kHz
1028;_
= 27|
= 107
\c_)/ -
\ -
50 1026
o F
I pQCD
10%¢ — npo/ng =6
E TLB’()/TL() =10
u — nB70/n0 =20
10245‘ _— TLB70/TL0=4O
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{max € [8 X 10%8,4 x 10%°] gr/(cm - s) at T € [0.01,0.1] MeV

1Fraga, Pisarski and Schaffner-Bielich, 2001, arXiv:hep-ph/0101143



Previous studies in quark matter

Sawyer, 1989; Madsen, 1992; nonleptonic channel
Alford, Schmitt, 2006; Sa’d, Shovkovy, Rischke, 2007; all channels

-- npo/ng =5, mg =300MeV, ay = 0.2

105 g0 /ng = 10, my = 140 MeV, o, = 0.1 w/2m=1kHz |
- Running mg and a; ]
1030 ; - nB70/n0 =9  a=s o

1029 ;
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Comparison of bulk viscosity using pQCD with fixed! and running m, and a,

1Sa’d, Shovkovy, Rischke, 2007, arXiv:astro-ph/0703016 19



Bulk viscosity in nuclear matter

Bulk viscosity in quark matter differs from
the one in hadronic matter

I Quark matter . |
1% o /np = 6, my = 100 MeV | w/2m = TkHz | 5
- — npo/ng = 6, running my, as ' ]

1025 I

T [MeV]

Comparison of the bulk viscosity in quark matter with the one predicted using the DDME2 model?

1 Alford, Harutyunyan and Sedrakian, 2020, arXiv:2006.07975
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Damping of baryon density oscillations

Dissipation of energy due to volume expansion and compression

Energy density stored in an oscillation, €

1d2
2 dnB ( " O)

Energy dissipation time, €
2
. w?¢ (8npy
€ = :
2 \ ngy

The damping time of a baryon number density oscillation,
T=€/€

_ ngo d’e
w?{ dnj




( determines temperature dependence of 7

| T | L |
MIT bag model
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Damping times of density oscillations using the MIT bag model

Tmin UP to a few hundred ms at T € [0.01,0.1] MeV

ngo/no | Tm [MeV] | (max [gr/(cm-s)] | Tmin [ms] | ms [MeV]
3 7.9 x 1072 2.73 x 10%7 213.24 100
3 6.9 x 1072 4.05 x 10%° 13.93 200
3 5.7 x 1072 1.73 x 10%° 3.19 300
9 6.2 x 1072 2.75 x 10?8 420.14 100
6 5.7 % 1072 2.76 x 1028 235.37 100




Damping times using perturbative QCD
Lower times as the baryon number density decreases
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Damping times of density oscillations using the pQCD up to ¢ ()

Tmin Up to a few hundred ms at T € [0.01,0.1] MeV
ngo/no | Tm [MeV] | (nax [gr/(cms)] | Tmin [ms] | ms [MeV] | s

6 3.6 x 1072 3.78 x 1029 43.65 138.46 | 0.54
10 3.1 x 102 2.98 % 1029 142.12 127.12 | 0.47
20 2.4 x 1072 1.29 x 1029 626.32 115.06 0.39

40 1.8 x 1072 8.20 x 10?8 2459.50 106.01 0.33 25




CFL quark matter

* |tis asuperfluid; three possible bulk viscosity
coefficients
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Bierkandt and CM, 2011; Mannarelli and
CM; Alford, Braby, Reddy and Schafer



Clgem S_I]

2SC quark matter

ny/n, =4
—_ anIIO =17

107 2 4
T [MeV]

Alford, Harutyunyan,
Sedrakia n, 24
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¢ and T were addressed in strange quark matter
using the MIT bag model and pQCD up to ¢(ay)

arXiv:2402.06595

* Other quark matter phases are being considered: different
behavior of the damping times

e Itwould be interesting to carry out numerical simulations of
the NS mergers incorporating viscosity of different matter
phases



Bulk-viscous damping might be relevant in the post-merger phase

Inclusion of bulk-viscous dissipation in numerical simulations of
binary mergers has been recently achieved?!
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Cross-sections of the temperature and the ratio of the bulk-viscous pressure over the EOS pressure!
IChabanov M. and Rezzolla L., 2023, arXiv:2311.13027 and arXiv:2307.10464
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MIT bag model

Quarks inside the bag
reproduce asymptotic freedom and confinement?

Outward pressure from confined quarks
is balanced by
the inward vacuum pressure B

e mi#0andmy,=my; =0

* 'Q(ms' Ue, Uy Ha) Us, B)
e Stability windows? at B/ € [148 — 159] MeV

IChodos, Jaffe, Johnson, Thorn, and Weisskopf, 1974, Phys. Rev. D 9, 3471

2Lopes, Biesdorf, Menezes, 2021, arXiv: 2005.13136 15



Perturbative QCD up to o(a)

QCD is studied assuming small a; = g*/4m at ultrahigh density!*

rJéLL /é\ Interaction among quarks and gluons

described by
gauge, spinor and ghost fields

f\

Studies of the EoS3 in N3LO suggest pQCD is feasible
for ng~40n, withn, = 0.15 fm~3

e mi#0andmy,=my; =0

* 'Q(mS' He, .ou_.ud' Us, A, /T)
* running a(A) and mg(ay)

1Fraga and Romatschke, 2005 , arXiv:hep-ph/0412298
2Kurkela, Romatschke and Vuorinen, 2010, arXiv:0912.1856
3Gorda, Paatelainen, Siappi and Seppénen, 2023, arXiv:2307.08734
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Recent studies in quark matter

Rojas, Gorda, et al., 2024; nonleptonic channel,
NNLO pQCD and D3-D7 and V-QCD models'
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Comparison of bulk viscosity using perturbative QCD, Rojas, Gorda, et al., 2024 (left), this study (right)

This study; all channels, MIT bag model and pQCD
with A; and running a,(A) mg(a;) up to o(ay)

1 Rojas, Gorda, Hoyos, Jokela, Jarvinen, Kurkela, Paatelainen, Sappi, Vuorinen, 2024, arXiv:2402.00621 20



Relevance of Urca-type processes

Semileptonic processes play a relevant role at low temperatures?
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Ratio of the full bulk viscosity with that arising only from the nonleptonic channel using pQCD
1Sa'd, Shovkovy, Rischke, 2007, arXiv:astro-ph/0703016

2Dong, Su, Wang, 2007, arXiv:astro-ph/0702104
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