UNIVERSITY OF ILLINOIS URBANA-CHAMPAIGN — . .
I ‘ Illinois Center for Advanced Studies of the Universe A :
%,
1;- = q
! o
‘ i

I The Grainger College of Engineering
Physics

Dependence of the bulk viscosity of neutron
star matter on the nuclear symmetry energy

Yumu Yang

Collaboration with: Mauricio Hippert, Enrico Speranza, Jorge Noronha
Quark Matter 2025

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

» National

NS F %( Science
* Foundation




How do neutron stars get out of
chemical equilibrium?
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Consider a neutron star binary
Initially, chemical equilibrium...

Very far away
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Deformed by tidal forces...
/\

Change in density
@ Closer @ P ‘
@ ’ @ @ Out of chemical equilibrium

© ]

: > 4 Equilibrated through weak interactions
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How is the system equilibrated?

Sawyer, PRD (1989)

* Consider neutrino-transparent npe matter: neutron, proton, and electron

* When the density changes, flavor content needs to be adjusted

n—p+e-+ 1, p+e—n—+r,

+ modified Urca

Out of equilibrium physics from chemical imbalance

* Beta equilibrium: 5,LL = Un T My, — tUp — e = 0
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How to describe this out-of-
equilibrium dynamics?
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Reactive fluid

(coupled with Einstein’s equations)

* Baryon conservation
my _
V,npu") =0
* Energy-momentum conservation
M, vV uvl __
V.l + P)uru” — Pgt’] =0

* Non-conserved electron current

Viu(neu') =

Reaction rates
(weak interactions)
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Reactive fluid ﬁ Bulk-viscous fluid

(COUPled with Einstein’s equations) Gavassino et al., Class. Quant. Grav. (2021) ¢ TOtal preSSU re

. Celora et al. PRD (2022)
* Ba ryon conse rvation Gavassino, Noronha, PRD (2024) P - P _|_ H
YY, Hippert, Speranza, Noronha, PRC (2024) - eq

V,npu") =0
OP
. bulk scalar H — —5,&
* Energy-momentum conservation 0o 1
m, v Hr]
vﬂ [(5 T P)u U Pg ] 0 Israel-Stewart like Equation!
* Non-conserved electron current 11 C

u'V I = . -
V(neu”) : . -

Israel, Stewart, Annals of Physics (1979)

L
V,u

Reaction rates
(weak interactions)
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Reactive fluid ﬁ Bulk-viscous fluid

. . . .
(COUpled with Einstein’s equatlons) Gavassino et al., Class. Quant. Grav. (2021)

Celora et al. PRD (2022)
Gavassino, Noronha, PRD (2024)
YY, Hippert, Speranza, Noronha, PRC (2024)

Neutron star mergers/inspirals are
bulk-viscous systems

This Talk: Given the rates, transport

coefficients fully determined by
experiments (S, L) at saturation!
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Nuclear Symmetry Energy

* Energy difference between pure neutron matter and symmetric nuclear matter

- £ + Esym(np) (1 —2Y)" + O((1 - 2Y)?)
"B NBly=1/2

* Can be expanded around nuclear saturation density

BB (22 1) o (22 )

Nsat

symmetry energy S, and its slope L at ng,; « Experimentally measured!
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How to connect the symmetry energy
with the transport coefficients?
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Symmetry energy fixes
chemical imbalance

o At 1" — 0O, first law of thermodynamics gives
1 Oe

npgp Y

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

Oph = —
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Symmetry energy fixes
chemical imbalance
e At T — 0O, first law of thermodynamics gives T

1 Oe 'nB "

npgp Y

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

Y=1/2

Oph = —
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Symmetry energy fixes
chemical imbalance
o At 1" — 0O, first law of thermodynamics gives T

1 Oe 'nB "

npgp Y

* Besides the rates, transport coefficients depend on the symmetry energy

! - (aESym(nB) / Esym(n3)>2

Esym(nB) (9713

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

+ Esym(nB) (Y - %)2

Y=1/2

Oph = —
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Symmetry energy fixes
chemical imbalance
e At T — 0O, first law of thermodynamics gives T

1 Oe 'nB "

npgp Y

e At saturation, simple behavior emerges

1 L\’
TH(nsat) ™~ § C(nsat) ™ (g)

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

Y=1/2

Oph = —
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Symmetry energy fixes
chemical imbalance
e At T — 0O, first law of thermodynamics gives T

1 Oe 'nB "

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

Y=1/2

o = —
H npg BY
e At saturation, simple behavior emerges
(gat) ~ (3 Cmaan) ~ (L)
TII\Nsat NE Nsat) ™~

) " 4

Experimentally measured observables
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Valldatlon u81ng Chlral EFT YY, Hippert, Speranza, Noronha, arXiv 2504.07805

0.04

;— Sym approx
= No approx

0090 12 14 16 18 20

nB/ Ngat
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* Blue: Calculated directly from chiral

EFT parameterizations

Tews et al., Astrophys J (2018)

Hippert, Noronha, Romatschke, Phys. Lett. B (2025)
Hebeler et al. PRL (2010)

Bedaque, Steiner, PRL (2015)

| *» Red: Calculated using the respective

symmetry energy of the chiral EFT
parametrizations




Dependence on symmetry slope L

034f

- —_
o o
w w
N w

(¢

—

o
X

(T/TMeV)” [g cm” ' s

- —
o o
N w
© o

= L—106+37MeV

1028 ...........
y ¥ 440 b 445 1 450 1.455 1.460 1.465 1. 470

o (T/1 MeV) [s]

E MIRNZK Yumu Yang
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 Fan, Dong, Zuo, PRC 2014:

L =50=x15.5 MeV

Li et al., PRL (2019)
Similar results Reinhard, Roca-Maza, Nazarewicz, PRL (2021)
Reed et al., PRL (2021)

' * Reed, Fattoyev, Horowitz, Piekarewicz
= L =50+15.5MeV

PRL 2021:
L =106 £ 37 MeV




Gravitational
waves
Orbit inspiral

ot Tidal lag
=

\Tial )

W Gravitation%
waves

Could dissipative
effects be relevant
already in the
inspiral phase?

Ripley et al., Nature Astronomy (2024)
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For npe matter near saturation

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

cAs ' — 0

T — OC ( — o0 —— ~ const
11

* What are the consequences?

* How does npe matter under these conditions react to
compression/expansion?
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For npe matter near saturation

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

T — OO ( — o0 —— ~ const
T1I

* Resulting EoM respects time-reversal symmetry
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For npe matter near saturation

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

T — OC ( — o0 —— ~ const
11

* Resulting EoM respects time-reversal symmetry

No entropy production!

npe matter would behave like a
relativistic elastic medium, not a fluid!
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Elastic regime in the inspiral phase?
* Introduce frequency dependence by metric perturbation
g,ul/ _ 77,uu 4 5g,uu 5g,ul/ x eiwt STHY ~ GRég,LH/

‘ YY, Hippert, Speranza, Noronha, PRC(2024)

C iTHw o
; 1] Bdgaﬁ
1 1 — 1w

11 =
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Elastic regime in the inspiral phase?

* Introduce frequency dependence by metric perturbation
g,ul/ _ 77,uu £+ 5g,uu 5g,u1/ X ezwt STHY ~ GRég,LH/

‘ YY, Hippert, Speranza, Noronha, PRC(2024)

C iTHw o
II = n 55ga5

1 1 — 1w

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

Tl = ]. TaW Y 1

Resonant Navier-Stokes
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For typical inspiral orbital periods

YY, Hippert, Speranza, Noronha, arXiv 2504.07805

. — 5 ~
w1 » Early Inspiral T ~10°K w ~ 27 x 400 Hz

Elastic

W, ~ 3.8 x 10%° > 1

* npe matter at saturation in the inspiral phase behaves like an
elastic medium during compression/expansion

e system not in beta equilibrium, but no entropy production
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Conclusions

* npe bulk viscous transport coefficients at saturation
universally given by S and L (and the rates)

* Factor of 2 difference in L (50 vs. 100 MeV): Orders of
magnitude change in bulk viscosity at saturation

* At saturation, npe matter in inspirals displays bulk
elastic response
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EXTRA SLIDES



Direct Urca

t V
A e udd
N
udd Ve
W W
e udu
udu

p



Modified Urca

* Chemical reactions with a spectator X

n+X-p+X+e+v,




Effect of equilibration timescale

Alford, Bovard, Hanauske, Rezzolla, Schwenzer, PRL (2018)

* Slow equilibration: composition is fixed, and the process is reversible
e Fast equilibration: mixture is instantaneously equilibrated

e Same order as the pressure: Phase Lag -> Bulk Viscosity!



How does it get out of equilibrium?

* Change in electron fraction is related to the Urca rates
d(éYG) — 1—16 Urca

dt Processes

I's—1', =ng Density

Oscillations

* Urca processes & density oscillations: same timescale

4

Deviation from beta equilibrium

* Energy loss from compression/expansion: bulk viscosity?



Bulk viscosity in neutron star mergers?

Alford, Bovard, Hanauske, Rezzolla, Schwenzer, PRL (2018)

* Density oscillations + weak interactions: deviations from beta equilibrium
m=) realistic simulations with URCA rates

—22

Bulk viscosity C 3l \ » »

O 9 n TMA —  TMA + Urca | |
@R
o = 1 Vo |
AR = 1 -
‘? X ol \/ U U |
N T 2 1 § 3 10
rd N t — r|ms]

eTpansion
Most et al, arXiv:2207.00442



Uncertainties of symmetry energy

S (MeV) 31.7 + 3.2 Li et al., EPJ (2019)

L (MeV) 58.7 + 28.1 Li et al., EPJ (2019)
106 + 37 Reed et al., PRL (2021)

Ksym (MeV) (—400,100) Li et al., EPJ (2019)



Chiral EFT parametrizations

* Linearly interpolating between the uncertainty bands

(E/A)e = (1 = 0)(E/A)wp + 0(E/A)1ow

Tews et al., Astrophys J (2018)

' ' i At ippert, Noronha, hke, Phys. Lett.
* Fit the curve with the following parametrization e Do schie Phys. Lett. B (2025)

Bedaque, Steiner, PRL (2015)

S (v (2n3)2/3 — (20 —dar)Y(1=Y) +ar] 2

Nsat Ngat

(nB, Y) —mp = TO

o |

Nsat

+[(2n —4nL)Y (1 -Y) + oy (2713)7]



Dissipative tidal deformability

Conservative tidal Tidal lag time
deformability 1
06 RA Q CA <5>mA
COmpactness Radius Ripley et al., Nature Astronomy (2024)



Constraints on bulk viscosity transport
coefficients

¢ oP 1 1 oP
— +np — <1-—=—
11 anB €,Ye=Yeeq €+ P 85 nBaYe:Yeeq

Bemfica, Disconzi, Noronha, PRL (2019)



Bulk viscosity from the phase lag

Alford et al, JPGNPP (2010) Sa’d, Schaffner-Bielich, arXiv 0908.4190 (2010)

n; = m(uz)
Ye=Y.0+ Re((SYe,Oei‘”t)

e Assume

* Energy density dissipation

<amgzpfz cmv.QQZ”Rﬂ/(P+5R%%V+ﬂvmt
0

T 0 T

2
w? + (yB/np)?

Bulk viscosity ¢ =



	Slide 1
	Slide 2: How do neutron stars get out of  chemical equilibrium?
	Slide 3: Consider a neutron star binary Initially, chemical equilibrium...
	Slide 4: Deformed by tidal forces…
	Slide 5: How is the system equilibrated?
	Slide 6: How to describe this out-of-equilibrium dynamics?
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11: How to connect the symmetry energy with the transport coefficients?
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19: Could dissipative effects be relevant already in the inspiral phase?
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26: Conclusions
	Slide 27: EXTRA SLIDES
	Slide 28
	Slide 29: Modified Urca
	Slide 30: Effect of equilibration timescale
	Slide 31
	Slide 32: Bulk viscosity in neutron star mergers?
	Slide 33: Uncertainties of symmetry energy
	Slide 34: Chiral EFT parametrizations
	Slide 35
	Slide 36: Constraints on bulk viscosity transport coefficients 
	Slide 37

