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Motivation

remnant, with max as high as 40
MeV.

o
To consistently compute transport properties in physical conditions relevant for BNS mergers.
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e T =>afew MeV in the core of the e Bfields amplified in the

postmerger to > 10" G.


https://doi.org/10.1103/PhysRevD.95.063016
https://doi.org/10.1103/PhysRevD.107.043034

Motivation

Alford et.al., Particles 3, 2020
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Bulk Viscosity as a function of T Damping timescale vs T
e For an estimate of bulk viscous dissipation, we need the isospin equilibration rates.
e Finite T effects cannot be neglected. Finite B field effects on equilibration rates?

e Consistently compute both finite T and B effects on the equilibrating processes.


https://doi.org/10.3390/particles3020034

I[sospin equilibrating Processes

Bulk viscosity arises from isospin equilibrating weak

processes.
Direct Urca processes (DU)

For nuclear matter composed of n, p, e~ d n—p+e + v Neutron decay (nd)
e

DU allowed only if Ak=k_, - ka -k, =0,0r X,z 11%. p+e —n+v, Electron capture (ec)

Below DU threshold, MU processes bring equilibrium,

extra nucleon — required momentum for reaction to
proceed. Modified Urca processes (MU)
N+n—-N+p+e +7v,
DU faster than MU. N+p+e - N+n+v
e
For T < 5 MeV, neutrino transparent matter, nd and ec Here N can be either n or p

inverses of each other — isospin-equilibrium condition
isy. = M, M
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Simplest Case:
Fermi-surface Approximation

Baiko, Yakovlev, A & A, 1999
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Effects of finite temperature

c.f. Alford et.al., Universe, 7, 2021

Urca rate (SFHo), T=3MeV, Au=0
: :

Beta equilibrium condition, SFHo
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density np/n,
e

e Finite correction to isospin-equilibrium
condition,

H,=H +H +0p, 6u>0.

e DU appear below threshold density (k, < ka + ke, ).

o [ #Tat(u =y +u) = Notthe true equilibrium

e Ou>T > Cold equilibrium condition
no more valid, p_ = My + e


https://www.mdpi.com/2218-1997/7/11/399

Effect of magnetic field w/o Thermal effects)

Phase space of charged particles modified.

The dU threshold condition Ak= an - ka - kF < 0, becomes

less stringent.

dU processes allowed for, Ak < (NFp)'Z/3 oc(B)?¥3,
start to appear even below the direct Urca threshold.

T = Do(np, T)O(kr, + ki, — kr,) sy Tog = To(ng, T)RE

(Continuous function)

(Step function)
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R¥ is non-zero below dU threshold.
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Effect of magnetic field on rates at finite T

Details of the calculations of direct Urca rates in presence of magnetic field in our paper:
Tambe et. al., PRC 111, 035809

e Effects above and below dU threshold have been studied.

e Two RMF EoS with and without a dU threshold.
o TMA: DU threshold at n = 2.1 n. (H. Toki et.al. Nucl. Phys. A, 588, 1995)

o QMC-RMF3: No DU threshold. (Alford et.al., PRC 106, 2022)
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Direct Urca processes: Finite T'and B

Tambe et. al., PRC 111, 035809
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e Rates increase in presence of B below the DU threshold.
e Above dU threshold particles on the fermi-surface have max contribution, B field has no significant effects.

e At higher temperatures B field effects seem to have less significance.
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Direct Urca processes: Finite T'and B

Tambe et. al., PRC 111, 035809

QMC-RMF3 EoS T=0.5 MeV T=3 MeV
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No DU threshold within density of interest.
B field effects much more significant

B field effects significant even at higher temperatures with nd rates increasing by orders of magnitude with
higher B field.
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Isospin equilibrium condition in
presence of B Tambe et. al., PRC 111, 035809
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To compute the true equilibrium we
need magnetic field effects on total
Urca rates.
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Nucleon Width Approximation

Modified Urca: First approximation to corrections due to strong interaction b/w reacting nucleons and medium

|(a) Direct Urca (b) Modified Urca
I _ N

mlcmal ln(cmal
nuclcon * nucleon

}\/i\ /5\

exchan cd1 rams

Alford. M., Haber. A., Zhang. Z., Phys. Rev. C 110, L052801

Traditional approach: Equilibrium ® Direct Urca + Modified Urca

Nucleon Width Approximation: Nucleons have finite widths which accounts for correction due to strong
interaction with the medium

I‘NWA:/Oo dm,, dm, T (m,, m,) R,(m,) R,(m,), R 4 Wa/2
- P ( p) ( ) p( p) N(mN) . (mN—MJ’(,)2+W1%,/4
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Urca rates in NWA at finite T and B

c.f. Alford. M, et.al., Phys. Rev. C 110, L 052801

Neutron Decay Rate IUF T=1 MeV

Tambe, et al., (2025), in preparation.

Neutron Decay Rate ITUF T=1 MeV
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e Below threshold, NWA rates higher by an order e Generalized to include magnetic fields with
of magnitude compared to mUrca. our previous calculations.
e Above threshold NWA rates match smoothly to e Gives total Urca rates in the whole region of

dUrca rates.

interest.
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Isospin Equilibration at finite T and B

Isospin equilibrium condition, QMC-RMF3, T=1 MeV
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Isospin equilibrium condition, T=1 MeV, IUF
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The correction to isospin equilibrium condition 6p = p_ - M, - He changes with field.
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Isospin Equilibration at finite T and B

Isospin equilibbrium condition, T=3 MeV, IUF
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B field effects wash out at higher T.

Isospin equilibrium condition, T=5 MeV, IUF
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Isospin relaxation timescale

<
Tambe, et al., (2025), in preparation.
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T
e Faster relaxation to equilibrium in presence of magnetic field because of increase in reaction rates.
e Bulk Viscosity maximum when 7, = 1/w, w — angular frequency of oscillations
[ ]

In BNS mergers, relevant frequency of density oscillations — 1 kHz. BV max when z, = 0.2 ms.
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Bulk Viscosity
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Tambe, et al., (2025), in preparation.
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Effect of magnetic field on Urca process significant at low n; and low T.

In presence of B, BV can reach maximum at low T and n;.

BV can be higher by an order of magnitude at temperature below which BV is max.
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Key Takeaways

" Neutron Decay Rate IUF T=1 MeV
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% Computed nd and ec rates to consistently
include thermal and magnetic field effects
under conditions relevant for NS mergers.

< Departure from equilibrium Cip=p_- M, - He

changes with increasing B.

Isospin equilibrium condition, T=1 MeV, IUF
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Increased reaction rates shift the peak of Bulk
viscosity to low T and n,

Relevant for evaluating the damping of density

oscillations triggered during the postmerger
evolution.
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