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● T in the MeV range reached in 
remnant, with max as high as 40 
MeV.

Ciolfi, R., et. al., PRD, 95, 2017
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● B fields amplified in the 
postmerger to > 1016 G.

Elias Most. et. al., PRD, 107, 2023

To consistently compute transport properties for physical conditions relevant in the BNS 
mergers.

Motivation

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


● For an estimate of bulk viscous dissipation, we need the isospin equilibration rates.

● Finite T effects cannot be neglected. Finite B field effects on equilibration rates?

● Consistently include both finite T and B effects on the Urca rates and the isospin-equilibrium condition. 3

Bulk Viscosity as a function of T

Alford et.al., Particles 3, 2020
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Motivation

Damping timescale vs T

https://doi.org/10.3390/particles3020034


Direct Urca processes (DU)

n → p + e– +  𝜈e̅    Neutron decay (nd)

p + e–→ n + 𝜈e      Electron capture (ec)

Modified Urca processes (MU)

N + n → N + p + e– + 𝜈e̅

N + p + e–→ N + n + 𝜈e

Here N can be either n or p
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● Equilibrium process in nuclear matter composed of n, 
p, e⁻, 𝜈e .

● Relaxation to equilibrium proton fraction.

● DU allowed only if Δk= kFn - kFp - kFe ≤ 0, or xp ≥ 11% .

● Below DU threshold, MU processes bring equilibrium, 
extra nucleon → required momentum for reaction to 
proceed.

● DU faster than MU.

● For T ≤ 5 MeV, neutrino transparent matter, nd and ec 
inverses of each other  → isospin-equilibrium 
condition is μn = μp + μe.

Urca Processes
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Alford et.al., PRC, 98, 2018
Alford et.al., Universe, 7, 2021

Baiko, Yakovlev, A & A, 1999 Our Goal

Simplest Case: 
Fermi-surface Approximation

Consistency 
checks

→ →

→

→

Current State of Research

https://link.aps.org/doi/10.1103/PhysRevC.98.065806
https://www.mdpi.com/2218-1997/7/11/399
https://articles.adsabs.harvard.edu/pdf/1999A%26A...342..192B
https://arxiv.org/pdf/2409.09423


Effects of finite temperature

● Phase space around Fermi surface opens 
up, DU allowed below threshold density 
(kFn ≤ kFp + kFe ). 

           
● Inequality in rates of nd and ec processes 

if cold isospin-equilibrium (μn = μp + μe) 
assumed.
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c.f. Alford et.al., Universe, 7, 2021

● Finite correction to 
isospin-equilibrium condition, 
μn = μp + μe + δμ,     δμ > 0. 

● Cold equilibrium condition no more 
valid, μn ≠ μp + μe

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 Δk= kFn - kFp - kFe ≤ 0, becomes 
less stringent. 

● dU processes allowed for, Δk ≤ (NFp)-2/3 ∝(B)2/3 ,
start to appear even below the direct Urca threshold.

●        is non-zero below dU threshold.
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Effect of magnetic field on rates at finite T

● Effects above and below dU threshold have been studied.

● Two RMF EoS with and without a dU threshold.
○ TMA:  DU threshold at nB≈ 2.1 n0. (H. Toki et.al. Nucl. Phys. A, 588, 1995)
○ QMC-RMF3: No DU threshold. (Alford et.al., PRC 106, 2022)
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Details of the calculations of direct Urca rates in presence of magnetic field in our paper:
arXiv: 2409.09423

https://www.sciencedirect.com/science/article/pii/037594749500161S?via%3Dihub
https://link.aps.org/doi/10.1103/PhysRevC.106.055804
https://arxiv.org/pdf/2409.09423


Direct Urca processes: Finite T and B
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T=0.5 MeV T=3 MeV

● Rates increase in presence of B below the DU threshold.

● Above dU threshold particles on the fermi-surface have max contribution, B field has no significant effects. 

● At higher temperatures B field effects seem to have less significance.

❏ TMA EoS
Tambe et. al., PRC 111, 035809

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.111.035809


Direct Urca processes: Finite T and B
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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.

❏ QMC-RMF3 EoS
T=0.5 MeV T=3 MeV

Tambe et. al., PRC 111, 035809

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.111.035809
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● n-decay rates increase 
significantly with B compared to 
e-capture rates.

 

● Difference b/w ec and nd rates 
reduce with B

● B fields expected to affect the 
finite T isospin-equilibrium 
condition:  μn = μp + μe + δμ .

Ratio of ec to nd rates with 
increasing B Tambe et. al., PRC 111, 035809

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.111.035809


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

Traditional approach: Equilibrium ⇨ Direct Urca + Modified Urca
Alford. M., Haber. A., Zhang. Z., Phys. Rev. C 110, L052801

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

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.L052801
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Urca rates in NWA at finite T and B

● Below threshold, NWA rates higher by an order 
of magnitude compared to mUrca.

● Above threshold NWA rates match smoothly to 
dUrca rates.

● Generalized to include magnetic fields with 
our previous calculations.

● Gives total Urca rates in the whole region of 
interest.

c.f. Alford. M, et.al., Phys. Rev. C 110, L052801 Tambe, et al., (2025), in preparation.

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.L052801
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Isospin Equilibration at finite T and B

● Δμ = μn - μp - μe decreases in presence of magnetic field.

● This is because nd rates increase faster with B compared to ec rates.

● B field effects are washed out at higher temperatures.

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



Key Takeaways
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❖ Urca rates increase in presence of B.

❖ nd rates increase significantly with B compared 
to ec rates.

❖ Finite T correction to the equilibrium condn Δμ 
= μn - μp - μe decreases with B.

❖ Astrophysical scenarios where B = 1016 - 1017 G, 
and Urca processes are important :
➢ Equilibrium proton fraction
➢ Bulk Viscosity
➢ Cooling 
➢ Neutrino Transport



Thank you
★ Special Thanks to the conference organizers for support.



Rates in presence of Finite B: Relaxing the FS 
approximation

For low B, ι, ιʹ >> 1, the summation over ι, ιʹ  is transformed to integrals over 
momentum and the rate equation becomes,
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b=eB,   G2=1.1 * 10-22 MeV-4,    gA=1.26,    E𝝂=En - Ep - Ee ,     are  the generalized Laguerre functions



Limiting Cases
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● Case 1:

● Case 2:

Fermi-surface approximation valid

Magnetic field effects appear, no thermal effects

● Case 3:

Thermal effects significant, no magnetic field effects


