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Motivation

why is viscosity important?

* Neutron star (NS) mergers provide an excellent laboratory for studying matter
properties under extreme conditions. Accurate modelling of such systems is
necessary for correctly interpreting observation data.

 Most studies of NS model its matter as a perfect fluid (PF)

= The PF approximation is only sufficient it 7yjgc >> Tgyn - IS this true for NS mergers?
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= Motivates modelling NS mergers using dissipative
relativistic hydrodynamics
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* We consider an alternative approach: modelling
viscosity in NSs using the BDNK formulation
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Dissipative relativistic hydrodynamics

How are viscous effects modelled?

 Consider a gradient expansion of the fluid stress-energy tensor

T””=T5”’+@(a)+...

where T/ = eutu” + PA" is the perfect fluid, with A* = g™ + u*u*

* The resultant stress-energy tensor can in general be expressed as

" = (€

Autu® + (P

1) A*

where (A, I1, g¥, n**) capture the O(0) corrections.

Phys. Rev. D,100(10):104020
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Example of a viscous fluid



Dissipative relativistic hydrodynamics

How are viscous effects modelled?

* The gradient expansion is not unique due to the ambiguity in out-of-equilibrium
definitions of thermodynamic variables.

= There are many ways of prescribing (A, 11, g¥, n#"*) as functions of thermodynamic
variables (i.e. choosing a hydrodynamic frame)

Different formulations of viscous hydrodynamics prescribes (A, 11, g*, n/")
differently

« Example: the MIS formulation uses a hydrodynamic frame with A = 0

JHEP, 10:034, 2019, Annals Phys.,118:341-372, 1979, Phys. Rev. D,100(10):104020



Dissipative relativistic hydrodynamics

Requirements on the theory

* Not all choices of hydrodynamic frame lead to a physically well-behaved theory
* Several conditions the theory must satisfy:

o (Causality

o Stability

o Well-posedness

o Thermodynamics (non-negative entropy growth)

Phys. Rev. X 12, 021044



Dissipative relativistic hydrodynamics

Bemfica-Disconzi-Noronha-Kovtun (BDNK) formulation

* The BDNK formulation provides a systematic way to satisfy the aforementioned requirements:

Phys. Rev. X 12, 021044, Phys.Rev. D, 98(10):104064, Phys. Rev. D,100(10):104020, JHEP, 10:034, 2019



Dissipative relativistic hydrodynamics

Bemfica-Disconzi-Noronha-Kovtun (BDNK) formulation

» To be concrete, here is an example of how we prescribe the viscous correction 11:

H=—§Vﬂu” Tp[u”Vﬂe (e P)Vﬂu”]

“Physical” bulk Hydrodynamic frame
viscosity choice

The latter term is proportional to the zeroth-order equation of motion.

o This allows the effects of hydrodynamic frame choice to be subdominant relative to the
physically relevant terms (e.g. —CV Mu”)

o This frame choice guarantees non-negative entropy production in the regime of validity of the
theory

Phys. Rev. X 12, 021044



Why BDNK?

* Simulations using MIS formulation have shown evidence of causality violation

arxiv 2307.10464, Phys. Rev. C, 105(6):L061901, Phys. Rev. C,103(6):064901, Phys. Rev. C, 109(3):034908

 BDNK formulation offers more freedom in choosing hydrodynamic frame

= Potentially allowing it to remain well-posed over a wider range of scenarios

 Having an alternative formulation of viscous hydrodynamics opens the possibility for
comparison of predictions between different formulations



First step: simulations of an isolated NS



Setup and assumptions

» Spherically symmetric spacetime — 1+1 simulations

 Cowling approximation (dynamically evolving the fluid on a fixed spacetime)

» Equation of state (EoS): P(¢) constructed from combining polytropic and ideal gas EoS

* Resolution: Ar = [0.001 — 0.0032]M

Using the TOV solution as initial data, we solve the BDNK equations of motion
V,T" =0



Evolution system

 We evolve the BDNK equations using the Valencia formulation, where the
conservatives are given by:

E=W?—-p(1-W?)
+ W1 = W?) = Wr]{é - v'Die — (e + p) [~ K +vi(a’ — 5'W?) + Dy’ + W2v'v Diwj] |
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Evolution system

 We evolve the BDNK equations using the Valencia formulation, where the
conservatives are given by:
E=W?—p(l—W?)

+ W (1 — W2) — w2=1f A D'+ W' Dy }

Despite th
p € = .,(az‘_@iW2))]}

Compllcated expressmns the
" con-to-prim mapping turns out to be
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Results

Stable evolutions
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Results

Frequency spectrum

Central Density Evolution
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Next steps

Current assumptions and simplifications

* Spherically symmetric spacetime — 1+1 simulations

 Cowling approximation (dynamically evolving the fluid on a fixed spacetime)

« Equation of state (EoS): P(¢) constructed from combining polytropic and ideal gas EoS



Next steps

Generalising our previous work

« Spherically symmetric spacetime — 1+1 simulations

Simulations in full 3+1 dimensions
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Matter fields dynamically coupled to spacetime geometry via Einstein’s equations

« Eguation-of state {EoS):P(c)constructed-from-combining-polytropic-and-ideal-ge

Incorporating baryonic density as an independent variable (via baryon number
conservation)—allows the use of more a general EoS P(e, p)

arxiv 2602.20254



Summary

* Recent studies highlighted the potential importance of viscous effects in NS
mergers

* We performed simulations of isolated viscous NSs using the BDNK
framework

A new code is currently being developed to generalise our previous setup

* Future developments include the incorporation of realistic microphysics, or
additional physical effects (e.g. magnetohydrodynamics).
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