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GW170817: The merger was not observed due to the decrease in 
detector sensitivity at kHz frequencies. 
xG detectors: The merger dynamics should be within reach and we 
(naturally!) want to extract as much physics from the signal as 
possible. 
Requires robust nonlinear simulations with a reliable physics 
implementation (=beyond the equilibrium equation of state). 

Assuming a 3-parameter model  and stepping up the 
complexity, we may 
• assume that reactions are fast enough that the matter remains in 

equilibrium, or 
• slow enough that the composition is frozen, or 
• try to add the relevant neutrino aspects, or 
• add other physics we may be interested in (viscosity, MHD etc)…

p = p(n, ε, Ye)

set the scene
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[Hammond+ in preparation]
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For a reactive system we need to evolve 
 

This may look fairly innocent, but it is problematic. 
Focussing on the numerical implementation (leaving rates etc to the 
nuclear physics experts), the main issues relate to what can be 
resolved and what can not.  
Naively, there are two situations: 
• When reactions are slow enough that they can be resolved, they 

should be resolved - we have to solve the reactive system. 
• When reactions are fast enough that they cannot be resolved, they 

may still leave an imprint on the dynamics. We need to figure out 
how to approximate this. 

In reality, the parameter space of a neutron star merger will have 
regions where each assumption holds (and there will be “grey” areas 
in between…)  

ua ∇aYe = Γe /n



Work with equation for the affinity (deviation from equilibrium): 
 

where  is the local expansion of the fluid elements. 
One might consider implementing this in the classic Israel-Stewart 
fashion, but… there are issues with this.  
• Stiffness. 
• The expansion acts as a source term. 
• We have expanded around equilibrium , which may not “make 

sense” in the nonlinear regime. 

To get a handle on the fast-reaction regime, we propose integrating 
out the electron fraction via standard multi-scale methods. This leads 
to a Navier-Stokes type bulk-viscous pressure: 

 

ua ∇a β = − 𝒜β − nℬθ
θ

*

p = peq + ( ∂p
∂β )

β=0
β = peq + Π
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Bulk viscosity vs relaxation and numerical resolution.



Reaction timescale with contours representative of numerical resolution. 
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Maximum relative importance of bulk viscosity, same contours. 



With increasingly sensitive instruments, observations are beginning 
to constrain neutron star theory… 
… but, in order to match the precision of the next generation of 
interferometers (xG) we need to do (continue to) improve our 
numerical simulations.  
Reactions are difficult to implement as the timescales vary over 
many orders of magnitude in the different regions of parameter 
space explored in a merger.  
I have outlined some of the issues involved, focussing on the fast-
reaction regime where an “effective” bulk viscosity may suffice.  
Still not “easy” to implement, but it would be a natural next step 
forward… 

take home message


