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Hydrodynamics and nuclear collisions



Hydrodynamics and nuclear collisions

Relativistic hydrodynamics



Organizing hydrodynamics



Causality categorization



Some results
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Cell fractions vs.

• Most definite causality violations resolved in first 15% of evolution

• 50% of cells definitely causal after 20% of evolution (2-3 fm)

• System complete causal after 40% of evolution (4-5 fm)
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What about observables?



What about observables?



These results do not imply that:

These results do imply that:



Conclusions
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• Causality violations have been observed in realistic fluid dynamical 
simulations of nuclear collisions

• Violations predominate where hydrodynamic description is breaking 
down and/or becoming unreliable

• Possible solutions (not mutually exclusive):
– Delaying the onset of hydrodynamics

– Improving description of pre-equilibrium dynamics

– Supplementing with non-hydrodynamic models

• Enforcing relativistic causality offers a unique opportunity to better 
understand transition from initial stages to hydrodynamic evolution



Backup Slides
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What about the regulator?

• Up to 75% of system acausal at a given time

• Causality violations closely associated with largeness of inverse 
Reynolds number for shear

• Pre-equilibrium evolution seems to help significantly

What role does the regulator play?
• Option 1: Default regulator

• Option 2: Enhanced regulator [cf. PRC102 044905 (2020)]
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Causality in Small Systems

O+O @ 5.02 TeV p+Pb @ 5.02 TeV

Default regulator Default regulator Enhanced regulatorEnhanced regulator



Some observations

• Up to 70% of system acausal at a given time(!)

• Causality violations closely associated with largeness of inverse 
Reynolds number for shear

• Pre-equilibrium evolution seems to help significantly

• Regulator makes a dramatic difference!
• Stabilizes simulation

• Effectively discards causality violations

• Substantially alters space-time evolution



Causality
+ free-streaming

+ VISHNU
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Relativistic Causality

arXiv:2005.11632



DNMR equations



Checking causality: procedure



DNMR: necessary conditions for causality

Total of six necessary 
conditions: if any 
conditions are violated, 
fluid cell is guaranteed to 
be acausal

arXiv:2005.11632



DNMR: sufficient conditions for causality

Total of eight sufficient 
conditions: if all 
conditions are satisfied, 
fluid cell is guaranteed
to be causal

arXiv:2005.11632



Where do we go from here?



Basic ingredients for hydrodynamics

27



Putting hydrodynamics to the test



Conclusions
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• Current hydrodynamic frameworks are pressed to their limits at early 
times where gradients and non-equilibrium corrections are large, 
regardless of collision species

• Fluid cells with large gradients and non-equilibrium corrections tend 
to generate causality violations when evolved hydrodynamically

• Pre-equilibrium evolution mitigates these violations to some extent, 
but does not eliminate them entirely

• Causality constraints must be incorporated into future hydrodynamic 
tunes to experimental data


