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Mechanics Thermodynamics

● One particle ~ whole system: Mechanics + Statistics
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- Collisionless relaxation: typical particle in collective
- Violent relaxation in Lynden-Bell 1967; King 1962; Hénon 1964
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● Time-reversible (no arrow of time)
● “Fundamental paradox of stellar dynamics” Ogorodnikov 

1965

● Std. solution: coarse-graining (subjective)
● Alternative: is Vlasov-Poisson valid?
● Define

● If Tremaine, Hénon, Lynden-Bell 1986

● N-body simulation → Estimate S → Is it conserved?

Violent relaxation
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Early evolution

S increases → Vlasov not valid in violent relaxation 



  

Varying Initial Conditions

– Farther from equilibrium → larger entropy production
– Self-consistent model → entropy is conserved



  

N dependence

– Hints of convergence
– Not due to collisional relaxation 
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Long-term evolution

– Collisional relaxation? Yes
– Are these estimators reliable? Yes



  

N dependence

Collisionless for large N



  

Coulomb logarithm

Agreement with theoretical expectation



  

Varying softening length

– GADGET-2 as collisional as NBODY-2 Hernquist & Barnes 1990
Sellwood 2015

– Collisional relaxation suppression for
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● Farther from steady-state → larger S increase
● Now orbits (not N-boby problem)
● Orbits in steady-state in the correct potential
● Evolve same ICs in different potentials
● Recover potential with minimum S production
● Possible application to Gaia data

with Monica Valluri
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Summary

● Violent relaxation:
– Entropy increase (macroscopic irreversibility)

– → Non-validity of Vlasov-Poisson

– Theoretical alternative?

● Long-term evolution:
– Collisional relaxation

– Agreement with theory

● Possible applications:
– Testing other theoretical transport equations

– Constraining Milky Way potential



  

Different N-body codes

– Same entropy evolution
– Suppression only for 



  

NN estimator

2

3
4

65

1

Kernel estimator



  

NN estimator

2

3
4

65

1

Kernel estimator



  

NN estimator

2

3
4

65

1

Kernel estimator



  

NN estimator

2

3
4

65

1

Kernel estimator



  

NN estimator

2

3
4

65

1

Kernel estimator

2

3
4

65

1



  

NN estimator

2

3
4

65

1

Kernel estimator

2

3
4

65

1



  

NN estimator

2

3
4

65

1

Kernel estimator

Heavy tails; Hall, Morton (1993)

2

3
4

65

1



  

NN estimator

2

3
4

65

1

Kernel estimator

Heavy tails; Hall, Morton (1993)

2

3
4

65

1



  

Different estimators



  

Different estimators

Faster convergence of NN and Kernel



  



  



  

Long-term evolution

where

(Coulomb Logarithm)

● Collisional relaxation?
● Fokker-Planck equation:

– Weak encounters               , static potential,



  

Long-term evolution

● Collisional relaxation? 



  

Long-term evolution

● Collisional relaxation?
● Orbit-averaged Fokker-Planck

– Weak encounters, static potential, 



  

Long-term evolution

● Collisional relaxation?
● Orbit-averaged Fokker-Planck

– Weak encounters, static potential, 



  

Long-term evolution

● Collisional relaxation?
● Orbit-averaged Fokker-Planck

– Weak encounters, static potential, 



  

Long-term evolution

● Collisional relaxation?
● Orbit-averaged Fokker-Planck

– Weak encounters, static potential, 



  

Long-term evolution

● Collisional relaxation?
● Orbit-averaged Fokker-Planck

– Weak encounters, static potential, 



  

Long-term evolution

● Collisional relaxation?
● Orbit-averaged Fokker-Planck

– Weak encounters, static potential, 

Agama: Smooth 
Vasiliev 2017



  

Long-term evolution

● Collisional relaxation?
● Orbit-averaged Fokker-Planck

– Weak encounters, static potential, 

Agama: Smooth 
Vasiliev 2017



  

Long-term evolution

● Collisional relaxation?
● Orbit-averaged Fokker-Planck

– Weak encounters, static potential, 

Agama: Smooth 
Vasiliev 2017



  

Long-term evolution

● Collisional relaxation?
● Orbit-averaged Fokker-Planck

– Weak encounters, static potential, 

Agama: Smooth 
Vasiliev 2017



  

Long-term evolution

● Collisional relaxation?
● (Orbit-averaged) Fokker-Planck

– Weak encounters               , static potential, 

Agama: Smooth 
Vasiliev 2017



  

Long-term evolution

Collisional relaxation explains long-term evolution
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