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* Microscopic descr.  Macroscopic descr.
* Time-reversible egs. * Time-irreversible egs.

« Newton’s Laws e 2nd Law of Thermod.
(entropy increase)

d
* [rreversible eq. referring to one particle: d—]; = I'| f]
 I'[ f] introduces “arrow of time” (entropy increase)

7T

' f] : collisional term (molecular gas)
* One particle ~ whole system: Mechanics + Statistics
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N = 10° stars N =~ 10" stars

. . . . 17
T.o1 = 10°yr | collisional collisionless)—| Tecot 2 107yr

- Collisionless relaxation: typical particle in collective ¢(r,t)
- Violent relaxation In & 7.~ Lynden-Bell 1967; King 1962; Hénon 1964
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Violent relaxation

Traditionally assumed: Z—]; =0 (Vlasov equation)

‘Ime-reversible (no arrow of time)

“Fundamental paradox of stellar dynamics” ©goredniov

Std. solution: coarse-graining (subjective)
Alternative:|is Vlasov-Poisson valid?
Define s = — / fln fd33d3T

if 45

-0 — — =0 Tremaine, Hénon, Lynden-Bell 1986

dt dat

N-body simulation — Estimate S - Is it conserved?
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BeS, Siqueira-Pedra, Sodré, Duarte, Lima 2017
* N-body simulations (Newtonian dynamics):

- NBODY-6 (direct sum, no softening) , Aarseth 2003

- NBODY-2 (direct sum, softening) ¢ = N Aarseth 2001
r E

- GADGET-2 (tree code, softening) Springel 2005

* |Cs: Uniform sphere, Maxwell vels Qo =T/|W|=0.5
/flnfd3 7d3 %S———Zlnfz

) * Nearest Neighbor Metric-dependent
where f; : < « Variable Kernel S s S Beirlant et al 1997

« ENBID N —o0

Sharma & Steinmetz 2006
Ascasibar & Binney 2005
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0.5 : N=10° !
| = Entropy estimation
{ } std.deviation - 50 runs
0.4 |
Sl ]
<N : |
| z
0.0¢ i ‘ ‘
: 5 N = 20 25
t/ Ter

S Increases — Vlasov not valid in violent relaxation




Varying Initial Conditions

N=10°_

14— Qy—0.25 (Cold)
| = Qy=0.6 (Hot)
12 gt Oo=~000
|~ Qu=0.5-Plummer , i

(7 A

— Farther from equilibrium - larger entropy production
— Self-consistent model — entropy is conserved
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N dependence
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— Hints of convergence
— Not due to collisional relaxation
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Long-term evolution

e Collisional relaxation?

» (Orbit-averaged) Fokker-Planck:

d
d_é:FFP[f]

- Weak encounters (b 2 bgg), static potential, f = f(F)

d

T _
FP 15

(AE) o< InA(Ip — I /9)

~ f(E)(AE)]

1 d? 5
5 L[(E)(AE))]

where In A = In(R/bgy) ~ In(0.4N)

>

(AE)?) oc In A(lo + I3/2)

(Coulomb Logarithm)
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Long-term evolution
df _

i L[f]

S = —/fln fdzd’c  — % = — /(1 + In /)T[f]d°2d>v
ds 1 N (1 + In ng) .

E — _N Zl ]gz F[fz]

S+ A =8(1)+a- %(t)At
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Long-term evolution

df
B
- = Llf]

_ 3 13— a5 3= 13-
S=— [ fln fd’2d’v = = (1 +In /)T f]d°Zd v
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Agama: Smooth 6(r) F(E) o(E) X LI (AE) (aE))
Vasiliev 201.7 dE dE2
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Long-term evolution

i )
1.0 ‘ . _N=10"

« Entropy estimation
— Agama Fokker-Planck

0.0
0

100 200 300 400 500 600 700
o i

— Collisional relaxation? Yes
— Are these estimators reliable? Yes
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Coulomb logarithm

e Agama F-P fit after viol. relax.
14| — A=0.4.N

InA

10/

8 9 10 11 12 13
InN

Agreement with theoretical expectation



Varying softening length

2.0 ! N=10"_
s ic=10" |
e £=103 1 '
s o0 ¢ — : *'*p,,**ﬁ
1.5M ¢ ¢ e=107" V12 + 2 | ***tfﬁttf_:;tf—'*' o
s =05 ‘ _*..*-;if't**ﬁt:”-.. -23
= + + NBODY-6-e=0 g
191 s & GADGET-£,=10%| .55 st
| 1.0} s et

et 100 200 300 400 500 600 700

t/Tcr
— Collisional relaxation suppression for € > 10~ ~ R/N = bgg

— GADGET-2 as collisional as NBODY-2 ~ Jgnduist % Bames 1990

Sellwood 2015
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Constraining the Galactic potential

with Monica Valluri

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 Gala data



Summary

 Violent relaxation:
- Entropy increase (macroscopic irreversibility)

- — [Non-validity of Vlasov-Poisson

- Theoretical alternative?

* Long-term evolution:
- Collisional relaxation (R/N <b < R)
- Agreement with theory

* Possible applications:

- Testing other theoretical transport equations
— Constraining Milky Way potential



Different N-body codes

0.40, | N=10"_
< OOOOOOO :E -3
C’fo.zog e=10
~ 8210_2
<\c750.15§» e=10"1
k 10§ e=0.5
I e=1.0
0.05 NBODY-6 - c=0 ||
GADGET - ¢,, =102
0.00¢ e = ~ = i —
0 5 10 15 20 25
tin

— Same entropy evolution
— Suppression only for € > d ~ 0.02
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Heavy tails; Hall, Morton (1993)
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Different estimators

—10°
0.5, | N=10°

+— Nearest Neighbor

| ~— Kernel

== EnBID - Anisotropic Kernel

~—  EnBID - Isotropic Kernel
15 20 25
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Different estimators

= 10
0.5, , _ N=10°

‘ : : : ik Aok A ks
g : : : i AhAL L, Ak |
: : v : 4

| == Nearest Neighbor

| «— Kernel

=—=  EnBID - Anisotropic Kernel
~— EnBID - Isotropic Kernel

(L 20 25
(7 A

Faster convergence of NN and Kernel
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Long-term evolution

e Collisional relaxation?

df

 Fokker-Planck equation: =~ = TI'pplf]

dt

- Weak encounters (b 2 bgg), static potential, f = f(F)

d

T _
FP 15

(AE) o< InA(Ip — I /9)

~ f(E)(AE)]

>

((AE)?) x In A(Iy + I3/2)

1 d?

o [F(E)(AB)?)]

where In A = In(R/bgy) =~ In(0.4N)
(Coulomb Logarithm)

00 v 7\ nt1
Iy = / f(r,v")v' dv’ L2 = v/ <U—> f(r,v")dv'
v 0

U
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* Orbit-averaged Fokker-Planck

- Weak encounters, static potential, f = f(F)
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e Collisional relaxation?

* Orbit-averaged Fokker-Planck
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« Entropy estimation

Agama Fokker-Planck

0.8{| — Agama F-P after Viol. Relax.
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