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∆v = δv1 + δv2 + δv3 + ... ≪ nδvi

(∆v)2 = δv21 + δv22 + δv23 + ... ≈ nδv2i

or ∆v ∼
√
nδvi
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f = 1 for vM ≥ σ, faster objects weaker damping

f ∼
(
vM
σ

)3
for vM ≤ σ, stoke’s law

tdf ∼ 1
nσv

n = na

σ = πR2(vesc,M/vM )4

v = vM
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ab
d
dt (

1
ab
) = −14.3Gρ

σ ab
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ab
d
dt (

1
ab
) = −14.3Gρ

σ ab

timescales for binary orbit shrinking

tshrink ≈ σ
14.3Gρab
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galactic bulge, ρ ∼ 109M⊙/(1kpc)3, tshrink ∼ 3 Gyrs

Nuclear star cluster, ρ ∼ 106M⊙/(1pc)3, tshrink ∼ 3000 yrs
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when impact velocity V ≪ σ, static tide
when impact velocity V ≫ σ, tidal shock
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h ∼ R Mp

Ms

(
R
b

)3
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v∞ ∼ √
v0vb
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v∞ ∼ √
v0vb

v∞ = 700 km/s; v0 ∼ 10000 km/s; → vb ∼ 50 km/s
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Consider a spherical potential.

An initial spread in action Ji and angle θi.

∆θi = ∆θi(0) +∆Ωi × t,

where ∆Ωi is the change in orbital frequencies due to ∆J

Ωi ≡ ∂H
∂Ji

, ∆Ωi =
∂Ωi
∂Jj

∆Jj

∆θi ≈ ∂2H
∂Ji∂Jj

∆Jj or ∆θ = D ·∆J.

The matrix D is symmetric and have eigenvalues λi.

The spread in θi depends on λi and the original ∆Ji.
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∆x = h ∼ R Mp

Ms

(
R
b

)3

∆v ∼ GMp

b2 × b
V × x

R ∼ GMpx
b2V
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∆E ∼ GM2
s

R

(
h
R

)2 ∼ GM2
s

R

(
Mp

Ms

)2 (
R
b

)6

∆E ∼ G2M2
pMs

V 2b4 R2 ×
(

V 2R3

GMsb2

)

∆E ∼ G2M2
pMs

V 2b4

(
tdyn

tcross

)2��



∇2Φ = 4πGρ (BT §2.8)
Force solver F = −∇Φ (BT §2.9)

Softening
Tree Codes
Particle-Mesh Codes
Spherical Harmonics Codes

Orbit integration dV
dt = F, dx

dt = v (BT §3.4)
Sympletic
Adaptive timestep
Regularization

N-body modelling (BT §4.7)
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