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~H4 1  Anisotropic big bang (generic singularity)

Geodesic flows on a compact

hyperbolic space

A\ o, \Y) Coupled scalar fields

Real astrophysical black hole pairs

Could chaos be fundamental

not just an applied tool?
Quantum Gravity ™ (Ouantum Chaos
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* blend of order and disorder

e loss ot ;1['01“4;“}‘.&'1.[}"
e chaotic sets

» fractal dimension D, entropy H
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2body problem 1s insoluble
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Stellar Mass BH/BH binanes

Black holes form individually in clusters
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Need an approach to 2Zbody problem
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Orbits around a Schwarzschild

Black Hole

—|1— 2M

2M
; “y

]-:ff +[ dt” +r {;Hl +sin” Bd¢” )

St: arting w ith the metric we can define a LJ“I dlgldn

e l! - ] lll - — i f"; - : r""H" +sin” H¢”
2\ r 2\ ro/ g

Then the geodesic eqns come from Lagrange’s eqns

dlaL\ (aL) s
#laa) | =0 Or using p=—
dr\ oq : rﬁq Py
. { M - : 1 | |
|1_ +‘ = !" IF-., s 1:--'[..-4,]"_-*““_- HP_-_]
- dH a5 dH
Define H and find EOM Jo—,p =

ap aq




Orbits around a Schwarzschild
L‘”L». [ lt 'I.t."

:;;L”;+rl_25f{‘
' A \

T S
ds | ;

dt™ + J":[tff'f; + sin” ”chfl:_l

Starting with the metric we can define a Lagrangian

. M. ZmeY.. M. MY s X i oo
L=_:.I_I_ = ]f +:“— = i 7 +2! '_H + Sin H;’{;]

Then the geodesic eqns come from Lagrange’s eqns

d(oL\ (aL) e
i\ agal \a =0 Or using p=—"r
dr\ og g Py
(. 2m\ 288\ b2 i e s
H e _|.. - r II ;2 + ‘ | - = i }': + 2;___ [IH".III + Sin - Hf? ]
- dH = JH
Define H and find EOM = (}_P'-! -— 3

4gsand4ps

4 constants ot motion:

E.L.0=n/2, H=-1/2



Orbits around a Schwarzschild
Black Hole

2M

f

2M l

r

ds™ = —[ |- ]dr: +[ [ - dt” + ;':{_szﬁ; +sin” “ﬁftﬁl_‘}

Starting with the metric we can define a Lagrangian
s M. xmey. 3. MY . Yoo sl
f_=—_1l|— ]I+_‘l|— =] ] +_.f'_H +sin” B¢~ |

=\ I =\

Then the geodesic eqns come from Lagrange’s eqns

d(dL\ [(oL) dl.
=11 1= Or using s
di\dg| \dq| = o
(. 20N " p" (. 2M\p” M p 2. s
- f]H - fi"H
Define H and find EOM b Tp'-f = 3

4gsand4ps

Motion 1s confined to 4-torus : :
: 4 constants of motion:
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[here are no known exact solutions to the orbits
of these BH binanes
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H=H,+H,,+H,,,+H,,,+H

And PN corrections are a

page long

Spin orbit coupling mHas g
well as spin spin coupling

oH

Not enough
op or constants of
motion
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Spin precession

Spin precession can destabilize an orbit to the pont
of chaos
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Orbital plane precesses

[otal angular
momentum 1s the sum J=L+S
of orbital and spin

~ | And 1s conserved
J = 0 (1gnoring gravitational waves)

[heretore the orbital .
angular momentum must L = _S
compensate for the spin

T

[n addition to the precession ot the perihelion,

the entire orbital plane precesses

i




No spin: the orbit 1s confined to a plane
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Measuring chaos n curved space

Clocks run at different rates

Rulers shrink and stretch
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Pack a lot of information in a bounded area
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Fractal Basin Boundaries
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Fractal Basin Boundaries
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Fractal Basin Boundary
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Enough Chaos for Now

Dhtficult to Proceed:

|. Chaos in Conservative Dynamics

2. Damped by Gravitational Waves

3. Whether completely damped or observable

In grey area

B &
2PN not

relativistic

Kerr with
spinning test
: particle doesn’t
enough . :
Include mass of
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