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2 ff'—ﬂLoss of third integral of motion?
e Future work and outstanding issues

SWiiat are bumpy black holes and why are
UIIE \/Jnm stlng |

o Ffe _)f:} of study
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— Sjtzjife nary, aX|symmetr|c spacetimes with anomalous
(rum err) multipole moments
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Wﬁy are they interesting?

— Models for testing whether compact objects are Kerr
black holes

— Jest of cosmic censorship conjecture, search for exotic
compact objects, null hypothesis test of the no-hair
theorem
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HOWICCEUrately can w e determine the amplitude of an anomalous
iEEIPOIE Mo nt from gravitational wave emission?
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ctable by considering EMRISs
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=S p@ dl a’lmec:l‘ A(Q/M3)~1.5% for LISA, but he used nearly circular,
— rly equatorlal orbits
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- GIampedakls and Babak encountered “confusion” problem, but they
considered equatorial geodesics without inspiral

e Barack and Cutler find A(Q/M3)~10-* for LISA by including evolution of
periastron and orbital precession and inspiral rate due to Q
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Uhderstand ¢ 7§i' in bumpy spacetimes
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S ANaly _/,dl _udged waveforms from geodesics
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—7-‘“ dy—msplrals and inspiral waveforms in bumpy
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SUMPY spacetimes —

o Ddde J\ﬂr inmultipelesmoements

o lzlnlie —Nowkov exact vacuum statlonary
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45> = —f(p,2) (dt — w(p,2) dg)* + [e2702) (dp? +d2%) + p* dg?]
- f(p, 2)
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eHms -Hughes: similar approach, but
perturbatlve and no spin
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e Yunes-Gonzalez: perturbed Kerr via
Chrzanowski-Ori from Teukolsky function

e Li-Lovelace: similar to above
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-~ & Do not explicitly assume conservation of E and
L in the code

o Check conservation of E, L, 4-velocity norm
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SRROifcare maps

=] ot p/dt VS. p for
/—~ o Crossings

——= hase space plots
= -—should be closed

T —

‘_ = Ccurves for all Z, Iff
~—_ — there is a third

ISolating integral
e Look for disappearance of the third integral of
motion




» Poincaremaps for motion in
NEWtONnian potential with s
hexadecapole moment
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M,=10 M,; M,=400 M, Courtesy of Chao Li



Allowed regions for bound orb,i;—s in
MENKO- owkowspacetl

1

ds® = —f,(p,Z) (dt - w(p,2) dg)” + f(p,2)

(279 (dp? + d2?) + p* dg?]

(p* + 2 )_V(EL 5 2)
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ds® = —f(p,2) (At —w(p, z) d¢)” + [e2709) (dp? +dz%) + p* dg?

f(p,2)




Allewed regions for bound orblts in
Y% L]ﬁ <0-Novikovsspacetime™

1

= —f(p,2) (dt — w(p,2)dg)” + f(p 2

[e“("’z) (dp? + d2?) + p? d¢2] “
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(5% + 2%) = V(B L, ,2)




Allewed regions for bound orblts in
Y% L]ﬁ <0-Novikovsspacetime™

1

f(p 2 [e“("’z) (dp* + d2?) +p2d¢2] “

= —f(p,2) (dt — w(p,2)dg)” +
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(5 + %) = V(E, L., p,2)

%0

3 F
2+
1
0
-1
2L
3k
4+
5




Apparent retention of the thirds
lAEgral of motion in outer region
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L liess,of the third integral of motion,..
IARGAE INnner region
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I JJJUJJ haotic for any initial conditions, it is
IdOLIC r-a|| initial conditions, but an

dPPrOXIN ate INvariant may exist in some cases
s ve’; nt tori)

- ~ V theorem [Konmoropos, ApHonba, Moser]
:_:f‘t;leaT separation between regions is unusual

—

-~ — Possible effect of qualitative difference of naked
singularity from a Kerr black hole
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aparison with Gueron-Letelier ..

Poincare maps for orbits in the Gueron-L etelier spacetime

I I
Boundary ——
Boundary
rho0=25
rho0=24
rho0=23
rho0=22

rho0 = 2.1

~~r1ho0 = 2.05

.- .tho0=20

~rho0 = 1.95
rtho0 =19

e Prolate Q leads to chaos
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JJJF J(”(*“ SIE le in the course of a typlcal
IISP] fJJ

= Decre smg energy can lead merged region to
= Spli _eff Into inner and outer regions
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;: — Decreasing angular momentum leads inner

= "‘i’:and outer regions to merge

- —The latter effect appears to dominate (but we
don't have a proof that this is always true)




Outer region: near invariant
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Both p and z motion consist of harmonics of two fundamental frequencies to 10~



Ghiaracterizing geoagw
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Cong) I)Jre, DEriapsis precession for equatorial
QRIS N pacetlmes with and without an
JI‘JJHJJ @ IS quadrupole moment Q

— [el: 1 nearly circular equatorial orbits by azimuthal

r’ o

== :-"~~ quency
)_’_, — M)/(Q/M?’) ~ -0.5

o drbital precession for inclined orbits due to the
presence of an anomalous quadrupole moment

— |dentify (circular) nearly equatorial orbits by azimuthal
frequency
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Kficdged waveform:
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Ol Kludged waveforms by using the
JJJJUQJ apprOX|mat|on and ignoring
SPEC —pJ,rr _“curvature for wave propagation
Iurrre:“
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derstand orbits’ imprint on waves

e Frequency-domain analysis, characteristic
frequencies
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SR@Uicntta /é 1m|ts on the anomalous quadrupole
moment

VJJnre rlo simulations
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"""What is. the self force?

-~ — Radiation reaction; assume constant inclination?
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Detection and analysis of IMRIs,.
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WHAGdVanced LIGO: Brown et.al, in preparation
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S) Uime

o IS \f\vrf'*“'“ r ch..- V' probes o
glaVity environment near MBH horizons;

decliiate extraction of (anomalous) quadrupole
mossE) Its should be possible

o F a _ects periastron precession, orbital plane
cessmn due to MBH spin, and inspiral rate
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_jo Chaotlc motion may be mathematically possible

_In non-Kerr stationary axisymmetric spacetimes,
but not astrophysically relevant

e Further study is needed of the precision with
which Q can be extracted, as well as practical
methods for detecting and analyzing bumpy




Thank you!
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and wipe it on Mr. Thribble’s liver?"

"l asked you a question, and the question was, did you pick your nose
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