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Extreme Mass Ratio Inspirals (EMRI)

Small black hole/compact object
10 — 100 M,

Central massive
black hole

10° — 10" M,



EMRIs as isolated systems !
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What is the effect of this €?

Osculating elements code

Geodesics + 5PN fluxes + tidal force




Tidal force weak and averages out
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Evolution comparison

Tidal force is
Important
during
resonances!
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Resonances: matching of frequencies

Sound waves

Mechanical
vibrations




Orbital frequencies of EMRI
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Orbital frequency perturber

Perturber is far — Keplerian frequency = Q¢

=
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Resonance condition

nw, +kwyg +mwy + 5y =0

Selection rule
only non-zero if Kk + 1™ + Sis even



Key EMRI Waveform requirements

Accurate

Tidal focus should be
included v

Osculating elements way
toooo00 slow!

Tidal force only important during resonance




In the past...

Perturber assumed to be stationary

Torbit << Tresonance <& Trad sy Ttide



Dynamic model

Perturber is in a circular Keplerian orbit — no extra parameter!




New insights: dynamic model

More possible
resonances

Spin of central MBH does not affect
; the force much (jump sizes differ by
LS less than 1%)

More complicated tidal




Tidal force

Schwarzschild
perturbation theory

Tidal tensors

Ean (1), Bay (t)

Teukolsky equation +
metric reconstruction




Resonance contour stationary case
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Resonance contour dynamic model
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“Jump” size

Jump = Re(duration x resonance strength x exp[i phase])

/

4 N
Determined by
radiation reaction Perturber: M,/R3, sky location
timescale Central massive black hole: M, a

~ / EMRI:p, e, |




Dynamic versus stationary

|. Jump sizes are similar (<10% difference generically, <30% when e>0.7)
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2. But... resonance conaition Is airrerent — phase at resonance is
different — actual jump is very different!



Dynamic versus stationary
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Ordering resonances different!
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Summary

Dynamic tidal resonances will likely occur in EMRIs

I
I
o e I
Resonance not General relativity is |
correctly identified incorrect :

I

OR infer wrong parameters
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Data with tidal

resonance Valuable information
Resonance correctly .
about environment near

massive black holes

identified




Challenges for the future

|. How to deal with multiple resonances!?

2. Upgrade dynamic model to eccentric orbit? (Is this needed?)

3. Are there additional physical effects that should be taken into
account!?

4. Are these resonances degenerate with other physics!?



Back up slides



Effect on the waveform

Tplunge
AV = / 2Aw¢ dt
0

log10(AWg_3,1.1) fora=0.1, Byer = 45

M=4x10Mgy,u =M, =30My; R=10AU



Action-angle variables

A\

Four constants of motion:

{wEL,Q)
— Geodesic equation is integrable

— Action-angle variables are useful

dg;

— w;(J
dTr wi(J)
dJ;

=
dr

J:={Jr, Jo, Js}



Before introducing a perturber....
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... motion is not geodesic!




Gravitational radiation changes description

dq;

i — wz(J) oz(gf(QQv dr, J) T 0(772)
dJ; (1) 5

5 ’ T J

dr z,sf(q » 4 ) T 0(77 )

Mass ratio: u/M



Self force 101: adiabatic approximation

RACTRS )




Averaging

G;gf) QQ, Q’I") —Z Gg)kn Z(kQG‘|‘an:~)

= (6P w.0.3)) = Gy
N

[Not true when kwy + nw, ~ 0 ]




Generic evolution
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Resonant orbit
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Action-angle variables with tidal perturber

dg;
E — wz(']) + 69’§,2:1<Q¢7Q97Q7‘7J> + 7791(£f<QGaq7~7J> T O(UQ, 62,77€>

e=M,M?*x,/R>

dJ;
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Tidal resonance

1)
G( (40,40, G, J Z Gz ) (3 pi(mas+kas+ng,)

m,k,n

Winkn := MWg + kwy + nw, = 0



Trends

Jump sizes

® larger eccentricities — larger jumps

e higher inclination — larger jump for Q, but jump for L decreases

e higher spin — larger jumps (if retrograde), smaller jumps (if
prograde)

Effect on the waveform also determined when the resonance occurs:
need signal before and after resonance!



Change in “constants of motion”

-6
5)(10 | | | | | |
0 Mﬁﬁ. T
!
-5x107° | ; d
|
-1)(10_5 — N.VM_ 1
= 15x10°° | !
< “\
-2x107° | \ -
WVC’VA\JI\I
1
-2.5x10° | } \
= 'V"v" i
-3x107° | Osculating 1
RM-step =——= |
5 RM-smooth
-3.5)(10 | | | | | |
0 1x107  2x107  3x107  4x107  5x107  6x107  7x10’

t(sec)



Waveform validation
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M =4x10°My,u= M, = 30My,R = 5AU == ¢~ 2x 1013




EMRIs have many parameters

M 14 -
<lOg10 M_®7 loglo M_@’ a,pP,€,X,qr,40,4op, E)



If not accounted for, obtain wrong parameters

— Resonance Model
— Not accounting for
resonance
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Extra tidal parameter does not harm others

— Resonance Model
/\ — Not accounting for
s /\ resonance
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