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Content

e Studies at the interface between numerical and analytical relativity (PN theory,
gravitational self force, BH perturbation theory, and effective-one-body approach) are
testing the consistency of these approaches, and are informing us with a universal

analytical model of the two-body dynamics and gravitational-wave emission.
e NRAR work is crucial for ongoing and future gravitational-wave searches.

e Combining NRAR results within the effective-one-body formalism to build faithful
templates:
— Modeling for comparable, small and extreme mass-ratio black-hole binaries.
— Extensions to spinning black holes and binary neutron stars.

— Universal picture of the merger signal for coalescing black-hole binaries.

e Do we need more accurate analytical predictions? If so, in which part of the

" " >
binary’s parameter space?
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Periastron advance in black hole binaries

[Le Tiec, Mroué, Barack, AB, Pfeiffer, Sago & Taracchini 11]
34 orbits!

e In 1915 Einstein derived the lowest order
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Periastron advance for several mass ratios
24 orbits!
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Binding energy and angular momentum computed at

next-to-leading order in the mass ratio v = my mso/(1my + ms)?
e Predictions from PN theory .o.mllq'=li T EOB(3PNY '/'/‘ Ty
i i il ]
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F GSFq—r--7 ]
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. ¥ & Similar results for mo/m,; = 1/2,1/3
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First search of GWs from merging compact binaries with
LIGO /Virgo

[Abadie et al. 11 (The LSC/Virgo Collaboration)] £ T T T
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The significance of merger and ringdown signals for LIGO /Virgo
[Pan, AB, Pretorius & NASA-Goddard 07]
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Inclusion of merger—ringdown:
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Why we need analytical waveforms, how accurate they need to be

e The high computational cost of running numerical simulations makes it difficult
to generate sufficiently long and accurate waveforms that cover the parameter

space of astrophysical interest.

e By analytical templates we mean also templates obtained by solving ordinary
differential equations. This is computationally faster than running a numerical

simulation.

e The requirements on the phase and amplitude accuracy depends on the use

of the waveforms: detection, parameter extraction, GR tests, waveform

subtraction, etc.

e Analytical modeling helps in understanding the numerical simulations.

Effective Field Theory and Gravitational Physics Workshop, Perimeter Institute 8
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One-body problem: test-particle orbiting a non-spinning black hole

e Schwarzschild metric

ds? = — (1 — %) dt? + (1 — 211"»-1)—1 dr? + r2 dQ?

Ifb(‘hw(r p) = K \/(1 21‘4) [1 Ll | pz %;ELE
1

e IHschw(r, p) describes a test-particle of

mass ;¢ orbiting a black hole of mass A/ 1.2

e Effective radial potential:
(ff(’" 2}\! i
= (1—2M) (1+55)

e For I. < l.15¢c0 circular orbits no longer exist 4l

FEWE ETEEE FTEEE WS S e

14 16 18 20 22 24
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Alessandra Buonanno

Analytical modeling of merger-ringdown in the small mass-ratio limit
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<= [Davis et al. 71-72)
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(Barausse et al. 11] =
o Fa—
[(Damour & Nagar O07; Sundararajan et al. 10; Bernuzzi et al. 10-11]
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Simplicity of the merger signal

[Vishveshwara 70; Press 71; Chandrasekhar & Detweiler 75; Schutz & Will 85]

[Mashhoon 86; Ferrari & Mashhoon 87]

e Effective potential V', peaks at the light-ring or photon (graviton) orbit
QNM

s il R
£ ' |

e For large ¢ ~ m >

e Gravitational rotating perturbations trigger the production of QNMs by resonance

VA
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e Collapse of a star: when surface of star passes through the effective potential

the gravitational perturbations are redshifted and reflected by the potential.
[Price 72; Nichols & Chen 10, 11]
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Solving Einstein equations numenrically
. ) o 1 881G
e Breakthrough in numerical relativity in 2005 Ry, — 5 Guv R=—T,.

c

Inspiral-merger-ringdown waveform
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Combining post-Newtonian and numerical-relativity results: the
effective-one-body (EOB) approach

e EOB approach introduced before the NR breakthrough [(AB & Damour 99, 00]

many papers since then!

PN Theory Effective one body Numerical relativity
conservative dynamics and GW | conservative dynamics and GW il — two—body dynamics and GW
emission computed as a Taylor e = = = = | €mMission re—written in summed E——— emission computed with all

expansion and/or factorized form non—linearities

e The EOB formalism uses the best information available in PN theory, but sums it
in a suitable way to be able to describe accurately the full evolution: inspiral, merger

and ringdown.

e The EOB formalism provides us with a moment in time when to switch from the

two-body to the one-body description.

Effective Field Theory and Gravitational Physics Workshop, Perimeter Institute 13
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The problem of motion using the EOB formalism

e EOB effective metric

1% pt /M

(is;‘fff = A,(r) c2dt® + B, (r) dr? 4+ r? d?

p 2
et (T, P)—;f\/-l (1) [1+:—j§+(ﬁ—1) %+]

e EOB Hamiltonian e Effective radial potential:
EOB __ H i Vg ()
H _AI\/l—{—Qr/ (T—l) 7 = i ije 1.31*
/ 2M3 v 9. 41 .2\ My
Ay(r) =1 — 2£! i ,..’%' + (;—;1 :ié” )—:TJ_

e Enforce presence of ISCO, pseudo light-ring, horizon in A, ()

e Add possible unknown higher-order PN terms in A, ()

Effective Field Theory and Gravitational Physics Workshop, Perimeter Institute
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EOB dynamics and waveforms

e EOB dynamics

.  OHEOB - HHEOB dF dE 1 - P2
r= Ip ! P = — Or + W, F dt dt 167 L!’.m |h“”|
551 — ——Eigr—— > 531 3 532 — __Eﬁgz__ > 532

[AB & Damour 00; Damour et al. 98; AB et al. 05; Damour et al. 07-09; AB et al. 09; Pan et al. 09]

e EOB (factorized) waveforms

— 8w v M v 2 » 27 D - 107 o ob = ‘) £y, o 1_) .
11'22(-{') — 5 R t € {1 a2 a2 I/) (3 + I:-?r + I.Zf l()f_), (‘U(})] v + R }
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[Damour, Iyer & Nagar 09; Fujita & Iyer 10; Pan, AB, Fujita, Racine & Tagoshi 10]
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Factorized energy-flux for a test-particle orbiting a spinning BH
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Factorized waveforms for a test-particle orbiting a spinning BH
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If perturbed, black holes ring or vibrate: quasi-normal modes
[Vishveshwara 70; Press 71; Chandrasekhar et al. 75; Ferrari & Mashoon 84; Schutz & Will 85]
e If black hole size is FRpyp 25 .-\f/(""),

and M/ 1 M - > By 3 km
Travel time of spacetime wvibration
> Rpu/c 10 % msec
e Frequency and decay time of quasi-normal
modes depend only on BH mass and spin

e For each (I, m) = infinite tower of overtones

e If black hole has mass A/ 20M . S 0:

Wage = 604 Hz, 7590 = 1.10 msec
= 560 H = 0.36 . .
“201 % T201 iais e Perturbations of black-hole spacetime

Waoz = 486 Hz, 759, = 0.20 msec are highly dissipative

P
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EOB inspiral-merger-ringdown waveforms
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e Very short transition merger—ringdown e Gravitational rotating perturbations
e Energy quickly released during merger trigger production of QNMs
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Calibrating the EOB model

e Higher order PN terms in radial potential
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Calibrating the EOB model

e Higher order PN terms in radial potential
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EOB-dynamics adjustable parameters

[AB et al. 07; Damour & Nagar 07-09; Pan et al. 09]

[Pan, AB, Boyle, Buchman, Kidder,Pfeiffer & Scheel 11]
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How do factorized waveforms compare with NR waveforms?
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Amplitudes for subleading modes for 1, /mo = 1 and 6
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Amplitudes for subleading modes for 11, /mo = 1 and 6
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Building the EOB full waveform and comparing with NR: 72, /o = 1

[Pan, AB, Boyle, Buchman, Kidder, Pfeiffer & Scheel 11]
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- s - - 4 4 i & / 3
Comparing to unequal-mass binaries: m,/m-o = 2,3, 4,6
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Comparing (4,4) and (3, 3) modes for m,/ms = 6
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Calibrating also two higher-order PN terms in mode’s amplitude/phase
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Comparing (4,4) and (3, 3) modes for m,/mo = 6
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Gravitational polarizations and detection accuracy
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Comparing with small mass-ratio limit (m2/m; = 107°) obtained
with Teukolsky code

[Barausse, AB, Hughes, Khanna, 0’Sullivan & Pan 11]

Using EOB trajectory to evolve time-domain Teukolsky code through merger
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Without re-calibrating the EOB-dynamics and waveforms!
Effective Field Theory and Gravitational Physics Workshop, Perimeter Institute 31

Page 33/49




Pirsa: 11110086

Alessandra Buonanno

November 28-30, 2011, Perimeter Institute, Waterloo, CA
Complete EOB metric at linear order in v for a certain class of EOB

Hamiltonians

[Barausse, AB & Le Tiec 11] N
D= (AB)™!

A(r) =1 — % + v Asp(T) + 0(1/2) . D(r) =144 v Dsggp(r) + (9(1/2)

Agp(z) = V1 — 3z zg5(z) — = (1 4 ﬁ , z=(MQ)2/3 = M/r + OWw)

[)H|,~[.r') — 1716? I:,)Sl_v(:r) — 4x (1 — % —_ AS]“(T) S A;;]‘-.(:r) — % (I —_ 23") Agl"(;r):l

e The quantities psp(x) and

zsp(x) are known numerically up to = 1/6 and 1/5

[Blanchet et al. 10; Damour, Barack & Sago 10]

e A(r) and /)(r) are also computed through 6PN and 5PN orders, respectively,
including the logarithms!
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Spin effective-one-body model in a nutshell

e EOB models with spins [Damour 01, Damour et al. 08, Barausse & AB 09, 11; Nagar 11]

e The PN Hamiltonian of two BHs of masses 72, 2 and spins S; 2 is mapped into the
effective Hamiltonian of a spinning test-particle of mass ;: and spin S™ moving

in a deformed-Kerr spacetime with mass A and spin Sk,

L] 11(\”‘ — l[‘\p-, i IIH — ﬁf;—rg *_‘3 IINH —_— .')"i])i -+ O \//1,2 -+ “,-’-J. 1)21)3
s is linearly proportional to the effective particle’s spin S,

]

deformed-Kerr potential A, r [.-\(;-) } i,u}

e Hpop = M \/1 + 2v (% — 1)

e When PN expanded /{ipop reproduces known PN spin terms for comparable masses,

and all PN terms linear in the small BH's spin in the test-particle limit, i.e., it is

equivalent to the Papapetrou equation [Barausse, Racine & AB 09]
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Mapping of spin variables between real and effective descriptions

[Barausse & AB 09, 11]

e The spin variables entering the EOB Hamiltonian are

S* = 8§, 22 + ng—f—zlgA(l)((l.I).S[.Sg.rl,) —}—:l,fA(z)(q.]).Sl_.'_‘g_kf,r)

] 2

SK(‘I‘]' — Sl o i SQ

e A'"?) depend on several gauge parameters, which are present because of the large

class of canonical transformations that can map the real and effective descriptions.

e In the following we set all gauge parameters to zero.
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EOB calibrations for spinning, non-precessing black-hole binaries

[Pan, AB, Buchman, Chu,
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Merger modeling with m5/m; = 1072 and spin effects

[Barausse, AB, Hughes, Khanna, 0’Sullivan & Pan 11]

Using spin EOB trajectory to evolve time-domain Teukolsky code through merger

a/M = a/M = 0.5
3 EOB Re(by) R/M EOB Re(hy) R/M
107 Teuk-code Re(h..,) R/M ] 10 Teuk-code Re(h,:) R/M E
0 0
-3
o 107 5
‘-10 ’ L " A A A " ] A i L A 't ' A '
8000 8200 8400 8600 8800 8900 8950 15800 16000 16200 16400 16600 16650 16700
of T : v T ™ T T 001 — T T T ey T 3000
- 40.10 5¢y (rad) ‘_A
3 1000 5lhi/hl e 1-0.10
0.005 F—— - R
-0.005 1 F 1.0.10 pa——— 5 1-0.20
(rad
mnﬂ ) 3 »+4-0.20 p 4-0.30
0 01 't 't A L L A L 3 0 5 A 't L 't ] 'l 'S w
R 8000 8200 8400 8600 8800 8900 8950 15800 16000 16200 16400 16600 16650 ]67(%
/M /M /M /M
Effective Field Theory and Gravitational Physics Workshop, Perimeter Institute 36

Page 38/49




Alessandra Buonanno November 28-30, 2011, Perimeter Institute, Waterloo, CA

Modes and orbital frequency peak at different time

. [Barausse, AB, Hughes, Khanna, 0’Sullivan & Pan 11]
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