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Binary black hole (BBH) mergers

The Holy Grail of

numerical relativity

Two BHs lose Eand L to
GWs, form a common
horizon, ring down

Frans Pretorius chose his
gauge and ICs wisely

Welcome to the Golden
Age of Relativity
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Near-Term Observations

LIGO LISA AGN
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From Kerr to Kerr:
you can go home again

“rrmitilate the entire meraear:
8 :IL-rJ ﬂht—# x-]:': E—.-L[f:_r -':zl':-!l i .

inspiral — merger — ringdown

WIWAA'S

* "NO ha neorem — Kerr spacetime fully
- o~ A ~ Y - ~ i , o~
described by M, S (and k in general inertic

e How much can we learn about BBH merger

purely from the symmetry of these simple initial
and final states?



Spin Expansion

Non-spinning mergers comparatively well
understood. Can we understand the spinning
case by a judicious Taylor expansion of final-
state quantities in the initial spin components?
We define an orthonormal triad

el o (Xg-X,)

e..iji*- < L

eu:;'-j_:. = @ 3) w ell)
Final mass m, Kick k, and spin s are expanded
intermsofa =a<e', b.=beel:

mlmzmal"l“z“a ™M2 _TmM3pn) ns3
E: (g)ay "a3 *a3 by bm,f?
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How does symmetry help us?




Spin Expansion

Non-spinning mergers comparatively well

understood. Can we understand the spinning

case by a judicious Taylor expansion of final-
state quantities in the initial spin components?
We define an orthonormal triad

el!) x (Xg-Xj)

e'3) o L

el?) = e x ell)

Final mass m, Kick k, and spin s are expanded
interms ofa =a<el),b.=b*el:
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Spin Expansion

Non-spinning mergers comparatively well

understood. Can we understand the spinning
case by a judicious Taylor expansion of final-

state quantities in the initial spin components?

We define an orthonormal triad
ell) x)(— - X )
eld) o L

—

el?) = el® x el

Final mass m, Kick k, and spin s are expanded

interms ofa =a<el),b.=b *el:

m1m2m3|"1"2“3 \ .. ™M1
E k_|_ (q_)al

™m2

o

—_—

Sb"l‘l

2b3°
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How does symmetry help us?
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How does symmetry help us?

* |dentify symmetries of each |C/final observable
 Rotation R: inner products X ¢ el” preserved
o Parity P. (pseudo)scalars keep (change) sign

« Exchange X: relabeling BBHs A and B sends g — 1/q,
a<Db, e — -e , others unchanged

* Use symmetries to eliminate terms
« At 1st order:

k, _kommoo 2 —ba)

e At Z2nd order:

001]000 )+k200|0ﬂ0[ 2 b )+k -0|UOO{ 2 bg)
as —0j

k =k, @y — b,
{az ——b' V4 kuu[oou 100|010
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Spin Expansion

* Non-spinning mergers comparatively well
understood. Can we understand the spinning
case by a judicious Taylor expansion of final-
state quantities in the initial spin components?

e \We define an orthonormal triad

el!) x (Xg-X,)

i —

ei_é_:- = ei-.‘;f- % e‘ .-
* Final mass m, kick k, and spin s are expanded
intermsofa =a<e, b.=beel:

— mlmzmal"l“z“a M1 ™2 _MmM3pn]pn2pns
k, = E k, (g)a; "az a3 by by bs

sa: 07 7




How does symmetry help us?
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Spin Expansion

Non-spinning mergers comparatively well
understood. Can we understand the spinning
case by a judicious Taylor expansion of final-
state quantities in the initial spin components?

We define an orthonormal triad
el!) o (Xg-X,)
eld) o L

eu:Ei- - eu:.}'; < e."_.-

Final mass m, Kick k, and spin s are expanded

interms ofa. =a-<el), b.=b *el:

™m

2

- “Qnq — b;_ll b.«) bnz
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How does symmetry help us?
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Spin Expansion

Non-spinning mergers comparatively well
understood. Can we understand the spinning
case by a judicious Taylor expansion of final-
state quantities in the initial spin components?
We define an orthonormal triad

el x (Xg-Xy)

e3) « L

—

e:. — e'.-J: % e.'ﬁ:J

Final mass m, kick k, and spin s are expanded
intermsofa. =a<e’, b.=beel:

= mlmzmal"l"z“af ™M1 _T™M2 _TM3pN]pn2ins3
3 kg Zk_l_ (g)ay "as a3 by by by
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How does symmetry help us?
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How does symmetry help us?

* |dentify symmetries of each IC/final observable
o Rotation R: inner products X ¢ e!’ preserved
o Parity P. (pseudo)scalars keep (change) sign
 Exchange X: relabeling BBHs A and B sends g — 1/q.
a<Db, e, — -e , others unchanged
* Use symmetries to eliminate terms
e At 1st order:

k, _kuo1|ooo +—ba)

e At Z2nd order:
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What do we gain from the
sSpin expansion?

| |

|

it Is simple. It provides quantitative
understanding about m, k and s --- even for
NON-experts.

It complements post-Newtonian and =.1_,me*1r‘ai
a&wo&cfs:s Symmetries carry through t
entire inspiral, merger, ringdown.

it separates the dynamics of Einstein's
equations (HARD) from more elementary
geometry (MUCH EASIER).

It IS *fff“ ent. Calibrating with a handiul of

simulations, 7/ parameter space (g, a, b) reduces

to just 1 (qg).



Why is this an improvement?

n

deder | O r‘m u |ae Viecnitl 9. ;) U €1 + vy (cos(§) é; + sin(€) é3) + v ..
‘e — ‘4(;.!‘1 - '{j (l +B ‘ - J‘) :
(L+q) (1+¢)°,

 developed from "
H q-h (ﬂi T— q{lir.) =

PN expansions for | T +qp
Instantaneous l0ss Kcmm—w{.ij{:_.,_.., (a3 —qai), (1)
ofE, L, P Campanelli et al., 2007

* can only be Briigmann et al., 2007

applied at merger
e [inear in the initial
sSpins




(Anti-)aligned spins

Viany simulations available:

o

fi1F

e Pretorius, 2005

e Herrmann et al.. 2007

¥ v-r-rfr-rﬂrrfrrq-p:_h-r- -

e Baker et al.. 2007
* Pollney et al., 2007

» Rezzolla et al.. 2007

» Marronetti et al.. 2007

b,=ﬂ$ﬂ4 [-‘,.l b1=‘a.’ 1!]

il 4 ;
110079 e L R b3= -0.584 (= ] Page 22/37
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Superkicks

* 18 simulations
e Brugmann et al., 2007
e Campanelli et al., 2007
* Spin dependence of
E _4and J_4 unnoticed
* Spin dependence Of S, |
discounted =

ky (km/s)




Higher-order Corrections

Spin expansion

predicts higher-

order corrections to

the superkicks

s xx g°

o 3x superkick
frequency




Superkicks

* 18 simulations
e Brugmann ef al., 2007
e Campanelli et al., 2007
* Spin dependence of
E _4and J_, unnoticed
* Spin dependence of s,
discounted d

“+a cos ¢
; — +a sin ¢
0

Ky (km/s)




Higher-order Corrections

Spin expansion
predicts higher-
order corrections to
the superkicks
ot

o 3x superkick
frequency




Generic Orientations

* 8 simulations published in Tichy and Marronetti, 2007

[
2 3 4 5 & g

simulation number




Superkicks

* 18 simulations
e Brugmann ef al., 2007
e Campanelli et al., 2007
* Spin dependence of
E _4and J._4 unnoticed
* Spin dependence of S,
discounted
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Higher-order Corrections

Spin expansion
predicts higher-
order corrections to
the superkicks
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Generic Orientations

* 8 simulations published in Tichy and Marronetti, 2007
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(Anti-)aligned spins

Many simulations available:
e Pretorius, 20
* Herrmann
« Baker et al., 2007
* Poliney et al., 2007
*» Rezzolla et al., 2007

» Marronetti ef al., 2007
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Generic Orientations

* 8 simulations published in Tichy and Marronetti, 2007

-
i

simulation number




Where do we go from here?

* Existing simulations are not ideal for
testing/calibrating the spin expansion
» simulated configurations are foo symmetric
» different orientations have same spin magnitudes
* We propose new simulations that uniquely
determine all coefficients to 2nd order

uneql: none |

eql): none pm——
| uneqgd:

|
eql: a, eq2: as 1
eqd: a,. a; eqd: b,, a, |

T : e = nnegs:
ead: ay. a». ax leab: a,. b>. axl
i 1. G2, A3 €9 1. U2 .s; "By, a3luneqlt: oz, ba.

eqi: ay, by uneqll: ay. b,. by |uneqgl2:
i—*q?_i: as, f_JE r uneqlld: ay. as

unegs: . @3 | uneqg6:

PQU aj. b_;

3) Y ._ uneqld: ag,
N.B. @3 F Q3 ! NB . a'' +a5'. b







Where do we go from here?

 Existing simulations are not ideal for
testing/calibrating the spin expansion
* simulated configurations are foo symmetric
» different orientations have same spin magnitudes
* We propose new simulations that uniquely
determine all coefficients to 2nd order

. , uneqfl: none
eql): none o e~

: uneql: a, uneql: a,
qui 1y H{E: s 'r uneqd: b, inneqgd: b,
ecl:;: ﬂl . ﬂ.; 'E'{;I"i: b 1s . . tll]l.'."l']:'r'. Gy. Oy ll_[l'l:‘qf_if Aa. 2y
uneqi: by, by uneqs:  bs, by

eqd: ay, aa, az|eqb: ay,
: ! = 3 i : uneqd: a,. b;. aziuneqll): a,, b, ay

eqi: ay, b, uneqll: a,. b,. by juneql2: b,, a,, by
ttqﬁ: s, f}z ' uneqgld: ay. as

1 [] e .J- !‘ 3
E({‘:}: ﬂi- b! e I '-;- 1. Do
uneqgld: ag, b4

: 3) , (3) -' —-
,.\I.B. fi-j I '1_; :\‘I'l ik - 1‘1__]'.., -IJ_,' I




Where do we go from here?

* Existing simulations are not ideal for
testing/calibrating the spin QXDE"'&S%OD
e simuiate _,OY“HQUI’EDCT"S dlre 00 symime tric
» different orientations have same spin magnitudes
* We propose new simulations that uniquely
determine all coefficients to 2nd order

uneql: none
uneql: a, | uneqg:
uneqd: b, | unegd:
uneqs:  ay, « | uneqgb:

. ' uneqgi: by, | unegs:
uneqd: a, ay | uneq o

uneqll: a,. by. by |uneqlZ:

{-'qf"l s, b-a uneqglld: ay, as




Where do we go from here?

 Existing simulations are not ideal for
testing/calibrating the spin expansion
o simulated configurations are foo

o different orientations have same

symmetric
Spin magnitudes

* We propose new simulations that uniquely
determine all coefficients to 2nd order

eql): none

uneql:
uneqd:
uNego:
uneqi:
uneqt:
uneqgll:

uneqgl:: none
| uneqg:
i nneqgd:

By. Gy | nneqgh:

. by | Inegs:

. by, azluneql:

1- ba. by jumegl2: b,. as,
uneqld: ay, a;
uneqgld: by, bs
uneqgLs: u, b¢

N.B. a} #a>, b0 #£ b5




