Coalescing compact binaries: the theory
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THE THEORY

Is needed to compute waveform templates for characterizing the source
(GWs are detected routinely...out WHAT is detected?)

Theory is needed to study the 2-body problem in General Relativity
(dynamics & gravitational wave emission)

SYNERGY womeer

Analytical ana Numerical
(AR/NR)



GGravitational waves - 1918

Transverse and traceless
154  Gesamtsitzang vom 14. Februse 1918, — Mitteilung vom 31. Januar Speed Of |ig ht
Uber Gravitationswellen. | TWO pOIanza“OnS
Vo & Bk Carry energy and momentum
e ot Tt 151t vhed R “Deform” mac roscopical objects

l,)ie wichtige Frage, wie die Ausbreitung der Gravitationsfelder er-

tolgt, ist schon vor anderthalb Juhren in einer Akademiearbeit von
wnir behandelt worden®. Da aber meine damalige Darstellung des Gegen-
standes nicht geniigend durchsichtig und auBerdem durch einen be-
dauerlichen Rechenfehler verunstalter ist, muB ich hier nochmals anf

/‘
die Angelegenheit zuriickkommen. \
Wie damals beschrinke iech mich auch hier anf den Fall, dafi { 1
das betrachtete geitvfinmliche Kontinuum sich von einem »galileischen« \ }
mur sehr wenig unterscheidet. Um far alle Indizes
o’

Hur = —8,,+ ", (1)
setzen zu konnen, wahlen wir, wie ¢s in der spezicllen Relativitiies-
theorle fiblich ist, die Zeitvariable x, rein imaginir, indem wir

&, = it
setzen, wobei { die »Lichtzeit« bedeutet. In (1) ist 8.=1bw.é, =0,
je nachdem w ==y oder pz£v ist. Die y,, sind gegen 1 kleine Grofen,
welehe die Abweichung des Kontinuums vom feldfreien darstellen;
sie bilden einen Tensor vom zweiten Range gegeniiber Lonenyz-Trans-
formationen,
§ 1. Losung der Naherungsgleichungen des Gravitations-
feldes durch retardierte Potentiale.

Wir gehen aus von den fir cin beliebiges Koordinatensystem

gitltigen* Feldgleichungen
8 fur)

% PP b i e 4

1
= —-x('r‘_— l‘-g‘, "'\)<

(2)
' Diese Sitzungsber. 1916, S. 688 T.
! Von der Einfilbrung des «2-Gliedes« (vgl diese Sitsungsber. ro1y, 5. 142) it
dobei Abstand genommen.

G = (6.67408 £ 0.00031) x 107" km?/(kg s%)
c = 299792.458 km/s

Measurable sources: extreme astrophysical events, 2GM
black hole or neutron star binaries 2R



LIGO/Virgo interferometers
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GW150914

GW150914 parameters:

Ha'nford, WalshingtonI(Hl) | my = 35.7Mg
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TH EO RY fOI’ CompaotBinaryCoalescence

* Interface between Analytical & Numerical Relativity for GW data-analysis
o 2-body problem in General Relativity

P GW data analysis

. — Numerical Relativity . :n Cha”enges
02 _ 102+ 1 i
S EOB | e physical completeness
= . e accuracy
il  efficiency (AR vs NR)
gfo.z-_ 1o, | | | * 107 templates needed for
| (1.16,+0.80, +0.03) ; | a single event
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train (10-21)

O2 events: GWTC-1: arXiv:1811.12907 - Matched filtering: detection and parameter estimation
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Why waveform templates®

Hanford, Washington (H1) 5L
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strain = — GW150914 parameters:
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I ] mi = 35.7Mg
- . Symmetric mass ratio ma = 29.1Mo
— - M; = 61.8M,

myms ay = 81/(m7) = 0317558

= (.2466

Livingston, Louisiana (L1) vV
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(outputlemnie) = | 5750 iampiae )
Analytical formalism:

theoretical understanding
FEISSELSSEE  of the coalescence process




BINARY SYSTEMS:
NEWTONIAN PRELIMINARIES



GWS FROM COMPACT BINARIES: BASICS
Newtonian binary systems in circular orbits: Kepler's law

GM = Q?R3
2 GM (GMOQ\Y? M= my 4y
@ 2R ( c3 )

Einstein (1918) quadrupole formula: ew luminosity (energy flux)

2
p = BB 326, r= ()

dt 5 G




GWS FROM COMPACT BINARIES: BASICS

. . . . 1 mi11Mmo 1
Eorbltal _ Ekmetlc Epotentlal _ — _
i > R o H
Balance argument
dEorbital B PG B dEGW
P W —_
dt dt

GW GW orbital
Wop = 2mfyp" = 20}

MONOTONICALLY GROWING FREQUENCY: cH IRP !

/ﬂj,.‘../wu? ¢ zof3
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BBHS: WAVEFORM OVERWIEV
, 1
h—l— — th — ; ; hﬁm —2Y'€m(6)7 ¢)
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2 BHs, quasi-circular orbit

“mergen (1 BH forms)

plunge

(nonadiabatic)

ringdown (1BH is oscillating)
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, aligned-spins

X1 = X2 = +0.98

*SXS (Simulating eXtreme Spacetimes) collaboration

*www.blackholes.org

*Free catalog of waveforms (downloadable)
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http://www.blackholes.org

TEMPLATES FOR GWS FROM BBH COALESCENCE

< p_Eyu_xcfsp) WA VE For#

. MATWING TO LEAST-DAKPED
Brady, Craighton & Thorne, 1998 ) = uF s 2O [ G
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* naive LSO
-0.28 | B r-LSO
®j-LSO v=1/4
—o3s | @E-LSO
»w-LSO
Mer'ger‘: -0'42200 -1b0 oM 6 160
Numerical Relativity Effective-One-Body (Buonanno & Damour (2000)

PN-resummation (Damour,Iyer, Sathyaprakash (1998)

Numerical Relativity: >= 2005 (F. Pretorius, Campanelli et al., Baker et al.)

Most accurate data: Caltech-Cornell spectral code: M. Scheel et al., 2008 (SXS collaboration)
Spectral code

Extrapolation (radius &

o2 B resolution)
ﬁ\ﬂ.l_ —
ST Phase error:
= S
I | < 0.02 rad (inspiral)

<0.1 rad (ringdown)

1:1 mass ratio
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EFFECTIVE ONE BODY (EOB): 2000

Numerical Relativity was not working (yet...)

EOB formalism was predictive, qualitatively and semi-quantitatively correct (10%)

0.22
0.12
0.02
§ -0.08
—
-0.18 inspiral + plunge
—-— merger + ring—down
*~ naive LSO
-0.28 W r-1SO
&,-LS0 v=1/4
D E-LSO
-0.38 P o-1LSO
-0.48
-200 -100 0 100

tM
A. Buonanno & T. Damour, PRD 59 (1999) 084006

A. Buonanno & T. Damour, PRD 62 (2000) 064015

> 2005: Developing EOB & interfacing with NR
2 groups did (and are doing) it
- A.Buonanno et al. (AEI)

- T.Damour & AN + (>2005)
13
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®Blurred transition from inspiral to plunge
®Final black-hole mass

®Final black hole spin

® Complete waveform

(m1 -+ m2)2 M




PRECURSOR-BURST-RINGDOWN STRUCTURE :1972

Davis, Ruffini & Tiomno: radial plunge of a test-particle onto a Schwarzschild black
hole (Regge-Wheeler-Zerilli BH perturbation theory)

(b)
Slxmv2/m Rz

\

BURST: the particle crosses
the "light-ring"”, r=3M

dF j\ —(r¥*=t)/M —>
[-70 . ~ |0
-k >0 | 2? 0
~1 J27

RINGDOWMNsIQNMs tail

PRECURSOR: Quadrupole formula
Spacetime oscillations

(Ruffini-Wheeler approximation)

14



2-body problem in GR

Hamiltonian: conservative part of the dynamics

Radiation reaction: mechanical energy/angular momentum goes away in GWs and
backreacts on the system.

The (closed) orbit CIRCULARIZES and SHRiNks with time

Waveform

Strong-field information

EO BNR models

Complementary route: IMRPhenom models %% NR surrogate
PN_glue_NR, EOB_glue_NR hybrids (glued waveforms)

to build phenomenological templates [Khan et al., 2015]



BBH & BNS COALESCENCE: NUMERICAL RELATIVITY
Numerical relativity is complicated & computationally expensive:
*Formulation of Einstein equations (BSSN, harmonic, Z4c,...)
Setting up initial data (solution of the constraints)
*Gauge choice
*Numerical approach (finite-differencing (FD, e.g. Llama) vs spectral (SpEC,SXS))
*High-order FD operators
* Treatment of BH singularity (excision vs punctures)
*Wave extraction problem on finite-size grids (Cauchy-Characteristic vs extrapolation)
*Huge computational resources (mass-ratios 1:10; spin)
 Adaptive-mesh-refinement
*Error budget (convergence rates are far from clean...)
*For BNS: further complications due to GR-Hydrodynamics for matter
*Months of running/analysis to get one accurate waveform....

e

Il Il Il Il Il Il Il Il
2600 2800 3000 3200 3400 3600 3800 4000

t/M

Multi-patch grid structure
(Llama FD code, Pollney & Reisswig)
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A catalog of 171 high-quality binary black-hole simulations for gravitational-wave

astronomy  [PRL 111 (2013) 241104]

Abdul H. Mroué,! Mark A. Scheel,? Béla Szilagyi,? Harald P. Pfeiffer,! Michael Boyle,®> Daniel A. Hemberger,*
Lawrence E. Kidder,® Geoffrey Lovelace,*2 Sergei Ossokine,!® Nicholas W. Taylor,2 Aml Zenginoglu,? Luisa
T. Buchman,? Tony Chu,! Evan Foley,? Matthew Giesler,* Robert Owen,® and Saul A. Teukolsky®
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FIG. 3: Waveforms from all simulations in the catalog. Shown here are h, (blue) and h, (red) in a sky direction parallel to

the initial orbital plane of each simulation. All plots have the same horizontal scale, with each tick representing a time interval
of 2000M , where M is the total mass.

*www.blackholes.org
But (at least) 250.000 templates were used...
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http://www.blackholes.org

ANALYTICALLY: MOTION AND GW IN GR

Hamiltonian: conservative part of the dynamics

Radiation reaction: mechanical energy/angular momentum goes away in GWs and
backreacts on the system.

The (closed) orbit CIRCULARIZES and SHRiNks with time

Waveform

General Relativity is NONLINEAR!
2

U
Post-Newtonian (PN) approximation: expansion in 5
C

18



PROBLEM OF MOTION IN GENERAL RELATIVITY

G (%) = v + Iy () 5 by <1 {

2 3

» post-Minkowskian (Einstein 1916)

: . l v U (%

» post-Newtonian (Droste 1916) hoo ~ i~ =5 hoi ~ =, Qoh ~ —0ik
'» Matching of asymptotic expansions: body zone/near zone/wave zone
»Numerical Relativity

Approximation
methods

One-chart versus Multi-chart approaches

Coupling between Einstein field equations and equations of motion

Strongly self-gravitating bodies: neutron stars or black holes Ry () ~ 1|

Skeletonized: TMV point-masses ? delta-functions in GR

Multipolar Expansion QFT_I ' ke

Need to go to very high-orders of approximation CC(ICUIC(TionS

19



POST-NEWTONIAN HAMILTONIAN (C.O0.M)

HXR(q.p) = Ax(q.p) + Hipx(q.p) + Hapx(q.p) + Hapn(a.p). (4.27)
where
Hy(q.p) = %2 — %, Newton (OPN) (4.28a)
Hipx(q.p) = %(31/ —1)(p?)? - % [(3+v)p? +v(n-p)?] % + 2—;2 (IPN, 1938)4.28b) - [Einstein-Infeld-Hoffman]

. 1 1 1
Hypn(a.p) = ¢ (1-5v+50%) (p?)* + 3 [(5— 200 —3v%) (p*)? — 2v%(n - p)?p? — 3v%(n- p)*] p

[(5+ 8v)p? + 3v(n - p)?] qig - %(1 + 31/)% (2PN, 1982/83) (4.28¢) - [Damour-Deruelle]

-

(S =

- 1
Hapx(q,p) = T (=5 + 350 — 7002 + 350°) (p?)*

+ % [(~7+ 420 — 532 — 5%) (p)° + (2 — 32 (m - p)2(p)? + 3(1 — v)v(n - p)'p? — 5v(m - p)°] -
q

o [11_6 (=27 + 136 + 100%) (p*)° + %(17 +30v)v(n - p)*p® + 11—2(5 +43v)v(n- P)d] q—12 (3PN, 2000) [ - [Damour, Jaranowski,Schaefer]
+ _§+ i72_3_35 _2_32 2+ _ﬁ_i?_z ( . )2 i
s \&a" w®)¥V TV |P 6 64 1 )'P3

100 21,
+ |-+ |—— =7 ic |V
8 \12 32

.and 4PN too, [Damour, Jaranowski&Schaefer 2014/2015] - 4 loop calculation
q=4d1 — 92
P =P1= —P2

20



PN-EXPANDED (CIRCULAR) ENERGY FLUX (3.5PN)

d—E — —£ balance equation
dt
Mechanical loss GW luminosity
)
L= 3522 vir®ll+ (_1323_467 — ?—21/> r + dnz®/? + (—4;0—?21 + 952%1/ + %I/2> z?
Newtonian
quadrupole N (_@ _ @V) 52
formula 672 24
6643739519 16 1712 856
[ 60854400 3" 105 C ~ 105 ™(16%)
(_ 134543 417r2) M08 5 ﬁyg] s
7776 48 3024 324

L (16285 214745 193385 0\ o (1
504 1728 " 3024 0 )™ &)

C = v = 0.5772156649...
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TAYLOR-EXPANDED (CIRCULAR) 3PN WAVEFORM

Blanchet, Iyer&Joguet, 02; Blanchet, Damour, Iyerd&Esposito-Farese, 04; KidderQO7; Blanchet et al.,08

,122 — _8 E(J:/'n e_2i¢a\'{l - -\.‘(107 - 55 l/) -+ .\'3‘,{2[277 -+ 6l ln(i)] - .\'2(—2173 -+ 1069 vV — —2047 Vz)
5 R 12 12 o 1512 216 1512
L T/107 34 , 107i 34i x
— x “[( — u)'zr + 24ipv + ( — V) ln(—)]
21 21 7 7 X0
N ‘3[27027409_856 L2 o 1712 428
Y1 626800 105 7 3 105 105 -
X\ (278185 41, 20261 , 114635 428 o 0NT L oo
- n| —— I - — - 77 |V — | 2 I 28 — T 197 11N| =— € '~ \
[ (x())] ( 33264 96 ) 2772 99 792 105 (-r(,)] }
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EFFECTIVE-ONE- (EOB)

| appr'oach to ‘rhegenemlrela’ruvusuc two- body r'oblem

(Buonanno-Damour 99, 00, Damour-Jdaranowski-Schafer 00, Damour
01, Damour-Nagar 07, Damour-lyer-Nagar 08)

key ideas:

(1) Replace two-body dynamics (my, mo) by dynamics of a particle
(L= mymo/(my + mo)) in an effective metric gﬁfvf(u), with

u= GM/c*R, M= m;+ mo

(2) Systematically use RESUMMATION of PN expressions (both g,
and Fpp) based on various physical requirements

(3) Require continuous deformation w.r.t.
v =p/M=mymy/(my + mp)? inthe interval 0 < v < 7

23



STRUCTURE OF THE EOB FORMALISM

- WG

&(€) i A
SeffTeme M Dom

m

hringdown(t) Z O]_l\}e_aj\rf (t—tm)
.' N

hEOB . Q(tm B t)hinsplunge (t) (9(?5 B tm)hringdown (t)

‘m ‘m

+ GSF + EOB based on Post-Minkowskian approximation



Extreme-mass-ratio Iimit (2007)

e Laboratory to learn each physical element entering the coalescence
e Accurate waveform computation using Regge-Wheeler-Zerilli (Schwarzschild) or
Teukolsky (Kerr) perturbation equations

0.4 T

— Zerilli-Moncrief
— EOB-type non-QC F,,, Padé

Mo, 03736715 | |
I I

02 22 | 20
a 0.35
28 0
at 03t
&
02t
0.25¢
_()'4 L L L 1 1 1 L L L
200 220 240 260 280 300 320 340 360 380 400
w(2M) ol
- (exact)
0.15k M“’%%) .
—_ Mm22
0.1} — 20
(exact)
I‘i’22 1/
0.3 B Goaa M
\\\\
_{) ~=

1 L 1 1 L L 1 v | N L 3\ I 1 AL n
0 50 100 150 200 250 300 350 400 90 20 280 290 300 310 320 30 340 350
u/(2M) w/(2ZM)

« Several aspects of the phenomenon explored in detail
o Several papers with Bernuzzi+ (multipoles, GW-recoil, spin etc.):

PHYSICAL REVIEW D 88, 121501(R) (2013)
Gravitational recoil in nonspinning black-hole binaries: The span of test-mass results

Alessandro Nagar 1s0p ;liijglll‘)' Y “
RWZ-extrapolated final recoill < \
. . 60 ;'ff’ I
velocity and “full” NR calculations 1~ |



EOBNR Models

AEI (Ligo): LAL

SEOBNRV4 (spin-aligned)

SEOBNRv4_HM (spin-aligned, 22,21,33,44,55 modes)
SEOBNRV4P_HM (precessing spins, 22,21,33,44,55 modes)
SEOBNRVAT (tides)

TEOBResumS (spin-aligned,tides, BBH, BNS,BHNS)
TEOBiIResumS(higher modes, in progress)

Ditferences:

e Hamiltonian (gauge + spin sector. Spin-spin)
 Resummation of the interaction potential

* Radiation reaction

e Effective representation of merger and post merger

« ESSENTIALLY: different deformation of the test-mass limit




EFOB Hamiltonian

EOB Hamiltonian
Heop = M\/l 4o (Hﬁ _ 1)

All functions are a -dependent deformation of the Schwarzschild ones

44
A(r) =1 —2u + 2vu® + aqvu® ay = % — S5 = 186879027

A(M)B(r) = 1 — 6vu® + 2(3v — 26)vu” v GM/(CQR)

Simple effective Hamiltonian:

2 1/2
~ P A
Heg = , | p2 i = ( = .

Crucial EOB radial potential CoTribuTion at 3PN



EFFECTIVE POTENTIALS
Newtonian gravity (any mass ratio): '-

circular orbits are always stable. No plunge.

0.90[

2 il
F 2 pQO 1.00 \
well =124 %8 |
N
eWt r T2 0.95-_ \\~~_________-:______:-_:-_-_—_-::‘-'-'- ______
Test-body on Schwarzschild black hole:
last stable orbit (LSO) at r=6 M, plunge T ]
9 p2 1.002- .
ff _ © _
WSechwarzschild — <1 o ;) (1 + T_2> ossf !

0.85

EOB, Black-hole binary, any mass ratio:

last stable orbit (LSO) at r'<6M plunge

2
WE%B — A(TS V)

L/ -deformation of the Schwarzschild case!

28



HAMILTON’S EQUATIONS & RADIATION REACTION
. <A> 1/2 8ﬁEOB . | | ___p,-38 linspiral]

1.05F —p_{warphi} = 3.2 [LSO] -
—P,= 2.8 [plunge]

5 Opr., |
~ Circular orbit

pgoz

» The system must radiate angular momentum

»How?Use PN-based (Taylor-expanded) radiation
reaction force (ang-mom flux)

»Need flux resummation

Resummation multipole by multipole

-Taylor __ g 5.4 tTaylor (Damour&Nagar 2007,
f“’ o 5 vl TQF (USD) # Damour, Iyer & Nagar 2008,

Plus horizon contribution [AN&Akcay2012] Damour & Nagar, 2009)
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USE OF PADE APPROXIMANTS

Continuity with Schwarzschild metric: A(r) needs to have a zero
*Simple (possible) prescription: use a Padé representation of the potential

1+ nu
_ plr 43PN -
A(r) = PAN ()] = fo

30



TEOBResumS -

4PN analytically complete + 5PN logarithmic term in the A(u) function:

[Damour 2009, Blanchet et al. 2010, Barack, Damour & Sago 2010, Le Tiec et al. 2011, Barausse et al. 2011,Akcay et al. 2012,
Bini& Damour2013, DamourJaranowski&Schaefer 2014].

94 41
ASEYOn =1 — 2u 4 2vu® + (3 — 327'('2) vu* + v[al(v) + a Inulu® + vab(v) + ag* In w]u®
4PN 5PN

g _ 64 1PN 2PN 3PN

log —

5!

ag = ag, + vas,

c _ 4231 220 5 250 128 4PN fully known ANALYTICALLY!
G =" T E T T E log(2) + = Y

oo 21 41,

a51 = ? @TF

g 7004 144
% = 7"705 5 ° bBPNlogarithmic term (analytically known)

NEED ONE “effec’nve" 5PN parame‘rer from NR waveform data: ag (V)

State- of The art EOB po’ren’ruql (5PN resummed)
A(u; v, ag) = Py [Asp™ (u; v, ag)]



TEOBResumS - ||

Resummation of the waveform (and flux) multipole by multipole (CRUCTAL!)
[Damour&Nagar 2007, Damour, Iyer, Nagar 2008]

Next-to-quasi-circular correction

hory = h(N G)h(e) hNQC Newtonian x PN x NQC

PN correc‘rlon

Remnant phase and
—~gp Modulus corrections:
“improved” PN series

_ [+ 1 — 2ik) €W2k€2il:eln(2kro)
Effective source: F(f —|— 1)

EOB (effective) energy (even-parity modes) "Resums an infinite number of leading logarl‘rhms'
EOB angular momentum (odd-parity modes) in tail effects (hereditary contributions)




TEOBResumS

Damour&AN 2014: NR-based phenomenological description of postmerger phase

Factorize the fundamental
QNM, fit what remcuns

h(r) = €T 7190 (1)

h(T) — Aﬁelqbﬁ(T).
Az (1) = tanh(02 T+ ¢4 ) + cf,
b b
1 + e 8—027' + e 6—2027'
¢B(T) _Cl In i b 4¢
1+c5 +cy
a1 .
¢y = 5021, 21 =— (g — (1
¢t = A — ¢ tanh(cd),
~ar cosh? (4
Cf—Amgal 014(3)’
2
| L of 0
¢ = Aw ¢+;3+C§ . Aw =w1 — Mppwayy
Co (Cs + 2¢y)
Cg = 21,

|7€hqg|/b

= = NR ]
Primary fit |

1.5

Ju—
T

(=)

-0.5

I i (1.221,40.33, —0.4399)
-1.5

3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950
t/MBH
nerkr—r———mr————7——"—7 7 7 T T T T
I ¢NR ¢P imary fit

NR Primary fit NR |
— (AT - AT )/ATE ]

o/\/\/\’\/\

-0.01 |
0 10 20 30 40 50 60 70 80
(t —tm)/Mpu

0.01

Good performance of primary fits (modulo details...)

Do this for various SXS dataset and then build up
a (simple-minded) interpolating fit

Black-list:

(1) the structure due to m<0 modes is not included (yet)

(2) large-mass ratios/high spin: amplitude problems

(3) problems are extreme for high-spin EMRL waves

(4) more flexible fit-template needed

(5) improve/check over all datasets (SXS & BAM for
large mass-ratios & consistency with EMRL)

33 Del Pozzo & AN, PRD 95 (2017) 124034



TEOBResumS point-mass potential

L —— A(r;v = 0.25) [equal-mass case]

Schwarzschild: A(r;v =0)=1—-2M/r

Years of al

u/M

work to ge:
0 1 2 3 4 5 6 7 8 9 10
r/M
0.6 ‘A EOBNR | 06 |
— Ao !
04} EOBNR / {NR = 0 04 w
A1422 /A22 X I
02 02 |
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|
04 04 |
|
L L L L L |
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g 0 I“ 0 |
> : i |
9 ! ! { \
-0.2 ! ! -02 |
| |
| ) ) ) ) ) | |
2000 4000 6000 8000 10000 118 1.185 1.19

u/M  x10*

From EOB/NR-fitting:

as(v) = 3097.3v* — 1330.6v 4 81.3804

nalytical and numerical
b this strong-field difference!

F(M)=1-F =1—max <h§208’h2N2R
= to.éo || 2 || [|hdg ||’

0 T AN S SN S S R S SN S BN SN SN S SENL SN SN S BN S
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—— 0066 g =1
—0180 g =1
— 0007 g=1.5
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3 1 |——0259¢=25
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——0166 g =6
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- 0299 ¢=17.5
-” 0300 g = 8.5
0301¢g=9
—0185 ¢ =10
0302¢=09.5
0303 ¢ =10

..........................................................................................................................
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Nagar, Riemensohneiﬂgﬂésr, Pratten 2017



(ii) Spins anti-aligned with L: attractive (faster) shoter INSPIRAL

(iii) Misaligned spins: precession of the orbital plane (waveform modulation)

Spinning BBHSs
Spin-orbit & spin-spin couplings
(i) Spins aligned with L: repulsive (slower) L-o-n-g-e-r INSPIRAL

X cS 1,2
1,2 — 2
Gm7 2
0.04 w T 1.5
—— AGEOBNR

AAEPPNR ANR |

0.02
X1=x2=+109%4, ¢=1 05 |
0’\/‘ M AAAARAARN o N
-0.5

-0.02

1000 2000 3000 4000 5000 6000 63

|
50 6400 6450 6500

\
1000 2000

i i ! i i |
3000 4000 5000 6000 6350 6400 6450 6500

u/M

u/M

EOB/NR agreement: sophisticated (though
rather simple) model for spin-aligned binaries

Damouré&Nagar, PRD90 (2014), 024054 (Hamiltonian)
Damouré&Nagar, PRD90 (2014), 044018 (Ringdown)
Nagar,Damour, Reisswig & Pollney, PRD 93 (2016), 044046

AEI model, SEOBNRv4, Bohe et al., arXiv:1611.03703v1
(PRD in press)



Spin-Spin in Kerr Hamiltonian
Particle: (u, Sy) Kerr black-hole: (M, S)

Hyerr = HKGH + HSO(S> + Hgg(S*)

K 2 p? N
err ' — eq 2 ¥ r ) L
Ho, eq(l’ p"’p"o) \| A7) (M T Tg T BGQ(T)) 09}
0.8-
0.7
&go.é
S 05f \-_ 047 0.48 0.49 0.3
A <§04
cen’rrufugal radius |
. 2Ma? 5 Agq(re = 2M) = 0
T E— T _I_ a/ I 0'2_—|a|/M:0
R | | - — [~ |a|/M =0.5
' g S ————ermm oAy 0L |g|/M = 0.8
f,;, EOB Iden’rlfy a sumllar cem‘m‘ugal radlus ; M=t

. i 00 0.05 0.1 0.15 02 0.25 0.3 0.35 | 0l.4 | 0.I45 | 0.5
{in the comparable mass case and devise Ue

ta similar deformation of A

Similar, though different, in SEOB
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The effective Hamiltonian

eft eft
2 g 9s+ * )7
Ao = 2508+ 501 8" 4 \JA(L+ 5ipip; + Qa(p)

with the structure
. . 2 .
g¢" = 2 + v(PN corrections) + (spin)~corrections

3
ge = (2 + test mass Coupling> + v(PN corrections) + (spin)“corrections

2
A=1- =+ y(PN corrections) + (spin)*corrections
r

Vij — Vfijerr + v(PN corrections) + . ..

SZSl‘|‘SZZM2(X12X1‘|‘X22X2) X; =m;/M

S*:@S1 | mlSQZMQV()a—I—Xz) _1§Xz§1
m1 T




THE TWO TYPES OF SPIN-ORBIT COUPLINGS

: . L
Hgh = GsL-S+Gs LS Gs= 565, Gs- = 545

In the Kerr limit, only S-type gyro-gravitomagnetic ratio enters:

2

(A .
gt =2 g = 2 + O|(spin)?]

2
r? + a? [(1 — co0s? 0) (1 + ) + 2 cos? 9] + — cos* 0
r r

PN calculations yield (in some spin gauge)[DJ S08, Hartung&Steinhoff1l Nagarll, Barausse&Buonannoll]

o =24 {-%gu . p)2} "Effective” NNNLO SO-coupling
1 ( 1 /51 w2\ 1/ 21 23 5 ) 1 ves
+F{_ﬁ (Tu+ ?) + (—7v+§l/2) (n'p)2+§v(1+71/) (n-p) }, —|_C_67“_3

3 1 1/9 3 9 15
off e A T | = i -
gS.—2+CQ{ r(8+4v) (41/+ 8)(11 p) }
1 ves

1 1 /27 39 3 . 1 /69 9 57 o 5 35 5 45 2 -
+_{—r2 (16+ 4V+16V)+;(E—ZV+EV)(H-D) +(E+§l/+ﬁu (n-p) +C6_7°3

This functions are resummed taking their Taylor-inverse

The NR-informed effective parameter makes the spin-orbit coupling stronger
or weaker with respect to the straight analytical prediction



Spin-Spin within TEOBResumS
Define a "centrifugal radius”: at LO reads

9 'l': 1+ — |

2 2 ~2 r. §
TC — _|_ aO ]. _|_ — ¥ Aeq(Va X17X2) — A(]i%B(V, KL,’I“) 2
i r o3
where: S
/\2 ~ ~ ~ ~2
ag = aj +2aia2 + a; BBH case
or
15 = Co1(a1)” + 2a1a2 + Coa(az)” BNS
ayg = L1ldl a1 a2 Q2(a2 case

CQ = 1 is the BH case. In general, from I-Love-Q [Yagi-Yunes]

One verifies that once plugged in the EOB Hamiltonian and re-expanded one obtains the standard PN Hamiltonian @LO
[e.g., cf. Levi-Steinhoff]

Similarly one can act on LO SS terms in the waveform & flux

) 2 . L
re =1’ +ag (1 + ;) + da?, NLO contribution



TEOBResums: spin-aligned + tides

100 . * spin-orbit parameter informed by 30 BBH NR simulations
[ s (1, —0.90, +0.90) ] . . . . .
(2,087,408 |+ BEST faithfulness with all NR available (200 simulations)
10-1 b e (3, 4+0.85, +0.85) 3

* Robust and simple
* Tides and spin-induced moment included (BNS)

1072 prsessesemssssssess st s y
® — ¢ ONLY stand-alone EOB code
) i’_\
103
| = F(M)=1-F =1—-max — 22222~
104 | to,%0 ||h§208|| ||h12\2R||

........ 1

2 40 6 8 10 120 w 160 180 200  Nagar, Bernuzzi, Del Pozzo et al., PRD98.104052

1+ o + il —— e
c3(@a,aB,v) = Do 1+ diag |
A . ONLY 2 EOBNR models f
+py (@4 — aB) V2, (17)
&1,2 — X1,2X1,2 SEOBNRv4 (Al | ]
Y, = 2 See Rettegno, Martinetti, Nagar+2019,
L2= "1 arXiv:1911.10818

_ S+8,

= Xaxa+XBxB =aa +ag



TEOBResumS + Post Adiabatic Approx

ODEs are slow: 1-2s for BNS waveforms (10Hz) not good for DA
Shared solution: ROMs (surrogate models. Fast but not flexible)
Are ROMs really needed?

EOB equations of motion

dy 1 [ p ~rorb A
— = — — |A~—2 + H% G], 1
dt  vHpopHYPL 12 " @)
dr (A)1/2 1

dt I/IA{E()BISIgéb

B

X

A 2 ‘rorb oG
X [pT* (1 T 2Z3,r_(2:pr*> + Heff Dy apr* ] ) (2)
dp, 2
W - Fwa (3)
dpr, AN1/2 1 , o (AN
i = (5) prgal ()
2vHgoBH J; o
AN/ A ~
+23pp, () +2HEPC | (4)

C

~

G = GgS + GS*S*



TEOBResumS + Post Adiabatic Approx

Post-adiabatic approximation (Damour & AN, 2007)
2PA: used to have eccentricity free ID for the EOB EoM

A

‘F_‘cp_(’r) = Yo Fonta(r) e

p2(r) = 33(r)(1+ XLy kan(r) &)
pr.(r) = Yoo Manta(r) et

lterate up to nth order at vy 5211501

Py = 2.8 [plunge]

a given radius to obtain | /\. el orbit
the momenta with high 55|
accuracy = o)
[Nagar&Rettegno, 2018]
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Sh1(t)

Spa(t)

TEOBResumS and GW150914
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1126259462.2 1126259462.3 1126259462.4

Time/s

1126259462.0 1126259462.1

27.5

30.0 32.5

M /Mo

35.0

TABLE IV. Summary of the parameters that characterize
GW150914 as found by cpnest and using TEOBResumS as tem-
plate waveform, compared with the values found by the LVC
collaboration [135]. We report the median value as well as the
90% credible interval. For the magnitude of the dimension-
less spins |xa| and |xg| we also report the 90% upper bound.
Note that we use the notation x.g = ao for the effective spin,

as introduced in Eq. (8).

TEOBResumS [.VC

Detector-frame total mass M /Mg
Detector-frame chirp mass M /Mg
Detector-frame remnant mass My /Mg
Magnitude of remnant spin ar
Detector-frame primary mass M4 /Mg
Detector-frame secondary mass Mp /Mg
Mass ratio Mp /M4

Orbital component of primary spin x4
Orbital component of secondary spin xp
Effective aligned spin Yes

Magnitude of primary spin |y 4|
Magnitude of secondary spin |xz|
Luminosity distance di,/Mpc

73.6727
31.873¢
70.0759
0.711555
40.215°1
33.57%7
O 8—|—0.1
02709
0.050%
0.179:5
<0.7
<0.9
4797558

70.674:¢
30.4121
67.4741
0.671007
38.9758
31.6152
0.8210 17
0.3210:55
0.4475:50
—0.0779-18
< 0.69
<0.89
4107159

Nagar, Bernuzzi, Del Pozzo et al.,

arxXiv:1806.01772

PRD,



TEOBResumS on GW150914

] 1.0 _ EaS N
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State of the art:
TEOBResumsS: PA approx + ODE+LAL implementation
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Neutron stars: tides & spin

TEOBResumS today [AN+, PRD98, 2018,104052]

« tidal effects + nonlinear-in-spin-effects (&2, S8,57,...) [AN+, PRD99, 2019,044007]

* analytically very complete model (almost final)

* |=3 GSF-informed + gravitomagnetic tides [Akcay+, PRD, 2019, in press]

* checked with (state-of-the-art but short) NR simulations up to merger
 EFFICIENT due to the post-adiabatic approximation [AN & Rettegno PRD99, 2019 021501]
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No real need of EOB-surrogate!



TEOBResumS vs NR: BNS

T

A,B A,B
name EOS Ma, g[Mg)] Ca,B ks K3 A3 XA,B Coa,0B
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GW170817- Parameter Estimation (LVC)

® Only existing EOB model independent from existing waveform models in LIGO/Virgo

PE of the binary neutron star GW170817: arXiv:1811.12907 (GWTC-1)
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BIASES ARE POSSIBLE USING
BAD TIDAL MODELS!!!



Recent development

Improved spin content in fluxes
More robust resummation of wavetform amplitudes
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Conclusions

SEOB vs TEOB: consistent BUT different.
Analytic differences are spelled out explicitly (see arXiv:1911.10818)
Spin sector very different!

TEOB is more efficient due to PA approx. Long inspirals.
No need of surrogate (e.q., is being used on BNS GW190426)

Good analytic modeling needed for reducing systematics. All current
GW S|gnal are going to be re- analyzed with TEOB

BBH+h|gher modes (no spm) ar><|v 1904 09550 IN Press
Higher modes with spin: in progress

Next challenge: eccentricity (in progress)



