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THE THEORY...

Is needed to compute waveform templates for characterizing
the source (GWs were detected...but WHAT was detected?)

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

Theory: Sy N ERGy between

Analy’rical and Numerical General Relativity
(AR/NR)
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UBER GRAVITATIONSWELLEN (EINSTEIN, 1918)

154  Gessmtsitzang vom 14, Fehruse 1918, — Mitteilung vom 31, Januar

Uber Gravitationswellen.

Von A. Exsteis.

(Vorgelegt am 31. Jauuar 1918 (s oben 8. T4].)

I)ie wichtige Frage, wie die Ausbreitung der Gravitationsfelder er-
tolgt, ist schon vor anderthalb Jahren in einer Akademiearbeit von
wir behandelt worden'. Da aber meine damalige Darstellung des Gegen-

" standes nicht geniigend durehsichtig und auBerdem durch einen be-
dauerlichen Rechenfehler verunstalter ist, mu ich hier nochmals auf

die Angelegenheit. zurlickkommen.

Wie damals beschriinke ieh mich auch hier anf den Fall, daf
das betrachtete zeitvihimliche Kontinuum sich von einem »galileischen«
nur sehr wenig unterscheidet. Um fir alle Indizes

Yur = —38,,+ ", (1)
setzen zu kounen, wihlen wir, wie s in der spezicllen Relativitiies-
theorie fiblich ist, die Zeitvariable x, rein imaginir, indem wir

@, =it

setzen, wobei { die¢ »Lichtzeit« bedeutet. In (1) ist 8.=1bzw.8, =0,

je nachdem u ==y oder wzkv ist. Diev,, sind gegen 1 kleine Grofen,

welehe die Abweichung des Kontinuums vom feldfreien darstellen;
sie bilden einen Tensor vom zweiten Range gegeniiber Lonenrz-Trans-
formationen,

§ 1. Losung der Niaherungsgleichungen des Gravitations-
feldes durch retardierte Potentiale,

Wir gehen aus von den fir ein beliebiges Koordinatensystem
witltigen® Feldgleichungen

N frar)

TR s
o) e

A

' Diese Sitzungsbor. 1916, S. 688 T
! Von dor Einfibrung des «2-Gliedes« (vgl diese Sitzungsber. rauy, 8. 1432) it
dabei Abstand genommen,

= 045 + hij

IS transverse and traceless and
propagates at the speed of light
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GRAVITATIONAL WAVES: TWO HELICITY STATES s — =*2

Massless, two helicity states,
i.e., fwo transverse-traceless (TT) tensor polarizations propagating at v — C

hij — h_|_(37@‘$j — yzyj) + hx(xiyj -+ ylfﬁj)
7~
OUOO0O Ny
\/
( ) 7 ( } (N < >
7 N h><
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GRAVITATIONAL WAVES: PIONEERING THEIR
DETECTION

3 3§ W BA GaY
o ! 4 ‘

Joseph Weber (1919-2000)

General Relativity and Gravitational Waves
(Interscience Publishers, NY, 1961)

:j.,

UNIVERSITY OF MARYLAND

|
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HOW TO DETECT & MEASURE:
MATCHED FILTERING!

To extract/do parameter estimation of the GW signal from detector’'s output
(lost in broadband noise S,,(f) )

af \
<0utput\htemp1ate> — / S ( f)f ) temple(f )

Detector's output Template of
expected

GW signal
Need waveform templates!
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GW150914

was so loud that it could be seen with the naked eye...

Advanced LIGO WHITENED strain data near GW150914

Advanced LIGO WHITENED strain data near GW150914 4
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OBSERVED GRAVITATIONAL WAVE SIGNALS
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BH radii: ~ 20 — 100 km
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BBHS: WAVEFORM OVERWIEV
1 L
h"‘ _th — ;ezhgm —21/677?/(07 ¢) h(m17m2751732)

0.4

“mergen (1 BH forms)
I (quasi-adiabatic) inspiral: plunge ]
02 .. : (nonadiabatic) i
2 BHs, quasi-circular orbit
01" ringdown (1BH is oscillating)
0.1 -
-0.2 T
-0.3 _
_0.40 1 OIOO 2OIOO 30|00 4OIOO 50|00 6OIOO 7000
t/M - merger
. . 03r plunge
e.g: equal-mass BBH, aligned-spins
ringdown
X1 = X2 = +0.98 R
*SXS (Simulating eXtreme Spacetimes) collaboration =
*www.blackholes.org o2y
*Free catalog of waveforms (downloadable) “oal

1 1 1 1 1 1 1 1 1
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BINARY NEUTRON STARS (BNS)?

All BNS need is Lovel

e Tidal effects
e Love numbers (fidal "polarization” constants)

® EOS dependence & "universality”
* EOB/NR for BNS

See:

Damour&Nagar, PRD 2009

Damour&Nagar, PRD 2010

Damour ,Nagar et al., PRL 2011
Bini,Damour&Faye, PRD2012

Bini&Damour, PRD 2014

Bernuzzi, Nagar, et al, PRL 2014

Bernuzzi, Nagar, Dietrich, PRL 2015

Bernuzzi, Nagar, Dietrich & Damour,PRL, 2015

(t_tmrg)/M
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FAST CHIRP: COULD GW150914 BE A BNS?

The merger occurs at frequencies too low o be a "standard” BNS

GW frequency grows fro 35Hz to 150Hz around peak (factor 4) over the observed 8GWs cycles

300

- .
- '
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200 - g
I L
_ :
T 150 >
- g
100 - 2
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o
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Yo 0 B
QNM frequency (Hz)

% FIG. 4. We show the posterior 90% confidence regions from §
. Bayesian parameter estimation for a damped-sinusoid model, assum- §
} ing different start-times 1, = 1, + 1,3, 5,7 ms, labeled by offset from §
§ the merger time 7y of the most-probable waveform from GW 150914. '
¥ The black solid line shows contours of 90% confidence region for the §
§ frequency f; and decay time T of the £ =2, m = 2 and n = 0 (i.e., §
& the least damped) QNM obtained from the inspiral-merger-ringdown |
£ waveform for the entire detector’s bandwidth.

o~

But the final answer is that consistency
was found between inspiral and ringdown!

Proposal for improved analysis with "more” ringdown: Del Pozzo&Nagar, arXiv:1606.03952

13
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TEMPLATES FOR GWS FROM BBH COALESCENCE

< ? wave Form -
LESTRICTER wWa MATWING TO LEAST-DAMPED
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+10°21- n (perfturbation theorg)
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- \/ (VA ¥ naive LSO
i -0.28 M r-LSO
\] ' ®j-LSO v=1/4

h(t)

—o3s | @E-LSO
' » w-LSO
Merger: 048 55 ; 6o
. .« e . ‘M
Numerical Relativity Effective-One-Body (Buonanno & Damour (2000)

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

Numerical Rela‘rivi’ry: >= 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 &

02} N resolution)
go.l— =
8 Phase error:
X o
s 1 | < 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%)

' 1 —
022 ———- r-LSO v=1/4
151
0.12 . o}
| St g
0.02 /
| ~ 0 |
S -0.08 ol N
\, }
= : 10}
-0.18 inspiral + plunge 15 |
—=-— merger + ring—down -
| < naive LSO i) S I NS SN TNV TN T T i
-0.28 | W 150 i 20 -5 -0 -5 g 5 10 15 20
| ®/-LSO v=1/4
-0.38 ' @E-LSO j L . .
: » o-LSO - ®Blurred transition from inspiral to plunge
| | e Final black-hole mass
_0'48_ -100 0 100 e Final black hole Spin
M e Complete waveform
A. Buonanno & T. Damour, PRD 59 (1999) 084006
A. Buonanno & T. Damour, PRD 62 (2000) 064015
> 2005: Developing EOB & interfacing with NR o (ml i m2)2 M

2 groups did (and are doing) it
- A.Buonanno et al. (AEI)

- T.Damour & AN + (>2005)
15
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PRECURSOR-BURST-RINGDOWN STRUCTURE :1972

Davis, Ruffini & Tiomno (DRT): 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

I j\ _(Y*")/M_’
[-70 . 5 10
Al 50 I I .
~mJ27

RINGDOWM3tQNMs tail

Spacetime oscillations
_‘5_

PRECURSOR: Quadrupole formula
(Ruffini-Wheeler approximation)

16
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NDB: TEST PARTICLE

Nagar, Damour & Bernuzzi

+Harms, Zenginoglu

RWZ: transition from inspiral to plunge
Teukolsky equation: up to very high spins
Many papers from 2006 up to today...

(0,4 [

I

FIG. 1. Transition from quasicircular inspiral orbit to plunge.
Initial position is ro = TM and v = 1073,

N4
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IMPORTANCE OF AN ANALYTICAL FORMALISM

Theoretical: physical understanding of the coalescence process, especially in
complicated situations (e.g., precessing spins).

Practical: need many thousands of accurate GWs templates for detection and

data analysis. Need analytical templates: / (ml, mo, S1, S

Solution: synergy between analytical & numerical relativity

Strong-field information

EO BNR models

Complementary route: IMRPhenom models
PN_glue_NR, EOB_glue_NR hybrids (glued waveforms)
to build phenomenological templates [Khan et al., 2015]

18
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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)

19
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A catalog of 171 high-quality binary black-hole simulations for gravitational-wave
[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®

astronomy
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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...

20
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Numerical relativity reaching into post-Newtonian territory: a compact-object binary simulation
spanning 350 gravitational-wave cycles

Béla Szilagyi,'-* Jonathan Blackman,' Alessandra Buonanno,>* Andrea Taracchini,’
Harald P. Pfeiffer.>® Mark A. Scheel,! Tony Chu.”-> Lawrence E. Kidder.® and Yi Pan*

(Dated: February 18, 2015)
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inspiral-only comparison
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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

22
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PROBLEM OF MOTION IN GENERAL RELATIVITY

—

_ gu(w):nu+hu(x)ahu<<l {
} » post-Minkowskian (Einstein 1916) ’ u 2 : USM )
Approximation §»post-Newtonian (Droste 1916) hoo ~ hij ~ — 5 hoi ~ — 33@:;3%

methods £ » Matching of asymptotic expansions: body zone/near zone/wave zone

i »Numerical Relativity

One-chart versus Multi-chart approaches

Coupling between Einstein field equations and equations of motion

Strongly self-gravitating bodies: neutron stars or black holes Py () ~ 1‘

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

Multipolar Expansion QFT-' : ke

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

23
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POST-NEWTONIAN HAMILTONIAN (C.O0.M)

HXR(q.p) = Hx(q,p) + Hipx(q,p) + Hopx(q.p) + Hapn(q.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. (1PN, 1938 )4.28b) - [Einstein-Infeld-Hoffman]

3 1 9 1 9 9 9 9 1
Hypx (q,p) = 7= (1-5v+ 50?) (p?)* + = (5200 — 3?) (p?)® — 20%(n - p)’p? — 3% (n - p)*] p

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

-

| =

Hapx (q.p) = 1_;8 (=5 + 350 — 7002 + 350°) (p?)?

+ % [(_7 49— 53112 o 51/3) (p2)3 + (2 - 31/)1/2(11 . p)2(p2)2 + 3(1 - V)VQ(n . p)dp2 _ 51/3(!1 . P)S] %

1 1 1 1 ,
+ ll_G (=27 + 1360 + 109%) (p*)* + =(17 + 30v)v(n - p)*’p’ + (5 + 43v)v(n - p)4] pel (3PN, 2000) | - [Damour, Jaranowski,Schaefer]
+ _§+ l~—2_3_35 _22 2+ _§_12_Z ( . )2 i
s \ea" )" ®V|P 16 64 1 )/ PI3
1 (109 21 1
+ I:g + (1—2 - ﬁﬂﬂ + wstmc) Vl ?. (4.28d)

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

24
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PN-EXPANDED (CIRCULAR) ENERGY FLUX (3.5PN)

d—E — —£ balance equation
dt
Mechanical loss GW luminosity
)
L= 3522 2::: 1+ (_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 =g = 0.5772156649...

25
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TAYLOR-EXPANDED (CIRCULAR) 3PN WAVEFORM

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

h22 — —§ E(J:}m e byl — .r(lO? _ 33 u) + 372 297 + 6i ln('—r) — .\'2(—2173 + 1069 v — 2047 uz)
5 2R 1512 216 1512

42 42 Xp

<[ (107 34 _ 107: 34 X
— X “[( —_ u)'rr + 24iv + ( — v) ln(—)]
21 21 7 7 X0

. ‘_3[27027409 856 2 , 1712 428
6463800 105 F 3 105 105 -

[ ( X\ (278185 41 20261 , 114635 o 4280 . (0NT oo
- n| —— - - 7\ — | 20 128 s T 7Tl — € "7 ),
[ (.\‘0)] (33 264 96 ) 2772 99792 105 ' (-r())] | }

26
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| ppoa’ro The gener'l r'ela’r ISIC ’rw | boy obl

(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 g5y,
and Fpp) based on various physical requirements

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

27
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STRUCTURE OF THE EOB FORMALISM

)

) Sé})ngmei‘sfm Pgm

ingdown
hrmg
m

hEOB . H(tm B t)hinsplunge (t) (9<t B tm)hringdown (t)

‘m ‘m

28
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TWO-BODY/EOB “CORRESPONDENCE”:

THINK QUANTUM-MECHNICALLY (J.A. WHEELER)

o mima2
: : iy =
Real 2-body system An effective particle®™ & mi + ma
(in the c.o.m. frame) in some effective metrj o
T, 11 €
( Ly 2) /\ g - f (E) g,uy
A A
Erecal Eeft
Me? | e | ..
- — = OSutt OSer
2 % e e 4y __
n+l,¢ n+1,0+1 Ll 14 R Jett "grn v +0P) =0
n, 0 n,

Figure 1: Sketch of the correspondence between the quantized energy levels of
the real and effective conservative dynamics. n denotes the ‘principal quantum

Sommerfeld's T — il
“Old Quantum Mechanics” J = Eh:% Pypdp

(action-angle variables & Ay _ 5 I.+J
Delaunay Hamiltonian) 1
Ir — A p?“d’r
2T
pelassical (1)) somses }.Hclassmal (Ia) iy [FARREI (T Y 1| Samantu peft _ nah)j

29
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THE EOB ENERGY MAP = e

Real 2-body system
(PN-expanded Hamiltonian
in the c.o.m. frame)

An effective particle® ¢
in some effective metrig, %

(m17 m2)
E2 — m2 —_ m2
Simple energy map: Eog = real 1 2
2M
EOB Hamiltonian: M - ml _I_ m2

HEOB:M\/]. 2V(ﬁeff_]-) y:i

M

N He

Heff — i

30
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EXPLICIT FORM OF THE EOB HAMILTONIAN
EOB Hamiltonian

Heop — M\/l 4o (ﬁeﬁ _ 1)

All functions are a I’-dependent deformation of the Schwarzschild ones

4 41
A(r) =1 —2u + 2vu® + agvu® 0y = 93 ~ 557 = 18.6879027

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

Simple effective Hamiltonian:

2 1/2
. D A
H.g = \p%* | Tg | — (E) Pr

Crucial EOB radial potential Co’rribu’rion at 3PN

31
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Newtonian gravity (any mass ratio):

circular orbits are always stable. No plunge. 1.0
2 f

Weff B 1 B g _|_ & 1.00
Newt — :
roor?

0.90

Test-body on Schwarzschild black hole:

last stable orbit (LSO) at r':6M: plunge oo
9 p2 1.00}
eff o )
WSchwarzschild — <1 o ;) 1+ T_2 0.05]
0.90}
0.85}
EOB Black-hole binary, any mass ratio:
last stable orbit (LSO) at r<6 M\ plunge
p2
eff ) Fe
WEOB _ A(T7 v ) 1+ 7“2 1/ -deformation of the Schwarzschild case!

32
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HAMILTON’S EQUATIONS & RADIATION REACTION

1/2 11 : :
A / 8 H EO B —Pp ¢=3.8 [inspiral]
,r p— S 105+ _g_{:vzagp[l;ili}l:ng [LSO] 4 1
5 Opr., —-
. | [\. Circular orbit
_ 9HgoB _ | j -
Y = 9 — able-Orbit (LSO) r<6M | |
Py
1/2 -
. [A /2 OHgoR g
p’l“* - E a,r I ffr*
Pe = Fo

» 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

rTaylor __ 9~ 5 .4 Taylor (Damour&Nagar 2007,
f“’ 5 ATl (USD) . Damour, Tyer & Nagar 2008,
Plus horizon contribution [AN&Akcay2012] Damour & Nagar, 2009)

33
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USE OF PADE APPROXIMANTS

I I | T T
. [——1IPN !
T . o | ===2PN o o
\ 1| == 3PN !
AN —— Pj[Aspx] !
k\\\l\\ P41 [A4PN ((L5 == O)] !
\ PJ[Aspn(as =0,a6 =0)] | ‘

*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

34
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MULTIPOLAR WAVEFORM RESUMMATION

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

Next-to-quasi-circular correction

hop, = h(N e)h(e) hNQC Newtonian x PN x NQC

"'co.“«réc‘»r.‘on‘
Remnant phase and

wedgp Modulus corrections:
"improved” PN series

_ F(Z + 1 - QZk) 67T2k€2ilé In(2kro)
Effective source: F(f -+ 1)
EOB (effective) energy (even-parity modes) "Resums an infinite number of leading Iogam’rhms-
EOB angular momentum (odd-parity modes) in tail effects (hereditary contributions)

35
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EFFECTIVENESS OF FLUX RESUMMATION

112_—Exact (€ =86) ! /| | — Exact (Igzs)
Test-mass | j Pl L =6
LIF _ 7 ! . n 3lp22] (€= 16)
M f - T P =
(Comp(]r'l ng ﬂUX@S, 108k — o w1l fff f_ 1osk o [3022] ( 6)
. . ¢ 4/
circular orbits) Los P Lo}
Taylor / pt New
1041 ; ;- L
< g < resummation
1.021 /f' ﬁ' . 1.02F
ir //f 0,;/ - 1r
/ &
0.98F 4 . 0.98 %s%%%
/
0% // . 0.96 "o
0.941 1 1 ot // 1 1 L] 0.941 \ oo 1
0.1 0.15 0.2 0.25 03 0.35 04 01 0.15 0.2 0.25 03
v
'— Resummed Iwaveform (a.s e -é.37, A= 50, with‘ NQC)
Eq ua l - mass wl -Resummed waveform (as = 0.0, & = -20, with NQC)
. — Non-resummed waveform (no NQC corrections)
(Comparing non-resummed & EOB- _
205
resummed amplitudes to Caltech-Cornell
BBH data) 20
6
st
Jir
£
¢ ¢ i
1 max (6) 5 ;ﬁ‘j
Fo=—5 5 Z Z (mQ)?|Rhy |
0 1
0.05 01 0.15 0.2 0.25 03

Muw [curvature]

1
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THE KNOWLEDGE OF THE CENTRAL A POTENTIAL TODAY
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].

aylor 94 41
Argpﬁ =1 —2u+ 2vu’ + (— — —7T2> vu* + v[al(v) + a Inulu® + vai(v) + ag* In u)u®

3 32
IPN 2PN 3PN 4PN 5PN
o5 654
ag = ag, + vas,
4237 2275 , 256 128 4PN fully known ANALYTICALLY!
ag = — + ™+ —log(2) + —~
0 60 512 5 5
) 221 41
&51 = —? + @TF

g 7004 144
Loz _

6 =195 ~ 5 ¢ 9PN logarithmic ferm (analytically known)

NEED ONE “effechve" 5PN parame‘rer' from NR waveform data: ag (V)

State- of ’rhe art EOB poTen’rlal (5PN resummed)
A(u; v, ag) = P3[AspR” (us v, ag)

37
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THE EOB[NR] POTENTIAL

—_m.——
- —— A(r;v = 0.25) [equal-mass case]
0.9f Schwarzschild: A(r;v=0)=1—-2M/r

_ Years of analytjical and numerical
" work to get thik strong-field difference!

From EOB/NR-fitting: a$(v) = 3097.3v° — 1330.6v + 81.3804

TAKE AWAY:
BBH system is more bound, smaller "separation” and higher frequencies!

NDRP, arXiv:1506.08457
38
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equal-mass case

RESULTS: EOBNR/NR WAVEFORMS (NO SPIN)

R 0.6
i A¢]2320BNR ]

04} = ( 1 04l
| AASPBNR/ ADR X .
02} 1 ool

0 TER TTER ST ms AR Y o ne T Rm_ SR e me ael R M Rw_ Em Aw mm R T e e O [ — ‘—\/\\l\[\ ]

02} | 02} :
: equal-mass BBH, nonspinning : | q

I

I

|

iy 1 04|

2000 4000 6000 8000 10000 118 1185 1.19
4
x 10

............................ .@J

2000 4000 6000 8000 10000 118 1185 1.19 !
u/M u/M  x10* 3

Nagar, Damour, Reisswig & Pollney, PRD 93 (2016), 04404
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)

Sur
im

| — A (0P, I

A P 13

FIG. 4. Unfaithfulness for the EOB waveforms against surrogate
waveforms as a function of the total mass of the system M for mass
ratios ¢ = 2,4,6,8 and 10 assuming # = ¢ =
plot shows a comparison of mutlimodal waveforms constructed from
(22), (21) and (33). The bottom plot shows a comparison for wave-

HIGHER MODES (NO SPIN)

- Unpublished, but free to download at eob.ihes.fr (Matlab code)
- Check unfaithfulness vs NR surrogate
(6. Pratten & AN, 2016 in preparation)

2=2

g=4
102 q=6

=8

q=10 ———
10°3
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: — T T T T
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10-2 q==6
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e —

lo_‘ \\ ¥
10-5 | ] |
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forms constructed from just the (22) modes.
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SPINNING BBHS

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

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

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

CSLQ
X1,2 = 2
GmL2

1.5

0.04

- ﬁ%{ﬁim%ﬁ 1 EOB/NR agreement: sophisticated (though
o.ozl L= v = 10994, g=1 N rather simple) model for spin-aligned binaries
0 IN\/\/\/\/\/\/\/\/\ _—/\‘\\ . .
" | Damour&Nagar, PRD90 (2014), 024054 (Hamiltonian)
-0.5

T002TTTI000 2000 3000 4000 5000 6000 6350 6400 6450 6500 DGH’\OUF‘&NGQGI", PRD90 (2014), 044018 (Ringdown)
Nagar,Damour, Reisswig & Pollney, PRD 93 (2016), 044046

AETI model, SEOBNRvV4, Bohe et al., arXiv:1611.03703v1
(PRD in press)

I ) ) ) I ) |
1000 2000 3000 4000 5000 6000 6350 6400 6450 6500
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SO & SS EFFECTS IN EOB HAMILTONIAN

New way of combining available knowledge within some Hamiltonian
[Damouré&Nagar, PRD 2014]

AN

eff eff
Hep = —5 LS+ 25 L-S" + \/A(l +79pipj + Qa(p))

with the structure

g = 2 + V(PN corrections) + (spin)”corrections

2

3
g%ff — (5 + test mass coupling) + v(PN corrections) + (spin)“corrections
2
A=1- =+ (PN corrections) + (spin)”corrections
r
Y = ”yfgerr + v(PN corrections) + . ..
2 2 2
S =81+ 82 = M*(X{x1+ Xix2) X; =m;/M
S* = —S5; 1 So = M“v(x1 + x2) —1<x; <1

42
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THE TWO TYPES OF SPIN-ORBIT COUPLINGS
: 1 1
Hgh = GsL-S+Gs LS Gs= g5, Gs- = 545

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

7“2

g =2 2 =24 O[(spin)”
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 B p)z} "Effective” NNNLO SO-coupling
1 ( 1 /51 w2\ 1/ 21 23 5 ) 1 ves
t3 {_ﬁ (TV+ ?) + (—71/ + gllz) (n-p)®+ gl/(l +7Tv)(n-p) } : +C_67“_3

3 1 1/9 3 0 15
efff _ 2, > ) _ (22,2 N - )2
gS.—2+CQ{ - (8—}-41/) (41/+ 8)(11 p) }

1 ( 127 30 3 ,\ 1/60 9 57, , (35 5 45, 0 L L ves
+_{_r2 (16+ 4V+161/)+;<E—ZV+EI/)(H'])) +(E+§V+EV>(H'I)) + —a

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

43
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40 NR SXS Datasets (public in the fall of 2013 and used before for SEOBNRv?2)

TABLE I: EOB/NR phasing comparison. The columns report: the number of the dataset; the name of the configuration in the
SXS catalog; the mass ratio ¢ = mi/ms; the symmetric mass ratio v; the dimensionless spins x1 and x2; the phase difference
APEOBNR = 4EOB _ 4NR omputed at NR merger; the NR phase uncertainty at NR merger 5¢§$‘g (when available) measured
taking the difference between the two highest resolution levels (see text); the maximum value of the unfaithfulness F =1 — F
as per Eq. (22). The A¢"9BN™’s in brackets for x1 = x2 > +0.85 were obtained using Eq. (21) for AtN9C(y).

# Name N orbits q v X1 X2 APEOPNR [rad]  Sphes [rad]  max(F)
1 SXS:BBH:none 14 1 0.25 0.0 0.0 —0.016 .. 0.00087
2 SXS:BBH:0066 28 1 0.25 0.0 0.0 +0.010 . 0.00068
3 SXS:BBH:0002 32.42 1 0.25 0.0 0.0 +0.073 0.066 0.00101
4 SXS:BBH:0007 29.09 1.5 0.24 0 0 +0.05 0.018 0.00201
5 SXS:BBH:0169 15.68 2 0.2 0 0 —0.15 0.02 0.00045
6 SXS:BBH:0030 18.22 3 0.1875 0 0 —0.074 0.087 0.00035
7 SXS:BBH:0167 15.59 4 0.16 0 0 —0.059 0.52 0.00035
8 SXS:BBH:0056 28.81 ) 0.138 0 0 —0.089 0.44 0.00038
9 SXS:BBH:0166 21.56 6 0.1224 0 0 —0.198 .. 0.00037
10 SXS:BBH:0063 25.83 8 0.0987 0 0 —0.453 1.01 0.00292
11 SXS:BBH:0185 24.91 9.98911 0.0827 0 0 —0.0051 0.376 0.00066
12 SXS:BBH:0004 30.19 1 0.25 —0.50 0.0 —0.017 0.068 0.00403
13 SXS:BBH:0005 30.19 1 0.25 +0.50 0.0 +0.08 0.28 0.00052
14 SXS:BBH:0156 12.42 1 0.25 —0.95 —0.95 +0.32 2.17 0.00058
15 SXS:BBH:0159 12.67 1 0.25 —0.90 —0.90 +0.06 0.38 0.00047
16 SXS:BBH:0154 13.24 1 0.25 —0.80 —0.80 +0.11 .. 0.00044
17 SXS:BBH:0151 14.48 1 0.25 —0.60 —0.60 —0.049 0.14 0.00042
18 SXS:BBH:0148 15.49 1 0.25 —0.44 —0.44 +0.14 0.72 0.00043
19 SXS:BBH:0149 17.12 1 0.25 —0.20 —0.20 +0.45 0.90 0.00085
20 SXS:BBH:0150 19.82 1 0.25 +0.20 +0.20 +0.94 0.99 0.00275
21 SXS:BBH:0152 22.64 1 0.25 +0.60 +0.60 +0.01 0.36 0.00068
22 SXS:BBH:0155 24.09 1 0.25 +0.80 +0.80 —-0.39 0.26 0.00110
23 SXS:BBH:0153 24.49 1 0.25 +0.85 +0.85 +0.06 ... 0.00059
24 SXS:BBH:0160 24.83 1 0.25 +0.90 +0.90 +0.41 (40.41) 0.80 0.00117
25 SXS:BBH:0157 25.15 1 0.25 +0.95 +0.95 +0.37 (+0.83) 1.18 0.00295
26 SXS:BBH:0158 25.27 1 0.25 +0.97 +0.97 +0.37 (+0.49) 1.26 0.00325
27 SXS:BBH:0172 25.35 1 0.25 +0.98 +0.98 +0.99 (40.46) 2.02 0.00422
28 SXS:BBH:0177 25.40 1 0.25 +0.99 +0.99 +0.22 (40.48) 0.40 0.00507
29 SXS:BBH:0178 25.43 1 0.25 +0.994 +0.994 +0.24 (+0.23) —0.53 0.00506
30 SXS:BBH:0013 23.75 1.5 0.24 +0.5 0 +0.31 .. 0.00058
31 SXS:BBH:0014 22.63 1.5 0.24 —0.5 0 —-0.15 0.15 0.00046
32 SXS:BBH:0162 18.61 2 0.2 +0.6 0 —0.20 0.71 0.00027
33 SXS:BBH:0036 31.72 3 0.1875 —0.5 0 +0.08 0.065 0.00040
34 SXS:BBH:0031 21.89 3 0.1875 +0.5 0 +0.12 0.034 0.00023
35 SXS:BBH:0047 22.72 3 0.1875 +0.5 +0.5 —0.034 .. 0.00030
36 SXS:BBH:0046 14.39 3 0.1875 —0.5 -0.5 +0.36 ... 0.00054
37 SXS:BBH:0110 24.24 ) 0.138 +0.5 0 +0.24 .. 0.00016
38 SXS:BBH:0060 23.17 ) 0.138 —0.5 0 +0.21 0.8 0.00034
39 SXS:BBH:0064 19.16 8 0.0987 —-0.5 0 +0.026 0.8 0.00042
40 SXS:BBH:0065 33.97 8 0.0987 +0.5 0 +1.33 —-3.0 0.00040
44
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SPIN-ORBIT NR INFORMATION

Procedure:
(i) align waveforms in the early inspiral;

(ii) fune the parameter to have phase difference compatible with the NR uncertainty

100

N0

80

equal-mass,
spin-aligned

70

60

50

C3

401

30

20+

10

0 I I I I I I I I I
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

X

+ interpolating fits for NQC functioning
point, ringdown coefficients etc.
(Achille’s heel...still ok..)

a12 = X12X1,2

X1,2 — ]\4’

Quasi-linear function of the spins

14 n1(a1 + a2) + no(ay + as)?

63(&17&27 V) — Po

1+ di(ay + a9)

+ (p1v + pov”® + p2v?) (@1 + a2)vV1 — dv

-|-p4(6~l1 — &2)V27

0.04 w T 1.5 ]
A(ngOBNR |
EOBNR NR ‘
AA?Q /A22 1 I
0.02 [
X1 =x2=+0.994, ¢=1 05 |
) \
|
|
-0.02 : ; ; ; ; ; —0> :
1000 2000 3000 4000 5000 6000 6350 6400 6450 6500
E0B ‘
- = - [
0.2¢ | |
R | |
~ AEAN A
& 0 \ l
|
2‘ ! I \.“ {
= | | |
02 | |
[ [
I ‘ ‘ ‘ L
1000 2000 3000 4000 5000

u/M

6000

|
6350 6400 6450 6500

u/M

mercoledi 1 marzo 17



EOBNR MODEL USED FOR GW150914

Different EOB Hamiltonian [Barausse & Buonannoll, Taracchini et al.12]

SEOBNRv2: Taracchini, Buonanno et al., PRD 89, 061502 (R), 2014
SEOBNRv2_ROM_DoubleSpin: M. Puerrer, CQG 31, 195010 (2014)

o4 ——7-' > ot — Overall
—_ . |— NR | (g, Xy Xz) =(1,+0.98, +0.98)
Qﬁ 02+ |---- EOB | 35 —— IMRPhenom
S o ohAAAAAAAAAAAAAAARAAARAARARAARARALALIARAUAAIAGER
SR R TR,
Z 02 | |
04 | . | . | . | . | . L 0 2 e
0 1000 2000 3000 4000 5000 6000 -~
(t—r)/M b
0.4_ l: I — 7:'\1
i ‘ﬂ = 25 4

A /\ AN /\M AA
CARRR NI T

04 . . . . h | U: . -
6000 6100 6200 6300 6400 6500 | T T u I
(t-r)/M 25 30 35 40 45 50

rnlourcc /I\I

Re(R/M h,,)
S o o
S o >

Effectively used to get the masses: jLIST AFTER, the best choices

SEOBNRv2_ROM_DoubleSpin . . .

IMRPhenom (Khan et al., 2015) were cross checked with NR simulations!
46
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IHES EOBNR MODEL

Best existing EOBNR model WAS NOT used for parameter estimation:
EOB/EOBNR UNFAITHFULNESS (40 NR SXS dataset)

SEOBNRv2

i (9. %,- %)
1— (1,+0.98, +0.98)
-—- (1,+0.60, +0.60)
1— — (1,-0.95, -0.95)
—— (3,+0.50, +0.50)|
1— — (3,-0.50, -0.50)
1— (8, +0.50,0)
1—— (8,-0.50,0)

0.01 % 1 | 1 | L | 1 |
0 50 100 150 200

M/M

B <hEOB hNR>
F=1—max
to.g0 | [Py’ [[|[hgs

Nagar,Damour, Reisswig & Pollney, PRD 93 (2016), 044046

47

THESEOB_spin

1%}

(1,40.994, +0.994) 0098, 10.98)
V/ /
7
0,1% |
. (1,+0.60, +0.60) ]
: (1 —0.95,~0.95) = _ _amemem=mm——m———————a— ~
——————— :-‘=--F;-_ — - — ]
- == T o e e S u—
___________
%:;‘%5; e (8,-0.50,0) 4
% X\ (3,+0.50,+0.50)
(8,+0.50,0)
0.01 O/O ...................................
20 40 60 80 100 120 140 160 180 200

M /M

(hi,ha) = AR [7 ha(f)R3(f)/Sn(f) df
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FIRST QUESTION: MEASURING PARAMETERS

1%

—  QOverall
—— IMRPhenom
—— EOBNR

EOBIHES_ _spin?

35

20 40 60 80 100 120 140 160 180 200
M/M,

°
o 30
—
-
.
@
o
=
2
3
=~ 25
20
|
30 35 40 45 50
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 ,miiource/l\,.l o

max [ F]
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ROBUSTNESS?

SEOBNRV?2 SEOBNRv4
1 P8 I |l Ll
(g. X1, x2)
2 — 60,085,089 » 0100f - - - - ———— - - - @ x1. X2)
5] —— (20,085,085 &
— (5.0,0.80,0.00)
§ ‘ ——(1.0, <090, 0.90) :'g —_ (7.0,0.80,0.00)
s —(20,-087,085) .S (50,080, 0.00)
‘T — (20,080,080) 3 — (7.0, -0.80, 0.00)
€ 20,090,090 & {1 — (20,090,090
o o
—__ (5.0,0.80, 0.00) 14 —(1.3,096, -0.90)
| (7.0,0.80, 0.00) . others
—— (8.0,0.85,0.85)
grey: below 3%
. dso = +147.481449 y*v* — 568.651115y v
AETI model: Bohe et al. arXiv: 1611.03703v1 +66.198703X3 _ 343.313058,\/21’
4 parameters +2495.293427 yv* — 44.532373,
Strong recalibration of the state-of-the-art SEOBNRv2 dss = +528.511252 %% — 41.000256 v
model (used for O1) to have it faithful towards a set of 141 +1161.780126 y** — 326.324859 y*»?
NR simulations (about 100 new ones) +37.196389 yv + 706.958312 v

-36.027203 v + 6.068071 ,
More NR simulations seem essential to "calibrate & improve” the AEI EOBNR model

49
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BUT THIS IS NOT GENERAL...

October 31st: 93 NR datasets released publicly. These are those used to calibrate SEOBNRv4 (+ others non public)
First use them to cross-check our model.

Interpolating NR fits for NQC point & ringdown. Previous NR data plus (5,-0.90,0)

100:"'I"'I"'I"'I"'I"'l"'l"'l"
Our EOBNR model is very robust and consistent
Y
ALSO outside the “information” domain over
0L i 93 new waveforms. Three outliers above
i : 1% (but always below 3%).
_____________________ T 3% Better performance than SEOBNRv2 with
i (1,+0.90.0) B no need of further NR information
= 1%
(g. x1. x2)
104 F i ]
% i — (3.0, 0.85, 0.85)
"Qj) — (20,085,085
= {1 —(10,-090,0090)
,.s i _(20,-087,085)
O k<! i — (20,0.80,080)
20 40 60 80 100 120 140 160 180 200 "E 2.0, 0.90, 0.90)
= | — e
M / AI@ 1 (50,080,000
(7.0, 0.80, 0.00)
' TR B S . T (80' 085'085)
50 50 100 150 200
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MINIMAL RECALIBRATION

Best value of the c3 parameter for the three outliers. Check phase agreement in the time-domain to be within the NR error bar.
New fit to the best values to determine new values of the parameters of the unequal-mass sector.

Recalibration with 3 more NR datasets; 90 datasets as a cross/check.

Done by hand, no need of sophisticated mechanisms/algorithms. IMPROVABLE: NQC & RINGDOWN FITS USING MORE NR DATA

10° ¢

= 102

107

10

I—( 1, IOSIJOI, —|-0|90) ; | | | | | | |

L (2,087, 40.85)
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e 4 1%
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M/M,

140

160 180 200

Nagar, Riemenschneider & Pratten, 2017, in prep.
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WHAT TO IMPROVE?

0.04 : — -
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More NR data sets to be included both in the NQC-functioning-point fit as well as in the postmerger
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fit (see Del Pozzo & Nagar, arXiv:1606.03952). This is an easily solvable problem (in progress).

It is reasonable to aim at 0.1% level unfaithfulness. This is easily at reach of the model.
More precise "calibration” and/or improved theoretical structures.
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PRECESSION

Different EOB Hamiltonian [Barausse & Buonannoll, Taracchini et al.12]
SEOBNRv3: Taracchini, Buonanno et al., PRD 89, 061502 (R), 2014

Babak, Taracchini & Buonanno, 2016

0.10F
005F

Case 3: q=3.%,=0.5.%,=05

o Am/\A/\/\/\/\/\/\/\/\M/\I\/\/\M/\{\f\/\f\/\nnnnn'
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--EOB
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— NR, SXS:BBH:0058

13 ’:>-: I
-
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|

FIG. 9: We show for cases 3 and 4 of Table I the GW polarization k., containing contributions from ¢ = 2 modes, that
propagates along a direction IN specified by spherical coordinates # = 7/3 and ¢ = 7/2 associated with the inertial source
frame {e7, €3, e35}. The EOB waveforms start at the after-junk-radiation times of ¢ = 230M and ¢t = 160M, respectively.

PhenomP:

/M

P. Schmidt et al. 2012/2014

0 1000 3000 3000 3000 5000 6000 7000 7600 7700 /E'oo 7900
1

Good EOBNR/NR agreement.
The method works

Slow: analysis is time-consuming

Improvements in the implementation
are needed

Phenomenological Precessing model that takes into account precession effects at

leading order by "twisting" nonprecessing waveforms.

Conclusion: no precession could be really seen.

53

mercoledi 1 marzo 17



POSTMERGER DESCRIPTION

Damour&AN, PRD 2014: motivated because the "standard” QNMs attachment is far from trivial for high-spins
Originally conceived for EOB; useful also as a stand-alone postmerger template
Del Pozzo & AN, arXiv: 1606.03952

ANALYTIC TEMPLATE for the FULL POSTMERGER signal coming from a suitable fit of NR data.
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EFFECTIVE FIT

Damour&AN 2014

Factorize the fundamental
QNM, fit what remcuns

h(r) = ¢TI0 7
h(t) =

|Rh22’/1/

Aﬁei¢ﬁ(7—).

A7 (1) = tanh(02 T+ ¢4 ) + cf,
b b
1 + 636—027' _|_ 646—2027'
¢B(T) _Cl In b b
1+c5+cy
1
0124 = 50&21, o1 = g — (]
¢t = A — ¢ tanh(cd),
~ cosh? (¢4
c‘f‘:A;n;gozl CA(?’),
2
1+ c¢ + c(b
¢ = Aw 5 ¢3 ;l . Aw=w; — MpHway©
Co (Cs + 204)
Cg = 21,
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0
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Good performance of EF?’W&‘?‘VfiTs (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

(B) improve/check over all datasets (SXS & BAM for
large mass-ratios & consistency with EMRL)
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NR ¢template ( (Pmrg)
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SNR=10

SNR=20

SNR=50

SNR=100
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WAVEFORM RECONSTRUCTION
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FIG. 4: From top to bottom right panels: GE case reconstructed post-merger waveform and corresponding 90% confidence
region for SXS:BBH:0305 with post-merger SNR = 10, 20, 50 and 100. On the left hand side CO reconstructed post-merger
waveform and corresponding 90% confidence region for SXS:BBH:0305 with post-merger SNR = 10, 20, 50 and 100. In all cases,
the post-merger waveform is reconstructed very accurately, with uncertainty decreasing as the post-merger SNR increases.
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No priors on

individual masses

MEASURING

GW150914-like signal
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Priors on
individual masses
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ONMS

TABLE II: Dataset of the SXS catalog used for the cross-validation of the template waveform, see Fig. 3. The last two columns
list fundamental QNMs frequency inferred from NR data and measured with the post-merger template, after adding to the
NR waveform some Gaussian noise. For all waveforms, we fixed the post-merger SNR = 10. The uncertainty on the measured
quantities corresponds to the 90% credible regions. The datasets marked with an * were used in the construction of the template

ID q v Si1/(m1)?  S2/(m2)? Mpu/M  Jsu/Mig oNR jmeasured

8 1 0.25 0 0 0.95161 0.6864 | 0.0813+1i0.527 0.071557 +i0.52790¢
SXS:BBH:0152* 1 0.25 +0.60 +0.60 0.9269 0.8578 | 0.0706 +1i0.629  0.067 53 +i0.647750°
SXS:BBH:0211 1 0.25 +0.90 —0.90 0.9511 0.6835 0.081+10.525  0.061¢ 55 +i0.50700
SXS:BBH:0178* 1 0.25 +0.994 +0.994 0.8867 0.9499 0.053 + i0.746  0.08T9 05 4 i0.7470°05
SXS:BBH:0305  1.221 0.2475  +0.3300  —0.4399  0.9520 0.6921 0.081+410.529  0.071053 +i0.5570 00
SXS:BBH:0025 1.5  0.2400  +0.4995  —0.4995  0.9504 0.7384 0.079 +i0.550  0.08%( 55 +10.5615 05
SXS:BBH:0184 2 0.2 0 0 0.9612 0.6234 0.083 4+10.502  0.28+920 +i0.5370-41
SXS:BBH:0162 2 0.2 +0.6000 0 0.9461 0.8082 0.075 +i0.591  0.08%0 03 +10.5610 05
SXS:BBH:0257 2 0.2 +0.85 +0.85 0.9199 0.9175 0.062 4-i0.694  0.07095 +10.675 5%
SXS:BBH:0045 3 01875  +0.4995  —0.4995  0.9628 0.7410 0.079 +10.552  0.21107% +i0.5977 3¢
SXS:BBH:0292 3 01875 +0.7314  —0.8493  0.9560 0.8266 0.073 +i0.604  0.08%( 05 +1i0.581007
SXS:BBH:0293 3 0.1875 +0.85 +0.85 0.9142 0.9362 0.062 410.689  0.071003 +i0.675-57
SXS:BBH:0317  3.327 0.1777  0.5226 —0.4482  0.9642 0.7462 0.078 +1i0.554  0.06%( 05 +10.5575 02
SXS:BBH:0208* 5 0.138 —0.90 0 0.98822  —0.12817| 0.089 +i0.359  0.1177 33 +i0.40F 504
SXS:BBH:0203 7 0.1094  +0.40 0 0.9836 0.6056 0.083 +1i0.495  0.07+g 07 +10.4810 0%
SXS:BBH:0207 7 0.1094  —0.60 0 0.9909  —0.0769 | 0.089+i0.364  0.08%( 07 +i0.3577 04
SXS:BBH:0064* 8  0.0987  —0.50 0 0.9922  —0.0526 | 0.089 +i0.367  0.0975:32 4+i0.4675:21
SXS:BBH:0185  9.990  0.0827 0 0 0.9917 0.2608 0.087 +1i0.412  0.121503 4 10.4277 0%

mercoledi 1 marzo 17



BINARY NEUTRON STARS (BNS)?

All BNS need is Lovel

e Tidal effects
e Love numbers (fidal "polarization” constants)

® EOS dependence & "universality”
* EOB/NR for BNS

See:

Damour&Nagar, PRD 2009

Damour&Nagar, PRD 2010

Damour ,Nagar et al., PRL 2011
Bini,Damour&Faye, PRD2012

Bini&Damour, PRD 2014

Bernuzzi, Nagar, et al, PRL 2014

Bernuzzi, Nagar, Dietrich, PRL 2015

Bernuzzi, Nagar, Dietrich & Damour,PRL, 2015

(t_tmrg)/M
—2000 —1500 —1000 —500 0 500 1000 1500
06 1 T T T T T T
04}
0.2
0.0
—0.2

-30

60
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MEASURING LOVE NUMBERS

<2012. Inspiral only; not very promising [Hinderer et al. + 2008]

IMPORTANT RESULT (Damour ,Nagar, Villain 2012)

Tidal polarizability parameters
can actually be measured by
adv LIGO with a reasonable
SNR=16

Use EOB controlled, accurate,
description of the phasing
up to BNS merger!

M 95% conf MS1 |
B 95% conf H4 :
| 95% conf SQM3 |]
-- True value :

Confermed by Bayesian analysis:
Del Pozzo+ 2013 Agathos+2015

22is, \lll
'I iiilm i

10 50 30

A. Nagar - 18 May 2016 -
61
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THREE RESULTS

1. Numerical-relativity matches effective-one-body (EOB) analytical-relativity
waveforms and dynamics essentially up to merger. Method to compute GW

templates for LIGO/Virgo to measure EOS out of tidal effects

S. Bernuzzi, A. Nagar, T. Dietrich & T. Damour, PRL 114 (2015), 161103

“Modeling the Dynamics of Tidally Interacting Binary Neutron Stars up to Merger”
[checked by Hotokezaka et al., PRD 91 (2015) 6, 064060, notably with reduced eccentricity]

2. Quasi-universality in BNS merger (binding energy, angular momentum, GW

frequency vs tidal coupling constant): explained using EOB theory
S. Bernuzzi, A. Nagar, S. Balmelli, T. Dietrich & M. Ujevic, PRL 112 (2014), 201101
"Quasiuniversal properties of neutron star mergers"”

3. Quasi-universality of post-merger N/ fo frequency vs tidal coupling constant
S. Bernuzzi, A. Nagar & T. Dietrich, arXiv:1504.01764
“Towards a description of the complete gravitational wave spectrum of neutron star mergers”

Unifying description of inspiral, merger and post-merger phases

EOBNR
62
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BNS:ANALYTICAL NEEDS

= Study the response of each neutron star to the tidal field of the
companion [theory of relativistic Love numbers (i.e. tidal polarizability
coefficients) + tidal corrections to dynamics (beyond Newtonian
accuracy)]

= Incorporate the corresponding tidal effects within a theoretical
framework able to describe the gravitational wave signal emitted by
inspiralling compact binaries (possibly up to merger): EOB-resummed
description of dynamics and waveforms

= Compare analytical models against NR simulations, possibly calibrating
high-order tidal corrections if needed

= Assess the measurability of tidal effects within the signal seen by
interferometric detectors

A. Nagar Creta 2015
63
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LOVE NUMBERS IN GENERAL RELATIVITY

Relativistic star in an external gravito-electric & gravito-magnetic (multipolar) tidal field

The star acquires induced gravito-electric and gravito-magnetic multipole moments

Linear tidal polarization

Induced
€ M = AG(A) External G,Lbe

multipole o H(A)mul‘l'lpolar' Go,
moments o Hy field

GM |
= (20 - 1)" g . Dimensionless relativistic

4(4 +2) Go, | "second” Love numbers

g_l R2K+1

Actual calculation based on star perturbation theory: Love numbers are obtained as

boundary conditions (matching interior to exterior perturbations)
A. Nagar - 18 May 2016 - GGI
64

j, =2 -DN

mercoledi 1 marzo 17



RELATIVISTIC LOVE NUMBERS (POLYTROPIC EOS)

“rest-mass polytrope” (solid lines) Tidal pOIClr'IZC(TIOH parameters

— Ky A A~(A
e = W+ P GME
) "7 o . ng — (2€ — 1)!!R2£_|_1
energy polytrope” (dashed lines) Newtonian
p=Ke’
0.3 . . - . - values

Newtonian "
values ™

0.05

Relativistic
values

mercoledi 1 marzo 17



RELATIVISTIC LOVE NUMBERS: (REALISTIC EOS)

DN 2009 (SLy & FPS)
Hinderer et al. 2010 (several tabulated EOS)

Polytropic EOS

= Kle/”

mD = K€1+1/n

00Ot e s e e e
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
M/R

A. Nagar - 06 May 2014 - Torino
66
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TIDAL EFFECTS IN EOB FORMALISM

Tidal extension of EOB formalism: nonminimal worldline couplings

Damouré&Esposito-Farese96, Goldber‘ger&Ro’rhs‘remOé .“' ANOS.,
e f Relativistic §

Modifications of the EOB effective metric... ;‘,f
A(’I“) = AO = Atidal( )

Atdal( ) . —/4:2 u® M + ozlu + ozgu —|— = e o

And tidal modifications of GW waveform & radiation reaction

*Need analytical theory for computing 145, mg, aq ...

*(?)Need accurate NR simulations to “calibrate” the higher-order PN tidal
contributions, that may be quite important during the late inspiral

A. Nagar - 18 May 2016 - GGI
67
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TIDAL INTERACTION POTENTIAL

Tidal "coupling constant™:

2041
Ky ) ki +q (

Function of: masses, compactnesses and relativistic Love numbers

In the dynamics:
A(u) = AO (u) == Atidal
“Newtonian” (LO) part

AR =N [ uP T AP ()« PN corrections (NLO, NNLO, ..)
0>2
NLO & NNLO ftidal PN corrections known analytically
[Bini, Damouré& Faye 2011] K

Atidal === 1 = |
2 T =

ka ~ 100

A. Nagar - 18 May 2016 - GGI
68
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RESUMMED TIDAL INTERACTION

Bini&Damour (2015) resummed expression forAEidal

Presence of a pole: potential strongly attractive @ mrg
4
Agj')(u; V) = — Z [nﬁf)’u?“?/iﬁfﬂ + (A < B)]
=2
3u2 X 4 AZISE

1(27)
A =1

0.8 — BNS RESUM

- BNS NNLO |
Schwarzschild _z7="

3 10
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|| SLy135, kT =~ 73.55

NR ,
TEOBResum 1L ' * NR merger ,
TEOBwwio || - = TEOBposun merger | |-
TPN TEOBynLO merger

.\"Rerror'
TEOBResum-NR 17

TEOBywoNR | DS

- H4135, k3 =~ 210.59 MS1b135, k1 == 289.80

FIG. 2: Energetics: comparison between NR data, TEOBRresum, TEOBnnLo and TPN. Each bottom panel shows the two
EOB-NR differences. The filled circles locate the merger points (top) and the corresponding differences (bottom). The shaded
area indicates the NR uncertainty. The TEOBRresum model displays, globally, the smallest discrepancy with NR data (notably
for merger quantities), supporting the theoretical, light-ring driven, amplification of the relativistic tidal factor.

S. Bernuzzi, A. Nagar, T. Dietrich & T. Damour, PRL 114 (2015), 161103
A. Nagar - 18 M7c:)y 2016 - 66T
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Waveform

" SLy135, Akl =~ 7355 1 [T Toléd, kI = 7507 1 1F Ta151, k] =~ 183.39

A AEOBNR ,
Az * ®  NR merger

. .. AgLINR - s  TEOBResum mergeir
-2.5F :— NR phase error : T 111 ¢ TEOBResm LSO :

100 400 800 1200 1600 20002200 2300 2400 100 400 800 1200 1600 1700 1800 100 400 800 1200 1600 20002200 2300 2400
(t—r,)/M (t—r,) /M (t —r)/M

FIG. 3: Phasing and amplitude comparison (versus NR retarded time) between TEOBResum, NR and the phasing of TT4 for
three representative models. Waves are aligned on a time window (vertical dot-dashed lines) corresponding to I, ~ (0.04, 0.06).
The markers in the bottom panels indicate: the crossing of the TEOBRresum LSO radius; NR (also with a dashed vertical line)
and EOB merger moments.

Name EOS #f rr Cap Mas[Mo] Mipu[Mo] Tiou[ME] AdNfimy Adxnumee™"" |ASNmmee ™" 6¢NRmrg
2B135 2B 23.9121 3.253 0.2049 1.34997 2.67762 7.66256 —-1.25 —0.19 +0.57¢ +4.20
SLy135 SLy 73.5450 3.701 0.17381 1.35000 2.67760 7.65780 —2.75 —-1.79 —0.75 +0.40
I'2164 TI'=2 75.0671 3.728 0.15999 1.64388 3.25902 11.11313  —2.29 —1.36 —0.31 +0.90
2151 TI'=2 183.3911 4.160 0.13999 1.51484 3.00497 9.71561 —2.60 —1.92 —-1.27 +1.20
H4135 H4 210.5866 4.211 0.14710 1.35003 2.67768 7.66315 —3.02 —2.43 —1.88 +1.04
MS1b135 MS1b 289.8034 4.381 0.14218 1.35001 2.67769 7.66517 —3.25 —2.84 —2.45 +3.01

A. Nagar - 18 May 2016 - GGI
71
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EOS ouassUNIVERSALITY OF BNS MERGER
S. Bernuzzi, A. Nagar, S. Balmelli, T. Dietrich and M. Ujevic, PRL 112 (2014) 201101

- GW frequency

- binding energy

- angular momentum
- GW amplitude

0.6
N
0.4rf
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-0.2}

-0.2r 7] | | | | | | |
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t/M t/M
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A. Nagar - Creta 2015
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EOS ocuasi-UNIVERSALITY OF BNS MERGER

Matter effects on binary neutron star waveforms

Jocelyn S. Read,'? Luca Baiotti,®* Jolien D. E. Creighton,® John L. Friedman,® Bruno Giacomazzo,®
Koutarou Kyutoku,® Charalampos Markakis,”? Luciano Rezzolla,® Masaru Shibata,* and Keisuke Taniguchi?
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A. Nagar - Creta 2015

mercoledi 1 marzo 17

73

fow at peak amplitude (Hz)

[ line: 109, (faw/Hz)=8.51155-0.303350 A'°

=30 35 40 45
A1"5

FIG. 4. Instantaneous gravitational-wave frequency at the
point of peak amplitude, as a function of the tidal parameter
A'/® (bottom panel) and as a function of individual star com-
pactness C' (top). For each model, the highest-resolution sim-
ulation for a given EOS is plotted in black, lower-resolution
simulations in grey. The z = (M f)?/* = C relation used in
[15] to characterize merger frequency is shown in the compact-
ness plot. An empirical fit using A'® is shown in the bottom
plot: the frequency of merger is more tightly correlated with
A than with compactness/radius.




EOS ocuasi-UNIVERSALITY OF BNS MERGER

Simple EOS-universal behavior:
measure the frequency, constrain the EOS
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EOS ouss-UNIVERSALITY OF BNS MERGER

Putting spins & changing the mass ratio
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Test of principle:
Using 4PN, purely analytical, tidal EOB model.

Qualitatively OK; Quantitatively, differences due to the simplified dynamics

A. Nagar - Creta 2015
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NEW T-EOB MODEL

NR points
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Good quantitative

agreement
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INSPIRAL-MERGER-POSTMERGER??

TABLE I: BNS configurations and data. Columns: Configu-

0.055 L ' Binary Mass M4 EOS ration name, equation of state, binary mass M, mass ratio g,
@ 245 © 2700 @ MSh © Msi f frequency in kHz, tidal coupling constant k7 .
0.050 + .
S e o e S e o e Name EOS M [Mg] ¢ f2 [kHz] &2
0.045 O 2600 @ 2850 1 0 o SLy-135135 | SLy 270 100 348 74
O 2650 @ (o) (©)
<2 0.040 o SLy-145125 | SLy 270 1.16 342 75
= 0.035 ENG-135135 |ENG 270 1.00 286 01
SLy-140120 | SLy 260 1.17 305 06
0.030 MPA1-135135|MPA1 270 1.00 257 115
0.025 = S SLy-140110 | SLy 250 1.27 279 126
0.020 | | | | | | | . ALF2-135135 |ALF2 270 1.00 273 138
0.055 Mass-ratio g+ Ty, - ALF2-145125 |ALF2 270 1.16 266 140
@ 1.000 © 1.167 @ 1600 ©Q 1.800 H4-135135 H4 2 70 1.00 2 50 211
0.050 @ 1077 © 1231 @ 1750 @ 2.000] ’ ' ’ -
0.045 @ 1080 @ 1250 H4-145125 H4 270 1.16 236 212
' o o @ 1o ALF2-140110 |ALF2 250 127 238 216
5 0.040 MS1b-135135 |MS1b 270 1.00 2.00 290
0.035 MS1-135135 | MS1 270 1.00 1.95 327
0.030 MS1-145125 | MS1 270 1.16 2.06 331
MS1b-140110 |MS1b 250 1.27 2.08 441
0.025 2H-135135 9H 270 1.00 1.87 439
0.020 ' ' ' ' ' ' ' ' MS1b-150100 |MS1b 250 1.50 1.87 461
100 200 300 400 100 200 300 400
Ky Ky

S. Bernuzzi, A. Nagar & T. Dietrich, arXiv:1504.01764
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OUTLOOK

1. NR/EOB (IMRPhenom is also EOB based) is the way to go. NON resummed
templates are useless. Same for BNS up to merger

2. EOB_THES_spin: Analytical freedom: only two flexibility parameters that are
extracted from NR data as simple (separate) functions of symmetric mass ratio and
spin magnitude

3. Compatibility (within NR errors) between such EOBNR model and state-of-the art
NR data over mass ratio and spin (+precession using SEOBNRv3 exists)

4. Improvements needed: best templates, were NOT used for analyses (though this
is irrelevant now).This will be done in the next future on the Virgo/INFN side
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THE 2-BODY HAMILTONIAN [2PN]

The 2-body Hamiltonian at 2PN (c.o.m. fralme) |

H¥ve(q, p) = Ho(q, p) + 5 Ha(q,p) + — Ha(a, p)

The Newtonian limit

2 G M 4 additional terms at 1PN
Hy (q, p) — v | ,u / additional ferms at 2PN
2:“ ‘q| 11 additional terms at 3PN

Rewrite the c.o.m. ‘(reduced, non-relativistic) energy usinﬁlacﬂon variables
Obtain the 2PN "quantum” energy levels: Delaunay Hamiltonian [pamour-schaefer
1988]

ENR :_1 04_2 1+04_2(011 , 620) | o (613 . €22 | €31 040)
2PN 2" n? , 2 \nl  n2) A \ngd o n2e2 o p3p 0 pA
Balmer formulal
oo BRI, 0) = M2 + BN (n, 0
B 4
e
GEM E’I’L — lu

2012
Je=GM 2 hen
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