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Numerical Relativity at the Extreme
Carlos Lousto, Rochester Institute of Technology
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Overview

Introduction: NR Breakthrougths and first BBH orbital dynamics results: Hangup.
Precessing dynamics: Flip-flops, alignment instability, GW Beacons.
Extreme simulations: q=1/128, R/M=100, S/M?2=0.99, P/M=0.99, 3BHs & NBHs

Merger remnant: Modeling of final mass and spin. Peak waveform amplitude
and frequency. Applications to GW observations.

Merger Recoils: Generic and maximum astrophysical recoils. Applications to
statistical distributions and 3C 186.

NR Waveforms Catalogs: Applications to GW observations, direct and complete
binary parameter estimations.

GW190521: An extraordinary event.

Discussion: Getting ready for GW next detections: Highly spinning BBH, small mass
ratios, BHNS. Pulsar Timing. LISA.

Numerical improvements: Extraction r— oo, 3PN-QC-ID, (ao,ﬁo), N, h, CofM, etc.



1. Introduction

Dupin's method:
But it is in matters beyond the limits of mere rule that the skill of the analyst is evinced.
— Edgar Allan Poe, The Murders in the Rue Morque



https://en.wikisource.org/wiki/The_Murders_in_the_Rue_Morgue

A Brief Historical Overview

40+years of hard labor:

1964 First Simulation (Hahn & Lindquist) ~ Breakthrough: Numerical Relativity next:
Larry Smarr and Eppley in the ‘70 2005 NR Annus Mirabilis 2006+ GW Waveforms & Orbits,
... then LIGO ... Binary Inspiral and Merger Spin dynamics, Mass ratios,

1990s Grand Challenge Pretorius, PRL 95 (2005) GW Recoils, BH remnants,
BSSN-NOK evolution system Moving Punctures (RIT & NASA) BHs multiplets
Puncture Initial Data (Brandt-Briigmann) Campanelli et al PRL 96 (2006) 2009+ Community Collaborations
Gauge: Fixed Punctures (Alcubierre et al) Baker et al PRL 96, (2006) 2010+ Extreme BH Binaries
Lazarus (Campanelli et al) (3 solutions in 4 months: July-Nov. 2005) BH Binaries in a gaseous

2004 Corrotating Orbit (Briigmann et al) environment

A
. 1 Spectral Einstein Code (SpEC): Moving Puncture Codes:
=" | Generalized Harmonic, but 1t order LazEv: BSSN + Punctures, AMR,

vy finite difference-accurate (8t order),
- Physical BCs but more flexible and robust (NBH -
BH/NS/NS mergers)

Community Codes, including GRMHD
(http://einsteintoolkit.org)

Highly-accurate, but less flexible (care
N needed to get BH-BH merger)
) \ Extended to GRMHD (BH-NS)
(24




RIT vs. SXS techniques®

|| LazEv

[SpEC

Initial data

Formulation of Einstein constraint
equations

conformal method using Bowen-York
solutions [17-11]

conformal thin sandwich [15, 10]

Singularity treatment

puncture data [11]

quasi-equilibrium black-hole
excision [12-11]

Numerical method

pseudo-spectral |17

pseudo-spectral | 1]

Achieving low orbital eccentricity

post-Newtonian inspiral [17]

iterative eccentricity removal [15, 9]

FEvolution

Formulation of Einstein evolution
equations

BSSNOK [0—7]]

first-order generalized harmonic with
constraint damping 11, 53-57)]

Gauge conditions

evolved lapse and shift |05

damped harmonic [V

Singularity treatment

moving punctures [12, 1]

excision [00)]

Outer boundary treatment

Sommerfeld

minimally-reflective,
constraint-preserving [, (1]

Discretization

high-order finite-differences |2, 0]

pseudo-spectral methods

Mesh refinement

adaptive mesh refinement [ 1]

domain decomposition with spectral
adaptive mesh refinement [0, 59]

TABLE I. A comparison of the two independent numerical relativity codes described in the text. Each code uses different
techniques to construct and evolve initial data for BBHs and to extract the emitted gravitational radiation. This table is based

on Table I of Ref. [15].

From: G. Lovelace, C. Lousto et al. Class.Quant.Grav. 33 (2016) no.24, 244002

Complete (and excellent) complementarity of both techniques!




Merger of Spinning Black Holes: Hangup Orbits
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* Hang-up effect due to strong repulsive spin-orbit interaction J;>1 leaving behind a remnant with sub-
maximal spin < 0.96) [Campanelli, Lousto, Zlochower, PRD 2006]: cosmic censorship respected!
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2. Precessing Spin Dynamics



Exploring BH Merger Spin Dynamics: Generic Binaries

* First merger of a generic, precessing BH binary [Campanelli, Lousto, Nakano and Zlochower, PRD 2009]

Qm ] L L} Ll L} . L]

L — y/M48.0)
0.001 } — y,/M53.3)

—-— v4{M59.3)
Sl 0
N ¢
3r
m, my

-0.001 |
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T T L} T

* Random Spin, non-equal mass, ol

small eccentricity al
-m;/m, ~ 0.8, a;/m; ~ 0.6, a,/m, ~ 0.4 2t . .
— spins initially at arbitrary orientations k" ‘

- convergent 9 orbits prior merger T e o
. . . . B T
— Comparison with 3.5PN inspiral L
for all I=2,3 modes. Trajectory differencer =x;—x

* These Simulations were Computationally Challenging!

"I have bet these numerical relativists that gravitational

waves will be detected from black-hole collisions before their
computations are sophisticated enough to simulate them.

| expect to win,...” Compact binary mergers

Insplral ' Merger i Ringdown

@@

Reference: K.S. Thorne, f —
"Spacetime Warps and the Quantum World T/f
h

Speculations About the Future,"
in R.H. Price, ed., The Future of Spacetime L\/ | &J time
(W.W. Norton, New York, 2002).

known supercomputer}z—known—>
~1000 oycles [ Simutions: |



http://www.its.caltech.edu/~kip/scripts/PubScans/VI-42.pdf
http://www.its.caltech.edu/~kip/scripts/PubScans/VI-42.pdf
http://www.its.caltech.edu/~kip/scripts/PubScans/VI-42.pdf

Flip-flopping spins: A humerical simulation

Motivation: To further understand the dynamics of spinning (precessing) binary black holes

Lh=127m" Equal mass binary with initial proper
separation d=25M.

\_/ Unequal spins o,;=0.2 aligned with L
a,=0.8 slightly misaligned with L such that

e =02 5.L=0.

Run lasts for t=20,000M and makes 48.5
m orbits before merger, 3 cycles of precession
and one half of spin-flip.

) 25M 4

After merger the final black hole acquires a recoil velocity of 1500 km/s.

Based on: C.O.Lousto & J.Healy, Physical Review Letters, 114, 141101 (2015) 9



Flip-flopping spins; A visualization




Unequal mass spinning binaries: 2PN analysis®

The flip-flopping frequency leading terms are now,

35 1 Y A ISE SE e
MQI2N2(1+q)( ) +3 e . sign(1—q)

The origin of the additional term for unequal masses
scaling with ~ r—5/2 is due to the non-conservation of

the angle 8 between the two spins (as opposed to its
conservation in the ¢ = 1 case). These oscillations in /3
are due to the differential precessional angular velocity of

Sy and S, for g # 1 and hence provides the (precessional)
scaling r—5/2.

The maximum flip-flop angle is now,

= 2 () 2 ()

From: C.O.Lousto, J.Healy & H. Nakano, Physical Review, D93, 044031 (2016)



Discussion: Observational effects

Accretion disk internal rim will change location
with spin orientation. This changes

(1+¢q) r 5/2 M * Efficiency of the EM radiation

(1-—q) (IOOOM) (108M®) * Spectrum of EM radiation (hard part)

e (Cutting frequency of oscillations
which is much shorter than the gravitational radiation g 1req y

" Y, Proper modeling using GRMHD simulations
Tew ~ 1.2210° (L) e
Gw Y" \T0000/ \108M, )

alignment processes can be less effective than expected Jets when they were about to merge

when the flip-flop of spins is taken into account. For our simulation this corresponds to 1.2
p-fiop P seconds for 10Msun and 142 days for

108Msun

The leading flip-flop period is now given by

Try =~ 2,000yr

X-shaped galaxies should show ‘orange peeling’

logl0jrho| t = 5100.0

2

300

-2.778

* The effect is still present in unequal mass
binaries, (and BH-NS and NS-NS) with smaller
flip-flop angles.

200
-3.556

J
100F -4.333

-5.111
-5.889

—100 6.667

We need full numerical GRMHD simulations

-7.444
=200

-8.222
-300

* & Simulation by RIT group

300 -200 -100 O 12



Flip-flop instability™

2 PN Analytic study

. A . 0>0.45
d(S';--L)/dt2 =—Q?fSi-L+--- 350
300 |-
g2 9 (-’ M (1—0)(S,; = S, )M
I 4 (1 2 q)2 7’5 (1 +q)r11/2 250 r
9(1-q)(3+59)5,;2 9 (1—a)8,; S, . 20f
o Z q2r6 25 5 qré (1) > - .
9 (1—Q) (5+3q)s IR 9 Sg (1—(])2]\/[4 150 0 0.25 0.5
t3 & P aaw g 100 F —— =9
- 4 S kay e e
> . ” 50 '
where Sp/M 2 = (1+4q) [51 /a+ Sg]. UNSTABLE
0

0 0.1 02 03 04 05 06 07 08

Qrr(q,a1,d2,Re) = 0. (2) i

FIG. 3. The instability region, between RE, as a function

The solution of this quadratic equation for antialigned of the mass ratio, g, as the binary transitions from real to

: + imaginary flip-flop frequencies (blue curve) for maximal spins
spins leads to two roots R" ) a1, = —1 and agr, = +1. For comparison also plotted are

2 s rud+ from [8] (red curve). The dots correspond to 3.5PN
A+ 2(02[, N alL) B, (3) evolutions.
L=

A= (1+¢%) (a3, +d’a3,),

—2q(1 +4q + ¢*)arrasr, — 2(1 — ¢%)?
B=2(1+q) [(1-q)¢’ai, — (1 —q)a3,,

2
—2q(1 + q)ayp oo, —2(1 —g)*(1+q)] . From: C.0.Lousto & J.Healy, Phys. Rev., D93, 124074 (2016)

RE =2M
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FIG. 1. Snapshots of the spin components along the orbital
angular momentum at a binary separation r/M = 11. The
integration of the PN evolution equations for each binary mass
ratio g, started at /M > R, with a uniform distribution
of spins in the range 0 < ag;, < 1 for the large BH and
—1 < a4, <0 for the small BH, which was antialigned with
the orbital angular momentum by 179-degrees. The color
indicates the original value of the spins. The black curve
models the depopulation region as given in Eq. (4).



References: Flip-flops and alignment instability®

Flip-Flopping Black Holes: Study of polar oscillations of BH spins

C. O. Lousto and J. Healy, Phys. Rev. Lett. 114, 141101

(2015), arXiv:1410.3830 [gr-qc].
C. O. Lousto, J. Healy, and H. Nakano, Phys. Rev. D93

044031 (2016), arXiv:1506.04768 [gr-qc].
Up-down spin configurations can be unstable (using low averaged PN)

D. Gerosa, M. Kesden, R. O’Shaughnessy, A. Klein,
E. Berti, U. Sperhake, and D. Trifiro, Phys. Rev. Lett.
115, 141102 (2015), arXiv:1506.09116 [gr-qc]|.

in between ryg+ = {az + J/gag)*M /{1 — ¢)%.

We study the instability here by direct integration of the 3.5PN equations of motion
and 2.5PN spins evolutions

C. O. Lousto and J. Healy, Phys. Rev. D 93, 124074 (2016).
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Beaconing binaries

§=0.85m" q=115

FIG. 1. [Initial configuration of the orbital angular momentum

Z, large hole spin §, and total momentum of the system, J. Both
the spin and the orbital angular momentum precess (counter-

clockwise) around J as the system evolves.

This configurations leads to an L-flip

Lousto & Healy, Phys. Rev. D99, 064023 (2019)

In order to qualitatively understand the basic dependence
of the beaconing phenomena on the binary parameters, we
use a low order post-Newtonian analysis [see Eq. (3.2¢) of

Ref. [42]] with S, - £ = —L - L initially, to find a frequency
of precession of L:

MQp =2a3/(1 + q)*(M/1)’, (1)

where r is the coordinate separation of the holes, arz’ =
§2 f /m?3 the dimensionless spin of the large hole along J
(perpendicular to L), M= my + m, the total mass of the
system, and g = m;/m, <1 its mass ratio.

The critical separation radius r., characterizing the
middle of the transitional precession, where the condition
Sk =8,-L =—-L-L=-L is metis hence

(M) = (e /20) 1+ /1 = 8/ ).

q<1/4forr.>10M

16



GW Beaconing and Polarization effects

FIG. 5. The beaconing effect displayed by the power radiated
for the binary case with mass ratio ¢ = 1/15 as seen from the z
axis (the initial direction of the orbital angular momentum)
(above) and (below) the detail of the black hole trajectories in
the initial orbital plane (left) and seen from an observer along the
x axis (right).
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FIG. 4. The two polarizations of the waveform strain of the
system with mass ratio ¢ = 1/15 as seen from the z axis (the
initial direction of the orbital angular momentum) (above) and
the same waveform strain as seen from the y axis (below)
reconstructed using modes up to [, = 5.
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GW Beaconing and Polarization effects
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FIG. 5. The beaconing effect displayed by the power radiated
for the binary case with mass ratio ¢ = 1/15 as seen from the z
axis (the initial direction of the orbital angular momentum)
(above) and (below) the detail of the black hole trajectories in
the initial orbital plane (left) and seen from an observer along the
x axis (right).
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FIG. 4. The two polarizations of the waveform strain of the
system with mass ratio ¢ = 1/15 as seen from the z axis (the
initial direction of the orbital angular momentum) (above) and
the same waveform strain as seen from the y axis (below)
reconstructed using modes up to [, = 5.
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Observational consequences

Beaconing effect likely for q < 1/4 and retrograde BBH systems
Beaconing effect leads to higher chances of seeing a system face-on
GW polarizations look like pretty different

- Important to measure them

- Relevant for LIGO, LISA and PTA merger observations

When matter present, EM counterparts
may have characteristic features on the
beaconing frequency scale

> RIT GRMHD Simulation

19



3. Extreme Simulations

20



Exploring the small mass ratio binary black hole
merger with Numerical Relativity

e First full numerical simulation 100:1 for two orbits before merger

(Proof of principle): C. O. Lousto and Y. Zlochower, Phys. Rev. Lett. 106,
041101 (2011), arXiv:1009.0292 [gr-qc].

* More recently, we studied the GW beaconing with precessing q=1/7,
g=1/15 binaries and found excellent results with updated techniques
and AMR grid: »

C. O. Lousto and J. Healy, Phys. Rev. D99, 064023
(2019), arXiv:1805.08127 [gr-qc]|.

yM

*  We will revisited the scenario of the nonspinning small mass ratio

binaries as we did for up to q:]_/]_O in: J. Healy, C. O. Lousto, and Y. Zlochower, Phys. Rev.
D96, 024031 (2017), arXiv:1705.07034 [gr-qc].

-> But we now push it to q=1/15, 1/32, 1/64, and 1/128

21



Numerical Simulation

128:1 merger orbit and horizons curvature
Lousto & Healy, Phys.Rev.Lett. 125 (2020), 191102




Consistency:

Numerical Simulations

TABLE II. Final properties for the sequence of the ¢ = 1/15,1/32,1/64,1/128 simulations includes the final black hole mass
M;em/m and spin Qrem, the recoil velocity v, and the peak luminosity Lpeak and waveform frequency wgsak at the maximum
amplitude hpeak. Also given are the initial simple proper distance, SPD, number of orbits to merger N, and a consistency
check of the differences between the final mass and spin, AMem/m, Acrem, calculated from the horizon and from the radiated

energy and angular momentum.

q Miem/m AMiem/m  Orem Alrem U [km/s|  Lyear[ergs/s] mwggak (r/m)hpeax  SPD/m N
1/15 0.9949 9x10™° 0.1891 23x107* 34.24 1.665e+55 0.2882 0.0849 10.13 10.01
1/32 0.9979 3x10~° 0.1006 2.5x1073 9.14 4.260e+54 0.2820 0.0424 9.51 13.02
1/64 0.9990 5x 107 0.0520 2.8 x10~* 2.34 1.113e+54 0.2812 0.0220 8.22 9.98
1/128  0.9996 4%x10~° 0.0239 2.7x1073 0.96 3.313e+53 0.2746 0.0116 8.19 12.90
Terger ~ (83.2M) eta3¢ , eta=m;m,/m?
TE— T
toyf 01 = /
Speeds ~ q: e |
2.2M/h (q=1/15 with 8% order) on 8 a O /4l
5 S
nodes (448 cores) in Frontera (TACC). g 6 .
2 y

1.1 M/h (gq=1/32), il

0.6M/h (q=1/64), |

0.32M/h (g=1/128) L L

0 200 400 600 800 1000 1200
t/m
FIG. 2. Comparative number of orbits and time to merger,
from a fiducial orbital frequency mf2; = 0.0465 for the ¢ = 23

1/15,1/32,1/64,1/128 simulations.



Numerical Simulations
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FIG. 2. (2,2) modes (real part) of the strain waveforms versus time (t/m), for the ¢ = 1/15,1/32,1/64,1/128 simulations.
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Numerical Simulations®

Convergence:

TABLE 1. The energy radiated, Erad/m, angular momentum radiated Jraq/m?, recoil velocity v, and the peak luminosity

Lpeak, waveform frequency wggak at the maximum amplitude hpeak, for each resolution of the ¢ = 1/15 simulations, starting at

SPD=10m. All quantities are calculated from the gravitational waveforms. Extrapolation to infinite resolution and order of
convergence is derived.

resolution E .a/m Jraa/m? U [km/s] Lpeaxergs/s] nuug,j"‘k (r/m)hpeax
n084 0.002366 -0.029385 31.45 1.585e+55 0.2906 0.08471
nl100 0.002418 -0.029945 33.54 1.649e+55 0.2863 0.08485
nl120 0.002436 -0.030097 34.24 1.665e+55 0.2882 0.08489
n— 0o 0.002444 -0.030148 34.56 1.670e+55 0.2897 0.08489
order 6.19 7.58 6.41 8.11 4.71 8.83
2
} 8(1) Noo-n084 ! ! ! 3
10; ne=-n100
< 10, Reo-n120
3 1073
105 |
i 111 =
200 400 600 800 1000 1200
t/m

)

£ neo-n084 _1|

1 neo-n100 4

1 ! | ! - neo-n120 4

200 400 600 800 1000 1200
We have now extended i
this convergence study
to q=1/32_ Rosato et al. FIG. 1. Difference between each resolution of the ¢ = 1/15
strain waveform with the calculated infinite resolution wave- 25

e-Print: 2103.09326 [gr-qc]

form for the amplitude and phase of the (2.2) mode.



Resulis

128:1 merger horizons (rescaled) Curvature K
Viz: Nicole Rosato.




Analysis

M;rem
=(477)2 {MO + Koq4 om? + K4f 5m4}
m

it [1 + n(Ersco + 11)] smS, (1)

where dm = (m1 — m2)/m and m = (m1 + m2) and
49 =1 — om2.

Sre
R AJr_'*’m =(4n)? {Lo + Log ém? + Ly (5m4}

rem

+ nJiscodmsS. (2)

U = 7°0m (A + Bdm?® + C dm?). (3)

|r/m hop|

800 850 900 950
tm

600 650 700 750

hpea.k :(41))2 {Ho + Hoyy om? + H4f 57714}

+n H,om®, (4)

where H,(0rem) is the particle limit, taking the value
H,(0) = 1.4552857 in the nonspinning limit [18].

Lpeax = (47)? {No + N4 dm? + Nuy (5m4}. (5)

mwBs* =(47) {Wo + Wag 6m? + Wy, 5m4}
+ Q, 6mS, (6)

where ﬁp(a,em) i1s the particle limit, taking the value
,(0) = 0.279525 in the nonspinning limit [18].

[18] A. Bohé et al, Phys. Rev. D95, 044028 (2017),
arXiv:1611.03703 [gr-qc].
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FIG. 3. Final mass, spin, recoil velocity, peak amplitude, frequency, and luminosity. Predicted vs. current results for the
g =1/15,1/32,1/64,1/128 simulations. Each panel contains the prediction from the original fits in Ref. [13] (solid line), data
used to determine the original fits (filled circles), and the data for the current results (stars). An inset in each panel zooms in
on the new simulations. Again, we stress no fitting to the new data is performed in this plot.

Analysis

TABLE III. Fitting coefficients of the phenomenological for-

mulas (1)-(6)

My Kaa Ky

0.95165 £ 0.00002 1.99604 &+ 0.00029 2.97993 + 0.00066
Lo Laag Ly

0.68692 + 0.00065 0.79638 +0.01086 0.96823 4 0.02473
A B C

—8803.17 £ 104.60 —5045.58 +816.10 1752.17 4 1329.00
No x 10° Nag x 10* Nys x 10*

(1.0213 +0.0004)  (—4.1368 + 0.0652) (2.46408 = 0.1485)
Wo Waa Way

0.35737 £0.00097 0.26529 +0.01096  0.22752 4+ 0.01914
Hy Hsqa Hyg

0.39357 £0.00015 0.34439 4+ 0.00256  0.33782 + 0.00584

[13] J. Healy, C. O. Lousto, and Y. Zlochower, Phys. Rev.

D96, 024031 (2017), arXiv:1705.07034 [gr-qc].
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Extreme Conclusions

We have passed all first accuracy tests up to q=1/128:
v Assessed errors ~2% from remnant and peak waveform
v" Convergence and horizon-radiation consistency
Adding spin to large black hole with same grid is straightforward
Can still use speed ups for massive productions for applications to
* 3G GW detectors
e LISA for calibration of perturbative techniques
New exploration of the optimal gauge (¢, 39, N) for small mass ratios in
Rosato et al. e-Print: 2103.09326 [gr-qc]
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4. Merger Remnant
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There are many other different modeling in the literature.




Final remnant mass and spin modeling

M ~ 0
Tm = (4)7)2{M0 + K, S" + KgaA||5m

+ K28} + Ko AT + Kogbm?
+ K348y Sy6m + K3,8AF + K3}
+ K348)6m* + K4,,A||S'ﬁ6m
‘ K4bA"6m + KacAj + KiaS|
+ K4,A"S" + Kyp6m®* + Ky4oA 6m*
+ Ky, At 6m? + K ,;3T6m?}
+ [1 4 n(Eygeo + 11)]6mS,
where all 19 K; are fitting parameters.

A =M’__ (4n)*{Ly + L, S'||
+ LogAydm + Loy} + LocAf + Logém’
+ Ly, Ay Sydm + L3y 8 A% + L3S}
+ L3dS||6m + L4,,A||S Sm + LyA
4 L4CA" + LMSﬁ RE L4,A"S"
+ Lyyém* + Ly A sm’
+ Lu,lﬁémz + L4,-:S’|2|5m2}
+ 8y(1 + 8n)dm* + nligcodm®,

"5m

where the 19 L; are fitting parameters.

(Note that the two formulas, for the the final mass and final spin impose the particle limit through their ISCO contributions).

where

m=my + my,

my —mp

om = ————,
m

S= (3'1 T 3'2)/'”2,
A= (3‘2/'"2—3‘1/'"1)/'”»

where m; is the mass of BHi =1, 2 and .-S:,- is the spin of

BH i. We also use the auxiliary variables

mymy
and 5>
m
m
e
)
a; = Si/m%v

where |@;| < 1 is the dimensionless spin of BH i, and we
use the convention that m; < m, and hence g < 1. Here the
index L and || refer to components perpendicular to and
parallel to the orbital angular momentum.
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Recoil velocity and stais

We model the in-plane recoil as

Viecait (9 ;) = Vméy + v) (cos(E)é; + sin(£)2,),

where ¢, e, are orthogonal unit vectors in the orbital plane,
and £ measures the angle between the “unequal mass™ and
“spin” contributions to the recoil velocity in the orbital
plane, and with,

v, = H,f(&n <+ H,.,GS’"(Sm -+ HgbA“.Sv" + H3aaﬁ5m

2 2 3
+H3,,S'"5m + chA"S" +: H3d5||
+H3,5,|5m2 + H4a‘§||5i.;6m * H4,,.~S'ﬁ5m
+H, 8 6m® + HyyA S 6m*

% w3 < %3
+Hye A8 + HyfS) A||)'
E=a+ b3'|| + cb‘m&u. (25)

where
U =n?6m(A + BSm® + Cém*) (26)

and according to Ref. [48] we have A = —8712, and B =
—6516 and C = 3907 km/s.

[48] J. Healy, C. O. Lousto, and Y. Zlochower, Phys. Rev. D 96,

024031 (2017).

TABLE IV. Fitting statistics for remnant formulas presented
here.

Recoil
Value M /m Qe (km/s)
RMS 262396 x 1074 7.90772 x 10~* 3.48
Std. Dev. 252011 x 10~ 7.58235 x 104 3.31
Avg. Diff. 638437 x10° 433099 x 104 0.21

Max Diff. 1.19201 x 1073 2.59799 x 103 10.98
Min Diff. -1.13027 x 10— -=245274 x 10  -12.73

These expressions can be generalized to precessing binaries

Lousto & Zlochower, Phys.Rev. D89 (2014) , 104052
Phys.Rev. D92 (2015), 024022
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Peak luminosity, amplitude, and frequency modeling

Lpea = (4n)2{No + N1S| + NogA om

+ szS'ﬁ + Nzc.&ﬁ + deb‘mz
+ N3,,5||.§'"6m -+ N3b§||5ﬁ + N3C§ﬁ
+ N3d§"6m2 <+ N4a5".§'ﬁ5m

+ N4e5|2|3ﬁ + N4f5m4 + N495"6m3

(r/m)B5™* = (4n){Ho + Hi S| + HauB6m

+ H2b§|2| + Hchﬁ + H2d6m2
-+ H3aA|| 3'"5"1 + H3b§||5|2| <+ H3c.§'i',|'
+ H3d.§'||5m2 <+ H4‘,5"S'ﬁ6m
+ H4,,E|3|6m + H,Aﬁ + HMS“I}

252 3
-+ H4CA“S" + H4f¢5m4 + H4g5"5m
+ HyAf6m* + HyStom?},

9
o

+ WG + Wy A + Wygom®

+ Wi, A S 6m+ Wy, 3 A7 + W, 5}
+ WagSyom® + Waa Ay Sjom

+ Wy ARom + W Af + W,

+ Wa AFSE + Wapom* + Wy A om’®
+ WMﬁﬁamz RE W4,~S'ﬁﬁm2}.

+ NyAjom® + NyStom?},

where all N; are fitting parameters where all of the W, are fitting parameters.

where all of the H; are fitting parameters.

TABLE III. Fitting statistics for peak luminosity, frequency
and amplitude of the mode (2,2) formulae

Value Peak Luminosity Peak mwos Peak (r/m)has

RMS 1.68809e-05 5.95755e-03 1.54105e-03
Std. Dev. 1.46664e-05 5.70386e-03 1.47523e-03
Avg. Diff. 6.77198e-06 2.70026e-05  -2.44938e-05
Max Diff. 7.18966e-05 2.63070e-02  8.39437e-03
Min Diff. -3.18964¢e-05 -3.94535e-02  -4.81573e-03

Ready for direct applications to GW remnants, Tests of Gravity, astrophysics, and cosmology (merger trees).
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Hangup revisited: Uﬁequal masses

We will study the hangup dependence of those 181
simulations on the variable

T (§-L+CsmA-L), (10)

where C will be the fitting parameter that regulates the
coupling to the total spin S with the “delta” combina-
tion dmA.

n[N = No] =D + AS,, + BS2,, (11)

are presented in Fig. 2. This shows the dependence of the
hangup effect with respect to the nonspinning binaries. We
see that this dependence can be expressed in terms of the
spin variable

3 ey i g
> S = (S-L+-§6mA-L). (12)

to an excellent degree of approximation since C = 0.3347
from the fits.

TABLE . RMS and variance of Sy, S.s, and Sy, fits. Here
we show ndf (no. degrees of freedom), WSSR =
weighted sum of the residuals, RMS = ,/WSSR/ndf, and
Variance = reduced > = WSSR/ndf.

Variable  Coefficient ndf WSSR RMS Variance

g 05 167 0702 0065 00042
Sie 0428571 167 0361 0.047  0.0022
[ 0398936 167 0281 0.041 00017
e 0333333 167 0214 0036 00013

S, perhaps a better spin variable for waveform modeling

N(N-Ng)

15 ata +
, [N =0.00532 + 2,538 + 1.37°Syg
-0.5 -0.25 0 0.25 0.5

Sg =S + 0.335 D*dm

04+

02
g E

4 it

g 0 1'-1‘ f’tf#kwbﬁ‘_-ﬁ*{*; +++
o

02} s

04

-0.5 -0.25 0 0.25 0.5

Sg =S + 0.335 D*dm

FIG. 2. The difference in number of orbits with respect to the
nonspinning case for full numercal binary black hole mergers.

We use the (2,2) mode of the waveform and calculate the number

of cycles between mw = 0.07 and m@ .. We study in detail the
cases with ¢ = 1.00, g = 0.85, g = 0.75, g = 0.4142, g = 0.50,

g = 0.333 and g = 0.20 and fit a quadratic dependence with the

spin variables to extract the linear spin coefficients of
§-L +CémA - L. The residuals of such a fit are also displayed 3°
showing no systematics.



5. Merger Recoils
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6. Numerical Relativity Waveform Catalogs
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RIT BBH Waveform Catalog
3 release of the BBH public RIT catalog at http://ccrg.rit.edu/~RITCatalog.html

e 777 waveforms: 477 nonprecessing + 300 precessing. 1/5< q < 1, iz <095 <4
* NRis the only self-consistent method to compute waveforms

.1 NQ00
Precesssing Cases: »

% .
* 8 ue®

<
- ! S S G G
210° 240° 270° 300° 330° 0 30° 60° %0°
o -+ el o ¢

120° 150"
L 2 * L 2

0 4 o
-

From: Healy and Lousto,
Phys.Rev.D 102 (2020), 104018

FIG.8. Initial parameters in the (g, 6,, ¢b») space for the precessing binaries. Note that (y» = 0.8, 6, ¢b») denotes the component of the
dimensionless spin of the BH i = 2 from the direction of the orbital angular momentum. Each panel corresponds to a given mass ratio
that covers the comparable masses binary range g = 1,0.82,2/3,1/3,1/5,and ¢ = 2,5/3, 1.4, where ¢ > 1 means it is the smaller hole
that is spinning. The dots in black denote the simulations of the catalog first release, the dots in red are those of the second release, and
the dots in green are those of this third release.
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where h;. are the predicted response of the kt* detector
due to a source with parameters (A, #) and dj are the
detector data in each instrument k; A denotes the combi-
nation of redshifted mass M, and the remaining intrinsic 05
parameters (mass ratio and spins; with eccentricity = 0)
needed to uniquely specify the binary’s dynamics; # rep-
resents the seven extrinsic parameters (4 spacetime co-

InL = 225.55 at (0.2000, — 0.4894, 0.4551

1.0 264 1.0 264

256 256

248 0.5 248

I 240

232

240

S 00 2322 00

ordinates for the coalescence event and 3 Euler angles B .
for the binary’s orientation relative to the Earth); and —05 26 -05 216
(alb)e = [, 2dfa(f)"b(f)/Shx(|f]) is an inner prod- - -
uct implied by the k* detector’s noise power spectrum 5 e <% -
Sh.k(f). In practice we adopt a low-frequency cutoff fyin - -0 ‘;‘,? 0> 1o S 08 ‘;‘,? 0> 1o

so all inner products are modified to

- FIG. 4. Heat maps of the GW150914 likelihood for each of the eight mass ratio panels covering form ¢ = 1 to ¢ = 1/5 and
[&( f )]*b( i j ) aligned /antialigned individual spins. The individual panel with ¢ = 0.85 contains the highest likelihood. Contour lines are in
(alb)k =2 / df e e ( ) increments of 5. The interpolated In £ maximum at its location in (g, x1,X2) space is given in each panel’s title and denoted
11> fmin  ShE(F]) by the * in the plots.
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Effective Spin variables®

Fig. 6 displays a comparative analysis of the single spin
approximations to aligned binaries using a linear interpo-
lation. The upper panel presents our preferred variables
for the spin, Sp,

| & | R A
m? St = ((1 + Q—q)Sl + (1 + §q) S;_)) . L, (3)

to describe the leading effect of hangup on the waveforms
[30]. The lower panel displays a comparative heatmap
using the common approximate model variable [97]

m? Xefs = ((1 +%)5’1 +(1+Q)52) -L.

The latter exhibits some “pinch” points around some

simulations suggesting a remaining degeneracy by using
Xeff. Such features are not seen using the (normalized)
variable Sj,, which represents a better fitting to wave-
form phases as shown in [30], suggesting again that it is a
better (or at least a valid alternative) choice to describe
aligned binaries.

[30] J. Healy and C. O. Lousto, Phys. Rev. D97, 084002
(2018), arXiv:1801.08162 [gr-qc].

Shu Perhaps a better spin variable for waveform modeling
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q

FIG. 6. Heat maps of the GW150914 likelihood for the aligned
binary with effective variables Sh, and x.j; versus mass ra-
tios using linear interpolation. In black the 90% confidence
contours and the interpolated In £ maximum is given in each
panel’s title and denoted by the * in the plots.
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GW150914:
Precession

200 simulations of RITC-2
One hole spinning,

All orientations

(g>1is the smaller one)

S
n?=08

NQ200 NQ140

260
255
-d
3
250
245
XHA XHA
NQ100
260 260
255 255
2 2
- -
250 250
245 245
XHA
NQ33
260 260
255 255
A < - |
L 5
250 250
245 245
XHA xHA

FIG. 8. Heat maps of the GW150914 likelihood for each of the six mass ratio panels covering form g = 2 to ¢ = 1/3 (labeled
from NQ200 to NQ33 respectively) and large black hole spin oriented over the sphere (interpolated using multiquadric radial
basis functions between simulations). The individual panel with ¢ = 1 contains the highest likelihood (near the orbital plane
orientation), and it is bracketed by the ¢ = 1.4 and ¢ = 0.66 panels (g > 1 here means the smaller black hole is the one
spinning). We have used Hammer-Aitoff coordinates Xy 4, Yy 4, to represent the map and level curves. The interpolated In L
maximum location is denoted by the an x in the plots, the black points are simulations, and the gray points are extrapolated
simulations using the sinusoidal dependence of the azimuthal angle.
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GW150914;:
Remnant
properties

we find

0.039 < Eyqq/m < 0.053
0.578 < x5 < 0.753
0 < Viyecoit < 492km/s]

Comparing these ranges to the GW150914 properties pa-
per [4] (and converting from total mass and final mass
to energy radiated and propagating the errors appropri-
ately)

0.041 < Eyqq/m < 0.049
0.60 < x5 < 0.72

MM
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FIG. 5. 90% confidence interval heat maps of the GW150914
likelihood for the aligned binary mass ratio and individual
spin parameters. The dark grey region constitutes the 99.7%
(30) confidence interval range, and the light grey is the 95%
(20) range. The colored region shows the In L of the values
within the 90% confidence interval. The black points indicate
the placement of the numerical simulations.
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FIG. 7. Final parameter space heatmaps for simulations that
fall within the 90% confidence interval for the final mass,
spin, recoil, peak luminosity, and orbital frequency and strain
amplitude at peak strain. A maximum In £ is reached for
my/m = 0.952, x; = 0.683, V = 44 km/s, L**°*F = 1.01e - 3,
mQ5** = 0.358, and (r/m)A55"* = 0.301.
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FIG. 9. We use the results of the Monte-Carlo intrinsic log-
likelihood calculations (100 samples in M, for each sim-
ulation in the catalog) to estimate the extrinsic parameters
of GW150914. The gray boundary denotes the public LIGO
GWTC-1 data and the colored points indicate simulations
which fell within the In £ > maxIn £ — 3.125, or roughly the
90% confidence interval. The dark blue background points
denote simulations outside of the 90% confidence interval.

GW150914: Exirinsic paraimeters
and waveforms
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FIG. 10. Direct comparison of the highest In £ nonprecessing simulation (RIT:BBH:0113 in red) and precessing simulation
(RIT:BBH:0126 in blue) to the Hanford (top) and Livingston (bottom) GW150914 signals. The bottom panel in each figure
shows the residual between the whitened NR waveform and detector signal.

TABLE 1. Highest In £ nonprecessing and precessing simulations. The nonprecessing simulation has highest overall In £, and
the precessing simulation has 13th highest.

Config. q X1 Xa Shu/m? Moeat/ Mo InC
RIT:BBH:0113 0.85 (0, 0,0) (0,0, 0) (©,0,0) 73.6 2618
RIT:BBH:0126  0.75 (-0.46, -0.48, -0.44) (0.06, -0.38, 0.12) (-0.15, -0.42, -0.11) 725 260.5




Whitened strain

Residuals

GW170104 (02)

This approach had already proven very
successful when applied to GW170104*.

(It required an homogeneous set of simulations
since the differences in LnL are subtle).

*). Healy et al., Phys. Rev. D97, 064027 (2018)
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LIGO-Virgo 01/02

PHYSICAL REVIEW D 102, 124053 (2020)

We studied 13 BBH GW events of 01/02 and found all intrinsic and extrinsic parameters

Application of the third RIT binary black hole simulations catalog
to parameter estimation of gravitational-wave signals
from the LIGO-Virgo O1 and O2 observational runs

James Healy, Carlos O. Lousto®, Jacob Lange, and Richard O’Shaughnessy®

Center for Computational Relativity and Gravitation, School of Mathematical Sciences,
Rochester Institute of Technology, 85 Lomb Memorial Drive, Rochester,
New York 14623, USA

(Received 30 September 2020; accepted 24 November 2020; published 22 December 2020)

Using exclusively the 777 full numerical waveforms of the third binary black hole RIT catalog, we
reanalyze the ten black hole merger signals reported in LIGO/Virgo’s O1/02 observation runs. We obtain
binary parameters, extrinsic parameters, and the remnant properties of these gravitational waves events
which are consistent with, but not identical to, previously presented results. We have also analyzed three
additional events (GW170121, GW170304, GW170727) reported by Venumadhav, Zackay, Roulet, Dai,
and Zaldarriaga [Phys. Rev. D 101, 083030 (2020)] and found closely matching parameters. We finally
assess the accuracy of our waveforms with convergence studies applied to O1/02 events and found them

adequate for current estimation of parameters.
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GW150914 (Revisited with 3" RIT Catalog)

477 aligned spins BBH analysis 300 precessing simulations analysis

15 * NQ82

InZ =296.17 at (0.9300, — 0.0400

10

0.5

\\\\

0.0 0.2 0.4 0.6 0.8 1.0
q

FIG. 3. Left panels: comparative analysis of the Sy, and y . spins versus g for GW150914 using the 477 nonprecessing binaries. The
points show the parameters of these nonprecessing simulations. As described in the text, the color scale is based on an interpolation
between each simulation’s maximum £ [i.e., maxy £(M, q, ¥ -, ¥>..)] over (only) the two parameter dimensions shown in this plot. As
in Fig. 2, the contours are 90% credible intervals of a posterior based on our full four-dimensional interpolated likelihood (solid); a
reanalysis of the same likelihood, using conventional priors consistent with GWTC-1 (dashed); and the LIGO GWTC-1 analysis itself
(dotted). Top right panel: top likelihood panel for the binary spin orientation for GW1509 14 using the 300 precessing simulations. The
star labels the most likely orientation of the spin (essentially along the orbital plane) and NQ82 label means a mass ratio g = 0.82.
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Alignhed spins

TABLE . Parameter estimation of the mass ratio ¢, the individual spins a; and a,, the total mass of the system in the detector frame,
M o1 = my + my and the effective spin variables Sy, and y., at the 5,50,95 percentiles. The last column gives the Bayes factor between
uniform aligned spins and nonspinning systems.

Event fmin Max(Inl) g =m;/m, a a, Mg/ Mg Shu X off BF.

GWI150914 30  296.6  0.9436709520 —0.443413170 (03388102 71.71;, —0.03420112  —0.041810 15 0.295

GW151012 50 237 0atlEhe 00I6RITT Ba1ged g5 N Qe gsogll s 8865

GW151226 80 274 0.6782f§'(32)§7,§1; O.2056f‘11’:§§§]§ 0.2524j§-8;‘§§ 23.3f‘35‘;§ 0.2034j§;$§82 0.1962_3_‘%2:%3
GW170104 30 757 0916710937 —0.13281,%7) —0.049010:912  61.0727 —0.02121073¢ —0.021610,55 0.404

GW170608 80 M2 0eRiTEs 03lel i B3NN g Q288N (02048100

GWI170729 20 40:5 063021510 —0.12167027 O6I8ATons 1258110 0356810°% 0303612 B.145
GW170809 30 560 0B63n. 014761 E 03MINEE  potel QLI 01117 % 9390

GW170814 30 1186 0.7949t§-§%§ -0.2334f§_-é§§ -0.0392j§-§§% 58.11%;12 -0.0942f§_-§§§ -0.09423.3_2;;';1‘;0 0.254
GW170818 30 48.0  0.8758X 0209 —0.25901,%78  0.098410758  76.5133 —0.030410237 —0.0348107200 0.237
GW170823 30 530 08367010 008361002 Qa6421 %2 992412) 00528192 10104687022 0.205

-0.3031 —-0.8892 -10.9
GW170121 30 315 0.8519t§-3i§§% —0.2910fg;539§7’5‘§ —0.2568f§-6:§;§% 70.9t%f7’3-: -0.252 3232(2%6; —0.2498t8_-%€£§ 0.933
GW170304 20 24.3 0.79481“%'_,%%% 0.0606:“:.3;3% 0.32621“%'77;23 106.11]1%;15 0.20661“%_'%%1 0.19663.8‘-2299%46 0.822
GW170727 20 19.6  0.82611008) —0.1136105%s  0.0200107¢  103.017:7 —0.0108133%% —0.0136102228 0.414
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Precessing spins

TABLE II.  Doing a GPR fit to find the highest In £ from the 300 precessing simulations. Parameter estimation of the mass ratio ¢, the
initial spin angle @ and ¢, and the total mass of the system in the detector frame, M, /M o, at the mean of In £ and its 90% confidence
ranges.

Event § ey Max(In £) q 0 7 Mg /Mg
GW150914 30 296.6 0.985319192% 1.634610775] 4.179613 238 72.2457
GW151012 50 23.7 0.9898102457 1.43381 09703 4.037673 355 45.2%0%
GW151226 80 27.4 0.60041 0235 295661014 3.6298 22 14.65,2
GW170104 30 757 0.611010:36% 2300 2650500 5492
GW170608 80 54.2 0.60101301%3 310609 T2 442961159 i
GW170729 20 40.5 0.7130t 0074 0.49071 7% 3.320012%43 1269113
GW 170809 30 56.0 0.86611043% 1.61424 0320 4007432%22 68.61 54
GW170814 30 118.6 1.0890%3 2225 16160103015 3.7617 33345 60.113%
GW170818 30 48.0 0.89291922% 178761075 3665615 %2 76.4127
GW170823 30 53.0 100367422 1502 s 325477275 88.91,03
GW170121 30 31.5 1105010229 IS0 3.129012:5670 70.432
GW170304 20 24.3 0.993510 244 Q87811 D=0 3195700 107635
GW170727 20 19.6 LO7 ey V5T 365 o 0S8t o
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Extrinsic Parameter Estimation

TABLE III. Using samples from the top In £ simulations to estimate the extrinsic parameters. Shown are the luminosity distance D,
sky location right ascension (r.a.) and declination, and the euler angles, ¢4, 1, and y at the 5,50,95 percentiles. Note that the priors in
this analysis are a discrete set of simulations, so the ranges are not comprehensive.

Event

D

r.a.

Declination

‘l’ orb

l

W

GW150914
GWI51012
GW151226
GW170104
GW170608
GW170729
GW170809
GW170814
GW170818
GW170823

GW170121
GW170304
GW170727

541.7794+1301726
1131.1394+571 6106
408.8335+254.4875
1211.12607293:540
1Y ED 4 pap L.
2980.4779 15660921
A -223.3711
1299.2956+450-8644
2110.201 1 +847.9689
1368.2817+854:8583
D849 T3 16 IEE ot
2851.2071+1442.8729

2AATIE
—0.65541 1229
—0.709612656%
2031
2170430052
~1.147613 202
928511020
0795610
032591 1=¢
=i R3PS0
—0.22863 4200

—-2.4309

2.0592
—0.4891 :LO.5098

095011355

—1.19231 0122
—0.0541%} daa
~0.0609+035%3
75320
0.843910205
—0.669413-2°18
~0.4489%4353%
—0.79541 ) 0503
037160 5
(2937 s
—0.06441 59537
03703102
—0.24561 52990

3.1280 35151
3.076913 7307
319681220
295071555
8 | o) B o
346112500
3.239415:8550
2.950412.2¢
28907268
3.02801 59757
29501 1 22
. 30 1 [ e
3.24384 202

26698103274
1,693 1202
1:8386.10 00
15711 g arg sl
li687sHiaT
2102881752

3 -0.6125
2682610550
17803} 5703
11122245
G
18114t o

35782150
3.1209%375%
3.1457158%0
31099202
31349138051
BT
2Ry 2
31625150
1506751,
349725
3.15551 3008
314091259
3 13911zt
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Final

=

OC

H Remnant Parameters

TABLE V. Parameter estimation of the final black hole mass, m £5 spin, a £ and its recoil velocity, v £s and the peak luminosity, p; .
waveform frequency p, at the maximum amplitude p, of the strain, at the mean of In L and its 90% confidence ranges from the
nonprecessing simulations.

Event

mf

(lf

)
i

103pL

Po

Pa

GW150914
GWI51012
GWI151226
GW170104
GW170608
GW170729
GW170809
GW170814
GW170818
GW170823

GW170121
GW170304
GW170727

895069000
09508124012
0.950210 00
0.952550 006
0.9476105153
9:943071 21070
0.9489 10048
09553180
9953110 e
99512 300
09586 2007
0.947010:0132
9:95327 94108

0.6788105%
07292340
07264320
06746002
0.7468102%
0808804020
071728000
0.64681 00707
gigTse It
0.698413-9722

0.5950;3;%‘);;3.?‘:
0.7452 St
0.674810:192

Pi55EI
11972
ETo
I
104015210
112912
1973t
113.512855
1490127
175:81 0
55,1l
135.62 1604
sty

0.9741 004
1.0051 -0
0.959+03%
0991191
1.1061532;
150
L0619
0.944 10212
0987152
LOW 5
0.88510:13¢
0SS

17
09760

§is562 D0
0:3681109%2
036731098
03543000
G374229% 14
0383870 002
366071012
03502108
§.3553 0 U1
Fa6l0 S
0339070218
g3paled
g35582 8 0

0.392810.9027
(1 74 gl
0.:3763 10925
0:3925 0000
0.3790: 0L
0.371410 050z
0,391 2003
038791 00
0:39107 0%
038967 0000

0.3897%%%
D387 10018

().389@10000
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Tests: Numerical Waveforms Accuracy

TABLE VII. Variation of the maximum of In £ with the numerical resolution of selected events. In the case of
GW170823 an extrapolation of the result to infinite resolution (n — oo) and order of convergence of In L.

Event Simulation Low Medium High n— oo Order
GW170729 RIT:BBH:0166 36.78 36.58 36.59
GW170809 RIT:BBH:0198 58.46 58.47 58.44
GW170814 RIT:BBH:0062 148.18 148.22 148.23

GW170823 RIT:BBH:0113 37.32 o ¥ 0 58.03 58.66 293
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Tests: Null test
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FIG. 8. Estimation of the (aligned) binary parameters (Mo, ¢.%1.%2) for null test using the 477 nonprecessing simulations.
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7. GW190521 (O3a)
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GW190521 as a Highly Eccentric Black Hole Merger
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Consistency of the cWB reconstruction of GW190521 with the numerical relativity simulations*

LIGO-Hanford (H1)

LIGO-Livingston (L1) PDF
'b ‘ . . .

. O

— HLWB - 10
- L1:xWB
s 830.7|Q=I|X¢n=0.0 | Xp=0-7 | 1| . . mmm RIFT + CWB 90% C.L.

aid » ! ! : e

- loo.

0.35 0.40 0.45 0.50 055 0.35 0.40 0.45 0.50 0.55 0.4 0.6 0.8 1.0
Time (s) Time (s) Overlap

55



Measuring the Hubble Constant with GW190521 as an Eccentric black hole Merge; and
Its Potential Electromagnetic Counterpart
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Abstract

Gravitational-wave observations can be used to accurately measure the Hubble constant Hy and could help
understand the present discrepancy between constraints from Type la supernovae and the cosmic microwave
background. Neutron star mergers are primarily used for this purpose as their electromagnetic emission can be used
to greatly reduce measurement uncertainties. Here we quantify the implied H, using the recently observed black
hole merger GW190521 and its candidate electromagnetic counterpart found by ZTF using a highly eccentric
explanation of the properties of GW190521. As the electromagnetic association is currently uncertain, our main
goal here is to determine the effect of eccentricity on the estimated H,. We obtain Hy = 68.87337 kms ™' Mpc™".
Our results indicate that future H, computations using black hole mergers will need to account for possible
eccentricity. For extreme cases, the orbital velocity of binaries in active galactic nucleus disks can represent a

significant systematic uncertainty.
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Figure 2. Luminosity distance probability distribution obtained using
NRSur7dg4 gravitational waveforms (Varma et al. 2019) assuming eccentricity
e =0 (red), and using the UF/RIT model with eccentricity e ~ 0.7 (Gayathri
etal. 2020b) (black). These distributions are obtained using RIFT algorithm for
fixed source direction to that of the ZTF source. The vertical line shows the
distance of the ZTF source assuming Planck 2018 cosmology (Aghanim
et al. 2018).
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Figure 3. H, measurements for GW190521 with its ZTF candidate counterpart
and GW170817. The following H,, probability densities are shown: GW 170817
(Abbott et al. 2017; purple); GW190521 with eccentric model (red): combined
GW170817 and GWI190521 with eccentric model (blue); GW 190521 with
e =0 (gray); cosmic microwave background results by Planck (orange); and
Type Ia supemova results by ShoES (green). Shaded areas for the latter two
results show 95% confidence intervals. Vertical dashed lines for the
gravitational-wave results indicate 68% credible intervals.
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8. Discussion
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Discussion

v" We have developed a complete and independent method to analyze GW signals from BBH
with NR solutions to GR (Without resourcing to phenomenology)
v" Applied to 01/02, and to O3+:
o Interesting sources to detect yet
» Highly eccentric BBHs?
» Very highly spinning BHs (s > 0.9)
» Not comparable BBH mass ratios (q < 1/5-1/10)
» BH-NS systems (g ~ 1/7-1/20)
RIT Catalog3: Complete single spinning q’s; Complete aligned spins 0.95; down to q -> 1/15.
RIT Catalog4: Will include 600+ eccentric waveforms, reaching over 1500 simulations.
A collection of NR catalogs (RIT+SXS+GT+BAM+) can be used for even better coverage.
Improved coverage and accuracy for 3G detectors and for LISA.
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