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Detection of Gravitational Waves

Masses in the Stellar Graveyard

in Solar Masses

EM Neutro

[
LIGO-Virgo | Frank ller | Northy

ICRR, Univ. of Tokyo/LIGO Lab/Caltech/MIT/Virgo Collaboration, Nature, 2019 [1]
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Binary Black-hole Observations and Analysis

propagate

identify -, . i record

convolve

-«

Ohme, 2019 [2]
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Binary Black-hole Waveforms

Time

@ Waveform divided into three parts

o Inspiral: BHs far apart, described by post-Newtonian (PN) theory.
o Merger: Highly relativistic, needs Numerical Relativity (NR).
e Ringdown: Single BH, described by perturbation theory or NR.

@ Ildea: Match NR simulation to PN, before PN becomes inaccurate
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Hybrid Waveforms

Post-Newtonian, Effective-one-body o

A

Numerical Relativity

A

v

@ With the improvements in low frequency detector sensitivity, longer
waveforms will be required

@ Numerical relativity waveforms are accurate but mostly available for
late inspiral merger and ring down phase

@ Analytical approximate model waveforms provide good accuracy
waveforms in the early inspiral regime

@ Numerical relativity waveforms have been hybridized to analytical
model waveforms
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Objective of the Work

@ Non-precessing binaries have been hybridized and used for parameter
estimation as done in Lange et. al (2017) [3]

@ The precessing-binary parameter space has been sampled by only a
relatively small number of numerical simulations.

@ We want to hybridize precessing binaries for LIGO data analysis for
such events

@ Hybridizing precessing waveforms is a complicated process, as shown
below
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Precessing versus Non-Precessing Dynamics

@ In precessing binaries the orbital precession strongly affects the
gravitational waveforms by modulating both amplitude and phase

@ /=2, m = %2 are not necessarily the dominant mode for the

waveforms

Precessing

Non precessing
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Co-precessing Frame

@ Complications of precession can
be reduced by transforming the :
waveform into co-precessing 0
frame -

Inertial

@ Time dependent 3D rotation of
the waveform to align the
orbital angular momentum along .
z-direction (non-inertial) -

Co-Precessing

Re him(t) *e — 21

@ In this co-precessing frame the
waveform behaves like a
non-precessing waveform SXS:BBH:0058 [?]
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Co-precessing Frame

@ Developed in O'Shaughnessy et al. (2011), Schmidt et al. (2011),
Boyle et al. (2011) [4, 5, 6]

@ The idea is to continually rotate (3D) the waveform. Two of the
Euler angles obtained from principal eigenvector of the
orientation-averaged tensor

X Iy + Re(Iy) Im1Iy Rel;
<L(ab)> _ PP Im 15 Iy — Re(I2) ImI;
Zlm’ lm' Re_[l Imll Izz

where Iy, Iy, I, I, are related to quantum mechanical angular
momentum notations.
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Co-precessing Frame Rotations

@ Two of the Euler angles are related to the principal eigenvector V of
the orientation-averaged tensor <L(ab)>, O’Shaughnessy et al.
(2011)[4]

o = cos™ H[D,]

N N m

B = Argli, + ity — B

@ The third Euler angle chosen to account for the phase evolution of
the waveform. Boyle et al. (2011)[6]

fy:—/o'zcosﬁ dt
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Hybridization Procedure: Instantaneous Rotation

@ We choose a time and the corresponding instantaneous rotations
(c, B,7y) of two waveforms that place the waveforms in the
co-precessing frame at that time. This minimize the non-quadrupole

l o
modes for a short period H°%(t) = > etmrtimagl — (8)h,(t)
m/=—I
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Hybridization Procedure: Instantaneous Rotation

@ We rotate the two waveforms at these fixed angles

! .
le%c (t) — /z_: lezm ’Y—i—zmadgnm/ (B)hlm (t)
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Hybridization Procedure: Time and Phase shifts

@ We rotate the two waveforms at these fixed angles
! o
H{ﬁf (t) — Z lezm ’y—i-zmadgnm/(ﬁ)hlm(t)
m/ =—

@ we compute phase and time shifts to align waveforms in a hybridizing
interval

to _
A = ming g0 / SOVHNR(E) — HEN(t — to)elmoot2D)qy
o
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Hybridization Procedure: Hybridization

@ We rotate the two waveforms at these fixed angles
l . / .
le?%t (t) — Z lezm V-I-’&madlmm/(ﬁ)hlm(t)
m/=—

@ we compute phase and time shifts to align waveforms in a hybridizing
interval

to .
A = mingg gy, v / D IHp () — Hipy (t — to)e ™02 dt
b m

@ Construct the Hybrid
P = T(E) HNE) + [1— T()]HEN (t — t))e (Moo +2¥)

where 7(t) is function that smoothly goes from 0 to 1 in hybrid interval
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Complete Hybridization

o y1 = (0.239,0.318,0.244), v2 = (—0.361, 0.039, 0.289),
Mior = T0Mg [7, 8, 9]

(SXS:BBH:1410) q = 4, Precessing
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Hybridization of Precessing Binary Waveform

@ Precessing case SXS:BBH:1410, q =4, x1 = (0.239,0.318,0.244),
X2 = (—0.361,0.039,0.289), M;,; = 7T0Mg
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Quality of Hybrid Waveforms

@ Compute mode by mode mismatch using advanced LIGO power
spectral density

o Sn(f)
_ (hi|h2)
v/ (hilh1) (halho)
M=1-0

@ Biased characterization at SNR 10: M > 0.5%
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Quality of Hybrid Waveforms

@ Mode weighted Mismatch

— Zlm p?lim
ZZm pl2m

where My, are the mode-by-mode, time-and-phase-maximized
mismatches and p? = hyphum.

WM]
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Hybrid Quality: Length of NR Waveform in Hybrid

@ Precessing case SXS:BBH:1410 [7, 8]
@ PN-NR hybrid versus Full-NR

@ Longer NR waveform in hybrid is better

(SXS:BBH:1410) Hybridize 20 cycles before merger  (SXS:BBH:1410) Hybridize 40 cycles before merger
cyc

1N i{ le Ncycle ‘ >3
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Hybrid Quality: Short-NR versus PN-NR hybrid

@ Precessing case SXS:BBH:1410
@ PN-NR hybrid versus Full-NR and short-NR versus Full-NR
@ PN-NR hybrid are better than shorter NR waveforms

154 . 8 42 23 15 10 8
|§§’=§%‘-’5f_§’%§fkhz*’ -

———————— {=2,m=1
——————— [=2,m=2
——————— {=3,m=1
———————— {=3,m=2
——————— {=3,m=3
———————— {=4,m=1
——————— {=4,m=2
——————— {=4,m=3

{=4,m=4
— WM
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Hybrid Quality: The Length of NR Waveform

@ Precessing case SXS:BBH:1410

@ Longer NR waveforms are better than shorter ones

(SXS:I'3\IBH:1410) NRvsTruncatedNR (40 cycles) (SXS:BNBH:I1410) NRvsTruncatedNR (20 cycles)
cyc
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Hybrid Quality: Hybrid versus Low Resolution NR

Waveform

@ Precessing case SXS:BBH:1410
@ PN-NR hybrid and Low-High resolution NR hybrid versus Full-NR

@ Low resolution NR in hybridization perform better than PN

(SXS:BI'3\IH:1£|L10) Hybridize 40 cycles before merger (aXS:I?BH:MlO) Mismatch Res3 vs Res2
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Hybrid Quality: PN Errors

@ In general higher order PN approximant is better. We found phase ¢
order with 3 PN order terms works better than available higher orders
in phase with the maximum available amplitude « order.

Mismatch PN-NR-Hybrid vs NR (I=2, m=2)
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Mismatch as Function of Angles

o h(t) = Z hlm_2Y2m(e, qb), Mtot = 4OM®
Ilm

(SXS:BBH:1410) 40 cycles before merg (SXS:BBH:1410) 20 cycles before merge
(Fuln) 0.0045 (Full 0.011
0.0040 0.010
0.0035 0.009
0.008
0.0030
0.007
0.0025
0.006
0.0020
(SXS:BBH:1410) 40 cycles before merge (SXS:BBH:1410) 20 cycles before merge
(Quadrupole) 0.040 (Quadrupole) 0.045
0.035 0.040
0.030 0.035
0.025 0.030
0.020 0.025
0.015 0.020
0.015
0.010
0.010

@ Higher order modes are important
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Conclusion and Future

@ We introduce an automated method to hybridize precessing binary
waveforms

@ We tested the accuracy of our hybridization procedure using mismatch

@ We tested effects of the length of the numerical waveforms, hybrid
versus different numerical resolutions as well as post-Newtonian errors
on the hybrid.

@ All presented work is published in [10]

o Future:

e Testing length of hybrid interval and how it affects the mismatch.
o Analyzing other hybridization errors (truncation and numerical) for
many different waveform models
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Thank You
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Co-precessing Frame

1
I 3 (h|LyLy|h)

1 *
— 5 E Clmcl,m—l—lhl,m+2hlm

lm

Ii = (h|L4(L. +1/2)|h)
— chm(m+1/2)h;m+1hlm

lm

Iy = 1(hyLQ—L%)
Iy = —Z [1(1+1) — m?]|him)?
I, = h]LL\h Zm2\hlm\2

where ¢, = /(L + 1) — m(m + 1).



dt . (B) given by

d o, (B) =T +m) (I —m) (1+m){1—m)
(_1)kz—|—m’—m

Xzk:k!(l+m—l~c)!(l—m’—k)!(m’—m+k)!

2k+m/—m 2l—2k—m'+m
X (Sin g) (cos g) : (1)




Hybrid Quality: IMRPhenomXHM-NR hybrid versus

PN-NR hybrid

@ Precessing case SXS:BBH:1410
@ PN-NR hybrid versus Full-NR and IMR-NR hybrid versus Full-NR
@ PN-NR hybrid are better than IMR-NR hybrid

(SXSNBcBE'feMlO) Hybridize 40 cycles before merger (SXS:BBH:lLI‘.lO) Hybridize 40 cycles before merger
cycle
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