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GW150914: Short signal, in agreement with NR
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GW151226: Long signal, still in agreement with N
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Outline

* NR is the best solution to GR, and differences matter

ustration 1: Waveforms

ustration 2: Posteriors

- Using NR directly with GW data
+ A strategy
* Finite duration & hybrids
- Sparse density & interpolation, placement

- NR-calibrated surrogate (or GP) models
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NR solves GR more completely, accurately

* Analytic models are good first approximations but not perfect

- Example: Edge-on line of sight
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NR solves GR more completely, accurately

» One reason: “higher modes” are missing or not calibrated
h(tln) = Z 2Ylm )Ry (t)
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Differences matter

» Conclusions about BBH derived from NR are often slightly different

« Even where models are “well-calibrated”

No higher modes I R — R — R — T EEE With higher modes

NR (leading order only)

dP/d(1/q)

1 / q Abbott et al PRD 94 064035 (2016)
GW150914: directly comparing to NR (=with higher modes)
Nonprecessing analysis




Differences matter

No higher modes I e e — T T T With higher modes

1/q

syntheticdata 4 = 2°Ov a = O°Ov M = 7OM®
PSD similar to GW150914-like sensitivity

Inclination ~ pi/4, SNR=20

Nonprecessing analysis




Differences matter

No higher modes With higher modes

Syntheticdata 4 — 2.0,& — —08, M = 7OM®
PSD similar to GW150914-like sensitivity

Inclination ~ pi/4, SNR=20

Nonprecessing analysis




Omission introduces orientation-dependent error
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Should you care?

» Even if biases tolerable on event-by-event basis, they are systematic

» Some conclusions may require stacking and/or weak effect

« Mass of small companion [NS; mass gaps|

 Evidence for precessing binary population [clusters; kicks]

» Tests of GR [example below]
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NR for parameter estimation |: Framework

- Parameter estimation for GW sources: Compare models and data, using gaussian statistics

1
InL()\;0) = E (i (A, 0) — di|hi (A, 0) — di)y, — (di|dk)y,
k

l\D

- ldea: [e.g., Pankow et al 2015 (1502.04370)]

* Integrate over extrinsic parameter space [NR can’t vary intrinsic params]

260

Lonare (V) = / LN 0)p(6)do

. Stitch likelihood from discrete evaluations  Lmarg (k)

240

X2z

220

« Currently: Aligned spin via fit (or GP)
200

180
- Posterior via Bayes

Lmarg(A)P(A)

Ppost(A) = [ dALmare(MN)p(N)
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http://adsabs.harvard.edu/abs/2016PhRvD..94f4035A

NR for parameter estimation II: Checks
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https://dcc.ligo.org/LIGO-P1700025

Finite duration & Hybrids
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hgm (t)

L (t)

pm (t)

g (t)

A (t)

Finite duration & Hybrids

- Familiar, well-used techniques for aligned (& precessing) spin
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X2

Finite duration & Hybrids

» Impacts PE
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Interpolation and placement

Familiar problem:

Model-based: Similar to final mass, spin, recoil formulae

- Form set by physics, symmetry principles Long history

« BIC for model selection

Boyle, Kesden, Nissanke
Healy; Lousto:Zlochower 2014

Rezzolla et al
uiB

Husa et al 2016

Nonparametric methods: gaussian processes & others

Followup: greedy, via natural distance (incl. systematics);

or target model error
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http://1406.7295
https://arxiv.org/pdf/1406.7295.pdf
https://arxiv.org/pdf/1406.7295.pdf

NR-calibrated surrogate models

- Surrogate models can Blockman ot o 2015.2017

ROS et al 2017

* Interpolate between NR simulations directly

* Include most higher modes; precession
Limiting SNR
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* Limitations so far

« Placement (exploration in ‘q’; spins), duration
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http://adsabs.harvard.edu/abs/2015PhRvL.115l1102B
http://adsabs.harvard.edu/abs/2017arXiv170101137O

Final remarks

* NR is being used to interpret GW data

- LSC has active NR involvement, including followup program & efforts to assess
model systematics

- Several groups developing strategies to use NR creatively
- Search selection biases
« Burst searches

- Waveform systematics

- NR (+hybrids+surrogates) are valuable!
- Confront data with best solution of Einstein’s equations
- Should provide best estimates of generic binary parameters

- Valuable cross-check for model-based analysis
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Simulations of binary black hole coalescence
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| iterature review |: Varma et al

Aligned-spin hybrid match-based calculation, to estimate PE biases

Result: Higher modes matter

MLE estimator bias with just 22 is modest [offset >= statistical error]

 Figures illustrate it is significant, & MLE is not posterior

Mass ratio ¢
10 8 6 4 2
300 | | '

Important for
parameter estimation

0.5

200 =

AXett

“
-
-
-
--— -
- -
-
“
-

v v -

Xetr ~ 0.5
O~ Xt ~0
S\ Keti ~—0.5
40 I I I
0.08 0.12 0.15 0.19 0.22

Symmetric mass ratio 1 M (M)

Total mass M (M)
\

Varma and Ajith,1612.05608

22



Literature review

2. JCB

 Orientation-dependent biases
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Literature review 3: LVC NR systematics paper

* NR injection study, but recovery with existing models
 QOrientation-dependent biases using quadrupole-only templates

- What would the posterior be, with a better model?
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Literature review 3: LVC NR systematics paper

* NR injection study, but recovery with existing models
 QOrientation-dependent biases using quadrupole-only templates

- What would the posterior be, with a better model?
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Literature review 4: Graff et al /

R0OS, JB, Field

- Zero-spin PE calculations with higher modes (EOB; NR surrogate)

» Higher modes matter.
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Literature review 5: Babak, Taracchini, Buonanno

Large mismatches with SEOBNRv3
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SB0ONuUS:

—vent loss from lacking higher modes
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