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A IS the over-all amplitude of the echo template
(With respect to the main event) which we fit for,
ussuming a flay prior.
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* Have a good physical model! (or you won’t find them)

* and a simple template (avoid too many arbitrary choices)

 Avoid a posteriori statistics (don’t look at data to make your
template)
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So far seven independent groups looked
echoes in GW data

Positive results

Abedi, et al. 2017-18; Conklin, et al. 2018, Uchikata, et al. 2019
Negative results

Lo, et al. 2019; Tsnag, et al. 2019; Uchikata, et al. 2019
Mixed results

Westerweck, et al. 2018; Nielsen, et al. 2019 ; Salemi, et al. 2019
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Bayes’ theorem:

From the product rule of probability it can be shown that
P(Aand B) = P(A,B) = P(A) P(B|A) = P(B) P(A|B)
P(x|y) means “the probability that x is true given y is true”
this gives:

P(A|B,DP(B|I)
P(AID

P(B|A,I) =

This is Bayes’ theorem.
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Bayes’ theorem:

Bayes theorem can be cast in terms of a model, or hypothesis, and some observations, or data.

It tells us how to update our degree of belief about our model
based on new data.

Likelihood Prior
1 1

( \ [ 1
P(data|model)P(model)
P(data)

P(model|data) =

lﬁ_l

Posterior

Prior: what we knew, or our degree of belief, about our model
before taking data

Likelihood: the influence of the data in updating our degree of
belief

Posterior: our new degree of belief about our model in light of
the data
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DOCUMENTATION TUTORIALS FUB

PyCBC

Free and open software to study gravitational waves.

https://pycbc.org

PyCBC is a software package used to explore astrophysical sources of gravitational waves.
It contains algorithms that can detect coalescing compact binaries and measure the
astrophysical parameters of detected sources. PyCBC was used in the first direct
detection of gravitational waves by LIGO and is used in the ongoing analysis of LIGO and
Virgo data. PyCBC was featured in Physics World as a good example of a large
collaboration publishing its research products, including its software,

Getting Started

You can start using the PyCBC library now in an interactive notebook! See our tutorials

https://arxiv.org/pdf/1807.10312.pdf
https://github.com/cdcapano/pycbc/tree/echoes_update
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Docs » PyCBC View page source

PyCBC

PyCBC is a software package used to explore astrophysical sources of gravitational waves. It
contains algorithms that can detect coalescing compact binaries and measure the astrophysical
parameters of detected sources. PyCBC was used in the first direct detection of gravitational waves
(GW150914) by LIGO and is used in the ongoing analysis of LIGO and Virgo data. If you use PyCBC
in your scientific publications or projects, we ask that you acknowlege our work by citing the
papers described on the page:

+ Use of PyCBC in Scientific Publications

Getting Started

« Get the full PyCBC software suite with one of our Docker Images

If you have Docker installed, you can get started using PyCBC with just two commands:

pycbe — bash — 80x25

docker pull pycbo/pycbc-el7:latest
5 docker run -it pycbe/pyd el7:1latest
( k frtwara) [pycbc@3 »13a664 ¢ python

. rF ¢
Yy sl ( ’ .

PyCBC 3308fd... Simulated BOH .. ‘

Q2O®= 20%0)> Tuel843 JahedAbedi Q @ =

PyCoCh
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Use of PYCBC in Scientific P €5y 10 read, we will Spiit the da

e
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Here are the model and prior settings we will use:

[model)
name = gaussian_noise
. Teh b el A low=-frequency-cutoff = 208.8
flow to search for gravitational [varisble_params]
! wavelore poramgters that will vary in MOMC
delta_tc =
mass]
. analysis workflow masse =
spinl_a =
spinl_azisuthal =
& PyCBC inference documentation spinl_polar =
[pycbe.inference) spin2_a =
spin2 azisuthal =
Introduction spin2_peolar =
distance =
Sampling the parameéler space cos_phase =
(pyebe_inference) inclination =
polarization =

B Examples ra =

dec =
Running on an analytic
distribution [static_params]
! waveform paraseters that will not change in MOMC

B Simulated BBH example spproximant = [MRPhenoaPyv2

f_lower = 20
1. Create the injection Piretio se

2. Sétup the configuration files ; we'll set the tc by using the trigger time in the data

: section of the config file « delta_ic¢
3. Run trigger_time = ${data|trigger-time)

GW150714 cxample [prior-delta_tc]
ey t ; coalescence (ime prior

name = uniform

Visualizing the Posteriors s A
max-delta_tc = 0.1

s_grb_workflow: A GRB

Workflows
[wavefors_transforms-tc]

! wi need to provide t¢ to the waveform gengrator
name = Custom

. "0 U e lBBeTNe® =
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Hardware injection waveform generation

[model)
name = gaussian_noise

Calculating the Effectualness (Fitting
low=1frequency-cutoff = 20.9

Factor) of Template Banks

[variable_params)
; waveform parameters that will vary in MCMC
delta_tc =
Bassl =
mass2 =
spinl_a =
spinl_szisuthal =
spinl_polar =
Query times of valid data, hardware spin2_a =
spin2_azisuthal =
spin2_polar =
al-wave Frame distance =
coa_phase =
ssing with 505 inclination =
i polarization =
Gravitational-v : De ra =

d more

. dec =
Handling PSDs
[static_params]
; waveform parameters that will not change in MCMC
spproximant = IMRPhenoaPv2
f_lower = 20
f_ref = 20
; we'll set the tc by using the trigger time iIn the data
& PyCBC Distributions f © ; section of the config file + delta_tc
Infere trigger_tise = ${data|trigger-time}

Generating Noise
Wavelorms

Flitering

Building Bundled Executables [prior-delta_tc)
; coalescence time prior
Documenting PyCBC ¢ name = uniform
min-delta_tc = 0.1
Creating Releases of PyCB( max-delta_tc = 0.1
HDF files within the PyCBC workflow (wavefors_transforms=tc]
; wo need to provide tc to the waveform generator
name = custom
inputs = delta_tc
te = ${data|trigger-time} + delta_tc

Workflow: the inspiral analysis workflow

prator (

[prior-sassl)
name = unifors
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Hardware injection

ulating the Effectualness (Fitting

data, hardware

Reading Gravitat » Frames

Signal Processiny 1 GW150914
Gravita

Handling PSDs

Generatir

Waveforms

Filtering

Using PyCBC Distnbutions from PyCBC

Inference

Building Bundled Executables
Documenting PyCBC cc
Creating Releases of PyCBC

HDF within the PyCBC workflow

generator (py

Py

eform generation

[prior-delta_tc]

; coalescence time prior
nane = uniform
min-delta_tc = -9.1
sax-delta_tc = 0.1

[wavefors_transforms-tc)

; we need to provide tc to the waveform generator
namé = custom

inputs = delta_tc

tc = ${data|trigger-time} +» delta_tc

[prior-sassl)

nam¢ = uniform
min-massl = 10.
max-massl = 80.

[prior-sass2)

name¢ = uniform
min-sass2 = 1§.
max-8a552 = 89,

[prior-spinl_a]
nane = uniform
min-spinl_a = 0.0
max-spinl_a = 9.99

[prior-spinl_polar+spinl_azisuthal)
name = uniform_solidangle
polar-angle = spinl_polar
azisuthal-angle = spinl_azisuthal

[prior-spin2_a]
nam¢ = uniform
min-spin2_a = 0.0
max-spin2_a = 0.99

[prior-spin2_polar+spin2_azisuthal]
name = uniform_solidangle
polar-angle = spin2_polar
azimuthal-angle = spin2_azisuthal

[prior-distance]
; following gives a uniform volume prior

name = uniform_radius
min-distance = 19

PYCOCIIBK.. | Simusted BBH_ | PYCECH

. RO P®
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j dél_t echo timeé prior
name = uniform
82 min-del_t_echo = 0.28334
83 max-del_t _echo = 0.30166

i(prior-x] k
86 » x=t_eocho/del_t_echo prior
8 jmin-x = 0.99

jmax=x = 1,01

j gamma prior
2 name = uniform
)3 min-gamma = 0.85
)4 max-gamma = 0.95

o
10 [prior-gamma)
J

6 [prior-amplitude)

) ; amplitude prior

JBE name = uniform

19 min-amplitude = 0.05
max-amplitude = 0.15

ifprior=te]
04 ; ccalescence time prior

1 jnasé = uyniform
106 jmin-tc = 1126259462.32
1 jmax=tc = [126259462.52

109 ;(prior-massl])
jname = uniform

11 min-massl]l = 10.

12 jmax-mass] = 80.

114 ;(prior-mass?)
jname = uniform
6 jmin-mass2 = 10,
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Parameter estimation of ech
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Parameter estimation and statistical significance of echoes fol
hole signals in the first Advanced LIGO observing

Alex B. Nielsen,"*" Collin D. Capano,'*" Ofek Birnholtz,™* and Julian
'Max-Planck-Institut fiir Gravitationsphysik, D-30167 Hannover, Germany
*Leibniz Universitit Hannover, D-30167 Hannover, Germany
YCenter for Computational Relativity and Gravitation, Rochester Institute of Technology,
170 Lomb Memorial Drive, Rochester, New York 14623, USA

® (Received 19 February 2019; published 7 May 2019)

Searching for black hole echo signals with gravitational waves provides a means of probing the near-
horizon regime of these objects. We demonstrate a pipeline to efficiently search for these signals in
gravitational wave data and calculate model selection probabilities between signal and no-signal
hypotheses. As an example of its use we calculate Bayes factors for the Abedi-Dykaar-Afshordi
(ADA) model on events in LIGO’s first observing run and compare to existing results in the literature.
We discuss the benefits of using a full likelihood exploration over existing search methods that used
template banks and calculated p-values. We use the waveforms of ADA, although the method is easily
extendable to other waveforms. With these waveforms we are able to demonstrate a range of echo
amplitudes that is already is ruled out by the data.

DOI: 10.1103/PhysRevD.99.104012

Pirsa: 20020097 Page 16/21



Echo param.
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A = 0,0583+313%

Results of Nielsen et al.
Phys. Rev. D 99, 104012
(2019) for GW150914
are showing preference
for noise

y = 0.449123%

to trunc. (ms) = —11.24192

Log Bayes factor = -1.8
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Comment on Nielsen et al. Phys. Rev. D 99, 1040

Pirsa: 20020097

Comparing two papers of the same group Westerweck et al. (Phys. Rev.

D 97, 124037 (2018)) and Nielsen et al. (Phys. Rev. D 99, 104012
(2019)) it is puzzling that why max SNR that is reported in Phys. Rev. D
97, 124037 (2018) for GW151012 and GW151225 is roughly consistent
with what was found by Abedi, Dykaar & Afshordi (Phys. Rev. D 96,
082004 (2017)). However, the max SNR found for GW150914 is, much
smaller than what we found (4.13), or they found in (Phys. Rev2.86. D
97, 124037 (2018)).

Event Log Bayes factor Max SNR

GW150914 ~1.8056 286}
GWI51012 1.2499 5.5
GW151226 0.4186 4.07
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Log Bayes factor = 3

We are puzzled by why results of Nielsen et*al.
are different, given that we are actually using
their code!!!

Already, their max SNR in their own two papers
are not consistent!!

Preference for signal!l!
Strong evidence
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Thank you
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