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I. INTRODUCTION

Over a century after its formulation in 1915, Einstein’s
General Relativity (GR) remains as the accepted the-
ory of gravity, passing all precision tests to date [1]. In
the weak-field, slow-motion regime, where the effects of
metric theories of gravity can be approximated as higher-
order post-Newtonian (PN) corrections to the Newtonian
theory [2], GR lies within the stringent bounds set by
solar-system tests and pulsar tests [3, 4].

Recent attention has turned to testing GR in the
strong-field, highly-relativistic regime [3], which poten-
tially suggests high-energy modifications which make GR
compatible with standard quantum field theory [1]. One
approach to probe the strong-field regime is through the
detection of gravitational waves (GWs), a form of gravi-
tational radiation predicted by GR which travels at the
speed of light.

Far from the source, GWs are small perturba-
tions about a background spacetime; assuming a flat
Minkowski background spacetime, a propagating GW is
determined by two time-dependent scalar quantities h
and hy, called the plus and cross polarizations respec-
tively [2], which carries information about its astrophys-
ical origin [5]. In the detector frame, GW exerts tidal
forces and changes the separation between freely-falling
objects [2]. Using laser interferometry, a beam-splitter
splits incident laser beam into two equal parts and di-
rects them to Fabry-Pérot cavities in two orthogonal
multi-kilometer-long arms [6]; a GW passing through the
detector would change the separation of “freely-falling”
mirrors at the ends of each arm to different extents, re-
sulting in a phase difference between the two beams that
could be measured in terms of the light intensity of the
recombined beam [6].

Since 2015, Advanced LIGO [7] and Advanced Virgo
[8] have jointly announced 14 confident detections of
GWs, all of which are generated by the coalescence of
binary black holes or binary neutron starss [9-12]. The
coalescence of binary compact objects begins as their or-
bital separation continuously decreases due to emission of
GWs during the inspiral phase, until the point when the
compact objects are so close to each other they plunge
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together close to the speed of light and merge into a sin-
gle black hole, which quickly settles down to a Kerr black
hole during the ringdown phase [13, 14].

Of all strong-field astrophysical events that could be
probed, the coalescence of stellar-mass binary black holes
(BBHs) plays a crucial role in testing GR [1]: Being com-
pact objects, the orbital separation of the BBH can reach
far below the last stable orbit before merging, generat-
ing a gravitational field many order of magnitudes larger
than other observed astrophysical events [14-16]; more-
over, GWs emitted by coalescing BBHs offers one of the
cleanest test of GR, as environmental effects such as ac-
cretion disks and electromagnetic fields are negligible for
most sources [17], enabling precision tests of the strong-
field dynamics of GR.

As no high-accuracy coalescing BBH waveform models
for alternative theories are avaliable [16], several generic
tests of GR are devised: Consistency tests analyze the
discrepancy between observational data and the most
probable waveform model derived from GR for the data
[18], and compare source parameters inferred only from
inspiral data to that inferred only from merger-ringdown
data [18]; parameterized tests introduce deviation to
waveform models derived from GR, where a deviation
from GR can be inferred using methods of parameter es-
timation or hypothesis testing [16, 19]. To this date, no
evidence for violations of GR has been identified from
GWs emitted by coalescing BBHs [20].

Aside from GWs, the detector output can be at-
tributed to many independent sources of random noise
[6]; assuming that noise characteristics remain station-
ary over time, and by appealing to the central limit the-
orem [21], noise in GW detectors are typically modeled
to be Gaussian within data analysis routines used in tests
of GR [22, 23]. However, these assumptions cannot ac-
count for transient, non-Gaussian noise features which
enter gravitational-wave detectors, commonly-known as
glitches [24-26]. Three classes of commonly-seen glitches
are shown in Figure 1. If the presence of glitches were
not accounted for, one may infer from the detected wave-
form that a deviation from GR has occurred. The extent
to which glitches mimic the effects of a deviation of GR
and the effectiveness of glitch mitigations to tests of GR
certainly deserve a study.

This report is structured as follows: In Section IT we
introduce the waveform model we use to generate sim-
ulated signals and perform tests of GR. In Section IIT
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FIG. 1. Three normalized spectrograms of commonly-seen
glitches. The colour represents the ‘loudness’ of the signal
at each time-frequency bin [25]. (a) A light scattering glitch
has a characteristic arch shape; it is caused by slight misalign-
ments of the laser beam and the mirrors [27]. (b) A blip glitch
has a characteristic ‘teardrop’ shape; its noise source has not
been identified [28]. (c) A whistle glitch has a characteristic
‘W’ or ‘V’ shape; it is caused by radio signals generated by
the interferometer control system [24].

we discuss the parameterization of the waveform model
and the two tests that we employ. In Section IV we
introduce three commonly-used mitigation measures for
glitches. In Section V, we describe our method of study-
ing the effect of glitches and their mitigations on tests of
GR.

II. WAVEFORM MODEL

In our study, we will use the frequency-domain
precessing inspiral-merger-ringdown waveform model
IMRPhenomPv2 derived from GR [29-31]to generate simu-
lated signals and perform test of GR in virtue of its good
match with Numerical Relativity waveforms [31] and low
computational costs.

IMRPhenomPv2 is a “hybrid” waveform model [32] con-
structed by matching and combining PN waveforms [33]
applicable to early inspiral, with Numerical Relativ-
ity waveforms [34] used in merger and ringdown. Its
phase composes of terms with known frequency depen-
dence; the coefficients of these terms, denoted as the
phase coefficients p;, are the subjects of parameterized
tests of GR in Section III. The phase coefficients p;
can be categorized into three groups, depending on the
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TABLE 1. The frequency dependence of IMRPhenomPv2 de-
phasing coefficients used in parameterized tests of GR. The
table is reproduced from Table 1 of Ref. [18].

stages of coalescence in which they predominantly as-
sert their effect on [16, 31]: (i) inspiral PN coefficients
{0 -+, 5, @51, 6, o1, w7} and phenomenological coeffi-
cients {oq,...,04}; (ii) the intermediate phenomenolog-
ical coefficients {fy, ..., f3}; (iii) the merger-ringdown
phenomenological and black hole perturbation theory co-
efficients {ay, ..., a5}.

IIT. PARAMETERIZED TESTS OF GR

In this project, we will focus on a parameterized test
of GR, which introduces fractional deviations dp; of the
IMRPhenomPv2 phase coefficients p;, also known as de-
phasing coefficients, from their prescribed value: [35]:

pi — pi[l + dpi] . (1)

In practice, we do not allow some of the IMRPhenomPv2
phase coefficients to deviate from their prescribed value
as they have large uncertainties or are degenerate with
with other coefficients or physical parameters [16]. We
therefore perform tests with the remaining 13 dephasing
coefficients, henceforth denoted as the testing dephasing
coefficients [16]:
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the frequency dependence of the testing dephasing coef-
ficients dp; is shown in Table I [18, 30].

To quantify a deviation from GR, we can either com-
pare GR against a modified theory of gravity through
hypothesis testing, or infer the most probable values of
0p; through parameter estimation.



A. Hypothesis Testing

With in mind that the two-body self-gravitating prob-
lem cannot be solved analytically in GR, the orbital evo-
lution of coalescing BBHs and tests of GR derived from
it can only be computed up to a precision. We follow
the TIGER framework [16, 19] and define Hgr as the
hypothesis that the gravitational-wave signal has the ex-
act functional form predicted by a chosen approximation
to GR, i.e. dp; = 0 [35]; to test against this hypothe-
sis, we denote Hyoagr as the hypothesis that h has the
functional form predicted by the chosen approximation
to GR but with at least one dp; # 0.

It is evident that the two hypotheses Hgr and Hmodar
are mutually exclusive. Given data d and prior informa-
tion I, we prefer the hypothesis which is relatively more
probable. To quantify this statement, we can define the
odds

modGR _ £ (Hmoacr|d, I)

Ock P(Hcrld, ) ®)

If the odds is much greater than one, we prefer the hy-
pothesis Hmodar; if it is much less than one, we prefer
Har. If the odds is close to 1, then the current data
is inconclusive [36]. Invoking Bayes’ Theorem, the odds
can be rewritten as

OmodGR _ P(HmOdGRu) P(d|Hm0dGR7 I) (4)
aR P(HarlI) P(d|Hcr,I)

The second term on the R.H.S. of Eq. (4) is called the
Bayes factor, which could be readily computed with the
support of Bayesian inference libraries [22, 37].

Applying the treatment of Hpoqgr introduced in
TIGER [19], we can compare the odds of unmitigated
and mitigated samples against each other, or against a
predefined threshold set as the odds obtained for the col-
lection of detected GW signals so far [35]. A deviation
from GR due to the false assumption of Gaussian noise
can then be visualized by plotting the obtained odds on
top of a simulated background distribution, defined as the
probability density of the odds OBIGR [35], for simu-
lated GW signals derived from GR injected in Gaussian
noise, as shown in Figure 2.

IV. GLITCH MITIGATION

Many efforts are made to develop algorithms that iden-
tify glitches [38—41]; these algorithms play an important
role in gravitational-wave searches. Once a glitch is iden-
tified, it could be eliminated either by hand or automati-
cally by search pipelines [42, 43] through a process called
gating, which zeroes out the time interval containing the
glitch by multiplying the time series with an inverse win-
dow function [42, 43]. An example of gating is illustrated
in Figure 3.

A similar procedure can be done in the frequency do-
main: if the glitch is localized in certain intervals of
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FIG. 2. The background distribution (region under blue
curve) is plotted for a collection of simulated GR-consistent
signals in Gaussian noise. Deviations of GR with odds higher
than a defined threshold (red dotted line) are vetoed; the
threshold can be set as the odds obtained for the collection
of detected gravitational-wave signals. The false alarm prob-
ability (FAP) (shaded region), defined as the probability of
obtaining a odds above the threshold, is shown to be an invari-
ant quantity under choices of prior during hypothesis testing
[35]. This figure is retrieved from Li [35].

frequency, zeroing out the corresponding frequency bins
through band-pass filtering would eliminate the glitch.

A more sophisticated approach would be to subtract
off a glitch model from the original time series. This pro-
cedure, called de-glitching, was employed for the glitch-
contaminated GW170817 data [44], as illustrated in Fig-
ure 3. The de-glitching procedure can be extended be-
yond well-modeled glitches using the BayesWave frame-
work, which introduces a method to model glitches us-
ing sine-Gaussian wavelets and infer the most probable
model using Bayesian statistics [45, 46].

In our study, we will separately apply the three stan-
dard mitigation measures of 1) gating, 2) band-pass fil-
tering and 3) de-glitching to data samples.

V. METHODOLOGY

Our goal is to investigate the extent to which glitches
mimic the effects of a deviation of GR, and evaluate the
effectiveness of common glitch-related mitigation mea-
sures presented in Section IV on parameterized tests of
GR. To this end, we first prepare a collection of data sam-
ples by injecting simulated IMRPhenomPv2 signals coher-
ently into LIGO Hanford (H1) and Livingston (L1) data
segments where commonly-seen glitches are present.

On the one hand, the simulated signal is chosen to
be the most probable (mazimum a posteriori, or MAP)
IMRPhenomPv2 waveform for one or two GW events; a
concrete set of criteria is not yet established for the selec-
tion of GW events. On the other hand, glitches with dif-
ferent signal-to-noise ratio (SNR) and morphologies are
chosen for the study; each of them are made to over-
lap the simulated signal in the inspiral, intermediate and
merger-ringdown regime. As a rough estimate, 40 in-
jections will be performed and 160 tests of GR will be
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FIG. 3. The output data from the LIGO-Livingston detec-
tor during GW170817 is plotted over time in the bottom fig-
ure (orange curve). A glitch was identified around the time
t = —0.75s to —0.5s in the figure. To determine the sky lo-
cation of the event, data was gated in the time domain by
multiplying the inverse window function (black curve) [44].
To infer the source properties during parameter estimation,
data was de-glitched by subtracting off a glitch model (blue
curve) reconstructed with BayesWave [44]. The upper figure
shows a spectrogram of the raw LIGO-Livingston data. The
figure is retrieved from Abbott et al. [44]

performed after applying the three mitigation measures
after applying the three mitigation measures. Comparing
the test results between different data samples, the effect
of glitches under the false assumption of Gaussian noise
and their mitigations can be determined for various GW
source properties, glitch SNR and morphologies, and the
degree of overlapping.

A. Injection Tool

To minimize human error and time spent on perform-
ing injections, a specialized injection tool in Python,
injhelper, is under development. Under the hood, it
is a wrapper which calls LALSimulation [22] to gener-
ate a time-domain waveform and converts it into a GWpy
time series [47], it then retrieves (given LIGO credentials)
LIGO data centered at a specified GPS time and returns
a standard data-frame file (. gwf or .hdf5) containing the
injection; the merger time of the injected signal is set as
the specified GPS time. By looking up the LIGO glitch
database, GlitchDB, one could specify the injection GPS
time as the time corresponding to a glitch occurrence.
A few sanity checks devised to catch obvious errors are
discussed in Appendix B.

Upcoming features of injhelper include injection into
multiple detectors coherently given the sky location of

the BBH coalescence, which is necessary for de-glitching
routines [45].

B. Preparing Data Samples

Using injhelper, the most probable IMRPhenomPv2
waveform for the GW event S1908281 are injected into H1
detector noise at a GPS time of 1238571602.625 where a
light-scattering glitch with SNR of 10.856 is present, and
at a GPS time of 1248851234.507 where a blip glitch with
SNR of 10.862 is present. Figure 4 shows the alignment
between the simulated signal and injected data at the
specified injection times and the Q-scans of the injected
data and that with a simulated signal subtracted.

The preparation of mitigated data samples is an easy
extension from the injection process: the .gwf or .hdf5
files returned by injhelper can be directly parsed into
GWpy, which offers inbuilt functions for gating and band-
pass filtering; the BayesWave de-glitching routine also
supports the returned GwWpy files.

Appendix A: Updated Timeline

16 / 06 - 28 / 06: Developed Injection Tool

29 /06 - 12 / 07: Run TIGER on glitched data
First Interim Report
Finish injection tool

13 / 07 - 26 / 07: Visualize and summarize
first batch of results

27 /07 -09 / 08: Second Interim Report
Visualize and summarize
all results

10 / 08 - 21 / 08: Presentation, Final Report

Appendix B: Sanity Checks for Injection Tool

Results generated from different parts of the
injhelper routine is used to check for obvious er-
rors. Figure 5 and 6 plots the waveform generated by
LALSimulation in time and frequency domain respec-
tively and check for unexpected features; Figure 7 and
8 attempts to retrieve a simulated signal which was
“blindly” injected into colored Gaussian noise and real
H1 detector noise. We conclude that injhelper do not
produce obvious errors. The signal used in the sanity
checks is the most probable IMRPhenomPv2 waveform for
the event S190828l.
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FIG. 4. A simulated signal is injected in real H1 noise where a light scattering glitch (left, GPS time = 1238571602.625) and
a blip glitch (right, GPS time = 1248851234.507) is present. The signal (orange) and injected data (blue) are whitened using
their respective PSD and plotted in the top figures; the good fit between the signal and data in both cases suggests successful
injections. Q-scans of the whitened injected data is shown in the middle figures, where the color denotes the “loudness” of
data in the corresponding time-frequency bin, a signal which merges at the specified injection time (white vertical line) can be
observed; on the left, a light-scattering glitch can be observed in the low-frequency range spanning over two seconds, on the
right, a “loud” blip glitch can be observed at the specified injection time. The characteristic tract of a GW signal due to the
coalescence of BBHs cannot be observed from the Q-scans of the remnant data plotted in the bottom figures where a simulated
signal merging at the specified injection time is subtracted from the data.
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FIG. 5. The time-domain waveforms of a plus-polarized GW
(blue) and a cross-polarized GW (orange) generated from
the same source parameters are plotted. The cross-polarized
waveform is —m/2 out of phase with respect to the plus-
polarized waveform. The merger occurs roughly at specified
merger time indicated by the black vertical line.

FIG. 6. The modulus of the frequency-domain waveforms for
a plus-polarized GW (blue) and a cross-polarized GW (or-
ange) are plotted. The “knee” of the plot, which corresponds
to the merger, has a frequency of around 370Hz; this is a
reasonable value for a binary system with a total mass of
M ~ 46Mg: according to the no-hair theorem, the “knee”
frequency funee scales with 1/M [citation needed], and for the
BBH merger GW150914 where M ~ 69Mg), the “knee” fre-
quency is about 250Hz.
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aligned using the SNR peak is subtracted from the injected data in both cases.
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