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Neutron stars are known to show accelerated spin-up of their rotational frequency called a glitch.
Highly magnetized rotating neutron stars (pulsars) are frequently observed by radio telescopes (and
in other frequencies), where the glitch is observed as irregular arrival times of pulses which are
otherwise very regular. A glitch in an isolated neutron star can excite the fundamental (f)-mode
oscillations which can lead to gravitational wave generation. This gravitational wave signal associ-
ated with stellar fluid oscillations has a damping time of 10 — 200 ms and occurs at the frequency
range between 2.2 — 2.8 kHz for the equation of state and mass range considered in this work, which
is within the detectable range of the current generation of ground-based detectors. Electromagnetic
observations of pulsars (and hence pulsar glitches) require the pulsar to be oriented so that the
jet is pointed towards the detector, but this is not a requirement for gravitational wave emission
which is more isotropic and not jet-like. Hence, gravitational wave observations have the poten-
tial to uncover nearby neutron stars where the jet is not pointed towards the earth. In this work,
we study the prospects of finding glitching neutron stars using a generic all-sky search for short-
duration gravitational wave transients. The analysis covers the high-frequency range from 1 —4kHz
of LIGO—Virgo detectors for signals up to a few seconds. We set upper limits for the third observing
run of the LIGO—Virgo detectors and present the prospects for upcoming observing runs of LIGO,
Virgo, KAGRA, and LIGO India. We find the detectable glitch size will be around 10~° Hz for the
fifth observing run for pulsars with spin frequency and distance comparable to the Vela pulsar. We
also present the prospects of localizing the direction in the sky of these sources with gravitational
waves alone, which can facilitate electromagnetic follow-up. We find that for the five detector con-
figuration, the localization capability for a glitch size of 1075 Hz is around 132 square degrees at 1o

confidence for 50% of events with distance and spin frequency as that of Vela.

I. INTRODUCTION

Neutron stars (NSs) are one of the most promising and
versatile sources of gravitational waves (GWs) [1], in-
cluding both isolated NSs and those in binary systems
with other compact objects. Several searches use var-
ied methods for different scenarios depending on the na-
ture of the targeted GW signals. Advanced LIGO [2]
and Advanced Virgo [3] have detected GW signals from
compact binary coalescences (CBCs), including binary
neutron star coalescences (BNSs) and neutron star—black
hole coalescences (NSBHs) [4-6]. Non-radial oscillation
modes, magnetic or thermal mountains for both isolated
NSs and those in binaries, as well as accretion in binary
systems are among the sources for continuous GWs [7].
Isolated NSs are also an interesting astrophysical source
for transient GWs in the detectable range of current gen-
eration GW detectors. For example, searches have been
conducted for magnetars that can be strong emitters of
transient GWs and short bursts of y-rays [8, 9], but no
detection has been made yet.

In this paper, we will focus on transient GWs from

glitching pulsars. Rotating isolated NSs, including pul-
sars, generally show a decrease in their spin frequency
over time. However, some exhibit a sudden jump in their
rotation frequency known as glitches [10]. So far, at least
740 glitches from 225 known pulsars have been reported
with glitch sizes of Avg ~ 10791074 Hz [11-16].

Glitches in isolated neutron stars can excite acoustic
and inertial stellar oscillations which in turn generate
GWs lasting < 0.2s at frequencies from 1-3 kHz depend-
ing on the models and source parameters. f-mode oscil-
lations are among these potential causes of GW emission
[17, 18]. Recently, a scenario for GWs from f-modes in
smaller glitch candidate events was also studied [19]. His-
torically, a first targeted search for short transient GWs
associated with a glitch was conducted for a Vela pulsar
glitch in August 2006, finding no evidence of GWs [20].
More recently, a generic all-sky search for GW transients
during the third observing run [21] was also interpreted
under the glitch scenario, providing a limit on minimum
detectable glitch size around 10~* Hz for an optimally ori-
ented source and with Vela reference parameters. During
the second observing run (0O2) of Advanced LIGO and



Advanced Virgo (November 2016 - August 2017), four
pulsar glitches were observed in radio telescopes based
on [14]. Considering the whole glitch energy transformed
as GW by the f—mode oscillation of NS, only the peak
amplitude from the Vela glitch detected by the radio tele-
scope on 2016 December 12 is above the power spectral
density (PSD) of LIGO and Virgo detector during the
02 run [22, 23]. During the glitch in Vela, only LIGO
Hanford was online out of three GW detectors, making
GW counterpart detection unreliable [24]. In addition,
searches for longer-duration quasi-monochromatic tran-
sient GWs correlated to pulsar glitches during the second
and third observing runs [25-27] also put upper limits
on GW strain under that scenario. Moreover, a recent
study about the prospects for observing longer-duration
GW signals with current and future ground-based detec-
tors is given in [16]. However, in this paper we focus on
shorter signals from f-modes.

In general, the population of isolated NSs observed by
electromagnetic (EM) observatories is a small fraction
of the actual NS population in our galaxy. Hence, all-
sky GW searches have the potential to find previously
undiscovered NSs. Follow-up searches of GW detections
by EM observation, e.g. in the X-ray and radio bands,
could then help in constraining NS properties. The sky
localization information from the GW search is crucial to
provide an opportunity for a targeted follow-up by EM
telescopes.

This paper presents the all-sky search results for short-
duration transient GWs from NS glitches during the
third LIGO—Virgo observing run for arbitrarily oriented
sources. We provide the prospects for future runs of the
current generation of GW detectors regarding the glitch
size one can probe. The future observing runs are ex-
pected to include KAGRA [28], LIGO India [29], and fur-
ther upgrades of Advanced LIGO and Advanced Virgo.
We also present the prospects for the sky localization of
these sources for the upcoming observing runs.

The paper is organized as follows. Section II describes
the signal model. Section III discusses the search for
short transient GW signals from glitching NSs. Sec-
tion IV discusses the prospects of observing and local-
izing these GW signals for future ground-based detector
searches. Section V discusses the results.

II. SIGNAL MODEL

Two main mechanisms are considered to be responsi-
ble for pulsar glitches: starquakes and superfluid—crust
interactions [20, 30-33]. The energy generated during
the excitation of oscillation modes by the starquakes or
superfluid—crust interactions is given as [18, 20, 30, 34],

AFEgjitch ~ A% Tv A, (1)

where I ~ 10%®*kg m? is the stellar moment of iner-
tia, vs is the spin frequency and Avg is the increase in

spin frequency [20]. An order of magnitude estimate can
be obtained by comparing with fiducial values of the fre-
quency and its change during the glitch. The energy can
be expressed as [18, 20],

Vs Avg
AEBgitch ~ 3.95 x 10%erg (10 Hz) (107 HZ) - o

A possible consequence of NS glitches is the excitation
of one or more oscillations in the NS. This leads to the ex-
citation of different families of pulsation modes like pres-
sure p-modes (the fundamental of which is known as the
f-mode) and the gravity g-modes corresponding to the
energy of the glitch [18, 35-37]. In this work, we are in-
terested in the f-modes, which are the dominant mode in
producing transient GWs from NS glitches [38-40]. For
a perfectly spherical NS (non-rotating, non-magnetic),
the damping time and mode frequency are degenerate
for each mode. Moreover, we consider only the dominant
quadrupolar emission (I = 2) here as higher-order modes
(I > 2) will be sub-dominant [41, 42] and also will occur
at a higher frequency where the detectors lose sensitiv-
ity [43]. Hence, GWs associated with the excitation of
pulsation modes (f-modes) are short-lived signals, which
can be expressed in the time domain as [18, 44],

h(t) = hoe™ /™o sin(27vgyt) - (3)

Here, hg is the initial amplitude of the signal. v, and
Tew are the frequency and characteristic damping time of
the signal, respectively.

The initial amplitude is related to the total GW energy
emitted by a source at a distance d [18, 20, 45]:

1/2
ho = # <5GESIW) . (4)

TdVgyw \ € Tow

Therefore the peak GW amplitude of the f—mode
ringdown signal, assuming the total energy generated by
the excitation of the dominant mode is emitted as GWs
(Egw = Egjitcn) is given as (eq.5 of [18]),

d 10Hz

Ave \'? (1kHz\ [0.1s\"?
(wrm) () G0)
Quasinormal modes are classified according to the
restoring force, which brings the perturbed element of the
fluid back to the equilibrium position. We consider the
non-rotating limit where only GWs from f-mode oscilla-
tions are well inside the sensitive bandwidth of ground-
based GW detectors [17]. Empirical relations for frequen-
cies and damping times as functions of the mean mass

density and compactness for various equations of state
(EoS) are given as [46],

1k N1/
ho = 7.21 x 10~ 24 < pC) ( 2 )
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FIG. 1. The mass-radius curves for a sample of EoSs, over
a mass range of 1 — 2 Mg. We choose the APR4 (purple)
and H4 (green) EoS for this study, representing more and less
compact NSs respectively. Produced using LALSimulation
47, 48).

1/2

M
Vew|kHz] = 1.562 + 1.151 (R3) (6)
and
1 M3 M
= = |78.55—-46.71 = 7
Tewls]  R* { <R)] , (7)
where
Y 5 R
M= ™ = m (8)

Here we consider the Cowling approximation [35, 49],
where the perturbations of the metric are neglected and
only fluid perturbations are taken into account [46]. Each
nuclear-matter EoS generates a unique relation between
the mass and radius of NSs [50]. We need that mass—
radius relation to use the empirical relations given above
for the frequency and damping time. But the EoS of
NSs is currently not precisely known. However, there are
constraints on the EoS from EM and GW observations
[51]. The mass-radius relation for non-rotating NS mod-
els with various EoS [48, 52] for masses between 1—2 Mg
are shown in Fig. 1. In this work, we choose two different
EoS namely APR4 [53] and H4 [54], which are considered
as representatives for the classes of soft (more compact)
and hard (less compact) models respectively.

For the different cases of EoSs from Fig. 1, we compute
the relation given in Eqn. 6 and Eqn. 7 to obtain the de-
pendency of GW signal properties (frequency and damp-
ing time) as a function of NS mass as shown in Fig. 2. For
the typical masses of NSs between 1 — 2 Mg, we obtain
corresponding f-mode frequencies between 2.2 — 2.8 kHz
[55]. As the mass of the NS increases, the f-mode fre-
quency increases. Also, we can infer that for the softer
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FIG. 2. GW frequency (top panel) and damping time (bottom
panel) as a function of NS mass according to Eqn. 6 and Eqn. 7
for the cases of EoSs refereed in Fig. 1. We choose two EoSs
representing soft (APR4) and hard (H4) in this work. The
grey dotted lines represent the other EoSs from Fig. 1.

EoS the frequency is systematically higher than that for
the harder EoS. One can speculate that a confident detec-
tion of GWs from an NS glitch with a sufficiently accurate
frequency estimation will contain information about the
EoS, which is degenerate with NS mass but not in the
entirety of the parameter space. In Fig. 2, we also show
the distribution of the damping time 7,w. The damp-
ing times decrease as the mass of the NS increases and
it should be noted that for the softer EoS the damping
time drops off faster than for the harder EoS.

A comparison study for the GW frequency from
f—mode oscillation as a function of mean mass density
from previous literature is given in Appendix A. The
Cowling approximation used in Eqn. 6 results in an over-
estimate of the frequency by about 30%. However, using
it in the following analysis can be considered a conserva-
tive choice as GW detector sensitivities in the kHz regime
fall off as the frequency increases.



III. ANALYSIS OVERVIEW
A. Search method and data

We consider an all-sky search for generic short-
duration GW transients using the coherent WaveBurst
(cWB) pipeline [56]. ¢WB is a morphology-independent
algorithm for the detection and reconstruction of GW
transients. It is based on maximum likelihood-ratio
statistics applied to excess power above the detector noise
in the multi-resolution time—{requency (T-F) representa-
tion of GW strain data [56-58]. We use the same version
of cWB as was used for the LIGO—-Virgo-KAGRA collab-
oration’s third observing run (O3) high-frequency search
for generic transients [21], with the same settings.

As discussed in Section IT and also in [17, 46], GWs
from f-mode oscillations in glitching pulsars will occur
in the high-frequency range (2.2 — 2.8kHz) of ground-
based detectors. Therefore, we restrict our analysis to
the frequency range of 1 — 4kHz. We have analyzed the
publicly available O3 data, which extended from April
1, 2019 to March 1, 2020 [21, 59]. For these O3 results,
we consider only the Hanford-Livingston (HL) network
since Virgo has a significant sensitivity imbalance for fre-
quencies higher than 1kHz (almost a factor 5). For the
near future prospects of detecting GWs from NS glitches
in the fourth (O4) and fifth (O5) observing runs, we have
generated Gaussian noise based on the expected spectral
sensitivities for the three-detector network with both LI-
GOs and Virgo [60]. Fig. 3 shows the sensitivities of the
detectors in terms of measured noise amplitude spectral
densities from O3 and the expected curves for O4 and O5
[61].

Background generation

The background is generated by time-shifting the de-
tector’s data with respect to the reference detector. For
03, we have used the data from the two LIGO detectors
(Livingston and Hanford) and produced over 500 years of
time-shifted background with approximately 200 days of
available coincident observing time. For O4 and O5, we
have simulated 16.85 days of data for the LIGO and Virgo
detectors by assuming Gaussian noise which follows the
PSD for the corresponding detector and observing run.
From this data, we have produced 23 years of background
by a time-shifting of LIGO Hanford and Virgo by keeping
LIGO Livingston as a reference. For O3, the most signif-
icant trigger had a False-Alarm Rate of about 1 event in
0.3 years which is well within the expected background
rate (assuming the detectors’ glitches follow a Poisson
distribution, the significance is 0.5 sigma). The central
frequency of this trigger was 2.1kHz [21].
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FIG. 3. Noise amplitude spectral densities of the LIGO Liv-
ingston and Virgo detectors for O3 (measured) as well as pre-
dictions for O4 and O5 in the high-frequency range.

B. Injection set

To compute the detection sensitivity of this high-
frequency all-sky search setup with a given detector con-
figuration, we perform an injection study of adding sim-
ulated damped sinusoid waveforms to the detector data
for O3, O4 and O5 runs.

In this work, we have used a different injection set in
terms of the extrinsic parameters of the signals as com-
pared to the results presented in [21]. In [21], the distri-
bution of the simulated sources in the sky was uniform.
Here we have used a distribution in sky directions that
is uniform over the galactic disk based on the Miyamoto-
Nagai Galactic Disk Model [62, 63]. Also, in [21] the
inclination angle of all sources was chosen as face-on
(optimally oriented), whereas here we sample uniformly
over the full range of inclination angles. The injections
are distributed in terms of root-mean-squared amplitude,

hess = \/ffooo (R%.(t) + A2 (t)) dt as in [21] with injected

huss value givens by (v3)N5x 10723 Hz~ /2 for N ranges
from 0 to 8.

As discussed in section II, the intrinsic parameters of
the damped sinusoids (frequency and damping time) can
be related to the source parameters (mass and EoS of the
NS). The mass of the NS is considered from 1—2 Mg with
a bin size of 0.25 M. The injection sets are built for each
mass bin of the two EoSs considered for this work, which
leads to eight injection sets. Fig. 4 shows the distribution
of the frequency and damping time of the waveform in
the injection set. Each of the eight injection sets consid-
ered here is populated with more than 100,000 injections
for O3 and 40,000 injections for O4 and O5, providing a
precise measurement of the detection efficiency.

The amplitude of the incoming signal is a function of
distance to the source, spin frequency of the NS and glitch
size. To interpret the results one can fix any two of the
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FIG. 4. Distribution of intrinsic parameters, (GW frequency
and damping time) of injected damped sinusoid waveforms
for the four mass bins of the EoS, APR4 and H4. The width
and height of each box indicate the spread in frequency and
damping time for each injection set.

parameters listed above. We fix the distance of the source
to that of the Vela pulsar at 287 pc [64]. (For clarity, we
underline that we do not fix the sky direction to that of
Vela, just the distance.) We also fix the spin frequency
of the NS to approximately that of Vela (v = 11.2 Hz)
[65] and hence we discuss the results in terms of glitch
size.

C. Sensitivity to GW signals during pulsar glitches

The sensitivity is determined using the value of the
quantity h.es needed to achieve 50% detection efficiency
for each mass bin and EoS at an inverse False-Alarm Rate
(iFAR) larger than 10 years. We keep the parameters dis-
tance and spin frequency fixed to those of the Vela pulsar
and interpret the result in terms of glitch size Avg using
Eqn. 5. Here the peak amplitude, hg is computed from
h.ss numerically. Fig. 5 reports the limit on detectable
glitch size as a function of mass and EoS for the O3 run,
as well as projected detectable glitch sizes for the future
04 and O5 sensitivities.

In [21], the detectable glitch size for optimally oriented
sources (uniformly distributed in all sky directions) was
greater than 10~ Hz. Under the uniform galactic source
distribution, for O3 we find that we would have needed
a glitch size larger than ~ 1073 Hz to confidently de-
tect 50% of events. This difference arises mainly from
loosening the condition of optimal orientation. For O4
we see around an order of magnitude improvement for
the detectable glitch size across the mass bins for both
cases of EoS as compared to O3. For O5 this is around
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FIG. 5. Sensitivity of the high-frequency all-sky transient
search during the O3 run in terms of detectable NS glitch
sizes. The corresponding expected sensitivities for O4 and
O5 using their predicted noise curves are also shown. Signals
are simulated using the spin frequency and distance of the
Vela pulsar, other source parameters are drawn from distri-
butions as described in the text with NS models following two
different EoS (APR4 and H4). The sensitivities are shown as
separated into four mass bins between 1 — 2 M. The varia-
tion in detectable glitch size within each mass bin is indicated
by the vertical height of the box for each bin. The glitch size
is computed from the minimum h,ss needed for 50% detection
efficiency at iFAR> 10 years. We consider the HL network
for O3 results and the HLV network for the O4 and O5 runs.

two orders of magnitude improvement in detectable glitch
size. These improvements are attributed both to im-
provements in each detector but also the inclusion of
Virgo, which allows injections to be recovered from a
wider portion of the sky.

The assumption of Gaussian noise (which we make for
future observing runs) is not too far from reality for the
high-frequency range of the detectors. However, non-
stationary lines [66, 67] are present in real data. These
lines lead to an anomalously inadequate sensitivity visible
in the results (Fig. 5) for the H4 EoS mass bin 1.25 —
1.5 M. Following up on this, we found that this reduced
sensitivity correlates with a population of lines occurring
between 2.2 — 2.3kHz, which reduces the sensitivity of
the detectors for signals falling in this frequency range,
leading to higher glitch sizes needed for detections in this
mass bin.
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FIG. 6. Difference in detectable glitch sizes obtained from
the real O3 data compared with simulated Gaussian noise at
O3 detector sensitivity. The injected waveforms are for APR4
and H4 EoS with a mass range between 1.25—1.50 M. It can
be seen that the non-stationary lines at 2.2 — 2.3 kHz hinder
the detectability of H4 EoS signals in this mass range, whereas
for APRA4 signals which do not fall near the non-stationary
lines, detectability is similar in real data and Gaussian noise.

We conducted an additional study to quantify this hy-
pothesis that indeed the noise happening between 2.2—
2.3kHz during the O3 run causes this reduction in sensi-
tivity. For this, we generated simulated data with Gaus-
sian noise based on O3 noise spectral density [61] and
computed the detectable glitch size at iFAR higher than
10 years. We found a factor of 3.35 improvement with
Gaussian noise as compared to real O3 noise as shown
in Fig. 6. If we take this into account, this outlier mass
bin in H4 EoS with worse sensitivity can be explained.
This also outlines the fact that the main challenge for
the practical implementation of this analysis in future
observing runs will be the mitigation of wandering lines
in the high-frequency part of the parameter space.

D. Reconstruction of signal’s frequency

In this section, we briefly report the capability of our
search algorithm to reconstruct the injected signal’s cen-
tral frequency. The central frequency of both injected
and reconstructed signal is defined as the energy aver-
aged frequency of all the pixels representing the signal.
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FIG. 7. Difference between the injected and reconstructed
central frequencies (Af) are plotted for O3 data for the mass
bin 1.25 — 1.50 M and the two EoS considered. We show
the mean Af, and rms A fims of the distribution. Given the
frequencies are over 2 kHz the mean and rms are less than 1%.

The robust reconstruction of the frequency is necessary
for the identification of the trigger as a possible candi-
date coming from glitching NS. This can allow for fur-
ther follow-up with dedicated parameter estimation and
search for EM counterparts.

The reconstruction of the signal’s central frequency is
shown in Fig. 7. The example shown here is for the O3
data for a mass bin of 1.25—1.50 M, for the two EoS con-
sidered in this paper. For all the other injection sets the
results are similar. We show the difference between the
injected and recovered frequencies and find that the mean
is reconstructed with slightly higher frequencies with a
bias of less than 0.5% and a root-mean-square (rms) of

1%.

IV. PROSPECTS FOR LOCALIZING
GLITCHING NS FROM GW DETECTION

Since we are looking to unveil a population of nearby
NSs which may not yet have been observed in the EM
spectrum, sky localization of the sources of GW detec-
tions will play a key role in enabling the follow-up of
these events by various ground and space-based tele-
scopes. Even if the GW signal is associated in time with



an EM transient, we would still need sky direction infor-
mation to unambiguously associate the events. In this
section, we provide a study on the sky localization capa-
bilities of different networks of GW detectors.

Sky localization with a network of GW detectors
mainly relies upon the time delay measurement between
various detectors. Given a pair of detectors, the time of
arrival and the amplitude will localize the signal to a ring
in the sky [68, 69]. If we have three detectors and hence
two pairs, we can localize a source to a much smaller re-
gion around the intersection of the two circles in the sky
corresponding to each pair of detectors. Longer baselines
between detectors and a higher number of detectors lead
to better localization [70].

In the case of cWB, the likelihood is computed and is
maximized over sky directions, which is very sensitive to
the time delays, antenna pattern response and polariza-
tion of incoming GWs. The reconstructed sky direction
statistic is a function of the likelihood. Further discus-
sion about the properties of the sky statistics of cWB can
be found in Section 3 of [57].

Here we study the prospects for localizing GW tran-
sients from a NS glitch considering the example of APR4
EoS for masses between 1.25 — 1.5 My and using simu-
lated Gaussian noise for the O5 run. Although we have
considered only one injection set for this study, for the
other injection sets the results are not expected to change
significantly. We inject the NS glitch waveforms in the
simulated data corresponding to the spin frequency and
distance of the Vela pulsar with five glitch size values
spaced between 107¢ Hz and 1072 Hz. For each consid-
ered glitch size, the sources are uniformly distributed in
sky direction and source orientation, the same as in [21]
to get the maximum efficiency. The metric we use here
to determine typical sky localization performance is the
sky error region at 1o credible interval for 50% of the de-
tected events[71]. We consider the following present and
future detectors: LIGO-Hanford (H), LIGO-Livingston
(L), Virgo (V), KAGRA (K), and LIGO-India (I), com-
bining them in three different networks: LHV, LHVK,
LHVIK. In Fig. 8 we show the cumulative histogram for
the LHVIK network for glitch size 107 Hz as a function
of the sky error region. We can see that only 10% of the
detected events are localized better than 2 deg?, whereas
50% of the events are localized with the sky error region
better than 132 deg®. With the choice of the sky error
region for 50% of the events, we explore various network
configurations and glitch sizes in Fig. 9.

As expected, a drastic improvement can be seen as the
number of detectors in the network increases and also an
improvement as the glitch size grows (since the signal-to-
noise ratio grows with it). For a scenario discussed before
of 107° Hz glitch size with the five detector network, we
get the sky localization region of around 132 square de-
grees at 1o uncertainty for 50% of events, which might
be too large for many EM telescopes to efficiently follow
up the full sky area, but there can be a few cases where
the sky localization can be as good as a few deg?. Com-
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FIG. 8. Sky error region at 1o credible interval (SER) for
LHVIK network with O5 sensitivity. The blue curve shows
the localization area for a cumulative fraction of events with
the 1o deviation shown in the shaded region. The analysis
is illustrated for the injection set with APR4 EoS and mass
range from 1.25 — 1.5 Mg at injected Avs of 1.849 x 10~° Hz.
50% of injected events are recovered at 132.08 square degrees.
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FIG. 9. Sky error region at lo credible interval (SER) as
a function of NS glitch size assuming O5 sensitivity for the
LHVIK, LHVK, and LHV networks. Specifically, this is the
localization region size at 1o confidence achieved by 50% of
the events at a given glitch size. Here we used the APR4 EoS
and NS masses between 1.25 — 1.5 M to generate simulated
signals.

pared with CBC localization areas in O1-03 [4-6], this
level of localization can still provide an opportunity to
potentially find an EM counterpart to a transient burst
GW detection from a glitching pulsar.



V. DISCUSSIONS

In this work, we have updated the all-sky upper lim-
its from the LIGO-Virgo O3 run for short-duration GW
signals from f-modes triggered by glitches in NSs with-
out electromagnetic counterparts by using more realis-
tic distributions in the extrinsic parameters (i.e. sky
direction and orientation of the source) of the simu-
lated signals used for sensitivity estimation. We have
also investigated how line artifacts in the O3 data af-
fect sensitivity in certain frequency bands and hence
source mass ranges, which sheds light on the practical
challenges which we face for such high-frequency short-
duration searches. Further, we give the prospects for the
detection and localization of such short-duration GWs
from NS glitches for the upcoming fourth (O4) and fifth
(O5) observing runs of the current generation of ground-
based detectors. By fixing the reference pulsar as Vela (in
terms of distance and spin frequency), we found that the
detectable glitch size will be around 1074 Hz for O4 and
10~°Hz for O5. Glitch sizes of 10~° Hz have been ob-
served by radio telescopes before [12, 65, 72]. Further,
it has been shown that observed pulsar glitches form
two different populations when it comes to glitch size
[10, 73, 74]. These distributions are conventionally called
normal or Crab-like for the smaller glitches and Vela-like
for the larger (mean at around 10~%4 Hz) glitches. Thus,
for O4 and O5 there can be a more realistic chance to ob-
serve a nearby glitching pulsar if the glitch comes from
the population of Vela-like glitches. We have also studied
the localization capability of this type of GW searches,
finding that with a five detector network during O5 for
the detectable glitch sizes of 107° Hz the EM follow up
can be challenging, as the sky error region for 50% events
at 1o is about 132 square degrees. However, this local-
ization can still be useful for future wide-scope telescopes
like CHIME, SKA, etc [75, 76]. It could also be sufficient
to associate the GW event with the galactic disk.

The proposed third-generation GW observatories like
Einstein Telescope [77], Cosmic Explorer [78], and
NEMO [79] will provide much higher sensitivities at kHz
ranges, ideal for observing GW signals from glitching pul-
sars. We leave it for future studies to quantify the sen-
sitivity of third generation detectors, where the analysis
methods and search configurations will need to be very
different.
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Appendix A: Comparison of f-mode frequencies

Here, we are looking for the frequency of a GW signal
emitted by an f-mode oscillation during a glitch that is
related to the mean density of the NS [17, 44, 46]. These
relations are found from the solution of the non-radial
perturbations equation of a non-rotating star in general
relativity (GR) or using the Cowling approximation [80-
87].

We compare our injected signal frequency with numer-
ical relativity simulations solving the Einstein equations
for dynamical spacetimes in full GR present in litera-
ture. The empirical fit for fundamental mode frequency
v in full GR with dynamical spacetime for a non-rotating
star is given as,

V[kHz] =k + <M>1/2 . (A1)

R3

Table. I show the coefficients k; and p; of Eqn. Al for

[ = 2 given in different literature [17, 46, 87-92]. The
corresponding GW frequency as a function of average
density for the EoS, APR4 and H4 are shown in Fig. 10.
It clearly shows the frequency is overestimated with the

Cowling approximation in the non-rotating limit (Doneva
2013) [46].



Reference k2 2

Doneva 2013 1.562 1.151
Andersson 1998 0.78 1.635
Benhar 2004 0.76 1.5
Chirenti 2015 0.332 2.005
Pradhan 2021 1.075 1.412
Das 2021 1.185 1.246
Mu 2022 -0.121 2.197
Pradhan 2022 0.535 1.648

TABLE 1. Coefficients k; and v; of Eqn. Al (I = 2) for f-mode
frequency from different literature.
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FIG. 10. Distribution of GW frequency as a function of NS
mean density. Each curve shows the f-mode oscillation fre-
quency derived using Eqn. A1l from the literature mentioned
in table I. The solid (dotted) line shows the APR4 (H4) EoS
for the NS mass ranges from 1 — 2 Mg.
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