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ABSTRACT

We present a search for continuous gravitational-wave signals from the young, energetic X-ray pulsar
PSR J0537—6910 using data from the second and third observing runs of LIGO and Virgo. The search
is enabled by a contemporaneous timing ephemeris obtained using NICER data. The NICER ephemeris
has also been extended through 2020 October and includes three new glitches. PSR J0537—6910 has
the largest spin-down luminosity of any pulsar and is highly active with regards to glitches. Analyses
of its long-term and inter-glitch braking indices provided intriguing evidence that its spin-down energy
budget may include gravitational-wave emission from a time-varying mass quadrupole moment. Its
62 Hz rotation frequency also puts its possible gravitational-wave emission in the most sensitive band of
LIGO/Virgo detectors. Motivated by these considerations, we search for gravitational-wave emission
at both once and twice the rotation frequency. We find no signal, however, and report our upper limits.
Assuming a rigidly rotating triaxial star, our constraints reach below the gravitational-wave spin-down
limit for this star for the first time by more than a factor of two and limit gravitational waves from the
I = m = 2 mode to account for less than 14% of the spin-down energy budget. The fiducial equatorial
ellipticity is limited to less than about 3x10~°, which is the third best constraint for any young pulsar.

Keywords: gravitational waves — pulsars: general — pulsars: individual (PSR J0537—6910) — stars:

neutron

1. INTRODUCTION

The young (1-5 kyr) energetic pulsar PSR J0537—6910
(Wang & Gotthelf 1998; Chen et al. 2006) resides in
the Large Magellanic Cloud at a distance of 49.6 kpc
(Pietrzyniski et al. 2019). Its pulsations are only de-
tectable at X-ray energies, and the pulsar was first ob-
served by Marshall et al. (1998) using the Rossi X-ray
Timing Explorer (RXTE) during searches for pulsations
from the remnant of SN1987A. Further observations
with RXTE, prior to its decommissioning in early 2012,
revealed that PSR J0537—6910 often undergoes sudden
changes in rotation frequency, i.e., glitches, at a rate

* Deceased, August 2020.

of more than three per year, and exhibits interesting
inter-glitch behavior (Marshall et al. 2004; Middleditch
et al. 2006; Andersson et al. 2018; Antonopoulou et al.
2018; Ferdman et al. 2018). Observations of the pulsar
resumed in 2017 using the Neutron star Interior Com-
position Explorer (NICER) on board the International
Space Station (Gendreau et al. 2012), and these obser-
vations from 2017-2020 revealed further glitches and
continuation of timing behavior seen with RXTE (Ho
et al. 2020b).

PSR J0537—6910 is a particularly intriguing poten-
tial gravitational-wave source. It is the fastest-spinning
known young pulsar (with rotation frequency fior =
62 Hz), which places its gravitational-wave frequency f
(e.g., at twice fiot; see Section 2.1) in the most sen-
sitive band of ground-based gravitational-wave detec-
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tors. PSR J0537—6910 also has the highest spin-down
luminosity (E = 4.9 x 1038 erg s™') among the ~2900
known pulsars in the ATNF Pulsar Catalogue (Manch-
ester et al. 2005). Its spin-down behavior appears to
be driven by a process other than pure electromagnetic
dipole radiation loss (at constant stellar magnetic field
and moment of inertia). Specifically, its (long-term)
braking index n = frot frot /2, = —1.25 £ 0.01, as mea-
sured over more than 20 yr (Ho et al. 2020b), indicates
an accelerating spin-down rate and significantly devi-
ates from the canonical value of 3 for dipole radiation
(Shapiro & Teukolsky 1983), as is true for most pulsars
with measurable braking indices.

More importantly, observations of PSR J0537—6910
show the pulsar’s (short-term) interglitch braking index
Nig, as measured during intervals between ~ 50 glitches,
has values typically > 10 and approaches an asymp-
totic value of <7 at long times after a glitch, i.e., when
the effects of a preceding glitch are diminished (see Fig-
ure 1; see also Andersson et al. 2018). It is this behav-
ior that provides tantalizing suggestions that perhaps
PSR J0537—6910 is losing some of its rotational energy
to gravitational-wave emission. In particular, a slightly
deformed pulsar can emit gravitational waves that re-
sults in n = 5, and a r-mode fluid oscillation in a pulsar
can emit gravitational waves that results in n = 7 (see,
e.g., Riles 2017; Andersson et al. 2018; Glampedakis &
Gualtieri 2018).

In this work, we search for mass quadrupolar
gravitational-wave emission from PSR J0537—6910 that
follows the same phase as that of the pulsar’s rota-
tion. Previously, data from initial LIGO’s fifth and
sixth science runs (S5 and S6) and Virgo’s second and
fourth science runs (VSR2 and VSR4), in conjunction
with RXTFE timing measurements, were used to set lim-
its on gravitational-wave emission by PSR, J0537—6910
that closely approached the spin-down limit (Abbott
et al. 2010; Aasi et al. 2014). Here, we analyze data
from the second and third observing runs (O2 and
03) of LIGO and Virgo, tracking the rotation phase
with the contemporaneous NICER timing ephemeris.
In doing so, we also provide an updated ephemeris
that includes the latest six months of NICER obser-
vations of PSR J0537—6910. Investigations of r-mode
gravitational-wave emission (n = 7) are not presented
here; such searches are more technically challenging and
require different methods that search over a range of
frequencies (see, e.g., Mytidis et al. 2015, 2019; Abbott
et al. 2019b; Fesik & Papa 2020a,b) due to uncertainty
in gravitational-wave frequency for a given rotation fre-
quency (Andersson et al. 2014; Idrisy et al. 2015; Caride
et al. 2019). Nevertheless, we are able to reach below

the spin-down limit of PSR J0537—6910 for the first
time, which means that the minimum amplitude we
could detect in our analysis is lower than the one given
by assuming all of the pulsar’s rotational energy loss is
converted to gravitational waves (see Section 2.1). In
other words, we can now obtain physically meaningful
constraints.
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Figure 1. Interglitch braking index nis calculated from

the spin parameters of each segment between glitches as a
function of time since the last glitch. Large and small cir-
cles denote NICER and RXTE values, respectively, with the
former from Tables 1 and 2 and from Ho et al. (2020b) and
latter from Antonopoulou et al. (2018). Errors in njg are 1o
uncertainty. Orange horizontal dotted lines indicate braking
index n = 5 and 7, which are expected for pulsar spin-down
by gravitational-wave emission due to an ellipticity and r-
mode oscillation, respectively. Green dot-dashed and dashed
lines indicate exponential decay to n = 5 with best-fit time-
scale of 24 d and to n = 7 with best-fit time-scale of 21 d,
respectively.

2. SEARCH METHOD
2.1. Model of gravitational-wave emission

The first model considered here allows for gravitational-
wave emission at once and twice the spin frequency si-
multaneously, which has been searched for previously
(Pitkin et al. 2015; Abbott et al. 2017, 2019a, 2020),
and can result from a triaxial star spinning about an
axis that is not its principal axis (Jones 2010, 2015).
The amplitudes of each harmonic at once and twice the
spin frequency of the star, denoted haop(t) and haa(t),
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respectively, can be written as

hot = —%{Ff(a, 8,1 t) sinccostcos [D(t) + q)g;]

+FP (0,8, t)sinusin [0() + 9G]}, (1)
hog = _CQQ{FE (a, 8,93 8) (1 + cos® 1) cos [2®(t) + DF]

+2FP (a,6,1;t) cos usin [20(t) + @202] } (2)

Here, C5; and Csy are dimensionless constant compo-
nent amplitudes, and ®S; and ®$, are phase angles. F' i
and F'2 are antenna or beam functions and describe how
the two polarization components of the signal project
onto the detector (see, e.g., Jaranowski et al. 1998). An-
gles («, d) are the right ascension and declination of the
source, while angles (¢, 1) specify the orientation of the
star’s spin axis relative to the observer. ®(t) is the ro-
tational phase of the source.

The second model is a special case of the first model
and is used for gravitational-wave emission at only twice
the rotational frequency (C2; = 0), implying a triax-
ial star that is spinning about a principal axis, such
as its z-axis. In this case, it is simpler to write the
gravitational-wave amplitude in terms of the dimension-
less value hg, where in equation (2) the substitution
Ca2 = —hp/2 would be made (Abbott et al. 2019a)
with the sign change just to maintain consistency with
the model from Jaranowski et al. (1998). The cause
of such gravitational-wave emission is a deviation from
axial symmetry, which can be written in terms of a di-
mensionless equatorial ellipticity €, defined in terms of
the star’s principal moments of inertia (I, Iyy, 1.2 ):

|Iww—] |
e= LEAN (3)

The gravitational-wave amplitude is directly propor-
tional to the ellipticity:

1672G I..ef2,
ho = = e, (4)

where d is the star’s distance from the Earth. When
setting upper limits, we use a fiducial value for the
z-component of the moment of inertia, i.e., Iid =
1038 kgm?. The combination of the ellipticity and fidu-
cial moment of inertia can be cast in terms of the mass
quadrupole moment of the [ = m = 2 mode of the star
via Qo9 = /15/871, . (Owen 2005). The gravitational-
wave amplitude hg can be compared to the spin-down
limit amplitude h3?, which is the gravitational-wave am-
plitude produced assuming that the entire rotational en-

ergy loss of the pulsar is converted into gravitational
waves:

1 (5GI.. | frotl 12
sd _ = zz |Jrot
hO B d < 203 frot > . (5)

Our results for the single harmonic case are quoted in
terms of hgl.

NICER observations of PSR J0537—6910 allow for the
ephemeris of the pulsar to be determined, which means
we know the expected signal frequency and its evolution.
With this information, we can perform a targeted search
for gravitational waves from this pulsar based on the two
signal models discussed, with the phase tracking that of
the pulsar rotation.

2.2. NICER data

In Ho et al. (2020b), timing analysis is performed
on NICER data of PSR J0537—6910 from 2017 Au-
gust 17 to 2020 April 25, with eight glitches detected
during this timespan and the last three glitches during
03. Here we present an update and results on timing
analysis since the work of Ho et al. (2020b). In par-
ticular, data from 2020 May 12 to October 29 is ana-
lyzed using the methodology as described in Ho et al.
(2020b). Our analysis reveals continuing accelerated
spin-down (see Table 1) and three subsequent glitches
(see Table 2 and Figure 2), including the smallest glitch
of PSR J0537—6910 yet detected using NICER. Note
that the timing model of segment 8 uses three addi-
tional subsequent times-of-arrival (TOAs) beyond those
in Table 1 of Ho et al. (2020b) and, as a result, the
epoch and other parameters of the model differ; e.g.,
the longer timespan and lower ni, of segment 8 result in
a different position in Figure 1 compared to Figure 6 of
Ho et al. (2020b). Meanwhile, the relatively short times-
pan of segment 9 means the timing model for this seg-
ment is not able to constrain frot. For the most recent
glitch 11, its magnitude is large (Afios = 33.9 pHz),
which suggests the time to the next glitch will be long
(~200+£20 d; Ho et al. 2020b). If the interglitch period
is indeed long, then NICER measurements could even-
tually yield nig < 7 for segment 11, which would lend
further support for gravitational-wave emission (see Sec-
tion 1 and Figure 1).

The gravitational-wave search performed here uses the
timing model of Ho et al. (2020b). The differences be-
tween the model of Ho et al. (2020b) and the model pre-
sented here are well within the former’s uncertainties,
and thus use of the latter would not yield significantly
different results.
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Table 1. Timing model parameters for segments between epochs of new glitches of PSR J0537—6910. Columns from left to right are
segment number, timing model epoch, segment start and end dates, number of times-of-arrival, rotation frequency and its first two time
derivatives, interglitch braking index, and timing model residual and goodness-of-fit measure. Number in parentheses is 1o uncertainty in
last digit. Segments 1-7 are presented in Ho et al. (2020b).

Segment Epoch  Start End  TOAs frot frot Jeot nig  Residual RMS  x?/dof
(MJD) (MJD) (MJD) (Hz) (107 Hz s7) (10720 Hz s72) (us)

8 58931 58871.5 58991.2 17  61.908808739(3) —1.997535(7) 1.06(8) 16(1) 173.7 9.9

9 59020 58995.6 59046.3 11  61.907273376(2)  —1.99699(4) [1)* — 147.8 6.7

10 59074  59050.4 59098.7 10  61.906349948(5)  —1.99762(2) 3.6(8) 56(13) 60.9 1.5

11 59129 59108.7 59150.7 11  61.905434556(6)  —1.99809(3) 2.2(13) 34(20) 72.3 2.1

@ fo is fixed at 10720 Hz s~2.

Table 2. Parameters of new glitches of PSR J0537—6910. Columns from left to
right are glitch number and epoch, change in rotation phase and changes in rotation
frequency and its first two time derivatives at each glitch. Number in parentheses is
1o uncertainty in last digit. Glitches 1-7 are presented in Ho et al. (2020b).

Glitch Glitch epoch ~ A¢ A frot Afrot A frot
(MJD) (cycle) (uHz) (107 Hzs™') (1072° Hz s72)
8 58868(5)  0.08(12)  24.0(1) —2.3(6) —5(1)
9 58093(3)  0.06(12)  0.4(1) —0.3(8) —
10 50049(3)  —0.22(2)  8.46(3) —1.3(5) —
11 50103(5)  0.42(2)  33.958(7) —2.0(3) —
2.3. LIGO and Virgo data 224 d later (at 68% confidence) on 2017 November 1,

We use a combination of data from the second and which is the earliest estimated date at which glitch 1

third observing runs of the Advanced LIGO (Aasi et al. occurred (see Figure 2 ar.ld Ho et al. 2020@' Thus 2917
2015) and Virgo (Acernese et al. 2015) gravitational March 22 to November 1 is the longest period over which

wave detectors. During O2, LIGO Livingston (L1) and we Wou@ expect PSR J0537—6910 tO. not have }mder—
LIGO Hanford (H1) took data from 2016 November 30 gone a glitch and the NICER ephemeris to be valid. O3
to 2017 August 25 and had duty factors of ~ 57% and lasted from 2919 April 1 to 2.020.March 27, with a one-
~ 59%, respectively (including commissioning breaks), month pause in data collection in October 2019. The
while Virgo took data from 2017 August 1 to 2017 Au- three detectors’ datasets H1, L1, and V1 had duty fac-
gust 25 with a duty factor of ~ 85%. As noted in Sec- tors of ~ 76%, ~ T7%, and ~ 76% respectively during
tion 2.2, NICER data start on 2017 August 17, and thus 03.

one set of searches we undertake uses only about six days In the case of a detection, calibration uncertainties

of 02 data overlapping with the NICER data in addi- limit our ability to provide robust estimates of the ampli-
tion to the O3 data. Alternatively, we can consider a tude of the gravitational-wave signal and corresponding

more optimistic and much longer time-series of 02 data ellipticity (Abbott et al. 2017). Even without a detec-
by taking advantage of the correlation between glitch tion, these uncertainties affect the estimated instrument

size and time-to-next-glitch seen for PSR J0537—6910 sensitivity and inferred upper limits. The uncertainties
(Middleditch et al. 2006; Antonopoulou et al. 2018; Fer- vary over the course of a run but do not change by large
dman et al. 2018; Ho et al. 2020b). Assuming a (un- values, so we do not explicitly consider time-dependent
observed) glitch (;ccurred on 2017 March 22 with the calibration uncertainties in our analysis. For further in-
same size as the largest NICER glitch (i.e., glitch 2 with formation on O2 calibration techniques, see discussions

Afrot = 36 uHz), we would expect a subsequent glitch in Abbott et al. (20192).
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Figure 2. Glitch Afior (top) and Afmt (bottom) as
functions of time. Glitch numbers and values from Table 2
and Ho et al. (2020b). Errors in A fmt are lo uncertainty,
while errors in A frot are not shown because they are gener-
ally smaller than the symbols. Shaded regions denote sec-
ond observing run (O2) and third observing run (O3) of
LIGO/Virgo. Vertical long and short-dashed lines indicate
two possible start dates of O2 data used in present work (see
Section 2.3).

The full raw strain data from the O2 run is pub-
licly available from the Gravitational Wave Open Sci-
ence Center! (Vallisneri et al. 2015; Abbott et al. 2019c).
For the LIGO O3 data set, the analysis uses the “C01”
calibration. The CO1 calibration has estimated maxi-
mum amplitude and phase uncertainties of ~ 7% and
~ 4deg, respectively (Sun et al. 2020), which we use
as conservative estimates of the true calibration uncer-
tainty near the frequencies analyzed here. For the Virgo
03 data set, we use the “V0” calibration with estimated
maximum amplitude and phase uncertainties of 5% and
2 deg, respectively. We note that the signal frequencies
analyzed in L1 and H1 data are close to the US power-
line frequencies of 60 and 120 Hz. However, these dis-

L https://www.gw-openscience.org/data

turbances do not affect our analysis and results since
we consider only a narrow band around the expected
signal frequency, as can be seen in the relatively clean
amplitude spectral densities of Figure 3.

2.4. Search pipeline

The time-domain Bayesian method performs a co-
herent analysis of the interferometers’ data, meaning
that we analyze the entire data set with an effective
single Fourier Transform, thereby preserving the phase
information. First, the raw strain data are hetero-
dyned (Dupuis & Woan 2005) using the expected signal
phase evolution, known precisely from the electromag-
netic timing ephemeris. Then a low-pass filter with a
knee frequency of 0.25 Hz is applied, and the data are
downsampled so that the sampling time is one minute,
compared to 60 microseconds originally. This hetero-
dyning is performed for an expected signal whose fre-
quency is at once or twice the rotational frequency of
the pulsar. The heterodyned data is the input to a
nested sampling algorithm that is a part of the LALIN-
FERENCE package (Veitch & Vecchio 2010; Veitch et al.
2015), which infers the unknown signal parameters de-
pending on the model of gravitational-wave emission.

PSR J0537—6910 glitched three times over the course
of the gravitational-wave observations (see Figure 2).
For each glitch, we assume an unknown phase offset be-
tween the electromagnetic and gravitational-wave phase.
The individual phase offsets of multiple glitches that oc-
curred between O2 and O3 cannot be disentangled, so
only one phase offset is included for these glitches. This
means that we introduce four additional phase parame-
ters when performing parameter estimation.

We also make use of restricted and unrestricted pri-
ors when performing the analysis. In the first case, we
use estimates of the orientation of the pulsar relative to
the Earth based on a model fit of the observed pulsar
wind nebulae torus (Ng & Romani 2008), which imply
narrow priors in our analysis on the polarization and in-
clination angles. From these we use a Gaussian prior on
1 of 2.286440.0384 rad and a bimodal Gaussian prior on
¢ with modes at 1.5224+0.016 and 1.620 £ 0.016 rad (see
Jones 2015, for reasons behind the bimodality). This
range of ¢ would suggest the pulsar’s rotation axis is al-
most perpendicular to the line-of-sight, which would in
turn lead to a linearly polarized gravitational-wave sig-
nal dominated by the ‘+’ polarization mode. The sec-
ond case assumes a uniform isotropic prior on the axis
direction, which therefore does not rely on the above
modeling of observations. The initial signal phase and
glitch phase offsets all use uniform priors over their full
ranges. For the single harmonic search, we parameterize
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the signals using the mass quadrupole Q25 and distance.
As a conservative approach, we use an unphysical flat
prior on Q22 with a lower bound at zero and an upper
bound of 5x 1037 kgm?, which is well above the largest
upper limits found in Abbott et al. (2019a). For the dis-
tance, we use a Gaussian prior with mean of 49.59 kpc
and standard deviation of 0.55kpc based on the value
given in Pietrzyriski et al. (2019), combining the statis-
tical and systematic errors in quadrature. For the dual
harmonic search, which uses the amplitudes Cs; and
Co rather than the physical parameters of Q22 and d,
we use flat priors that are bounded between zero and
1 x 10722, which is again well above the limit implied
in Abbott et al. (2019a). To analyze multiple detectors’
data sets simultaneously, we combine the product of the
likelihoods calculated for each detector (Dupuis & Woan
2005).

The outputs of the analysis are posterior distributions
of the parameters of interest, which are hg/Qa2/c for
the single harmonic search and Cs; and Cso for the dual
harmonic search, and of the angles cos: and v for both
choices of priors. In Section 3, we present results on the
amplitude parameters marginalized over the rest of the
parameter space.

3. RESULTS

Results from our searches do not show evidence for
gravitational-wave emission from PSR J0537—6910 via
the two models that we assume. An amplitude spec-
tral density obtained after the heterodyne correction is
displayed in Figure 3 for each of the three detectors. If
a loud continuous gravitational-wave signal was present,
we would expect to see a narrow line feature in the spec-
trum. The amplitude spectral densities also give an es-
timation of the sensitivity of the search.

Though no gravitational waves are detected, we can
still determine upper limits on possible gravitational-
wave emission from PSR J0537—6910. Here we use
95% credible upper bounds on the amplitude param-
eters based on their marginalized probability distribu-
tions. The dimensionless gravitational-wave amplitude
ho and coefficients Ca; and Caq are constrained for the
single and dual harmonic searches, respectively. For the
single harmonic search, hy can be mapped to a limit on
the maximum ellipticity € using equation (4). In Table 3
we show the different constraints for both searches us-
ing all O3 data and the last ~ 6 days of O2 data (see
Section 2.3). In addition to the detector calibration un-
certainties discussed in Section 2.3, we estimate that the
statistical uncertainty on the upper limits due to the use
of a finite number of posterior samples is on the order

of 1%.

-23 03
1.0 x10

— H1
— LI
0.8 V1

ity dultichoses desiataiots ke

0.2

—0.005 0.000 0.005
Frequency-2 fy [H7]

Figure 3. Two-sided amplitude spectral density (ASD) af-
ter heterodyning, low pass filtering, and downsampling the
raw strain data for the [ = m = 2 gravitational-wave mode.
Different color lines indicate the Hanford (H1), Livingston
(L1), and Virgo (V1) detectors.

Table 3. 95% upper limits on gravitational-wave strain,
ellipticity, and other quantities based on unrestricted (UR)
and restricted (R) choices for priors on polarization and in-
clination angles. Results here come from analyzing all O3
data and the last 6 days of O2 data.

Prior  hg®* %% PR R Cf* 0557
(10726)  (107°) (1072%)  (10727)
UR 1.1 3.4 0.37 2.2 5.6
R 1.0 3.1 0.33 1.8 5.0

Figure 4 shows the marginalized posterior probabil-
ity distributions on the pulsar ellipticity and hg for the
single harmonic search with unrestricted and restricted
source orientation priors. The posteriors show signifi-
cant support at ellipticities of zero, indicating no evi-
dence of a signal at current sensitivities. We therefore
show 95% credible upper limits on the ellipticity for both
prior choices along with the fiducial spin-down limit.

Figure 5 shows a similar posterior distribution on the
dimensionless amplitudes Co; and Cyo for the dual har-
monic model. For this model, no evidence of gravita-
tional waves is found, so an upper limit at 95% is in-
dicated in both panels of this figure. The model given
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by Equation (1) means that the value of C; becomes
completely unconstrained when sin¢ = 0. For the unre-
stricted orientation prior result shown in the left panel of
Figure 5, this leads to a long high amplitude tail in the
C5; posterior distribution. In Figures 4 and 5, we see
that the amplitude posteriors can peak away from zero.
This behavior was unsurprising and can occur even for
pure Gaussian noise. Even with these peaks, the pos-
teriors are still entirely consistent with zero ellipticity.
For example, for the unrestricted posterior distribution
shown in Figure 4, a value of zero ellipticity is within
the minimum 66% credible interval around the mode.

The results presented above use all O3 data in com-
bination with about 1 week of O2 data, when NICER
was operating and monitoring PSR J0537—6910. We
also conducted searches using only O3 data or using O3
data plus O2 data from 2017 March 22 to the end of
02. The latter analysis assumes no glitches occurred
during the additional time and represents the estimated
maximum time that can be safely included without a
contemporaneous timing model (see Section 2.3). For
only O3 data, we obtain hg and e limits that are worse
by ~ 7% for UR and unchanged for R from those shown
in Table 3 for which a small amount of O2 data is used.
For O3 data plus the extra O2 data, we obtain ampli-
tude limits that are improved by < 20% compared to
those shown in Table 3.

4. CONCLUSIONS

h[] (10_27)
0 5 10 15 20 25 30 35
25 ' ' o
e £95%: unrestricted
£95%: restricted

20 / ----- Spin-down limit

ot

2 4 6 B 10
Ellipticity, € (107°)

Figure 4. Posterior probability distribution for ellipticity
and ho for the analyses with unrestricted and restricted pri-
ors on the pulsar orientation. The 95% credible upper limits
are shown as vertical colored lines, while the spin-down limit
is given by the vertical dashed black line.

Using data from LIGO/Virgo’s second and third
observing runs, we searched for mass quadrupolar-
sourced gravitational waves from the young, dynamic
PSR J0537—6910 at once or twice the pulsar’s ro-
tational frequency of 62Hz. For the first time we
reached below the gravitational-wave spin-down limit
for PSR J0537—6910 and showed that gravitational-
wave emission for a pure [ = m = 2 mode accounts for
less than 14% of the pulsar’s spin-down energy budget.
We placed the third most stringent constraint on the
ellipticity (¢ < 3 x 107%) of any young pulsar (behind
only the Crab pulsar and B1951+32/J19524-3252; Ab-
bott et al. 2019a, 2020). While this limit is much higher
than those of old recycled millisecond pulsars (for which
e < 1078; Abbott et al. 2020), young pulsars such as
PSR J0537—6910 and the Crab pulsar are important
because they have much stronger magnetic fields (and
are hotter) and thus might have greater ellipticities.
The ellipticity constraint of PSR J0537—6910 is also
near estimates of the maximum ellipticity that can be
sustained by an elastically deformed neutron star crust
(Johnson-McDaniel & Owen 2013; Caplan et al. 2018).

PSR J0537—6910 is a frequently glitching pulsar and
potential source of continuous gravitational waves. The
X-ray data from NICER gives us the necessary tools to
account for the phase evolution of a gravitational-wave
signal over time, which allows us to perform a fully co-
herent and sensitive search for such a signal. While our
multi-messenger analysis focuses on gravitational waves
from a time-varying mass quadrupole (n = 5), another
search could be performed for gravitational waves from
a r-mode fluid oscillation (n = 7) using wider-band tech-
niques (e.g., Fesik & Papa 2020a,b, using O2 data). The
strain sensitivity achieved in our analysis (1 x 10726)
is also comparable to the (2 — 3) x 10726 estimated
in Andersson et al. (2018) for r-mode emission from
PSR J0537—6910.

Finally, from the observed correlation between glitch
size and time-to-next-glitch for PSR J0537—6910 (Mid-
dleditch et al. 2006; Antonopoulou et al. 2018; Ferdman
et al. 2018; Ho et al. 2020b), we can hope to measure in
the future low braking indices (7 or even lower) after the
largest glitches. Asnoted above, braking indices of 5 and
7 are predicted by gravitational wave-emitting mecha-
nisms. The observed evolution of nj, to lower values
than shown in Figure 1, which may occur after the ef-
fects of glitches on the pulsar’s spin-down behavior have
decayed, may indicate that gravitational waves are con-
tinuously emitted between glitches. On the other hand,
glitches may trigger detectable transient gravitational
waves (Prix et al. 2011; Ho et al. 2020a; Yim & Jones
2020), and gravitational-wave searches at glitch epochs
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Figure 5. Posterior probability distributions for the amplitudes C21 and Cs22 with unrestricted and restricted priors on the
pulsar orientation. The 95% credible upper limits are shown as vertical colored lines.

of other pulsars have been conducted (Keitel et al. 2019).
It is therefore vital to continue to monitor the spin evo-
lution of PSR J0537—6910, not only to obtain the tim-
ing ephemeris and measure braking indices, but also to
know when this pulsar undergoes a glitch. Since the spin
period of PSR J0537—6910 is only detectable at X-ray
energies, NICER is the only effective means to perform
the necessary observations. Fortunately NICER is an-
ticipated to operate until at least late 2022, overlapping
with the fourth observing run of LIGO/Virgo and KA-
GRA (Aso et al. 2013), which is likely to begin in 2022
and continue into 2023.
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