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First search for r-mode gravitational waves from PSR J0537-6910
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We report results of the first search to date for continuous gravitational waves from unstable
r-modes from the pulsar PSR J0537-6910. We use data from the first two observing runs of the
Advanced LIGO network. We find no significant signal candidate and set upper limits on the
amplitude of gravitational wave signals, which are within an order of magnitude of the spin-down
values. We highlight the importance of having timing information at the time of the gravitational
wave observations, i.e. rotation frequency and frequency-derivative values, and glitch occurrence
times, such as those that a NICER [1] campaign could provide.

I. INTRODUCTION

Fast spinning neutron stars are among the most
promising sources of gravitational radiation.  Non-
axisymmetric quadrupole deformations and “wobbles” of
rotating stars will produce quasi-monochromatic long-
lasting gravitational emission — continuous gravitational
waves (CWs). In addition, gravitational radiation can
destabilize r-modes — quasi-normal stellar oscillations of
rotating stars [2-4] — and give rise to substantial con-
tinuous gravitational wave emission. This instability is
particularly interesting in hot young neutron stars be-
cause it could provide an effective spin-down mechanism

If neutron stars form in collapse processes, from the
conservation of angular momentum one might expect
their initial spin to be close to the theoretical maximum
that their structure could support, between 500 and 2000
Hz, depending on the equation of state. The observa-
tions, however, indicate that young neutron stars present
rather smaller spins. Gravitational-wave driven r-mode
instabilities have been proposed as a mechanism to ex-
plain the missing young fast-rotating pulsars [6].

The fastest and the most energetic known young pul-
sar is PSR J0537-6910. This object is associated with
the supernova remnant N157B in the Large Magellanic
Cloud, its age is estimated to be 4000 years and it is spin-
ning at about 62 Hz [7, 8]. This spin frequency may be
just below the predicted final frequency for the r-mode
emission mechanism [9].

The analysis of 13 years (1999-2011) of X-ray spin tim-
ing observations of PSR J0537-6910 with the Rossi X-ray
Timing Explorer (RXTE) has revealed an extreme glitch
activity with abrupt spin-ups (glitches) every few months
and a subsequent post-glitch relaxation phases [10]. A re-
cent study of the post-relaxation phase data has found an
intriguing indication: the average braking index during
these periods is &~ 7.4 [11].
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Why is this intriguing? The braking index n is com-
monly used to describe the spin evolution of neutron
stars, ©(t) o v(t)", with n = vi’/v?, with v indicating
the spin frequency. If the star’s spin evolution is driven
by magnetic dipole emission n = 3; if quadrupolar grav-
itational wave emission is the culprit then n = 5; for
r-modes n = 7. This means that the measured value
of the braking index n ~ 7.4 is suggestive that unstable
r-mode emission might be the main driver of the spin
evolution of PSR J0537-6910.

With this background we perform a directed search
for continuous gravitational waves from PSR, J0537-6910
assuming that the emission stems from unstable r-modes.
We use data from the Advanced LIGO network (aLIGO)
[12-14] spanning the period between Sept, 2015 and Aug,
2017. Since EM observations of J0537 are not available
for this period, the pulsar’s rotational parameters are not
precisely known and its glitch activity is unknown.

The paper is organized as follows: we summarise rele-
vant results from the timing analysis of EM data in Sec.
II. Relations between the expected GW-frequency and
spin of the pulsar are defined in Sec. III, followed by the
description of the detection method and the search pa-
rameter space in Sec. IV C. The results of the search are
presented in Sec. V.

II. SPIN EVOLUTION OF J0537-6910

PSR J0537-6910 is spinning at ~ 62 Hz with a strong
spin-down rate 7 ~ —2x10710 Hz/s. Its spin evolution is
usually described as the superposition of two trends: the
long-term (LT) evolution that describes the spin evolu-
tion on the timescale of years and the short-term (ST)
evolution that describes the post-glitch recovery phase
and is appropriate for weeks after a glitch [10].

The long-term braking index nyr of J0537-6910 is de-
rived by fitting the measurements of 7 at the mid-time
epochs between two subsequent glitches — glitch-free or
inter-glitch intervals — over 13 years of data. The result
is npp = —1.22 with a negative second-order frequency
derivative iy = —7.7x 10722 Hz/s” [10].

The inter-glitch evolution is estimated through a
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phase-coherent timing analysis of the 45 known post-
glitch intervals and yields a wide range of braking indices,
with most njz > 10 [10]. A detailed analysis [11] shows
that the largest contributions to nig come from epochs
< 50days after a glitch, indicating the existence of an
early fast relaxation phase. In contrast, an asymptotic
value of nj; for the longer time intervals is ~ 7.4 (Fig.
3 in [11]), which might reflect the fact that gravitational
wave emission due to r-mode instability is causing the
observed spin-down. For simplicity we will assume that
r-mode emission sets-in 50 days after a glitch.
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FIG. 1: Distribution of measured iz & 0%, for every
known inter-glitch period, as a function of the fit epoch.
The fit epochs is 0 at the time of each glitch. (We used

the data from Tab. 1 of [10].)

Fig. 1 shows the second-order frequency derivative val-
ues for the various inter-glitch periods as a function
of the epoch of the measurement. For epochs which
are more than 50days after the glitch, 5, € [4.89(7)

10721,2.13(7) x 10720 Hz/s*, Tab. 1 of [10].

The most important values from the timing analysis of
PSR J0537-6910 are summarised in Tab. L.

Sky position
a [rad] 0.09825990  § [rad] —1.20728496

Long-term evolution

nir —1.2240.04 ipr [Hz/s?] —7.7x10722 £3x1072

Short-term evolution

nig  T4+07 PR [Hz/s?] 4.89x1072 £7x107%

ig

P [Hz/s?] 2.13x10720 £7x10722

The last observation
fit epoch tons [GPS]
[Hz] 61.961105096 + 5 x 1077

1004659215

I/|t

obs

TABLE I: Evolution parameters of PSR J0537-6910 [10]

III. GW-EMISSION FROM R-MODES

The strongest gravitational waves are expected from
the quadrupole (I = m = 2) r-mode, so we concentrate
on this. The gravitational wave frequency f associated
with this mode depends on the neutron star structure
and its rotation frequency v in a non-trivial manner [4, 5].
We follow the prescription of [15] and use the following
relations:

fj/V =A-B(v/vk)?
flr=A-3B(v/vk)® (1)
f/li=A-3Bv/v)*(1-2)

with n being the braking index during the r-mode phase,
vk the Kepler frequency of the star, and the quantities
1.39 < A < 1.57 and 0 < B < 0.195 encoding informa-
tion on the neutron star structure. Based on the observed
highest spin frequency of pulsars at 716 Hz, following [15],
we take v = 506 Hz as a conservative estimate.

The uncertainties in the values of A and B give rise to
ranges of values for the gravitational wave frequency and
frequency derivatives. Since A is always > 3B(v/vk)?
they take the form:

(1.39 —0.195 & ) V< f<157 v
(1.39 —0.585 & ) 0| < |f] < 157 || @)
(1390585 2 ) (1-2) < f <1570

and we note that 7 = —|¢| and f = —|f].

IV. THE GRAVITATIONAL WAVE SEARCH

E The last RXTE observation (tobs, 2011)

CW search

O1 02.1 02.2 5

: 123 days ! ! 65 days 78 days E Duration
1 L] 1
Sept, 2015 Jan, 2016 Nov, 2016 Aug, 2017 Date
o 4
O1 run 02 run
aLIGO runs

FIG. 2: The data from O1 and O2 aLIGO observing
runs used for CW searches.

A. The data input

We use the data from the two Advanced LIGO
(aLIGO) detectors located in Hanford (WA) and Liv-
ingston (LA), USA [16]. We search the publicly available
data from the first two observing runs O1 and O2 [12-14].
01 took place between September 12, 2015 and January



19, 2016 and covered about 4 months of data [17, 18].
The second run (O2) operated from November 30, 2016
to August 25, 2017 and includes a significant gap in the
data between March 15th and June 8th 2017 [19, 20].
This gap naturally provides two stretches of contiguous
data, which we consider as two independent time base-
lines for our searches: O2.1 and 02.2, as shown in Fig.
2.

The search input consists of Short time-baseline
Fourier transforms (SFTs) [21], from data segments
1800s long. Instrumental and environmental spectral
disturbances are removed to avoid contamination of the
results, as done in previous searches [22, 23].

B. The signal waveform

The signal at each detector, h(t), is a superposition of
the two polarization waveforms h (t) and hy (t)

h(t) = F+(Oé, 9,3 t)h+ (t) + Fx (a7 9,5 t)hX (t)a (3)

where F.(«,d,9;t) and Fy(a,d,%;t) are the detector
beam pattern functions and

hy(t) = Ay cosP(t)
hy(t) = Ay sin ®(¢). (4)

If ¢ is the angle between the total angular momentum of
the star and the direction from the star to Earth

1
Al = §h0(1 + cos® 1)
Ay = hgcost. (5)

ho is the intrinsic gravitational wave amplitude, («, d) are
the right-ascension and declination for the source and
is the orientation of the wave-frame with respect to the
detector frame. Due to Earth’s motion, the orientation
between the detector and the source is changing all the
time, which makes Fl y time-varying. ®(¢) is the phase
of the gravitational wave signal at time ¢. If with 7 we
indicate the arrival time of the wave with phase ®(t) at
the solar system barycenter (SSB), then

O(7) = Py + 27[f (T — Tret)+
%f(T — Tret)? + éf(T — Teet> -] (6)

If the frequency derivatives are non-zero, the reference
time Tyer (Or o) determines the frequency scale. The
transformation between detector time t and solar-system-
barycenter time 7 is

)=t + T

+ Ago — Asoe, (7)

where r(t) is the position vector of the detector in the
SSB frame, n is the unit vector pointing to the source,
and c is the speed of light; Ages and Agg are respectively
the relativistic Einstein and Shapiro time delays. We
refer the reader to [24] for further details.

C. The signal-parameter ranges

The position of PSR J0537-6910 is known with high
accuracy, so if we knew precisely its spin frequency v
and its derivatives v, I, from Eq. (2) we could determine
the range of possible values of the r-mode gravitational
wave frequency f and its derivatives f, f. However, since
there are no timing data available for the O1 and O2 data
period [10], v, 7, U are not known precisely.

For each search we set the reference time t,..¢ in the
middle of each observation period. At that reference time
we determine the range of values for v € [Vimin, Vmax)s
U € [Umin, Vmax] and ¥ € [Vmin, Vmax|. From Eq. 2 the
corresponding gravitational wave frequency and deriva-
tives ranges are then

2
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The uncertainty in the v,  parameters stems from our
ignorance on when glitches occurred, bracketing the grav-
itational wave observations. If we assume that there is r-
mode emission throughout our observation periods, then
the spin state of the star at each t,ef only depends on
how long before t,¢, the previous glitch happened. We
consider two extremes: 1) r-mode emission sets-in just
at the beginning of our observation period and lasts for
a very long time; 2) r-mode emission sets-in a long time
before the beginning of our observations and ends at the
end of the observation period, Fig. (3).
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FIG. 3: Spin evolution of the PSR J0537-6910 under
the two different scenarios discussed in the text.

How long is the longest time that we can reasonably
consider 7 We take the longest known inter-glitch period,
~ 284 days, and imagine that for scenario 1) r-mode emis-
sion starts with our observations and lasts (284—50) days,
at which time the next glitch happens; for scenario 2) r-
mode emission starts (284 — 50 — Typan ) days before the
beginning of the observation period (where Typan is the
duration of the gravitational wave observation in days).
In these two cases the inter-glitch epochs, i.e. the mid-



times in-between two successive glitches, are

{tl =t8" 4+ 92 days ()

to = t§" + Tspan — 142 days,

with t§" being the time corresponding to the start of
the gravitational wave observation period and the sub-
scripts “1” and “2” indicating the two different sce-
narios. Consistently with [10] we can then determine
the signal parameters at t; and t, by evolving the val-
ues of Tab. I defined at the last observed inter-glitch
epoch tons with nyr,Urr.  We obtain V‘%IT and V|%2T.
Since v[fT = v|IT, v[PT = v|IT, we use these values
to derive the ones at the reference time for each search
tret = tgw + = pran, by evolving them according to the
short terrn (ST) evolution model of Tab. I. Specifically,

we consider g, Vig " and Vig ™ and from these, using

the definition of braking index, we derive ©(t1, nig, Vi3 ™),

D(tg,nig,i){gi“), U(t1, nig, Uiy ) and D(t2, nig, Uig™). We
evolve these to t,or and find four values of v(t,c) and four
values of i/(trer), corresponding to (t1, U3™), (t2, Vig™),
(t1,1 mdx) and (to,I ma") We take Vmin, Vmax, Vmin and
Umax as the smallest and largest among the four. These
quantities define the range of possible spin frequencies

and derivatives. We assume that Dy, = 05" and
max

ig
Umax = Vip .

The reference times for each observation period O1,
02.1 and 02.2 are given in Table IV and the correspond-
ing boundaries for the spin frequency and spindown in

Table II:

Search run O1 02.1 02.2
Vinin [Hz] 61.9344(6) | 61.9261(8) | 61.9236(9)
Vmax [HZ] 61.9365(7) | 61.9294(9) | 61.9266(9)
Umin [Hz/8] —4.22(21)x 10710

Umax [Hz /3] —2.02(10)x 107

Dimin [Hz/s%) 4.89(7)x 10~

Umax [Hz/s”] 2.13(7)x 10720

TABLE II: The range of spin frequency and
frequency-derivatives for PSR J0537-6910 at the
reference time of each search. The parameter
uncertainties from Table I are propagated throughout
the derivations described in the text and are indicated
with brackets.

All these values can be substituted in Eq. (8) and
finally yield the gravitational wave frequency and fre-
quency derivative search ranges shown in Table III.

D. Detection statistics

We perform a fully coherent, multi-detector search
using a maximum likelihood matched filtering method

’ Search run 01 02.1 02.2
fmin [Hz] | 85.9078(9) | 85.8964(11) | 85.8929(12)
fmax [Hz] | 97.2403(10) | 97.2291(14) | 97.2247(15)
Af [Hz] 11.3325(13) | 11.3327(18) | 11.3318(19)
fmin [Hz/s] —6.63(33) x 10710
fmax [Hz/s] —2.79(13)x 107 1°
Af [Hz/s| 3.8(4)x 10710
Fmin [Hz/s?] 4.82(7)x 1072
Fmax [Hz/s?] 3.34(11) x 10720
Af [Hz/s?] 2.86(11) x 10720

TABLE III: The search parameter space. The brackets

indicate uncertainties.

known as F-statistic [25]. The F-statistic is the opti-
mal frequentist statistic for this type of signal, in the
presence of stationary, Gaussian detector noise. The re-
sulting detection values, 2F, for each template represent
the likelihood that a signal with the template’s waveform
be present in the data, with respect to Gaussian noise.
In Gaussian noise 2F follows a y2-distribution with 4
degrees of freedom (x?) and a non-centrality parameter
that equals the squared signal-to-noise ratio, [24].

In the presence of spectral disturbances in the data,
the detection statistic can be improved by extending the
noise model to include “noise lines”, on top of Gaus-
sian noise [26]. The corresponding line-robust statistic

BSGL requires the choice of the tuning parameter f*
that defines the single-detector F-statistic magnitude at
which Bsqr, begins to down-rank search results with re-
spect to the pure Gaussian noise model. .EEO) is usually
defined in terms of a Gaussian-noise false-alarm proba-
bility X2(2]'—>£0)|0)7 which we choose to be ~ 1/N°f the
effective number of independent templates. The results
of the search are ranked according to Bsgr,. For this
search we estimate that N¢f = 0.9 Niot, where Ny is
the total number of searched templates.

E. The search set up

The search targets different wave shapes, each de-
fined by a value of the gravitational wave frequency and
frequency-derivatives, f,f,f. The ensemble of wave-
forms obtained by varying the values for the f, f, f within
the boundaries given by Table III ;| constitutes the signal
template bank of our search.

The grid spacings (6 f,df,d f) are such that the average
loss in detection efficiency due to signal-template mis-
match is about 6%. The mismatch distribution is shown
Fig. 4. The details of the procedure can for instance be
found in [27]. Since the §f spacing is smaller than Fnin



Search run o1 02.1 02.2
8" [GPS] | 1126623625 | 1167983370 | 1180975619
tret [GPS] | 1131937856 | 1170799164 | 1184354596
Tepan [days] 123.2 65.2 78.2
Taata [Nspr] 6287 4107 4790
§f [Hz] 3.05 x 10798 |5.77 x 107°%{4.80 x 107%®
6f [Hz/s| [2.22 x 10714[7.92 x 107 |5.50 x 10714
6f [Hz/s®] [9.89 x 10721]6.65 x 1072!|3.85 x 10~
log,, N°® 13.30 12.0 12.23
FO 32.98 29.89 30.43

TABLE IV: Parameters of each search, including the
template grid spacings, the start and reference times
t%w and t,es, the search time-baseline Typay, the total
time for which there is data from both detectors Tyaa
(expressed as the total number of input SFTs), an
estimate of the number of independent templates N°f

and the tuning parameter ]—]EO).
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FIG. 4: The mismatch distribution p for the search
template grid computed from 200 searches on fake
PPM*Périd
PBM
measured with a perfect match between signal and

template (“PM”) and with a search over the original
search grid (“grid”).

signals. pu = with p? being the signal-to-noise

from Eq.s 8, we set fmin = 0.
A summary of all search parameters is given in Table
IV. Overall, we search ~ 10'? templates in every search.

V. RESULTS

Fig. 5 shows the 2F values of the most significant BSGL
results in every 0.014 Hz band, after having excluded re-
sults close to spectral artefacts that were cleaned-out in
the input data [22, 23]. The cleaning procedure sub-
stitutes the real data with fake Gaussian noise, hence
these data do not contribute any astrophysical informa-
tion to the results. The extent of the excluded region
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FIG. 5: The most significant candidate in every 0.014
Hz band. We note the value of 2F;;,, for each search,
the expected highest detection statistic value in
Gaussian noise over the number of independent
templates searched.

is determined by the extent of the original spectral con-
tamination and by an evaluation of the spread that this
would generate in signal-frequency space, for our specific
target and for the largest searched |f|. This removes
2.25% (01), 1.1% (02.1) and 3% (02.2) of the results.
The complete list of the bands excluded from further in-
spection and from the upper limit statements, is given in
appendix A.

We compare the 2F values with 2F,,, the expected
most significant 2F over the entire search in Gaussian
noise:

o0 eff _
2Fhe = / Xi Neﬁ F)%V Y pxi dXZQ.La (10)
0

where p, 2 is the probability density function of a x7 vari-
able and F\2 its cumulative distribution. We do not use
2Finr as a rigorous measure of significance but rather as
an indicator.

If a candidate were found well above 2y, with consis-
tent parameters across the three searches, this would not
automatically mean that it is a signal from J0537-6910 ,
but it would certainly warrant further investigation. On
the other hand, if no consistent candidate exists above
the expected loudest, it is unlikely that we can confi-



dently identify a signal with this search.

f[HZ/S} ‘ 2F ‘2}_%3}_“" ESGL

o1

[ [Hz]

89.410489097 | —5.096 x 1071°|105.50| 13.65 8.06

90.044112991|—3.753x 107 1°| 77.0 2.85 2.7

88.186443235|—3.476x1071°| 69.91 | 0.16 1.16

02.1
93.898823869| —5.358 x 1071 | 66.75 | 0.88 |1.82 x
91.600806439| —3.167x 10| 63.00 | -0.55 | 1.00
02.2
89.301450860 —6.071><10’10‘ 62.82 \ -0.61 \ 0.73

TABLE V: The most significant candidates from each of
the searches.

We find 6 candidates with 2F > 2F,, — 0, and they
are listed in Tab. V. We comment only on the three that
are at least at the 1o level.

O1 search: The only overall-outstanding candidate
comes from this search, at ~ 89.4 Hz, with a 2F value
which is over 13c0 of the expected loudest. It however
cannot be reasonably ascribed to J0537-6910 because this
result comes from a frequency region that is rather dis-
turbed. In order to inspect a broader range of templates
we mine the results of an all-sky search on the same data
[23]. We recognise that this candidate is indeed one of
many having an enhanced value of the detection statis-
tic and with a morphology in parameter space which is
typical of disturbances rather than signals.

On very similar grounds we dismiss the candidate at ~
90.4 Hz. There is no obvious disturbance associated with
the third candidate, at ~ 88.2 Hz, its detection statistic
is well within the expected amplitude for the loudest and
so it is most likely a noise fluctuation. Fig.s 7 illustrate
our findings.
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FIG. 6: Detection efficiency curve for the band
87.75 — 88.25 Hz in O2.1 search run.

02.1 and 02.2 searches: There are no significant
candidates from these searches. The candidate at ~ 93.9

Hz is less than 20 above the expectation and in this fre-
quency range in the O2 data there are more significant
candidates at different sky locations.

The candidate at ~ 91.6 Hz appears to be due to a noise
fluctuation.

A. Upper limits on the GW amplitude

We set upper limits on the intrinsic gravitational am-
plitude hg in 0.5 Hz bands, based on the highest detection
statistic value measured in each band, after the results
from the fake Gaussian noise bands are removed. We
perform 400 fake-signal search-and-recovery Monte Car-
los within each band. The signals are all at the location of
J0537-6910 , with frequency, spindown and initial phase
values taken from uniform random distributions in their
respective ranges. We add these signals in the real data.
We consider 6 values of hy ranging from 1.05x 1072 to
1.35x 10725,

The searches are performed with the same grids and
set-up as the search, Tab. III, in the neighbourhood of
the fake signal parameters. A signal is counted as re-
covered if the highest detection statistic value from the
fake-signal search is higher than the one recorded in the
actual search. The detection efficiency e(hg) is the frac-
tion of recovered signals.

We adopt a sigmoid of the form e(hg) = (1 +
exp(2722)~1 to fit ho with the corresponding measured
detection efficiency. We use Python’s “curve fit” pack-
age [28] based on the Levenberg-Marquardt algorithm
through the least squares method. The uncertainties in
e stemming from the measurement error on the number
of recovered signals are translated in uncertainties on the
fit parameters da and §b, computed as the square root of
the diagonal elements of the covariance matrix. We use
da and 0b to estimate the standard deviation o.(hg) of
the best fit sigmoid e(hg). Fig. 6 shows an example of the
sigmoid fit with two curves e(hg) £20.(ho) that bracket
the expected e(hg) curve with > 95% confidence.

The 90% confidence upper limit on the intrinsic gravi-
tational wave amplitude is the smallest hg such that 90%
of the target signal population in the search range would
have produced a value of the detection statistic higher
than the one that was measured in the search. We read
this value, th%, off the sigmoid fit curve at e = 0.9.

The uncertainty de determines the range of variability
for th% which overall amounts to < 2% of the upper
limit value. We add the calibration uncertainty which
we conservatively take to be 5% [29]. The upper limits
together with their uncertainties are plotted in Fig. 8 for
all 3 search runs. They are provided in tabular form in
the appendix B and in machine-readable format at [30].
We also compute the 95% confidence upper limits, which
are ~ 3.9% higher than the 90% confidence ones.
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spectral region is contaminated, the distribution of candidates is not uniform in parameter space, and this can be
clearly seen in panels (a) and (b), as opposed to panel (c) that portrays results from an undisturbed frequency
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1. Sensitivity depth

The sensitivity depth is a useful measure to compare
the baseline performance of different searches [31]. It was
first introduced in [27] as

VSu(f)

90% —
P )

[1/VHz], (11)

where 1/Si(f) is the noise level associated with the signal
frequency f. The multi-detector Sy (f) for our searches is
the harmonic mean of the single-detector power spectral
densities SH and SE of the data, then averaged over the
0.5 Hz frequency band that the upper limit value refers
to. The resulting D?°%(f) is shown in Fig. 9 and tabu-
lated in Appendix B. We provide the values of Sp,(f) in
machine readable format at [30].

2. Spin-down limit

If all the kinetic energy lost by J0537-6910 (its spin-
down) rotating at v is due to gravitational emission at
frequency f, its gravitational wave amplitude is

1 [/10G

hSd:
© 7D

(12)

where I, is the moment of inertia of the star with spin
axis in the Z direction. If in Eq.s 1 we neglect the terms
in (v/vk)? (slowly rotating star) and set A = f/v then

1 10G

17|

sd __
h T ADV 3 "y

(13)

This is a general formula that applies to any emission
mechanism. If the emission is due to an equatorial ellip-
ticity in the star, then A = 2 and we find the commonly-
seen spindown-limit formula, for example Eq. 5 of [32].

In the case of r-mode emission A encodes information
on the equation of state of the star. As shown in Fig. 10,
mass M and radius R are different functions of A for
different equations of state. If C = M/R is the compact-
ness of the star, then A = | —1.373 +.079C — 2.25C?| €
[1.39;1.57] for M € [1.02 — 2.76 Mg] and compactness
C = M/R € [0.11,0.31]. This was found by fitting 14
realistic equations of state by [33] and we will use it in
Eq. 14 to compute M (A) and R(A) from M(C) and R(C)
given in [34, 35].
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FIG. 8: The markers show the upper limits on GW
amplitude h3°” for a continuous signal from J0537-6910
from each of the searches.The shaded regions show the
range of values that the spin-down upper limit could
take, depending on the equation of state of the the star,
as described in Section V A 2. The second x-axis, on the
top, shows A(f) for the h%dmax curve, i.e. A= f/Vnmin-
On this scale it is however not possible to appreciate
the difference with A = f/vmax, so the plotted axes
hold for all quantities shown.

The moment of inertia I,, also depends on the equa-
tion of state. We re-write it in terms of the normalized
moment of inertia I := I, /M3 that can be expressed in
terms of C for slowly rotating stars with the coefficients
given in Tab. 2 of [36].

Eq. (13) then becomes

pad(a, 12y Z L \/ G rapsa g
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We consider two extremes:
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max g 1 1 .
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(15)
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FIG. 9: The sensitivity depth

of Fig. 10, we find the corresponding range Ah(s)dmm
and AR, We set A = /v in AR and
A = f/Vmax in Ah%dmm and derive the two differently
shaded regions of Fig. 8 which define range of variability
of the spin-down upper limit h$}. We are neglecting the
Bv? /vZ term of Eq. 1 for simplicity. This approximation
is completely unimportant in the context of sketching the
boundaries of hgl.
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B. Upper limits on the r-mode amplitude

The r-mode saturation amplitude a that supports
gravitational wave emission with a strain hg at a fre-



quency f from a source at a distance D is [37]:

w2 o D
V81 G (2nf)3 MR3J

where J is the dimensionless canonical angular mo-
mentum of the r-mode [4]. J is less dependant on the
equation of state than M and R so, following [4], we fix
its value to 0.0164 (as computed from a polytropic EoS
with index n = 1) and encapsulate the dependancy on
the equation of state in the term M R3, as function of A.

The gravitational wave frequency also depends on A:
f = Av. As done is Section V A 2 we consider

. 5
a™(ho, A, f = Avmax) = \/SE’}T% (QwA}zL/?mx)S M(A)g(A)3j

amaX(ho, A f= AVmin) = \/Szﬂ.% (271-A]—Lu(in;n)3 N[(A)g(A)aj

(17)

and for each of these curves the range A € [1.39, 1.57]
determines the range of variability of the saturation
amplitude « as a function of hg. In practice since
amm(hOaA7f = AVmax) ~ amax(hOaAaf = AVmin) we
convert the gravitational wave amplitude upper-limits
th% to ranges for the r-mode amplitude upper limits
in every half Hz bands as

(16)

2% (f) = a(h®” A, f = Avmin), A € [1.39, 1.57].
(18)
The results are shown on Fig. (11) for all search runs.
The shaded area represent the spread of « in the possible
range of M(A)R(A)? bounded by realistic equations of
state, as well as the upper limit for M = 1.4 Mg, R =
11.7 km (middle black curve).

C. Not always “ON” signal

Our upper limits are based on the optimistic assump-
tion that the r-mode signal is always “ON” during the
time of the searches. This might not be the case be-
cause in the model that we consider, r-mode emission
begins some time after a glitch and ends with the next
glitch. Not knowing when glitches happened for J0537-
6910 around the O1 and O2 observing times, we cannot
be sure that some of our search times do not fall in a
period too close to a glitch to be emitting r-modes, ac-
cording to our model. In order to estimate the impact
of this assumption we randomly pick start times for the
O1 and O2 runs during the 13 years for which we have
glitch-occurrence times and based on this glitch-time in-
formation, we compute the fraction of these simulated
01, 02.1 and O2.2 runs which overlaps with the r-mode
emission period[38]. The resulting distributions for 1000
draws of the start times are shown in the top panel of
Fig. 12. Since the data has gaps which are not uniformly
distributed, the fraction of the overlapping time is not
equal to the fraction of data in the overlap stretches, so
we also compute this and show the distributions in the
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FIG. 11: Upper limits on the r-mode saturation
amplitude « derived from the gravitational wave
amplitude upper limits th%.

bottom panel of Fig. 12. We find that the 50th per-
centiles for the overlap fraction of the data are ~ 45%
for O1 and =~ 50% for 02.1 and 02.2. We repeat the
simulation-and-search Monte Carlos described in Section
V A for O1, 02.2 and 02.2 with signals from this pop-
ulation and with frequency between 87.75 Hz and 88.25
Hz. In this sample frequency band we find a th% higher
by a factor ~ 4.4,3.7 and 4.2 respectively for the three
searches, compared to the always-ON-signal results.

VI. CONCLUSIONS

Pulsar J0537-6910 is an intriguiging candidate for r-
mode gravitational wave emission 2 50 days after a
glitch. Unfortunately we do not know whether the ob-
ject glitched during the O1 and O2 LIGO data runs, so
we carry out three coherent searches for r-mode contin-
uous gravitational waves on periods lasting several tens
of days. We choose the periods based on the available
data and its gaps. We pick the frequency and frequency-
derivative range to be large enough to include all uncer-
tainties in the rotation frequency timing model, evolved
to the time of the observations, and the uncertainties
stemming from the unknown equation of state of the star.

This is the first search specifically targeting r-mode
emission from a known pulsar. While we do not find
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evidence for a continuous gravitational wave signal, we
set upper limits on the gravitational wave amplitude of
r-mode signals in 0.5 Hz bands. Overall the upper limits
span a range between (1.0—1.45) x 10~2° with an average

sensitivity depth of ~ 87 and 74 ﬁ for the O1 and 02

searches respectively, consistent with the size of the data
sets employed. The r-mode saturation amplitude values
that this search could detect are consistent with those
necessary to interpret the EM observations in terms of
unstable r-mode emission [11]. They are about an order
of magnitude larger than the physically most plausible
ones but scenarios can be imagined where even such high
values are possible. We refer the reader to the discussion
on this point in Section 3 of [11]. Our upper limits are
a factor of &~ 5 higher than the average spin-down limit
amplitude.

Lacking precise ephemeris data for this pulsar, J0537-
6910 was not included in the LIGO 2204 known-pulsars
search [39], but was later targeted in a small, 0.25 Hz
search around twice the rotation frequency, 123.86 Hz,
in [40]. That search, carried out on the O2 data, is lim-
ited to a spin-down range of 8 x 10~* Hz/s and overall
comprises ~ 1.6 x10° templates, about 10000 times fewer
than employed here for each of our searches. The upper
limits of [40] are consistent with the longer coherent time-
baseline, the different level of the detector noise and the

significantly smaller template bank of that search with
respect to the one presented here.

As in [40], our upper limits are based on the optimistic
assumption that the r-mode signal is always “ON” dur-
ing the time of the searches. Based on historical glitch-
occurrence times we construct a population of signals
with varying durations and overlaps with our data-sets,
and evaluate the upper-limits on this population of sig-
nals. The sensitivity is degraded with respect to the
always-ON population by a factor = 4.

The likelihood of a glitch occurring during the 232 days
observation time of the LIGO search [40], is even higher,
reflected in a mean overlap of the observation time with
the longest inter-glitch periods of 50% (see Fig. 12). [40]
do not comment on their loss of sensitivity due to a pos-
sible glitch of J0537-6910. We estimate that for a realis-
tically glitching signal the upper limit h3°” of [40] would
be =~ 3.6 times higher, comparable to the degradation
that we report for our searches. Timing of J0537-6910
in order to identify the times when glitches occur, elimi-
nates all these uncertainties and is of paramount impor-
tance to search for continuous gravitational waves from
J0537-6910.

A very interesting candidate from this search would
be a high-significance signal consistent in at least two of
the three searches. This would indicate a repeating phe-



nomenon exciting the star’s r-mode instability, coherent
with the observations of [11]. A definitive confirmation
would need a verification on a different gravitational wave
data set, corroborated by glitch information from EM ob-
servations. This re-inforces the importance of EM timing
of J0537-6910.

A detection would be of great importance for multiple
reasons. It would be i) the first detection of a continuous
gravitational wave signal, opening interesting prospects
for high-precision tests of gravity ii) the first direct obser-
vation of gravitational waves emission through unstable
r-modes, as predicted in [2] iii) the discovery that at least
some young neutron stars loose angular momentum due
to r-mode gravitational waves iv) a probe of neutron star
interior.

As new and more sensitive gravitational wave data be-
comes available, deeper searches will be possible, also
including the use of specific techniques on longer data
sets [41-43]. The scientific return of gravitational wave
searches like this is greatly enhanced when timing data is
available, that identifies the rotation parameters during
the gravitational wave observations and glitch-occurrence
times. NICER [1] could provide this invaluable informa-
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tion to the broad scientific community.
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Appendix A: Excluded frequency bands

Search run o1
central f | —Af | +Af
[Hz] [H2] [Hz]

Search run

02.1

02.2

Hanford (LHO)

central f
[Hz]

—Af

[Hz]

+Af
(2]

—Af

[Hz]

+Af
[Hz]

86.0000000 | 0.0065
86.5000000 | 0.0065
87.0000000 | 0.0065
87.5000000 | 0.0065
88.0000000 | 0.0060
88.0000000 | 0.0065
88.5000000 | 0.0065
89.0000000 | 0.0065
89.5000000 | 0.0065
90.0000000 | 0.0065
90.5000000 | 0.0065
91.0000000 | 0.0065
91.5000000 | 0.0065
92.0000000 | 0.0065
92.5000000 | 0.0065
93.0000000 | 0.0065
93.5000000 | 0.0065
94.0000000 | 0.0065
94.2381000 | 0.0085
94.2447000 | 0.0085
94.5000000 | 0.0065
95.0000000 | 0.0065
95.5000000 | 0.0065
96.0000000 | 0.0060
96.0000000 | 0.0065
96.5000000 | 0.0065
97.0000000 | 0.0065

0.0020
0.0020
0.0020
0.0020
0.0015
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0020
0.0040
0.0040
0.0020
0.0020
0.0020
0.0015
0.0020
0.0020
0.0020

Hanford (LHO)

Livingston (LLO)

86.7497500 | 0.0065
87.7497250 | 0.0065
87.9000000 | 0.0060
88.4000000 | 0.0060
88.7497000 | 0.0065
89.7496750 | 0.0065
90.3000000 | 0.0060
90.7496500 | 0.0065
90.8000000 | 0.0060
91.3000000 | 0.0060
91.7496250 | 0.0065
92.7496000 | 0.0065
93.7000000 | 0.0060
93.7495750 | 0.0065
94.2000000 | 0.0060
94.7495500 | 0.0065
95.7495250 | 0.0065
95.8831600 | 0.0119
96.6000000 | 0.0060
96.7495000 | 0.0065
97.1000000 | 0.0060

0.0020
0.0020
0.0015
0.0015
0.0020
0.0020
0.0015
0.0020
0.0015
0.0015
0.0020
0.0020
0.0015
0.0020
0.0015
0.0020
0.0020
0.0042
0.0015
0.0020
0.0015

85.9987000
86.0000000
86.5000000
86.7498371
86.9987000
87.0000000
87.5000000
87.7498217
87.9987000
88.0000000
88.5000000
88.7498063
88.8894000
88.8898400
88.9987000
89.0000000
89.5000000
89.7497909
89.9987000
90.0000000
90.5000000
90.7497755
90.9987000
91.0000000
91.1602520
91.5000000
91.7497601
91.9987000
92.0000000
92.5000000
92.7497447
92.9987000
93.0000000
93.5000000
93.7497293
93.9987000
94.0000000
94.5000000
94.7497139
94.9987000
95.0000000
95.5000000
95.7496985
95.9987000
96.0000000
96.5000000
96.7496831
96.9987000
97.0000000

0.0004
0.0004
0.0023
0.0004
0.0004
0.0004
0.0023
0.0004
0.0004
0.0004
0.0023
0.0004
0.0004
0.0004
0.0004
0.0004
0.0023
0.0004
0.0004
0.0004
0.0023
0.0004
0.0004
0.0004
0.0043
0.0023
0.0004
0.0004
0.0004
0.0023
0.0004
0.0004
0.0004
0.0023
0.0004
0.0004
0.0004
0.0023
0.0004
0.0004
0.0004
0.0023
0.0004
0.0004
0.0004
0.0023
0.0004
0.0004
0.0004

0.0011
0.0011
0.0030
0.0011
0.0011
0.0011
0.0030
0.0011
0.0011
0.0011
0.0030
0.0011
0.0011
0.0011
0.0011
0.0011
0.0030
0.0011
0.0011
0.0011
0.0030
0.0011
0.0011
0.0011
0.0050
0.0030
0.0011
0.0011
0.0011
0.0030
0.0011
0.0011
0.0011
0.0030
0.0011
0.0011
0.0011
0.0030
0.0011
0.0011
0.0011
0.0030
0.0011
0.0011
0.0011
0.0030
0.0011
0.0011
0.0011

0.0039
0.0039
0.0058
0.0039
0.0039
0.0039
0.0058
0.0039
0.0039
0.0039
0.0058
0.0039
0.0039
0.0039
0.0039
0.0039
0.0058
0.0039
0.0039
0.0039
0.0058
0.0039
0.0039
0.0039
0.0077
0.0058
0.0039
0.0039
0.0039
0.0058
0.0039
0.0039
0.0039
0.0058
0.0039
0.0039
0.0039
0.0058
0.0039
0.0039
0.0039
0.0058
0.0039
0.0039
0.0039
0.0058
0.0039
0.0039
0.0039

0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
0.0103
0.0083
0.0065
0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
0.0083
0.0065
0.0065
0.0065
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Search run

02.1

02.2

central f
[Hz]

_Af

[Hz]

+Af
[Hz]

—Af | +AS

[Hz] [Hz)

Living;

ston (LL

0O)

86.0000000
86.7206543
86.7211041
87.0000000
87.7174434
87.7178984
88.0000000
88.7142326
88.7146927
89.0000000
89.7110217
89.7114870
90.0000000
90.7078108
90.7082813
91.0000000
91.7046000
91.7050756
92.0000000
92.7013891
92.7018699
93.0000000
93.6981782
93.6986642
94.0000000
94.6949673
94.6954585
95.0000000
95.6917565
95.6922528
96.0000000
96.6885456
96.6890471
97.0000000

0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004
0.0006
0.0004
0.0004

0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011
0.0013
0.0011
0.0011

0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065
0.0040 | 0.0066
0.0039 | 0.0065
0.0039 | 0.0065

TABLE VI: Excluded
frequency bands in O1

search run

TABLE VII: Excluded frequency bands in O2.1 and O2.2 search runs
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fGW hadmin hadmax hgo% a90% \/ﬁ DQO% th% a90% \/?h DQO% hgo% ago% \/E DQO%
+0.25 | [10720] | [10726) (10727] (10723 [10727) (10723 [10727] [10723)

[Hz] [1/VHz] | [1/VHz] [1/VHz] | [1/VHz] [1/VHz] | [1/VHz]
86.0| 1.36 | 2.30 || 1.1670512|0.25 | 1.01 | 87.2 || 1.1670519]0.25 | 0.87 | 75.2 || 1.080 055 0.23 | 0.82 | 76.1
86.5| 1.21 | 2.59 | | 1.1673:01310.25 | 1.04 | 89.3 || 1.1575:59810.24 | 0.86 | 75.1 || 1.1379:013]0.24 | 0.82 | 72.5
87.0| 1.10 | 2.78 | | 1.1970 0131 0.25 | 1.10 | 92.0 || 1.1570:0%5| 0.24 | 0.86 | 74.8 || 1.1170015]0.23 | 0.82 | 74.2
87.5| 1.01 | 2.96 || 1.217001%10.25| 1.07 | 88.5 || 1.1770010| 0.24 | 0.86 | 73.5 || 1.16700:5]0.24 | 0.83 | 71.4
88.0| 0.96 | 3.07 || 1.207001210.24 | 1.01 | 84.0 || 1.1570597/0.23 | 0.86 | 74.9 || 1.1370512/0.23 | 0.84 | 73.8
88.5| 1.02 | 3.20 || 1.127001210.22| 0.98 | 87.8 || 1.1970595| 0.23 | 0.85 | 71.9 || 1.1070535|0.22 | 0.83 | 75.2
89.0] 0.88 | 3.30 | | 1.1173:%1210.22 | 0.97 | 87.0 || 1.16759%8 1 0.22| 0.85 | 73.7 || 1.1073:915] 0.21 | 0.83 | 74.9
89.5| 0.93 | 3.39 || 1.447051310.28 | 0.98 | 68.3 || 1.1870595] 0.22 | 0.86 | 73.0 || 1.170 015/ 0.22 | 0.83 | 70.7
90.0| 0.98 | 3.45 || 1.237061210.23| 0.96 | 77.7 || 1.15705091 0.21 | 0.85 | 74.5 || 1.117001a|0.21 | 0.83 | 74.4
90.5| 1.02 | 3.51 | | 1.08%g 0121 0.20| 0.95 | 87.8 || 1.1710:01010.22 | 0.85 | 72.4 || 1.117003]0.20 | 0.82 | 74.2
91.0| 1.06 | 3.57 || 1.097951310.20| 0.95 | 87.3 || 1.1670519| 0.21 | 0.85 | 73.4 || 1.1170515/0.20 | 0.82 | 73.8
91.5| 1.09 | 3.63 || 1.1370013/0.20| 0.96 | 84.8 || 1.247051210.22 | 0.86 | 69.7 || 1.1270012/0.20 | 0.83 | 73.9
92.0| 1.11 | 3.65 || 1.0973:915]0.19| 0.95 | 87.1 || 1.15755%910.20 | 0.86 | 74.6 || 1.1373:213|0.20 | 0.83 | 73.1
92.5| 1.13 | 3.74 | | 1.097001210.19| 0.94 | 86.2 || 1.137050910.20 | 0.85 | 75.7 || 1.127003510.19 | 0.82 | 73.4
93.0| 1.13 | 3.76 110785131 0.19 | 0.93 | 84.8 || 1.1273:919]0.19 | 0.85 | 75.6 || 1.09%5521(0.19| 0.82 | 75.5
93.5| 1.13 | 3.75 1.037005010.17 | 0.92 | 89.1 || 1.117901010.19| 0.85 | 76.0 || 1.1679015(0.19| 0.86 | 74.1
94.0| 1.19 | 3.79 | | 1.0570035/0.17 | 0.91 | 87.0 || 1.2470515/0.20 | 0.84 | 67.7 || 1.1670512/0.19 | 0.85 | 73.5
94.5| 1.18 | 3.78 | | 1.057053710.17 | 0.90 | 85.5 || 1.1070515/0.18 | 0.83 | 75.3 || 1.1070055|0.18 | 0.80 | 72.9
95.0| 1.17 | 3.73 | | 1.057001210.17 | 0.89 | 84.7 || 1.1170510/0.18 | 0.82 | 73.6 || 1.07T0030|0.17 | 0.79 | 73.8
95.5| 1.16 | 3.73 | | 1.0070015/0.16 | 0.89 | 88.2 || 1.12700%5|0.18 | 0.81 | 72.1 || 1.0570022|0.16 | 0.78 | 74.4
96.0| 1.14 | 3.70 || 0.96705210.16 | 0.88 | 91.0 || 1.04755121 0.16 | 0.80 | 76.8 || 1.07F55% | 0.17 | 0.77 | 72.1
96.5| 1.24 | 2.97 || 1.0050013/0.15| 0.87 | 87.0 || 1.0970015| 0.17 | 0.80 | 73.4 || 1.047003510.16 | 0.77 | 74.0
97.0| 1.51 | 2.77 || 1.0370022|0.15 | 0.87 | 85.0 || 1.0770512| 0.16 | 0.80 | 74.4 || 1.057053210.16 | 0.77 | 73.5

TABLE VIII: TABLE IX: Upper limits for

Spindown limits A3
for each 0.5 Hz over

the entire search

range.

O1 search run.

TABLE X: Upper limits for

02.1 search run.

TABLE XI: Upper limits for

02.2 search run.

We stress that the th% and a”°” upper limits do not hold in the sub-bands of Table A.
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