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ABSTRACT

We present the results of a model-based search for continuous gravitational waves from the low-
mass X-ray binary Scorpius X-1 using LIGO detector data from the third observing run of Advanced
LIGO, Advanced Virgo and KAGRA. This is a semicoherent search which uses details of the signal
model to coherently combine data separated by less than a specified coherence time, which can be
adjusted to balance sensitivity with computing cost. The search covered a range of gravitational-wave
frequencies from 25 Hz to 1600 Hz, as well as ranges in orbital speed, frequency and phase determined
from observational constraints. No significant detection candidates were found, and upper limits were
set as a function of frequency. The most stringent limits, between 100 Hz and 200 Hz, correspond to an
amplitude hg of about 10~2% when marginalized isotropically over the unknown inclination angle of the
neutron star’s rotation axis, or less than 4 x 1072 assuming the optimal orientation. The sensitivity of
this search is now probing amplitudes predicted by models of torque balance equilibrium. For the usual
conservative model assuming accretion at the surface of the neutron star, our isotropically-marginalized
upper limits are close to the predicted amplitude from about 70 Hz to 100 Hz; the limits assuming the
neutron star spin is aligned with the most likely orbital angular momentum are below the conservative
torque balance predictions from 40 Hz to 200 Hz. Assuming a broader range of accretion models, our
direct limits on gravitational-wave amplitude delve into the relevant parameter space over a wide range

2 of frequencies, to 500 Hz or more.

2 1. INTRODUCTION

s Rapidly rotating neutron stars (NSs) are primary tar-
2 gets for continuous gravitational wave (GW) searches
s with the current network of ground based detectors,
2 LIGO, Virgo and KAGRA. In these stars a deformation,
s or “mountain”; sustained by elastic or magnetic strains,
a1 may result in a time varying quadrupole from rotation,
» leading to the emission of GWs. Similarly modes of os-
» cillation may also lead to GW emission (see Lasky (2015)
u for a review).

s In particular, NSs in low-mass X-ray binaries
35 (LMXBs) are some of the most promising sources. In
s these systems magnetically channeled accretion from the
;s companion onto the NS provides a mechanism to create
3 a “mountain” (Ushomirsky et al. 2000; Melatos & Payne
w0 2005; Singh et al. 2020; Osborne & Jones 2020), and the
a1 resulting GW torque may provide the solution to an as-
2 trophysical conundrum. There appears to be a sharp
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observed cut-off in the spin frequency (v,) distribution
of NS in LMXBs at vy ~ 750Hz (Chakrabarty et al.
2003; Patruno et al. 2017), well below the theoretical
breakup frequency for a NS (Haskell et al. 2018).
Although there are still several uncertainties in the
modelling of the spinup accretion torques (Glampedakis
& Suvorov 2021; Patruno & Watts 2021), which may
explain this observation (Patruno et al. 2012; Ertan &
Alpar 2021), it has been suggested that the spindown
GW torques due to mountains can lead to an equilib-
rium that naturally explains the observed spins of NSs
in LMXBs (Papaloizou & Pringle 1978; Wagoner 1984;
Bildsten 1998), and the clustering of systems close to
the maximum frequency (Patruno et al. 2017; Gittins
& Andersson 2019). In such a scenario there is a nat-
ural correlation between the observed X-ray flux and
the expected strength of the GWs, as a higher accre-
tion rate leads to a stronger spinup torque and thus
requires a stronger GW torque for equilibrium. [Note
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that even if this equilibrium holds on average, there
is expected to be some slight fluctuation in frequency
or “spin wandering” (Bildsten et al. 1997; Mukherjee
et al. 2018).] Scorpius X-1 (Sco X-1), the most lumi-
nous LMXB, which is presumed to consist of a NS of
mass ~ 1.4My in a binary orbit with a companion star
of mass ~ 0.4M¢, (Steeghs & Casares 2002), is therefore
a very promising potential source of GWs. Some of the
parameters inferred from electromagnetic observations
of the system are summarized in Table 1. Note that the
orbital eccentricity of Sco X-1 is believed to be small
(Steeghs & Casares 2002; Wang et al. 2018), and is ig-
nored in this search. Inclusion of eccentric orbits would
add two search parameters which are determined by the
eccentricity and the argument of periapse (Messenger
2011; Leaci & Prix 2015).

Given its promise as a source for potentially detectable
continuous gravitational waves, Sco X-1 has been the
subject of numerous GW searches and search methods to
date, starting with a fully-coherent search (Jaranowski
et al. 1998) of six hours from initial LIGO’s second sci-
ence run (Abbott et al. 2007a). Beginning with the
fourth science run, results for Sco X-1 have been re-
ported (Abbott et al. 2007b; Abadie et al. 2011) as part
of a search for stochastic signals from isolated sky po-
sitions, also known as the radiometer search (Ballmer
2006), which has continued in advanced LIGO’s first
three observing runs (Abbott et al. 2017a, 2019a, 2021a).
Sco X-1 has also been included in a search principally
designed for unknown binary systems (Goetz & Riles
2011), and subsequently improved to search directly for
Sco X-1 (Meadors et al. 2016); these searches were ap-
plied to data from initial LIGO’s fifth and sixth sci-
ence runs (Aasi et al. 2014; Meadors et al. 2017). A
search method connected to Doppler-modulated side-
bands (Messenger & Woan 2007; Sammut et al. 2014)
was developed and applied to data from initial LIGO’s
sixth science run (Aasi et al. 2015a). This was fur-
ther adopted into the so-called Viterbi search (Suvorova
et al. 2016; Suvorova et al. 2017), which uses a hid-
den Markov model to track possible spin wandering; the
Viterbi search has been applied to data from advanced
LIGO’s first three observing runs (Abbott et al. 2017b,
2019b, 2022a). The cross-correlation method (Dhurand-
har et al. 2008; Whelan et al. 2015) used in the present
work is an extension of the radiometer search which uses
the signal model of GWs from an LMXB such as Sco X-1
to look for correlations between data at different times.
It has been applied to data from advanced LIGO’s first
and second science runs to set the strongest limits so far

Table 1. Observed parameters of the LMXB Sco X-1.

Parameter Value
Right ascension® 16"19™55.0850°
Declination® —15°38'24.9”
Distance (kpc) 2.8+0.3
orbital inclination 4 44° + 6°
K, (km/s)€ [40,90]
tasc (GPS s)d 974416624 + 50
Po, (s)€ 68023.86 4 0.043

References—Bradshaw et al. (1999); Fomalont et al.
(2001); Wang et al. (2018)

NOTE— Uncertainties are lo unless otherwise stated.
There are uncertainties (relevant to the present search)
in the projected velocity amplitude K; of the NS, the
orbital period Pe,b, and the time tasc at which the neu-
tron star crosses the ascending node (moving away from
the observer), measured in the Solar System barycenter.

@The sky position [as quoted in Abbott et al. (2007a) de-
rived from Bradshaw et al. (1999)] is determined to the
microarcsecond, and therefore can be treated as known
in the present search.

bThe inclination ¢ of the orbit to the line of sight, from
observation of radio jets in Fomalont et al. (2001), is
not necessarily the same as the inclination angle ¢ of the
neutron star’s spin axis, which determines the degree of
polarization of the GW in equation (1).

€The projected orbital velocity K; as estimated by
Doppler tomography measurements and Monte Carlo
simulations in Wang et al. (2018) which show K
to be weakly determined beyond the constraint that
40km/s < K7 < 90km/s.

d The time of ascension t.sc, at which the neutron star
crosses the ascending node (moving away from the ob-
server), measured in the Solar System barycenter, is
derived from the time of inferior conjunction of the
companion given in Wang et al. (2018) by subtract-
ing Porb/4. It corresponds to a time of 2010-Nov-21
23:16:49 UTC, and can be propagated to other epochs
by adding an integer multiple of P, which results in
increased uncertainty in t.sc and correlations between
Porb and tasc; see Fig. 2.

€ The orbital period reported in Wang et al. (2018). Note
that this differs from the previous estimate in Galloway
et al. (2014) by 2.60.
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on GWs from Sco X-1 (Abbott et al. 2017¢; Zhang et al.
2021).

The Advanced LIGO gravitational-wave observatory
(Aasi et al. 2015b) has conducted three observing runs,
the last two in coordination with Advanced Virgo
(Acernese et al. 2015). In these three runs, tran-
sient GWs were detected from over 90 coalescences
of binary systems of black holes and/or NSs (Ab-
bott et al. 2021b). The LIGO-Virgo O3 observing
run (Abbott et al. 2020; Buikema 2020) began on
2019-Apr-01 15:00:00UTC (GPS 1238166018), con-
tinued until a commissioning break at 2019-Oct—01
15:00:00UTC (GPS 1253977218), resumed on 2019-
Nov-01 15:00:00UTC (GPS 1256655618), and ended
on 2020-Mar—27 17:00:00 UTC (GPS 1269363618). In
April 2020, immediately following the LIGO-Virgo run,
the KAGRA detector (Aso et al. 2013; Akutsu et al.
2021) and the GEO 600 detector (Liick et al. 2010; Af-
feldt et al. 2014; Dooley et al. 2016) conducted joint
observations (Abbott et al. 2022b). In this analysis, we
use data from the two LIGO detectors, as Virgo and
KAGRA data were significantly less sensitive.

We use the calibrated data which are limited to times
when a detector was in scientific observing mode (Davis
et al. 2021). Due to the presence of transient instrumen-
tal glitches which degrade the sensitivity by raising the
overall noise spectrum, we apply the “self-gating” pro-
cedure (Zweizig & Riles 2021) to remove these glitches
when analyzing data below 600 Hz. This reduces the to-
tal volume of data included in the analysis below 600 Hz
from 243 — 244 days to 231 — 240 days for the LIGO Han-
ford detector and from 250 — 251 days to 216 — 248 days
for the LIGO Livingston detector. (The ranges are due
to differences in the time baseline used in producing
Fourier transforms at different frequencies; cf. Sec. 3.)

In addition, as in Abbott et al. (2017c), we exclude
from our analysis frequencies at which the data are
known to be influenced by instrumental disturbances of
narrow frequency extent, known as “lines”. In practice,
this procedure removes data from times at which the sig-
nal model has Doppler-shifted the signal frequency fy of
the search template into the instrumental line, reducing
the sensitivity of the search near known lines.

The remainder of the paper is laid out as follows: In
Sec. 2 we describe the properties of Sco X-1 and the
modelled GW signal from it. In Sec. 3 we describe the
specifics of the cross-correlation search as implemented
for this analysis. In Sec. 4 we describe the identification
and followup of potential signals. Section 5 sets upper
limits on the strength of GWs from Sco X-1 from the
sensitivity and result of the search on Advanced LIGO
data and simulated signals, and considers their implica-
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tions on various torque balance models. Finally, Sec. 6
contains the conclusions.

2. MODEL OF GRAVITATIONAL WAVES FROM
SCO X-1

The modelled GW signal from a rotating NS con-
sists of a “plus” polarization component hy(t) =
Aq cos[®(t)] and a “cross” polarization component
hy (t) = Ay sin[®(t)]. The signal recorded in a particu-
lar detector will be a linear combination of hy and hy
determined by the detector’s orientation as a function
of time. The two polarization amplitudes are

1+ cos?¢

Ay =ho 5

and Ay =hgcose, (1)
where ho is an intrinsic amplitude describing the
strength of the signal when it reaches the solar system,
and ¢ is the inclination of the neutron star’s spin to the
line of sight. (For a neutron star in a binary, the spin
inclination ¢ is not necessarily equal to the inclination %
of the binary orbit.) If : = 0° or 180°, Ax = +A,, and
gravitational radiation is circularly polarized. If = 90°,
Ay =0, and it is linearly polarized. The general case,
elliptical polarization, has 0 < |Ax| < A4. Many search

methods are sensitive to the combination

A3+ A3
2

[(1 + cos?t)/2)% + [cost]?

(2)
which is equal to h3 for circular polarization and h3/8
for linear polarization (Messenger et al. (2015); this was
the convention used in Abbott et al. (2017¢) but differs
by a factor of 2.5 from the definition of (h§f)? in Whelan
et al. (2015).)

In order to understand the astrophysical relevance of
the GW strengths we are probing, a useful benchmark
is the so-called torque-balance level. As already men-
tioned, it has been suggested that an LMXB, such as
Sco X-1 may be in an equilibrium state where the spinup
torque due to accretion is balanced by a spindown torque
due to GWs emission (Papaloizou & Pringle 1978; Wag-
oner 1984; Bildsten 1998). In order to obtain an estimate
of the GW amplitude we start by taking a simple spinup
torque of the form (Pringle & Rees 1972):

Ny = MVGMr,

(hgf)? = i

3)

where M is the mass accretion rate onto the NS, which
we infer from the X-ray flux F'x, M is the mass of the
star, G the gravitational constant and 7 is the lever arm,
i.e., the radius at which the accretion torque is applied.
By balancing the spinup torque with the GW torque,
i.e., imposing Nq = ng/27TVs, we can obtain the GW
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amplitude (Watts et al. 2008):

Fx

vz, g
10-8 ergcm—2 sl> (300 Hz)
R, M

V2 1 1/4
“\ T0km (10 km) LaM, )

Note that the usual torque balance benchmark assumes
that accretion occurs at the surface of the NS, r =
R, = 10km. [If the magnetic field is strong enough
to truncate the accretion disc above the surface, the
lever arm will instead be the Alfvén radius, » = r4
and the GW amplitude implied by equation (4) will be
larger, as given in e.g., Zhang et al. (2021); Abbott et al.
(2022a).] For Sco X-1, using the observed X-ray flux
Fx =39 x 10 "ergem 25! from Watts et al. (2008),
and assuming that the GW frequency fy is twice the
spin frequency v, (as would be the case for GWs gener-
ated by triaxiality in the NS), the torque balance value
is

ho ~ 5.48 x 10727 (

(4)

—1/2
ho ~ 3.4 x 1026 ( 10 : . (5)
600 Hz

It is important to note that this amplitude is simply an
order of magnitude estimate, which we use as a bench-
mark to understand if our searches are probing astro-
physically significant portions of parameter space. Much
of the physics entering the accretion torque is, in fact,
highly uncertain, and depends on unknown physical pa-
rameters, such as for example the topology of the stellar
magnetic field, the disk-field coupling, viscous heating in
the disk, efficiency of X-ray emission, or radiation pres-
sure in the disk. All these effects can strongly influence
the spinup torque, leading not only to a large rescal-
ing (of up to an order of magnitude) of the strength of
the torque in equation (3), but in general also to differ-
ent scalings with the parameters of the system (Patruno
et al. 2012; Haskell et al. 2015; Glampedakis & Suvorov
2021). For example Andersson et al. (2005) have even
suggested that, for high accretion luminosities, radia-
tion pressure will lead to a sub-Keplerian disk and a
strongly reduced spinup torque. In this case Sco X-1
would host a slowly rotating NS, which does not emit
GWs in our current search band. In light of the vari-
ous uncertainties, we will retain the standard simplifying
assumptions in the derivation of equation (5) for most
of our torque balance comparisons, but keep in mind
that the torque-balance level is uncertain and model-
dependent, and should not be interpreted too strictly.

3. SETUP OF CROSS-CORRELATION SEARCH
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Figure 1. Search region in terms of parameters t,.. and P
defined in equation (7) and equation (8), respectively. The
lattice is constructed to completely cover, with maximum
mismatch 0.25, the solid black truncated ellipse, The solid
black ellipse has semiaxes 3.3 x 185s in th. and 3.3 x 0.011s
in T:’, and the truncating boundaries are at +3 x 185s of
the most likely ¢, value. For comparison, the thin colored
ellipses show curves of constant prior probability correspond-
ing to 1o, 20, and 30 (containing 39.3%, 86.5%, and 98.9%
of the prior probability, respectively), including the effects
of changing coordinates from tasc and P, appearing in Ta-
ble 1 to t,.. and P. The inner search region, in which we
choose a longer Tiax to do a deeper search, is within £185s
of the most likely value of ... and contains 68.1% of the prior
probability, while the full search region, within £3 x 185s of
the most likely t,.. value, contains 99.2% of the prior prob-
ability. The slight misalignment of the prior and search el-
lipses is due to a software bug, which led to a definition of P
which differed slightly from the optimal one, as described in
Sec. 3. The dashed rectangular boundaries show the region
effectively covered by the majority of search jobs for which
the “sheared” period coordinate P was unresolved in many
search jobs, i.e., the mismatch associated with an offset of
3.3 X 0.011s from the most likely value 68023.86s was less
than 0.0625.

The cross-correlation (CrossCorr) search method
(Dhurandhar et al. 2008; Whelan et al. 2015) has been
used to search for GWs from Sco X-1 in LIGO data from
the first two observing runs of Advanced LIGO and Ad-
vanced Virgo (Abbott et al. 2017¢; Zhang et al. 2021). It
uses the signal model described in Sec. 2 to construct an
appropriately weighted statistic p including correlations
between data separated by up to a coherence time Ty, -
The statistic is constructed using short Fourier trans-
forms (SFTs) of length Tyg. If the SFTs are labelled
by an index K, L, etc., which encodes the detector and
time of the SFT, and zx is an appropriately normal-
ized combination of the Fourier data at the frequency of
interest, we can write the statistic p as

p= Z Wkrzizr + Wi zxzl) -
KLEP

(6)
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Figure 2. The search regions and prior uncertainties shown
in Fig. 1, expressed in terms of the system parameters t,.
and P,y,. For reference, we also show the regions used for
the O1 analysis in Abbott et al. (2017c) (gray dashed lines)
and reported for the O2 analysis in Zhang et al. (2021) (or-
ange dotted lines), propagated to the epoch of this search
(which transforms the rectangular search regions into par-
allelograms). Note that the search region for Abbott et al.
(2017c¢) is offset in both P, and tj4. because it used the Py,
estimate in Galloway et al. (2014), while the others used the
updated estimate in Wang et al. (2018). The analysis of
Abbott et al. (2017c) is still believed to have covered the
plausible signal space, because of the under-resolution of the
period direction, and the fact that the offset in t,.. induced
by the inaccurate P, value was less for the epoch of the
search (2015 rather than 2019).

where P is the set of all pairs of SF'T's whose start times
differ by Tiax or less, and Wy is a complex weight-
ing factor constructed using the signal model. Since the
choice of frequency bin(s) in the construction of zx, and
the amplitude and phase of the weighting factor Wi, for
each SFT pair, depend on the unknown parameters of
the signal, we must conduct the search at a set of points
in parameter space, each of which defines a “search tem-
plate”.

The maximum separation Tp.x can be chosen to
“tune” the search: higher Ty, values produce a more
sensitive search, but can significantly increase comput-
ing cost, both due to the increased number of corre-
lation terms in the statistic and especially due to the
increased density of search templates needed in the pa-
rameter space. As detailed in (Abbott et al. 2017c¢),
the Ty and Ti.x values were chosen as a function of
frequency and orbital parameters in order to optimize
the search at a given computing cost. For the present
search, we used the same T, values as in O1 rather
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Figure 3. Illustration of parameter space cells in t,.. and
asin i, and example of coherence times Tinax, in seconds, cho-
sen as a function of the orbital parameters of the NS. Increas-
ing coherence time improves the sensitivity but increases the
computational cost of the search. The values used are the
same as in Abbott et al. (2017c¢), except between 400 Hz and
600 Hz, where they have been doubled; see Table 3 for de-
tails.

than re-optimizing.! The one exception is for the fre-
quency range 400 —600 Hz, for which the achievable sen-
sitivity is closer in O3 than it was in O1 to the signal
strength nominally expected from the torque balance
model equation (5); for those frequencies, we used dou-
ble the Ti,ax of the O1 search. Note that, even with the
same coherence times, the O3 search would require more
computing resources than the O1 search, due to the in-
creased observing time. However, by using a more effi-
cient template lattice and convenient coordinate choices
as described in Wagner et al. (2022), we are able to offset

I The O2 analysis of Zhang et al. (2021), which was limited to
frequencies between 40 and 180 Hz, used a longer coherence time
of ~ 19hr by leveraging the resampling techniques described in
Meadors et al. (2017).
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Table 2. Parameters used for the Cross-
Correlation search.

Parameter Range
fo (Hz) [25,1600]
asini (It-s)@ [1.44,3.25]

t.. (GPS s)?
P (5)°

1255015049 £ 3 x 185
68023.86 £ 3.3 x 0.011

@The range for the projected semima-
jor axis asini = KiPor/(27) in light-
seconds was taken from the constraint
K, € [40,90] km/s.

b This value for the time of ascension t,.,
defined in equation (7), has been prop-
agated forward by 4125 orbits from the
value of tasc in Table 1, and corresponds
to a time of 2019-Oct—13 15:17:11 UTC,
near the middle of the O3 run. The in-
crease in uncertainty is due to the uncer-
tainty in Porb.

€This is the “sheared” period defined in
equation (8); note that the uncertainty
in P has been reduced compared to the
marginal uncertainty in P, by the same
factor by which the uncertainty in tj.
has been increased relative to that for
tasc, as described in Wagner et al. (2022).
The search region in Pis given by the
elliptical boundary shown in Fig. 1, but
it is defined as “unresolved” if only one
template is needed to cover 68023.86 +
3.3 X 0.011 at a maximum mismatch of
0.0625.

the increase in observing time and maintain a manage-
able computing time.

In addition to the signal frequency, fy, we search over
the orbital parameters of the system, as summarized in
Table 2. The projected semimajor axis of the orbit is
assumed to lie in the range asini € [1.44,3.25] light-
seconds, corresponding to a range in projected orbital
velocity of [40,90] km/sec. The search region in orbital
period Py, and time of ascension t,s is constructed
using the method of Wagner et al. (2022): the time of
ascension t,gs. is propagated 4125 orbits to define

# o = tase + 4125 x 68023.865 ,

(7)
and the “sheared” orbital period is defined as
P = Py, — 242 x 1074(t! . — 1255015049) . (8)

The most likely . is 2019-Oct-13 15:17:11 UTC (GPS

1255015049). The coordinates t.,. and P are approxi-
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mately uncorrelated both in the parameter space metric
of the search and in the astrophysical prior distribution.?
Note that the included prior probability is an underesti-
mate of the efficiency in covering parameter space, since
the “sheared” period coordinate P was unresolved in
many search jobs, i.e., the mismatch associated with an
offset of 3.3x0.011 s from the most likely value 68023.86 s
(the dashed rectangular boundaries in Fig. 1) was less
than 0.0625.

The search was done over a range of t.. =
1255015049 4+ 3 x 185s and with P constrained to lie
in an elliptical region centered on 68023.86s with semi-
axes of 3.3 x 0.011s for P and 3.3 x 185s for t,_., as
illustrated in Fig. 1. For reference, in Fig. 2 we show
this region in the coordinates (t,., Porb), along with the
search regions used in Abbott et al. (2017¢) and Zhang
et al. (2021), propagated forward in time to the epoch
considered in this analysis.

To perform the analysis, the parameter space was di-
vided into small jobs which could be run in parallel.
Each 5 Hz frequency band was divided into between 100
and 4000 sub-bands, and the orbital parameter space
was divided into 9 or 20 cells, as illustrated in Fig. 3.
These subdivisions of parameter space were chosen so
that each analysis job would run in a reasonable amount
of time (< 10hr), allowing the analysis to be done
quickly via distributed computing.

Search templates were placed in the parameter space
using an A7 lattice with a maximum mismatch of 0.25
as described in Wagner et al. (2022); Wette (2014). Be-
cause the use of the sheared coordinate P reduces the
one-sigma prior uncertainty from 0.043s to 0.011s, the
period was unresolved for most search jobs. We com-
puted the maximum mismatch puZ associated with an
offset of 3.3 x 0.011s. For jobs in which pf < 0.0625,
the initial search was done with P = 68023.86s and an
Aj lattice in the other three parameters (fo, asini,t).).
To account for the non-zero mismatch contribution from
the possible P offset, the maximum mismatch of the Aj
lattice was set to 0.25 — uf._ . (Note that this actu-
ally guarantees coverage at the specified maximum mis-
match over a rectangle in t/ ., P rather than just the
ellipse shown in Fig. 1.) If, on the other hand, the P
coordinate was resolved in a particular search job, an A}
lattice in all of the coordinates with maximum mismatch

of 0.25 was used.

2 The correlations would have been even smaller, had the optimal
coefficient 2.25 x 104 been used in equation (8), but a software
bug led to the use of the coefficient 2.42 x 10~4. The impact of
this error is negligible, however, reducing the prior probability
covered by the search region from 99.4% to 99.2%.



Table 3. Summary of Numbers of Templates and Candidates.

fo(Hz) Tist Tmax(s) p number of expected Gauss followup level
min  max  (s) min  max thresh® templates false alarms? o¢ 14 o¢ 3f
25 50 1440 10080 18720 6.3 5.68 x 10° 0.8 63 31 10 1
50 100 1020 8160 14280 6.3 2.88 x 10 4.3 131 114 40 2
100 150 840 6720 10920 6.3 6.13 x 100 9.1 169 166 73 3
150 200 720 5040 8640 6.3 6.69 x 10° 10.0 171 170 68 2
200 300 600 2400 4800 6.3 4.54 x 100 6.7 66 66 14 4
300 400 510 1530 3060 6.3 2.09 x 10'° 3.1 19 19 1 1
400 600 360 720 2160 6.2 3.46 x 10*° 9.8 343 226 20 9
600 800 360 360 360 5.8 1.80 x 10° 6.0 15 15 0 0
800 1200 300 300 300 5.8 4.36 x 10° 14.5 226 70 2 0
1200 1600 240 240 240 5.8 4.36 x 10° 14.5 346 55 2 0

NoTE—For each range of frequencies, this table shows the SFT duration Ty, the minimum and
maximum coherence time Tiax used for the search, across the different orbital parameter space cells
(see Fig. 3), the threshold in signal-to-noise ratio (S/N) p used for followup, the total number of
templates, and the number of candidates at various stages of the process. (See Sec. 4 for detailed
description of the followup procedure.)

%This is the threshold for initiating followup, i.e., to produce a level 0 candidate.

bThis is the number of candidates that would be expected in Gaussian noise, given the number of
templates and the followup threshold.

©This is actual number of candidates (after clustering) which crossed the S/N threshold and were
followed up.

4 This is the number of candidates remaining after refinement. All of the candidates “missing” at this
stage have been removed by the single-detector veto for unknown lines, defined in Sec. 4.

€This is the number of candidates remaining after each has been followed up with a Thax equal to
4x the original Tmax for that candidate. (True signals should approximately double their S/N; any
candidates whose S/N goes down have been dropped.) All of the signals present at this stage are
shown in Fig. 5, which also shows the behavior of the search on simulated signals injected in software.

f This is the number of candidates remaining after Ti,ax has been increased to 16 its original value.

As noted in Sec. 1, even in approximate equilibrium,
Sco X-1 may undergo stochastic variation of the GW fre-
quency fo, also known as “spin wandering”. As in Ab-
bott et al. (2017c) we can apply the estimates in Whelan
et al. (2015) to set bounds on the loss of S/N under a
simplistic model in which the GW frequency undergoes
a net spinup or spindown of magnitude | f lariee, chang-
ing on a time scale Ty, For O3, in which the dura-
tion of the run from start to end is Tyyn = 3.12 x 107,
and the coherence times used for the initial search are

Tinax < 18720 s the expected loss of S/N is

Elp]"™ — E[p]
E [P] ideal

. 2 )
Tdrift |f‘drift Tmax

~ 0.018 .9

(10%) (1012 Hz/s | \18720s ©)

s0 which indicates that spin wandering is not likely to be
1 an important effect for this search. Also, as noted in
32 Zhang et al. (2021), the predictions of Mukherjee et al.
363 (2018) based on the time-variation of the X-ray flux from
364 Sco X-1 imply considerably less spin wandering than the
365 naive | f lariee-Tariee model, whose fiducial parameters are
s taken from Messenger et al. (2015).
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Figure 4. Selection of followup threshold as a function of
frequency. If the data contained no signal and only Gaus-
sian noise, each template in the parameter space would have
some chance of producing a statistic value exceeding a given
threshold. Within each 5 Hz frequency band, the total num-
ber of templates was computed and used to find the thresh-
old at which the expected number of Gaussian outliers above
that value would be 0.1. This is shown with short blue lines
for the templates in the present search (cf. Table 3); for ref-
erence, the thresholds calculated from the numbers of tem-
plates in the O1 search of Abbott et al. (2017¢) are shown in
orange. Because of the more efficient template placement of
algorithm from Wagner et al. (2022), the O3 search has fewer
templates, and therefore a lower implied threshold, than the
O1 search which used the same coherence times. The excep-
tion is for 400 Hz < fy < 600 Hz, where the same threshold
of 6.2 was used for the Ol and O3 searches, and the lat-
ter used twice the coherence time (and therefore a denser
parameter space lattice) of the former. The present search
uses a threshold of 6.3 for 25 Hz < fy < 400Hz and 5.8 for
600Hz < fo < 1600 Hz (black dashed line), which are lower
than in the O1 search (magenta dashed line). Note that the
large number of non-Gaussian outliers (¢f. Table 3) makes
the Gaussian followup level an imprecise tool in any event.

4. CANDIDATES, OUTLIERS AND FOLLOWUP

The detection statistic p is normalized to have zero
mean and unit variance in Gaussian noise. As in Abbott
et al. (2017¢), we make a naive estimate of the expected
background by assuming each search template to repre-
sent an independent Gaussian random number, and use
this value to set the threshold at an approximate level
of one expected false alarm level per 50 Hz. As shown
in Fig. 4, the threshold for followup for this search was
set at 6.3 for 25 Hz < fy < 400Hz, 6.2 for 400Hz <
fo < 600Hz, and 5.8 for 600 Hz < fy < 1600 Hz. Due in
part to our more efficient template placement, we were
able to use a lower followup threshold than in Abbott
et al. (2017¢), except for 400 Hz < fy < 600 Hz where we
used the same threshold, despite having a search with
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twice the coherence time. Table 3 shows the resulting ex-
pected numbers of false alarms in each frequency range.

For candidates exceeding the followup threshold, we
applied the procedure detailed in Abbott et al. (2017c¢).
Here we highlight the basic steps, as well as details that
were changed for this analysis:

e Candidates were “clustered” together in frequency,
with all templates within 0.01 Hz of a peak in S/N
above the threshold being represented by the pa-
rameters of the peak. These are known as the
“level 0” results.

e A ‘“refinement” search was performed on each
level 0 candidate, with the same Ti,.x as the orig-
inal search and a resolution ~ 3x as fine as the
original lattice. This and later stages of followup
were run on a rectangular grid in the “sheared”
parameters (fo, asini, ¢, P). For the refinement
stage, a grid of 13 x 13 x 13 x 5 points was used,
centered on the (fo,asini, t. ) values of the can-
didate, and covering the full prior range in the ini-
tially unresolved P. To deal with the effects of un-
known narrow-band features (“lines”) present in a
single detector, we computed a detection statistic
using only data from the LIGO Livingston Ob-
servatory (LLO) detector and another using only
LIGO Hanford Observatory (LHO) data. If ei-
ther of these exceeded the detection statistic con-
structed from all the data, we vetoed the candi-
date as a likely instrumental artifact. Candidates
from the refinement search that survive this veto
are known as the “level 1”7 results.

e Two successive rounds of followup were performed,
starting with the level 1 candidates. At each stage,
the coherence time Ty,.x was quadrupled from the
previous stage, and the density of templates in
each direction was increased by a factor of 3. The
grid used was 13x13x13x 13 in (fo, asini, ¢/, f’),
centered on the peak of the results of the previ-
ous level’s results. Candidates that increased their
SNR from the previous level were known as the
“level 27 (4x the original Ti,.x) and “level 3”7 (16

the original Ty,.x) results.

A total of 22 candidates survive level 3 of followup. Two
checks were done to determine whether any of them rep-
resent convincing detection candidates, one using the
results of the cross-correlation search, and one using an
independent pipeline.

For the first check, in Fig. 5 we plot the ratio by which
the S/N increases from level 1 to level 2 and from level 2
to level 3. We also plot the corresponding ratios for



®  search results
X injections

O  single detector

Plevel 3/ Plevel 2
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Figure 5. Ratios of followup statistics for search candidates
and simulated signals. This plot shows all of the candidates
that survived level 2 of followup (see Sec. 4 and Table 3),
both from the main search and from the analysis of the sim-
ulated signal injections described in Sec. 5. It shows the
ratios of the S/N p after followup level 1 (at the original
coherence time Tmax), level 2 (at 4x the original coherence
time), and level 3 (at 16x the original coherence time). (The
boxes labelled “single detector” are outliers or injections at
frequencies where only one detector’s data was included in
the analysis because of known instrumental artifacts in the
other detector.) The green dashed lines are at constant val-
ues of Plevel 3/Plevel 1 €qual to 2 and 4. There are no points
with prevel 2/pleve 1 < 1, because those candidates do not
survive level 2 followup and are therefore not subjected to
level 3 followup. From the construction of the statistic in
Whelan et al. (2015), the naive expectation is that the S/N
will roughly double each time Tax is quadrupled. Empiri-
cally, the followups of injections do not show exactly that re-
lationship, but all but one (which was injected at a frequency
contaminated by instrumental artifacts) show significant in-
creases in S/N which are not seen in any of the followups
of search candidates. We thus conclude that no convincing
detection candidates are present.

a2 all of the candidates surviving level 2 (the 16x original
433 Tinax followup is not available for candidates which fail
a4 level 2), and also for the simulated signal injections de-
a5 scribed in Sec. 5. We would naively expect a real signal
136 to double its S/N between level 1 and level 2, and again
a7 between level 2 and level 3, but none of the candidates
a3 from the search come close to this. As in Abbott et al.
a9 (2017¢), none of the candidates double their S/N from
wo level 1 to level 3, let alone in a single followup stage. On
a1 the other hand, all but one of the injections, while not
w2 doubling their S/N with each stage of followup, increase
w3 their S/N noticeably more than any of the candidates
aa from the search.

w5 Note that, at some frequencies, known instrumental
ws lines lead us to omit all the data from one of the two
a7 LIGO detectors from the search. This produces a single-
us detector search for which the unknown-line veto is not
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applicable. Of the 22 search outliers that survived our
veto process, 6 were in this category, as well as 4 of the
injections, including the one injection which increased
its S/N negligibly under the followup procedure. Also
note that of the 821 injected signals (out of 918) that
produced p values above their respective thresholds, 817
survived all the levels of followup. (There were 3 vetoed
at level 1, 1 at level 2 and 0 at level 3, all because of
the single-detector unknown-line veto.) We thus con-
clude that our followup procedure is relatively robust,
and that there are no convincing detection candidates
from the search.

An additional, complementary, multi-stage MCMC
followup using the method described in Tenorio et al.
(2021) using the PyFstat package (Ashton & Prix 2018;
Keitel et al. 2021; Ashton et al. 2022) was applied to the
22 outliers using the same configuration as in Abbott
et al. (2022¢). This method places templates adaptively
to compute the semicoherent F-statistic (Jaranowski
et al. 1998; Cutler & Schutz 2005) around the candidate
of interest using a diminishing number of coherent seg-
ments (660, 330, 92, 24, 4, and 1). The coherence times
of the corresponding segments range from half a day to
the full observing run. A Bayes factor is computed using
the F-statistic values from subsequent coherence stages
corresponding to the loudest template. The signal hy-
pothesis assesses the consistency of these values, whereas
the noise hypothesis states the (in)consistency of the fi-
nal value with the background distribution, taking the
final-stage trials factor into account.

The resulting Bayes factor values are significantly
lower than what would be expected for a signal de-
tectable by this search, as confirmed by an analogous
followup of a similar number of injected signals.

5. UPPER LIMITS AND IMPLICATIONS

Since our search produced no convincing detection
candidates, we set upper limits on the strength of GWs
from Sco X-1 as a function of frequency, using the
method described in detail in Abbott et al. (2017c¢).
First, naive Bayesian upper limits were set within each
0.05Hz band, using the 95th percentile of the posterior
on hZ or (h§)? deduced from the highest S/N seen in
each band.> Then, a series of simulated signals were
added to the data at a variety of amplitudes, and a
Bayesian logistic regression analysis was performed to

3 We used a simple extreme value likelihood assuming indepen-
dent Gaussian distributions for the detection statistics from the
templates in the initial bank. Future work may leverage more so-
phisticated methods of estimating this distribution, such as those
of Tenorio et al. (2022).
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Figure 6. Upper limits from directed searches in advanced LIGO data. Top: Upper limit on hg, after marginalizing over
neutron star spin inclination ¢, assuming an isotropic prior. The dashed line shows the nominal expected level assuming torque
balance [equation (5)] as a function of frequency. Bottom: upper limit on AT, defined in equation (2). This is equivalent to
the upper limit on ho assuming circular polarization. (Note that the marginalized upper limit on the upper plot is dominated
by linear polarization, and so is a factor of almost /8 higher.) The blue dot-dash line (labelled as “tb w/i = 44°”) corresponds
to the assumption that the neutron star spin is aligned to the most likely orbital angular momentum, and ¢ = i ~ 44°. (See
Table 1.) The blue diagonal bands show hef levels corresponding to the torque balance ho in the upper plot. The darker-
shaded band corresponds (5th to 95th percentiles) to a Gaussian distribution with mean and standard deviation corresponding
to t = 44° 4 6°, as used in Zhang et al. (2021). Finally, the lighter-shaded band shows the full range of possible hT values
corresponding to torque balance, with circular polarization at the top and linear polarization on the bottom. For comparison
with the “CrossCorr O3” results presented in this paper, we show in the upper plot the isotropic marginalized limits from the
previous cross-correlation searches in Abbott et al. (2017¢) (“CrossCorr O1”) and Zhang et al. (2021) (“CrossCorr 027). In
the lower plot we include the limits assuming circular polarization from other searches of O3 data: “Radiometer O3” is the
narrowband radiometer analysis of Abbott et al. (2021a) which used data from Advanced LIGO’s first three observing runs,
and “Viterbi O3” is the analysis of Abbott et al. (2022a) using a hidden Markov model.
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Figure 7. Comparison of upper limits to predictions of
torque balance models. The gray band indicates the ho up-
per limit implied by the h&f upper limit in the lower panel
of Fig. 6, assuming the range of possible inclinations from
0 < |cost| < 1. [Linear polarization (cost¢ = 0) is at the
top, and circular polarization (cos: = +1) is at the bottom.]
The dashed blue line is the usual conservative torque bal-
ance estimate assuming accretion at the surface of the NS,
r = R, = 10km. The dot-dash red line is the same model
assuming a lever arm of r = r4 &~ 49 km, which is the value
of the Alfvén radius given by equation (10) for & = 1 and
B = 108 G. Note that this is slightly larger than the value of
35km used in e.g., Zhang et al. (2021); Abbott et al. (2022a),
since we use the inferred mass accretion rate of Sco X-1. The
colored bands show the range of predictions for the models
of Glampedakis & Suvorov (2021), in particular model 2, for
the range of 0.3 < ¢ < 0.5, assuming a magnetic field of
108 G (GS8) or 10° G (GS9).

estimate the factor by which to multiply the naive 95%
Bayesian upper limit on amplitude in order to reach the
threshold of 95% signal recovery. [As in Abbott et al.
(2017¢), “recovery” was defined as an increase in the
maximum S/N seen in a band, over the value with no in-
4
between 25 Hz and 500 Hz, of which 863 were recovered,
with a resulting adjustment factor of 1.19 to the am-
plitude of the AT upper limit. As described in Abbott
et al. (2017c), to set the adjustment factor for the hg
limit, we limit attention to injections which were gen-
erated with a specified ho rather than AT, of which we
recovered 546 of 575, with a resulting adjustment factor
of 1.17.° The upper limits including these adjustment
factors are shown in Fig. 6.

4 These are the same injections which were used to validate the

followup procedure, as described in Sec. 4.

5 For comparison, the adjustment factors in Abbott et al. (2017¢)
were 1.44 for hg and 1.21 for hgﬂ. The fact that the factors
derived from the current search are comparable is evidence that
the template bank modifications of Wagner et al. (2022) do not
significantly reduce the sensitivity of the search.
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The upper limits placed by this search improve on
those from previous observing runs, and are now probing
a theoretically significant portion of parameter space.
This is usually quantified in terms of the torque bal-
ance amplitude, i.e., the GW amplitude that would be
required for GW spindown torques to balance the accre-
tion torque. As discussed in Sec. 1 this limit is a useful
benchmark, but is highly uncertain, reflecting the high
level of uncertainty in the theoretical modelling of accre-
tion torques. We illustrate this in Fig. 7 by comparing
the upper limits from our search not only to the stan-
dard limit of equation (5), obtained by assuming the
lever arm to be the radius of the NS, r = R, = 10km,
in equation (4), but also to an example of the range
of torque balance amplitudes allowed by current models
for accretion onto a magnetized star. First, we consider
a model of the same form as in equation (3) and equa-
tion (5), but do not assume accretion to occur on the
surface, but rather take the torque arm to be the Alfvén
radius r4, at which the disk is truncated by the mag-
netic field(Pringle & Rees 1972):

. —-2/7 _
rqa =35X —M 7M v
AT 10-100M,, /year 1AM,

R \12/7 B o\
<10km> (108 G> km,

where 0.1 < X < 1 is a phenomenological parame-
ter that encodes the uncertainty in the truncation ra-
dius of the disk. Using the mass accretion rate of
Sco X-1 inferred from X-ray observations (Watts et al.
2008), along with B = 108G and X = 1 gives an
Alfvén radius of r4 ~ 49 km, which is used to generate
the curve in Fig. 7. We also consider one of the pa-
rameterized models of Glampedakis & Suvorov (2021),
which encompass a wide range of physics and can suc-
cessfully fit spinup episodes in a number of observed
LMXBs. In particular, for illustrative purposes, we use
their “new” model 2, for which the torque has the form
N@ = ¢ 72N, (1 4 3¢7/2 — 2w4)/3, with the fast-
ness parameter wq = (Ra/Rc)®/?) and the co-rotation
radius R. = 27(M/1.4My)/3) (v,/500)(=2/3) km. We
consider two values for the magnetic field strength at
the surface of the star, B = 103G, and B = 10° G, and
consider values of £ between £ = 0.3 (which sets the
upper limit in our plots) and & = 0.5.

As can be clearly seen, there is a wide portion of pa-
rameter space allowed by theoretical models. Further-
more at higher frequencies the theory is intrinsically un-
certain, as the models of Glampedakis & Suvorov (2021)
naturally predict spin equilibrium due to accretion alone
below roughly 1 kHz, without any need for gravitational

(10)
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radiation—in fact it is also possible that the NS may not
be in the frequency range we are searching. This “fuzzi-
ness” in the torque balance limit (which may be even
further enhanced by additional effects not considered
in the models of Glampedakis & Suvorov (2021), such
as viscous heating in the disk or the efficiency of X-
ray emission), make it therefore impossible to draw firm
conclusions on the equation of state (EoS) of the NS, or
magnetic field strength, directly from our upper limits,
without committing to a particular accretion model.

Nevertheless it is clear from Fig. 7 that in the range
we are most sensitive to, approximately between 30 Hz
and 400 Hz, our upper limits are probing below even the
more stringent limit set by accretion onto the surface,
thus searching a physically significant portion of param-
eter space. Furthermore, our results are probing the pa-
rameter space predicted by the models of Glampedakis
& Suvorov (2021) up to fo ~ 500 Hz. Searching at these
higher frequencies is important; although the frequency
of Sco X-1 is not known, the distribution of spin fre-
quencies of the observed AMXPs appears to be bimodal
(Patruno et al. 2017), with a “fast” population of pul-
sars, for which Patruno et al. (2017) make the hypothe-
sis that GW emission may play a role, centered around
vs &~ 550Hz (i.e., fo ~ 1100Hz for triaxial emission),
and a slower population centered around vy ~ 300 Hz
(i.e., fo =~ 600 Hz).

To give an illustration of how our results can con-
strain possible torque balance models, consider in more
detail the simplest accretion model, i.e. that obtained
by setting » = R, in equation (3). In this case we may
ask if, by comparing the upper limits from our searches
to the theoretical value for the hy in equation (3), it is
possible to put constraints on the physical parameters
of the star for which the torque balance scenario is still
viable. To answer this question we consider two param-
eters: the mass of the star and the inclination angle ¢,
for two EoSs taken from the CompOSE database (Typel
et al. 2015; Oertel et al. 2017; Typel et al. 2022) both for
a softer EoS, GR15 (Gulminelli & Raduta 2015), and a
stiffer EoS, GPPVA (Grill et al. 2014). The results can
be seen in Fig. 8 for the mass of the NSs. We see that,
for the range of frequencies in which our search is most
sensitive, we can exclude the torque balance scenario for
higher mass NSs, especially in the case of a stiffer EoS.
The GW amplitude is, however, clearly very strongly af-
fected by the inclination angle, so in Fig. 8 we also plot
our constraints in terms of the inclination angle ¢, hold-
ing the stellar mass fixed at M = 1.4Mg. Also in this
case we see that we can rule out torque balance models
with nearly circular polarization (small ¢) over a wide
range of frequencies for both choices of EoS.
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6. CONCLUSIONS AND OUTLOOK

We have presented the results of the most sensitive
search to date for GWs from Sco X-1, using LIGO de-
tector data from the third observing run of Advanced
LIGO, Advanced Virgo and KAGRA. We have set up-
per limits across a range of signal frequencies 25 Hz <
fo < 1600 Hz, corresponding to NS spin frequencies of
12.5Hz < vy < 800Hz. The sensitivity of our search is
now probing possible models of torque balance equilib-
rium over a range of frequencies spanning hundreds of
Hertz, and for the first time, approaches the standard
conservative torque balance prediction even under pes-
simistic assumptions about NS inclination angle. We
expect to see a further improvement in sensitivity from
upcoming LIGO-Virgo-KAGRA observing runs (Abbott
et al. 2020).
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Figure 8. Illustration of how the upper limits shown in Fig. 6 can constrain models for Sco X-1 which include torque balance
due to gravitational waves. In the top row, we show constraints on the NS mass, assuming torque balance due to GW at the
specified frequency, in the simple model where r = R.. We consider two EoSs, a softer model, GR15 (Gulminelli & Raduta
2015), and a stiffer model, GPPVA (Grill et al. 2014). The largest exclusion region is for a neutron star inclination angle
¢ =0° (or 180°), where the GWs would be circularly polarized. Assuming the worst-case scenario of linear polarization ¢ = 90°
gives constraints which hold for any inclination, and the most likely value of ¢« = 44° (aligned with the binary orbit) gives an
intermediate case. We see that for both EoSs (and especially for the stiffer EoS) the torque balance scenario can be excluded
for higher mass NSs for the frequency range in which our searches are more sensitive. Since the inclination angle plays a strong
role in the constraints, we present in the bottom row, for the same equations of state, but for a fixed mass of M = 1.4Mg, the
limits that can be set on ¢. We see that, for both EoSs, our observations can exclude nearly circular polarized (small ;) GW
emission at the torque balance level for a wide range of frequencies.
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