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ABSTRACT7

We present the results of a model-based search for continuous gravitational waves from the low-8

mass X-ray binary Scorpius X-1 using LIGO detector data from the third observing run of Advanced9

LIGO, Advanced Virgo and KAGRA. This is a semicoherent search which uses details of the signal10

model to coherently combine data separated by less than a specified coherence time, which can be11

adjusted to balance sensitivity with computing cost. The search covered a range of gravitational-wave12

frequencies from 25 Hz to 1600 Hz, as well as ranges in orbital speed, frequency and phase determined13

from observational constraints. No significant detection candidates were found, and upper limits were14

set as a function of frequency. The most stringent limits, between 100 Hz and 200 Hz, correspond to an15

amplitude h0 of about 10−25 when marginalized isotropically over the unknown inclination angle of the16

neutron star’s rotation axis, or less than 4×10−26 assuming the optimal orientation. The sensitivity of17

this search is now probing amplitudes predicted by models of torque balance equilibrium. For the usual18

conservative model assuming accretion at the surface of the neutron star, our isotropically-marginalized19

upper limits are close to the predicted amplitude from about 70 Hz to 100 Hz; the limits assuming the20

neutron star spin is aligned with the most likely orbital angular momentum are below the conservative21

torque balance predictions from 40 Hz to 200 Hz. Assuming a broader range of accretion models, our22

direct limits on gravitational-wave amplitude delve into the relevant parameter space over a wide range23

of frequencies, to 500 Hz or more.24

1. INTRODUCTION25

Rapidly rotating neutron stars (NSs) are primary tar-26

gets for continuous gravitational wave (GW) searches27

with the current network of ground based detectors,28

LIGO, Virgo and KAGRA. In these stars a deformation,29

or “mountain”, sustained by elastic or magnetic strains,30

may result in a time varying quadrupole from rotation,31

leading to the emission of GWs. Similarly modes of os-32

cillation may also lead to GW emission (see Lasky (2015)33

for a review).34

In particular, NSs in low-mass X-ray binaries35

(LMXBs) are some of the most promising sources. In36

these systems magnetically channeled accretion from the37

companion onto the NS provides a mechanism to create38

a “mountain” (Ushomirsky et al. 2000; Melatos & Payne39

2005; Singh et al. 2020; Osborne & Jones 2020), and the40

resulting GW torque may provide the solution to an as-41

trophysical conundrum. There appears to be a sharp42

observed cut-off in the spin frequency (νs) distribution43

of NS in LMXBs at νs ≈ 750 Hz (Chakrabarty et al.44

2003; Patruno et al. 2017), well below the theoretical45

breakup frequency for a NS (Haskell et al. 2018).46

Although there are still several uncertainties in the47

modelling of the spinup accretion torques (Glampedakis48

& Suvorov 2021; Patruno & Watts 2021), which may49

explain this observation (Patruno et al. 2012; Ertan &50

Alpar 2021), it has been suggested that the spindown51

GW torques due to mountains can lead to an equilib-52

rium that naturally explains the observed spins of NSs53

in LMXBs (Papaloizou & Pringle 1978; Wagoner 1984;54

Bildsten 1998), and the clustering of systems close to55

the maximum frequency (Patruno et al. 2017; Gittins56

& Andersson 2019). In such a scenario there is a nat-57

ural correlation between the observed X-ray flux and58

the expected strength of the GWs, as a higher accre-59

tion rate leads to a stronger spinup torque and thus60

requires a stronger GW torque for equilibrium. [Note61
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that even if this equilibrium holds on average, there62

is expected to be some slight fluctuation in frequency63

or “spin wandering” (Bildsten et al. 1997; Mukherjee64

et al. 2018).] Scorpius X-1 (Sco X-1), the most lumi-65

nous LMXB, which is presumed to consist of a NS of66

mass ≈ 1.4M� in a binary orbit with a companion star67

of mass ≈ 0.4M� (Steeghs & Casares 2002), is therefore68

a very promising potential source of GWs. Some of the69

parameters inferred from electromagnetic observations70

of the system are summarized in Table 1. Note that the71

orbital eccentricity of Sco X-1 is believed to be small72

(Steeghs & Casares 2002; Wang et al. 2018), and is ig-73

nored in this search. Inclusion of eccentric orbits would74

add two search parameters which are determined by the75

eccentricity and the argument of periapse (Messenger76

2011; Leaci & Prix 2015).77

Given its promise as a source for potentially detectable78

continuous gravitational waves, Sco X-1 has been the79

subject of numerous GW searches and search methods to80

date, starting with a fully-coherent search (Jaranowski81

et al. 1998) of six hours from initial LIGO’s second sci-82

ence run (Abbott et al. 2007a). Beginning with the83

fourth science run, results for Sco X-1 have been re-84

ported (Abbott et al. 2007b; Abadie et al. 2011) as part85

of a search for stochastic signals from isolated sky po-86

sitions, also known as the radiometer search (Ballmer87

2006), which has continued in advanced LIGO’s first88

three observing runs (Abbott et al. 2017a, 2019a, 2021a).89

Sco X-1 has also been included in a search principally90

designed for unknown binary systems (Goetz & Riles91

2011), and subsequently improved to search directly for92

Sco X-1 (Meadors et al. 2016); these searches were ap-93

plied to data from initial LIGO’s fifth and sixth sci-94

ence runs (Aasi et al. 2014; Meadors et al. 2017). A95

search method connected to Doppler-modulated side-96

bands (Messenger & Woan 2007; Sammut et al. 2014)97

was developed and applied to data from initial LIGO’s98

sixth science run (Aasi et al. 2015a). This was fur-99

ther adopted into the so-called Viterbi search (Suvorova100

et al. 2016; Suvorova et al. 2017), which uses a hid-101

den Markov model to track possible spin wandering; the102

Viterbi search has been applied to data from advanced103

LIGO’s first three observing runs (Abbott et al. 2017b,104

2019b, 2022a). The cross-correlation method (Dhurand-105

har et al. 2008; Whelan et al. 2015) used in the present106

work is an extension of the radiometer search which uses107

the signal model of GWs from an LMXB such as Sco X-1108

to look for correlations between data at different times.109

It has been applied to data from advanced LIGO’s first110

and second science runs to set the strongest limits so far111

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

Parameter Value

Right ascensiona 16h19m55.0850s

Declinationa −15◦38′24.9′′

Distance (kpc) 2.8± 0.3

orbital inclination ib 44◦ ± 6◦

K1 (km/s)c [40, 90]

tasc (GPS s)d 974416624± 50

Porb (s)e 68023.86± 0.043

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

Note— Uncertainties are 1σ unless otherwise stated.
There are uncertainties (relevant to the present search)
in the projected velocity amplitude K1 of the NS, the
orbital period Porb, 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.

aThe 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 i 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 ι of the
neutron star’s spin axis, which determines the degree of
polarization of the GW in equation (1).

cThe projected orbital velocity K1 as estimated by
Doppler tomography measurements and Monte Carlo
simulations in Wang et al. (2018) which show K1

to be weakly determined beyond the constraint that
40 km/s . K1 . 90 km/s.

d The time of ascension tasc, 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 Porb, which results in
increased uncertainty in tasc and correlations between
Porb and tasc; see Fig. 2.

eThe orbital period reported in Wang et al. (2018). Note
that this differs from the previous estimate in Galloway
et al. (2014) by 2.6σ.
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on GWs from Sco X-1 (Abbott et al. 2017c; Zhang et al.112

2021).113

The Advanced LIGO gravitational-wave observatory114

(Aasi et al. 2015b) has conducted three observing runs,115

the last two in coordination with Advanced Virgo116

(Acernese et al. 2015). In these three runs, tran-117

sient GWs were detected from over 90 coalescences118

of binary systems of black holes and/or NSs (Ab-119

bott et al. 2021b). The LIGO-Virgo O3 observing120

run (Abbott et al. 2020; Buikema 2020) began on121

2019–Apr–01 15:00:00 UTC (GPS 1238166018), con-122

tinued until a commissioning break at 2019–Oct–01123

15:00:00 UTC (GPS 1253977218), resumed on 2019–124

Nov–01 15:00:00 UTC (GPS 1256655618), and ended125

on 2020–Mar–27 17:00:00 UTC (GPS 1269363618). In126

April 2020, immediately following the LIGO-Virgo run,127

the KAGRA detector (Aso et al. 2013; Akutsu et al.128

2021) and the GEO 600 detector (Lück et al. 2010; Af-129

feldt et al. 2014; Dooley et al. 2016) conducted joint130

observations (Abbott et al. 2022b). In this analysis, we131

use data from the two LIGO detectors, as Virgo and132

KAGRA data were significantly less sensitive.133

We use the calibrated data which are limited to times134

when a detector was in scientific observing mode (Davis135

et al. 2021). Due to the presence of transient instrumen-136

tal glitches which degrade the sensitivity by raising the137

overall noise spectrum, we apply the “self-gating” pro-138

cedure (Zweizig & Riles 2021) to remove these glitches139

when analyzing data below 600 Hz. This reduces the to-140

tal volume of data included in the analysis below 600 Hz141

from 243−244 days to 231−240 days for the LIGO Han-142

ford detector and from 250− 251 days to 216− 248 days143

for the LIGO Livingston detector. (The ranges are due144

to differences in the time baseline used in producing145

Fourier transforms at different frequencies; cf. Sec. 3.)146

In addition, as in Abbott et al. (2017c), we exclude147

from our analysis frequencies at which the data are148

known to be influenced by instrumental disturbances of149

narrow frequency extent, known as “lines”. In practice,150

this procedure removes data from times at which the sig-151

nal model has Doppler-shifted the signal frequency f0 of152

the search template into the instrumental line, reducing153

the sensitivity of the search near known lines.154

The remainder of the paper is laid out as follows: In155

Sec. 2 we describe the properties of Sco X-1 and the156

modelled GW signal from it. In Sec. 3 we describe the157

specifics of the cross-correlation search as implemented158

for this analysis. In Sec. 4 we describe the identification159

and followup of potential signals. Section 5 sets upper160

limits on the strength of GWs from Sco X-1 from the161

sensitivity and result of the search on Advanced LIGO162

data and simulated signals, and considers their implica-163

tions on various torque balance models. Finally, Sec. 6164

contains the conclusions.165

2. MODEL OF GRAVITATIONAL WAVES FROM166

SCO X-1167

The modelled GW signal from a rotating NS con-168

sists of a “plus” polarization component h+(t) =169

A+ cos[Φ(t)] and a “cross” polarization component170

h×(t) = A× sin[Φ(t)]. The signal recorded in a particu-171

lar detector will be a linear combination of h+ and h×172

determined by the detector’s orientation as a function173

of time. The two polarization amplitudes are174

A+ = h0
1 + cos2 ι

2
and A× = h0 cos ι , (1)175

where h0 is an intrinsic amplitude describing the176

strength of the signal when it reaches the solar system,177

and ι is the inclination of the neutron star’s spin to the178

line of sight. (For a neutron star in a binary, the spin179

inclination ι is not necessarily equal to the inclination i180

of the binary orbit.) If ι = 0◦ or 180◦, A× = ±A+, and181

gravitational radiation is circularly polarized. If ι = 90◦,182

A× = 0, and it is linearly polarized. The general case,183

elliptical polarization, has 0 < |A×| < A+. Many search184

methods are sensitive to the combination185

(heff
0 )2 =

A2
+ +A2

×
2

= h2
0

[(1 + cos2 ι)/2]2 + [cos ι]2

2
,

(2)186

which is equal to h2
0 for circular polarization and h2

0/8187

for linear polarization (Messenger et al. (2015); this was188

the convention used in Abbott et al. (2017c) but differs189

by a factor of 2.5 from the definition of (heff
0 )2 in Whelan190

et al. (2015).)191

In order to understand the astrophysical relevance of192

the GW strengths we are probing, a useful benchmark193

is the so-called torque-balance level. As already men-194

tioned, it has been suggested that an LMXB, such as195

Sco X-1 may be in an equilibrium state where the spinup196

torque due to accretion is balanced by a spindown torque197

due to GWs emission (Papaloizou & Pringle 1978; Wag-198

oner 1984; Bildsten 1998). In order to obtain an estimate199

of the GW amplitude we start by taking a simple spinup200

torque of the form (Pringle & Rees 1972):201

NA = Ṁ
√
GMr , (3)202

where Ṁ is the mass accretion rate onto the NS, which203

we infer from the X-ray flux FX , M is the mass of the204

star, G the gravitational constant and r is the lever arm,205

i.e., the radius at which the accretion torque is applied.206

By balancing the spinup torque with the GW torque,207

i.e., imposing NA = ĖGW /2πνs, we can obtain the GW208
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amplitude (Watts et al. 2008):209

h0 ≈ 5.48× 10−27

(
FX

10−8 erg cm−2 s−1

)1/2 ( νs
300 Hz

)−1/2

×
(

R∗
10 km

)1/2 ( r

10 km

)1/4
(

M

1.4M�

)1/4

.

(4)

210

Note that the usual torque balance benchmark assumes211

that accretion occurs at the surface of the NS, r =212

R∗ = 10 km. [If the magnetic field is strong enough213

to truncate the accretion disc above the surface, the214

lever arm will instead be the Alfvén radius, r = rA215

and the GW amplitude implied by equation (4) will be216

larger, as given in e.g., Zhang et al. (2021); Abbott et al.217

(2022a).] For Sco X-1, using the observed X-ray flux218

FX = 3.9× 10−7 erg cm−2 s−1 from Watts et al. (2008),219

and assuming that the GW frequency f0 is twice the220

spin frequency νs (as would be the case for GWs gener-221

ated by triaxiality in the NS), the torque balance value222

is223

h0 ≈ 3.4× 10−26

(
f0

600 Hz

)−1/2

. (5)224

It is important to note that this amplitude is simply an225

order of magnitude estimate, which we use as a bench-226

mark to understand if our searches are probing astro-227

physically significant portions of parameter space. Much228

of the physics entering the accretion torque is, in fact,229

highly uncertain, and depends on unknown physical pa-230

rameters, such as for example the topology of the stellar231

magnetic field, the disk-field coupling, viscous heating in232

the disk, efficiency of X-ray emission, or radiation pres-233

sure in the disk. All these effects can strongly influence234

the spinup torque, leading not only to a large rescal-235

ing (of up to an order of magnitude) of the strength of236

the torque in equation (3), but in general also to differ-237

ent scalings with the parameters of the system (Patruno238

et al. 2012; Haskell et al. 2015; Glampedakis & Suvorov239

2021). For example Andersson et al. (2005) have even240

suggested that, for high accretion luminosities, radia-241

tion pressure will lead to a sub-Keplerian disk and a242

strongly reduced spinup torque. In this case Sco X-1243

would host a slowly rotating NS, which does not emit244

GWs in our current search band. In light of the vari-245

ous uncertainties, we will retain the standard simplifying246

assumptions in the derivation of equation (5) for most247

of our torque balance comparisons, but keep in mind248

that the torque-balance level is uncertain and model-249

dependent, and should not be interpreted too strictly.250

3. SETUP OF CROSS-CORRELATION SEARCH251
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Figure 1. Search region in terms of parameters t′asc and P̃
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× 185 s in t′asc and 3.3× 0.011 s
in P̃ , and the truncating boundaries are at ±3 × 185 s of
the most likely t′asc value. For comparison, the thin colored
ellipses show curves of constant prior probability correspond-
ing to 1σ, 2σ, and 3σ (containing 39.3%, 86.5%, and 98.9%
of the prior probability, respectively), including the effects
of changing coordinates from tasc and Porb appearing in Ta-
ble 1 to t′asc and P̃ . The inner search region, in which we
choose a longer Tmax to do a deeper search, is within ±185 s
of the most likely value of t′asc and contains 68.1% of the prior
probability, while the full search region, within ±3× 185 s of
the most likely t′asc 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 P̃
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 P̃ was unresolved in many
search jobs, i.e., the mismatch associated with an offset of
3.3 × 0.011 s from the most likely value 68023.86 s was less
than 0.0625.

The cross-correlation (CrossCorr) search method252

(Dhurandhar et al. 2008; Whelan et al. 2015) has been253

used to search for GWs from Sco X-1 in LIGO data from254

the first two observing runs of Advanced LIGO and Ad-255

vanced Virgo (Abbott et al. 2017c; Zhang et al. 2021). It256

uses the signal model described in Sec. 2 to construct an257

appropriately weighted statistic ρ including correlations258

between data separated by up to a coherence time Tmax.259

The statistic is constructed using short Fourier trans-260

forms (SFTs) of length Tsft. If the SFTs are labelled261

by an index K, L, etc., which encodes the detector and262

time of the SFT, and zK is an appropriately normal-263

ized combination of the Fourier data at the frequency of264

interest, we can write the statistic ρ as265

ρ =
∑

KL∈P
(WKLz

∗
KzL +W ∗KLzKz

∗
L) . (6)266
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Figure 2. The search regions and prior uncertainties shown
in Fig. 1, expressed in terms of the system parameters t′asc

and Porb. 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 Porb and t′asc because it used the Porb

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′asc induced
by the inaccurate Porb value was less for the epoch of the
search (2015 rather than 2019).

where P is the set of all pairs of SFTs whose start times267

differ by Tmax or less, and WKL is a complex weight-268

ing factor constructed using the signal model. Since the269

choice of frequency bin(s) in the construction of zK , and270

the amplitude and phase of the weighting factorWKL for271

each SFT pair, depend on the unknown parameters of272

the signal, we must conduct the search at a set of points273

in parameter space, each of which defines a “search tem-274

plate”.275

The maximum separation Tmax can be chosen to276

“tune” the search: higher Tmax values produce a more277

sensitive search, but can significantly increase comput-278

ing cost, both due to the increased number of corre-279

lation terms in the statistic and especially due to the280

increased density of search templates needed in the pa-281

rameter space. As detailed in (Abbott et al. 2017c),282

the Tsft and Tmax values were chosen as a function of283

frequency and orbital parameters in order to optimize284

the search at a given computing cost. For the present285

search, we used the same Tmax values as in O1 rather286
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Figure 3. Illustration of parameter space cells in t′asc and
a sin i, and example of coherence times Tmax, 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.1 The one exception is for the fre-287

quency range 400−600 Hz, for which the achievable sen-288

sitivity is closer in O3 than it was in O1 to the signal289

strength nominally expected from the torque balance290

model equation (5); for those frequencies, we used dou-291

ble the Tmax of the O1 search. Note that, even with the292

same coherence times, the O3 search would require more293

computing resources than the O1 search, due to the in-294

creased observing time. However, by using a more effi-295

cient template lattice and convenient coordinate choices296

as described in Wagner et al. (2022), we are able to offset297

1 The O2 analysis of Zhang et al. (2021), which was limited to
frequencies between 40 and 180 Hz, used a longer coherence time
of ∼ 19 hr 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

f0 (Hz) [25, 1600]

a sin i (lt-s)a [1.44, 3.25]

t′asc (GPS s)b 1255015049± 3× 185

P̃ (s)c 68023.86± 3.3× 0.011

aThe range for the projected semima-
jor axis a sin i = K1Porb/(2π) in light-
seconds was taken from the constraint
K1 ∈ [40, 90] km/s.

bThis value for the time of ascension t′asc,
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.

cThis is the “sheared” period defined in
equation (8); note that the uncertainty
in P̃ has been reduced compared to the
marginal uncertainty in Porb by the same
factor by which the uncertainty in t′asc

has been increased relative to that for
tasc, as described in Wagner et al. (2022).
The search region in P̃ is 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 × 0.011 at a maximum mismatch of
0.0625.

the increase in observing time and maintain a manage-298

able computing time.299

In addition to the signal frequency, f0, we search over300

the orbital parameters of the system, as summarized in301

Table 2. The projected semimajor axis of the orbit is302

assumed to lie in the range a sin i ∈ [1.44, 3.25] light-303

seconds, corresponding to a range in projected orbital304

velocity of [40, 90] km/sec. The search region in orbital305

period Porb and time of ascension tasc is constructed306

using the method of Wagner et al. (2022): the time of307

ascension tasc is propagated 4125 orbits to define308

t′asc = tasc + 4125× 68023.86 s , (7)309

and the “sheared” orbital period is defined as310

P̃ = Porb − 2.42× 10−4(t′asc − 1255015049) . (8)311

The most likely t′asc is 2019–Oct–13 15:17:11 UTC (GPS312

1255015049). The coordinates t′asc and P̃ are approxi-313

mately uncorrelated both in the parameter space metric314

of the search and in the astrophysical prior distribution.2315

Note that the included prior probability is an underesti-316

mate of the efficiency in covering parameter space, since317

the “sheared” period coordinate P̃ was unresolved in318

many search jobs, i.e., the mismatch associated with an319

offset of 3.3×0.011 s from the most likely value 68023.86 s320

(the dashed rectangular boundaries in Fig. 1) was less321

than 0.0625.322

The search was done over a range of t′asc =323

1255015049 ± 3 × 185 s and with P̃ constrained to lie324

in an elliptical region centered on 68023.86 s with semi-325

axes of 3.3 × 0.011 s for P̃ and 3.3 × 185 s for t′asc, as326

illustrated in Fig. 1. For reference, in Fig. 2 we show327

this region in the coordinates (t′asc, Porb), along with the328

search regions used in Abbott et al. (2017c) and Zhang329

et al. (2021), propagated forward in time to the epoch330

considered in this analysis.331

To perform the analysis, the parameter space was di-332

vided into small jobs which could be run in parallel.333

Each 5 Hz frequency band was divided into between 100334

and 4000 sub-bands, and the orbital parameter space335

was divided into 9 or 20 cells, as illustrated in Fig. 3.336

These subdivisions of parameter space were chosen so337

that each analysis job would run in a reasonable amount338

of time (. 10 hr), allowing the analysis to be done339

quickly via distributed computing.340

Search templates were placed in the parameter space341

using an A∗n lattice with a maximum mismatch of 0.25342

as described in Wagner et al. (2022); Wette (2014). Be-343

cause the use of the sheared coordinate P̃ reduces the344

one-sigma prior uncertainty from 0.043 s to 0.011 s, the345

period was unresolved for most search jobs. We com-346

puted the maximum mismatch µP̃
max associated with an347

offset of 3.3× 0.011 s. For jobs in which µP̃
max ≤ 0.0625,348

the initial search was done with P̃ = 68023.86 s and an349

A∗3 lattice in the other three parameters (f0, a sin i, t′asc).350

To account for the non-zero mismatch contribution from351

the possible P̃ offset, the maximum mismatch of the A∗3352

lattice was set to 0.25 − µP̃
max . (Note that this actu-353

ally guarantees coverage at the specified maximum mis-354

match over a rectangle in t′asc, P̃ rather than just the355

ellipse shown in Fig. 1.) If, on the other hand, the P̃356

coordinate was resolved in a particular search job, an A∗4357

lattice in all of the coordinates with maximum mismatch358

of 0.25 was used.359

2 The correlations would have been even smaller, had the optimal
coefficient 2.25 × 10−4 been used in equation (8), but a software
bug led to the use of the coefficient 2.42 × 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%.
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Table 3. Summary of Numbers of Templates and Candidates.

f0(Hz) Tsft Tmax(s) ρ number of expected Gauss followup level

min max (s) min max thresha templates false alarmsb 0c 1d 2e 3f

25 50 1440 10080 18720 6.3 5.68× 109 0.8 63 31 10 1

50 100 1020 8160 14280 6.3 2.88× 1010 4.3 131 114 40 2

100 150 840 6720 10920 6.3 6.13× 1010 9.1 169 166 73 3

150 200 720 5040 8640 6.3 6.69× 1010 10.0 171 170 68 2

200 300 600 2400 4800 6.3 4.54× 1010 6.7 66 66 14 4

300 400 510 1530 3060 6.3 2.09× 1010 3.1 19 19 1 1

400 600 360 720 2160 6.2 3.46× 1010 9.8 343 226 20 9

600 800 360 360 360 5.8 1.80× 109 6.0 15 15 0 0

800 1200 300 300 300 5.8 4.36× 109 14.5 226 70 2 0

1200 1600 240 240 240 5.8 4.36× 109 14.5 346 55 2 0

Note—For each range of frequencies, this table shows the SFT duration Tsft, the minimum and
maximum coherence time Tmax used for the search, across the different orbital parameter space cells
(see Fig. 3), the threshold in signal-to-noise ratio (S/N) ρ 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.)

aThis 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.

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

dThis 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.

eThis is the number of candidates remaining after each has been followed up with a Tmax equal to
4× 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.

fThis is the number of candidates remaining after Tmax 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 f0, 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 |ḟ |drift, chang-

ing on a time scale Tdrift. For O3, in which the dura-

tion of the run from start to end is Trun = 3.12 × 107,

and the coherence times used for the initial search are

Tmax ≤ 18720 s the expected loss of S/N is

E [ρ]
ideal − E [ρ]

E [ρ]
ideal

≈ 0.018

(
Tdrift

106 s

)( |ḟ |drift

10−12 Hz/s

)2(
Tmax

18720 s

)2

. (9)

which indicates that spin wandering is not likely to be360

an important effect for this search. Also, as noted in361

Zhang et al. (2021), the predictions of Mukherjee et al.362

(2018) based on the time-variation of the X-ray flux from363

Sco X-1 imply considerably less spin wandering than the364

näıve |ḟ |drift-Tdrift model, whose fiducial parameters are365

taken from Messenger et al. (2015).366
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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. (2017c) 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 < f0 < 600 Hz, where the same threshold
of 6.2 was used for the O1 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 < f0 < 400 Hz and 5.8 for
600 Hz < f0 < 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 (cf. Table 3) makes
the Gaussian followup level an imprecise tool in any event.

4. CANDIDATES, OUTLIERS AND FOLLOWUP367

The detection statistic ρ is normalized to have zero368

mean and unit variance in Gaussian noise. As in Abbott369

et al. (2017c), we make a näıve estimate of the expected370

background by assuming each search template to repre-371

sent an independent Gaussian random number, and use372

this value to set the threshold at an approximate level373

of one expected false alarm level per 50 Hz. As shown374

in Fig. 4, the threshold for followup for this search was375

set at 6.3 for 25 Hz < f0 < 400 Hz, 6.2 for 400 Hz <376

f0 < 600 Hz, and 5.8 for 600 Hz < f0 < 1600 Hz. Due in377

part to our more efficient template placement, we were378

able to use a lower followup threshold than in Abbott379

et al. (2017c), except for 400 Hz < f0 < 600 Hz where we380

used the same threshold, despite having a search with381

twice the coherence time. Table 3 shows the resulting ex-382

pected numbers of false alarms in each frequency range.383

For candidates exceeding the followup threshold, we384

applied the procedure detailed in Abbott et al. (2017c).385

Here we highlight the basic steps, as well as details that386

were changed for this analysis:387

• Candidates were “clustered” together in frequency,388

with all templates within 0.01 Hz of a peak in S/N389

above the threshold being represented by the pa-390

rameters of the peak. These are known as the391

“level 0” results.392

• A “refinement” search was performed on each393

level 0 candidate, with the same Tmax as the orig-394

inal search and a resolution ∼ 3× as fine as the395

original lattice. This and later stages of followup396

were run on a rectangular grid in the “sheared”397

parameters (f0, a sin i, t′asc, P̃ ). For the refinement398

stage, a grid of 13 × 13 × 13 × 5 points was used,399

centered on the (f0, a sin i, t′asc) values of the can-400

didate, and covering the full prior range in the ini-401

tially unresolved P̃ . To deal with the effects of un-402

known narrow-band features (“lines”) present in a403

single detector, we computed a detection statistic404

using only data from the LIGO Livingston Ob-405

servatory (LLO) detector and another using only406

LIGO Hanford Observatory (LHO) data. If ei-407

ther of these exceeded the detection statistic con-408

structed from all the data, we vetoed the candi-409

date as a likely instrumental artifact. Candidates410

from the refinement search that survive this veto411

are known as the “level 1” results.412

• Two successive rounds of followup were performed,413

starting with the level 1 candidates. At each stage,414

the coherence time Tmax was quadrupled from the415

previous stage, and the density of templates in416

each direction was increased by a factor of 3. The417

grid used was 13×13×13×13 in (f0, a sin i, t′asc, P̃ ),418

centered on the peak of the results of the previ-419

ous level’s results. Candidates that increased their420

SNR from the previous level were known as the421

“level 2” (4× the original Tmax) and “level 3” (16×422

the original Tmax) results.423

A total of 22 candidates survive level 3 of followup. Two424

checks were done to determine whether any of them rep-425

resent convincing detection candidates, one using the426

results of the cross-correlation search, and one using an427

independent pipeline.428

For the first check, in Fig. 5 we plot the ratio by which429

the S/N increases from level 1 to level 2 and from level 2430

to level 3. We also plot the corresponding ratios for431
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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 ρ after followup level 1 (at the original
coherence time Tmax), level 2 (at 4× the original coherence
time), and level 3 (at 16× 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 ρlevel 3/ρlevel 1 equal to 2 and 4. There are no points
with ρlevel 2/ρlevel 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 näıve expectation is that the S/N
will roughly double each time Tmax 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.

all of the candidates surviving level 2 (the 16× original432

Tmax followup is not available for candidates which fail433

level 2), and also for the simulated signal injections de-434

scribed in Sec. 5. We would näıvely expect a real signal435

to double its S/N between level 1 and level 2, and again436

between level 2 and level 3, but none of the candidates437

from the search come close to this. As in Abbott et al.438

(2017c), none of the candidates double their S/N from439

level 1 to level 3, let alone in a single followup stage. On440

the other hand, all but one of the injections, while not441

doubling their S/N with each stage of followup, increase442

their S/N noticeably more than any of the candidates443

from the search.444

Note that, at some frequencies, known instrumental445

lines lead us to omit all the data from one of the two446

LIGO detectors from the search. This produces a single-447

detector search for which the unknown-line veto is not448

applicable. Of the 22 search outliers that survived our449

veto process, 6 were in this category, as well as 4 of the450

injections, including the one injection which increased451

its S/N negligibly under the followup procedure. Also452

note that of the 821 injected signals (out of 918) that453

produced ρ values above their respective thresholds, 817454

survived all the levels of followup. (There were 3 vetoed455

at level 1, 1 at level 2 and 0 at level 3, all because of456

the single-detector unknown-line veto.) We thus con-457

clude that our followup procedure is relatively robust,458

and that there are no convincing detection candidates459

from the search.460

An additional, complementary, multi-stage MCMC461

followup using the method described in Tenorio et al.462

(2021) using the PyFstat package (Ashton & Prix 2018;463

Keitel et al. 2021; Ashton et al. 2022) was applied to the464

22 outliers using the same configuration as in Abbott465

et al. (2022c). This method places templates adaptively466

to compute the semicoherent F-statistic (Jaranowski467

et al. 1998; Cutler & Schutz 2005) around the candidate468

of interest using a diminishing number of coherent seg-469

ments (660, 330, 92, 24, 4, and 1). The coherence times470

of the corresponding segments range from half a day to471

the full observing run. A Bayes factor is computed using472

the F-statistic values from subsequent coherence stages473

corresponding to the loudest template. The signal hy-474

pothesis assesses the consistency of these values, whereas475

the noise hypothesis states the (in)consistency of the fi-476

nal value with the background distribution, taking the477

final-stage trials factor into account.478

The resulting Bayes factor values are significantly479

lower than what would be expected for a signal de-480

tectable by this search, as confirmed by an analogous481

followup of a similar number of injected signals.482

5. UPPER LIMITS AND IMPLICATIONS483

Since our search produced no convincing detection484

candidates, we set upper limits on the strength of GWs485

from Sco X-1 as a function of frequency, using the486

method described in detail in Abbott et al. (2017c).487

First, näıve Bayesian upper limits were set within each488

0.05 Hz band, using the 95th percentile of the posterior489

on h2
0 or (heff

0 )2 deduced from the highest S/N seen in490

each band.3 Then, a series of simulated signals were491

added to the data at a variety of amplitudes, and a492

Bayesian logistic regression analysis was performed to493

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 h0, after marginalizing over
neutron star spin inclination ι, 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 heff

0 , defined in equation (2). This is equivalent to
the upper limit on h0 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/ι = 44◦”) corresponds

to the assumption that the neutron star spin is aligned to the most likely orbital angular momentum, and ι ≈ i ≈ 44◦. (See
Table 1.) The blue diagonal bands show heff

0 levels corresponding to the torque balance h0 in the upper plot. The darker-
shaded band corresponds (5th to 95th percentiles) to a Gaussian distribution with mean and standard deviation corresponding
to ι = 44◦ ± 6◦, as used in Zhang et al. (2021). Finally, the lighter-shaded band shows the full range of possible heff

0 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. (2017c) (“CrossCorr O1”) and Zhang et al. (2021) (“CrossCorr O2”). 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 h0 up-
per limit implied by the heff

0 upper limit in the lower panel
of Fig. 6, assuming the range of possible inclinations from
0 ≤ |cos ι| ≤ 1. [Linear polarization (cos ι = 0) is at the
top, and circular polarization (cos ι = ±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∗ = 10 km. The dot-dash red line is the same model
assuming a lever arm of r = rA ≈ 49 km, which is the value
of the Alfvén radius given by equation (10) for ξ = 1 and
B = 108 G. Note that this is slightly larger than the value of
35 km 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 < ξ < 0.5, assuming a magnetic field of
108 G (GS8) or 109 G (GS9).

estimate the factor by which to multiply the näıve 95%494

Bayesian upper limit on amplitude in order to reach the495

threshold of 95% signal recovery. [As in Abbott et al.496

(2017c), “recovery” was defined as an increase in the497

maximum S/N seen in a band, over the value with no in-498

jection present.] We performed a total of 918 injections4
499

between 25 Hz and 500 Hz, of which 863 were recovered,500

with a resulting adjustment factor of 1.19 to the am-501

plitude of the heff
0 upper limit. As described in Abbott502

et al. (2017c), to set the adjustment factor for the h0503

limit, we limit attention to injections which were gen-504

erated with a specified h0 rather than heff
0 , of which we505

recovered 546 of 575, with a resulting adjustment factor506

of 1.17.5 The upper limits including these adjustment507

factors are shown in Fig. 6.508

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. (2017c)
were 1.44 for h0 and 1.21 for heff

0 . 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.

The upper limits placed by this search improve on509

those from previous observing runs, and are now probing510

a theoretically significant portion of parameter space.511

This is usually quantified in terms of the torque bal-512

ance amplitude, i.e., the GW amplitude that would be513

required for GW spindown torques to balance the accre-514

tion torque. As discussed in Sec. 1 this limit is a useful515

benchmark, but is highly uncertain, reflecting the high516

level of uncertainty in the theoretical modelling of accre-517

tion torques. We illustrate this in Fig. 7 by comparing518

the upper limits from our search not only to the stan-519

dard limit of equation (5), obtained by assuming the520

lever arm to be the radius of the NS, r = R∗ = 10 km,521

in equation (4), but also to an example of the range522

of torque balance amplitudes allowed by current models523

for accretion onto a magnetized star. First, we consider524

a model of the same form as in equation (3) and equa-525

tion (5), but do not assume accretion to occur on the526

surface, but rather take the torque arm to be the Alfvén527

radius rA, at which the disk is truncated by the mag-528

netic field(Pringle & Rees 1972):529

rA =35X

(
Ṁ

10−10M�/year

)−2/7(
M

1.4M�

)−1/7

(
R

10 km

)12/7(
B

108 G

)4/7

km ,

(10)530

where 0.1 . X . 1 is a phenomenological parame-531

ter that encodes the uncertainty in the truncation ra-532

dius of the disk. Using the mass accretion rate of533

Sco X-1 inferred from X-ray observations (Watts et al.534

2008), along with B = 108 G and X = 1 gives an535

Alfvén radius of rA ≈ 49 km, which is used to generate536

the curve in Fig. 7. We also consider one of the pa-537

rameterized models of Glampedakis & Suvorov (2021),538

which encompass a wide range of physics and can suc-539

cessfully fit spinup episodes in a number of observed540

LMXBs. In particular, for illustrative purposes, we use541

their “new” model 2, for which the torque has the form542

N
(2)
A = ξ−7/2NA(1 + 3ξ7/2 − 2ωA)/3, with the fast-543

ness parameter ωA = (RA/RC)(3/2) and the co-rotation544

radius Rc = 27(M/1.4M�)(1/3)(νs/500)(−2/3) km. We545

consider two values for the magnetic field strength at546

the surface of the star, B = 108 G, and B = 109 G, and547

consider values of ξ between ξ = 0.3 (which sets the548

upper limit in our plots) and ξ = 0.5.549

As can be clearly seen, there is a wide portion of pa-550

rameter space allowed by theoretical models. Further-551

more at higher frequencies the theory is intrinsically un-552

certain, as the models of Glampedakis & Suvorov (2021)553

naturally predict spin equilibrium due to accretion alone554

below roughly 1 kHz, without any need for gravitational555
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radiation–in fact it is also possible that the NS may not556

be in the frequency range we are searching. This “fuzzi-557

ness” in the torque balance limit (which may be even558

further enhanced by additional effects not considered559

in the models of Glampedakis & Suvorov (2021), such560

as viscous heating in the disk or the efficiency of X-561

ray emission), make it therefore impossible to draw firm562

conclusions on the equation of state (EoS) of the NS, or563

magnetic field strength, directly from our upper limits,564

without committing to a particular accretion model.565

Nevertheless it is clear from Fig. 7 that in the range566

we are most sensitive to, approximately between 30 Hz567

and 400 Hz, our upper limits are probing below even the568

more stringent limit set by accretion onto the surface,569

thus searching a physically significant portion of param-570

eter space. Furthermore, our results are probing the pa-571

rameter space predicted by the models of Glampedakis572

& Suvorov (2021) up to f0 ∼ 500 Hz. Searching at these573

higher frequencies is important; although the frequency574

of Sco X-1 is not known, the distribution of spin fre-575

quencies of the observed AMXPs appears to be bimodal576

(Patruno et al. 2017), with a “fast” population of pul-577

sars, for which Patruno et al. (2017) make the hypothe-578

sis that GW emission may play a role, centered around579

νs ≈ 550 Hz (i.e., f0 ≈ 1100 Hz for triaxial emission),580

and a slower population centered around νs ≈ 300 Hz581

(i.e., f0 ≈ 600 Hz).582

To give an illustration of how our results can con-583

strain possible torque balance models, consider in more584

detail the simplest accretion model, i.e. that obtained585

by setting r = R∗ in equation (3). In this case we may586

ask if, by comparing the upper limits from our searches587

to the theoretical value for the h0 in equation (3), it is588

possible to put constraints on the physical parameters589

of the star for which the torque balance scenario is still590

viable. To answer this question we consider two param-591

eters: the mass of the star and the inclination angle ι,592

for two EoSs taken from the CompOSE database (Typel593

et al. 2015; Oertel et al. 2017; Typel et al. 2022) both for594

a softer EoS, GR15 (Gulminelli & Raduta 2015), and a595

stiffer EoS, GPPVA (Grill et al. 2014). The results can596

be seen in Fig. 8 for the mass of the NSs. We see that,597

for the range of frequencies in which our search is most598

sensitive, we can exclude the torque balance scenario for599

higher mass NSs, especially in the case of a stiffer EoS.600

The GW amplitude is, however, clearly very strongly af-601

fected by the inclination angle, so in Fig. 8 we also plot602

our constraints in terms of the inclination angle ι, hold-603

ing the stellar mass fixed at M = 1.4M�. Also in this604

case we see that we can rule out torque balance models605

with nearly circular polarization (small ι) over a wide606

range of frequencies for both choices of EoS.607

6. CONCLUSIONS AND OUTLOOK608

We have presented the results of the most sensitive609

search to date for GWs from Sco X-1, using LIGO de-610

tector data from the third observing run of Advanced611

LIGO, Advanced Virgo and KAGRA. We have set up-612

per limits across a range of signal frequencies 25 Hz <613

f0 < 1600 Hz, corresponding to NS spin frequencies of614

12.5 Hz < νs < 800 Hz. The sensitivity of our search is615

now probing possible models of torque balance equilib-616

rium over a range of frequencies spanning hundreds of617

Hertz, and for the first time, approaches the standard618

conservative torque balance prediction even under pes-619

simistic assumptions about NS inclination angle. We620

expect to see a further improvement in sensitivity from621

upcoming LIGO-Virgo-KAGRA observing runs (Abbott622

et al. 2020).623
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Universitats, Ciència i Societat Digital de la General-653

itat Valenciana and the CERCA Programme General-654

itat de Catalunya, Spain, the National Science Centre655

of Poland and the European Union – European Re-656

gional Development Fund; Foundation for Polish Science657

(FNP), the Swiss National Science Foundation (SNSF),658



13

25 50 100 200 500 1000 1600

GW Frequency (Hz)

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

N
S
M
a
ss

(M
⊙
)

Torque Balance Constraints w/GR15 EOS

excluded for ι = 0◦

excluded for ι ≤ 44◦

excluded for all ι

25 50 100 200 500 1000 1600

GW Frequency (Hz)

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

N
S
M
a
ss

(M
⊙
)

Torque Balance Constraints w/GPPVA EOS

excluded for ι = 0◦

excluded for ι ≤ 44◦

excluded for all ι

25 50 100 200 500 1000 1600

GW Frequency (Hz)

0◦

15◦

30◦

45◦

60◦

75◦

90◦

N
S
S
p
in

In
cl
in
at
io
n
ι

Torque Balance Constraints w/GR15 EOS

excluded for M = 1.4M⊙

25 50 100 200 500 1000 1600

GW Frequency (Hz)

0◦

15◦

30◦

45◦

60◦

75◦

90◦

N
S
S
p
in

In
cl
in
at
io
n
ι

Torque Balance Constraints w/GPPVA EOS

excluded for M = 1.4M⊙

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
ι = 0◦ (or 180◦), where the GWs would be circularly polarized. Assuming the worst-case scenario of linear polarization ι = 90◦

gives constraints which hold for any inclination, and the most likely value of ι = 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 = 1.4M�, the
limits that can be set on ι. We see that, for both EoSs, our observations can exclude nearly circular polarized (small ι) GW
emission at the torque balance level for a wide range of frequencies.
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C. C. Perkins,71 A. Perreca ,95, 96 S. Perriès,139 J. W. Perry,27, 92 D. Pesios,201 J. Petermann ,84

H. P. Pfeiffer ,109 H. Pham,54 K. A. Pham ,83 K. S. Phukon ,27, 212 H. Phurailatpam,131

O. J. Piccinni ,55, 31 M. Pichot ,36 M. Piendibene,73, 17 F. Piergiovanni,52, 53 L. Pierini ,100, 55

G. Pierra,139 V. Pierro ,81, 99 G. Pillant,46 M. Pillas,45 F. Pilo ,17 L. Pinard,156 C. Pineda-Bosque,194

I. M. Pinto ,81, 99, 258, 25 M. Pinto,46 B. J. Piotrzkowski,7 K. Piotrzkowski,56 M. Pirello,67

M. D. Pitkin ,195 A. Placidi ,39, 74 E. Placidi,100, 55 M. L. Planas ,86 W. Plastino ,259, 234

R. Poggiani ,73, 17 E. Polini ,24 D. Y. T. Pong,131 S. Ponrathnam,12 E. K. Porter,44 C. Posnansky,6

R. Poulton ,46 J. Powell,141 M. Pracchia,24 T. Pradier,165 A. K. Prajapati,78 K. Prasai,72

R. Prasanna,204 G. Pratten ,106 M. Principe,81, 258, 99 G. A. Prodi ,260, 96 L. Prokhorov,106

P. Prosposito,125, 126 L. Prudenzi,109 A. Puecher,27, 62 M. Punturo ,39 F. Puosi,17, 73 P. Puppo,55

M. Pürrer ,109 H. Qi ,16 N. Quartey,105 V. Quetschke,149 P. J. Quinonez,35 R. Quitzow-James,91

F. J. Raab,67 G. Raaijmakers,37, 27 H. Radkins,67 N. Radulesco,36 P. Raffai ,152 S. X. Rail,224 S. Raja,90

C. Rajan,90 K. E. Ramirez ,54 T. D. Ramirez,43 A. Ramos-Buades ,109 D. Rana,12 J. Rana,6

P. R. Rangnekar,72 P. Rapagnani,100, 55 A. Ray ,7 V. Raymond ,16 N. Raza ,146 M. Razzano ,73, 17

J. Read,43 T. Regimbau,24 L. Rei ,88 S. Reid,85 S. W. Reid,105 M. Reinhard,71 D. H. Reitze,1

P. Relton ,16 A. Renzini,1 P. Rettegno ,21, 22 B. Revenu ,44 J. Reyes,167 A. Reza,27 M. Rezac,43

A. S. Rezaei,55, 100 F. Ricci,100, 55 D. Richards,197 J. W. Richardson ,261 L. Richardson,121 K. Riles ,186

S. Rinaldi ,73, 17 C. Robertson,197 N. A. Robertson,1 R. Robie,1 F. Robinet,45 A. Rocchi ,126

S. Rodriguez,43 L. Rolland ,24 J. G. Rollins ,1 M. Romanelli,101 R. Romano,3, 4 C. L. Romel,67

A. Romero ,31 I. M. Romero-Shaw,5 J. H. Romie,54 S. Ronchini ,32, 103 T. J. Roocke ,82 L. Rosa,4, 25
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21Dipartimento di Fisica, Università degli Studi di Torino, I-10125 Torino, Italy

22INFN Sezione di Torino, I-10125 Torino, Italy
23SUPA, University of Glasgow, Glasgow G12 8QQ, United Kingdom

24Univ. Savoie Mont Blanc, CNRS, Laboratoire d’Annecy de Physique des Particules - IN2P3, F-74000 Annecy, France
25Università di Napoli “Federico II”, I-80126 Napoli, Italy
26Maastricht University, 6200 MD Maastricht, Netherlands

27Nikhef, 1098 XG Amsterdam, Netherlands
28Department of Physics, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

29Research Center for the Early Universe (RESCEU), The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan
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112L2IT, Laboratoire des 2 Infinis - Toulouse, Université de Toulouse, CNRS/IN2P3, UPS, F-31062 Toulouse Cedex 9, France

113University of Portsmouth, Portsmouth, PO1 3FX, United Kingdom
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143Université Libre de Bruxelles, Brussels 1050, Belgium
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