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Neutron star spin frequency (Hz) 

Evidence for gravitational radiation	

•  Spin frequencies are << breakup despite 
sufficient spin-up over accretion lifetime 	
Chakrabarty et al. 2003, Nature 424, 42	

•  Several have suggested that gravitational 
radiation from a non-spherical neutron star 
might limit the maximum frequency; amplitude 
∝ f6 Bildsten et al. 1998, ApJ 501, L89	

-> detection by Advanced LIGO?	
Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	

With RXTE, we have (had) no loss of 
sensitivity for pulsations >1kHz	
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The gravitational wave strength	

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	

•  A “mountain” on the neutron star will give 
rise to a gravitational wave strength of	
		
	
	
	where FX is the observed X-ray flux and νs 
the spin frequency (Bildsten 1998)	

•  We can measure the flux with satellite X-ray 
telescopes; the brighter the source, the 
greater the expected GW strength	

•  We can also (sometimes) measure the neutron 
star spin (generally to ~few Hz)	
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Classes of LMXBs	

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	

Type	
Pulse 
phase?	

Spin 
Freq?	

Orbital 
period?	 FX	

Accretion-
powered 
millisecond 
pulsar (8)	

Yes 
(while 
active)	

Yes	 Yes, Doppler 
modulation	

Transient	
<10-9 erg 
cm-2 s-1	

Burst 
oscillation/ 
intermittent 
pulsar (14)	

Some-
times 
(not 
precise)	

Approx. 
(for 
~20%)	

Optical 
photometry/
spectro-
scopy	

Moderate	
Few 10-9 
erg cm-2 
s-1	

Twin kHz 
QPOs (e.g. 
Sco X-1) “Z-
source”	

No	 1x or 
2x QPO 
separ-
ation?	

Optical 
photometry/
spectro-
scopy?	

High	
~10-8 erg 
cm-2 s-1	

! 

˙ M Edd
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* Note Patruno et al. 2012, ApJ 746; 
no need for braking via 
gravitational waves in MSPs	



Prospects for detectability	Gravitational waves from neutron star LMXBs 861
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Figure 9. The factor by which Fstat increases over the single template
value (Fstat = 11.4) plotted against the predicted amplitude for the moun-
tain scenario (equation 5). The brightest and most promising sources are
the most poorly constrained, and this is reflected in the effect on Fstat.
The difference in Fstat between the two strongest sources, Sco X-1 and
GX 5−1, is primarily due to the fact that Sco X-1 has much better orbital
constraints.

amplitude hexp
0 from each source, and the ratio hexp

0 /hsens
0 can be a

useful ‘detectability’ ranking for each source.
In the cases when Porb is essentially unknown, the ranges of Tasc

and ax sin i that we have chosen depend on Porb. This means that
the parameter space region is not rectangular and thus the template
counting equations of Section 4.1 will overestimate the number of
templates significantly, though not by orders of magnitude.

5.3 Numbers of templates

We can now compute the effect on our searches of parameter un-
certainty. We will start by considering the effect on the statistical
factor Fstat, neglecting computational cost issues. In other words,
we assume that it is feasible to do a coherent fold. In Tables 2–4 we
summarize the parameter ranges assumed for the pulsars, bursters
and kHz QPO sources, respectively. The tables show the associ-
ated Nλi for each parameter (for Tobs = 2 yr), the resulting total
number of templates that must be searched Ntemp, and the effect
on Fstat. Fig. 9 shows the change in the statistical factor for each
source.

In Fig. 2, where we showed results for a single template search,
each source had Fstat = 11.4. This meant that we could plot a
single detectability threshold curve for each detector. When each
source has a different Fstat, however, the detectability threshold
curves differ for each source. One way of comparing detectabil-
ity for sources with different noise threshold curves is to plot the
ratio of emitted to detectable amplitude: this is the approach that
we took for the transients (Fig. 5), and that we will adopt when
we come to consider computational cost. What we can also do,
however, to see the effect, is to scale the predicted amplitude h0 by
11.4/Fstat. Predicted amplitude does not really change, of course,
but it is a useful way of visualizing the impact of the statistical
factor.

Fig. 10 shows the impact on the mountain scenario: it should
be compared to Fig. 2. Only for the most tightly constrained pul-
sars is detectability largely unchanged: for the majority of sources
the detectable amplitude falls by a factor of 2–3 compared to a
single template search. Although this does not sound like a great
deal, it is sufficient to push all sources except Sco X-1 below the
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Figure 10. Effect on detectability for the mountain scenario (assuming
long-term average flux and a coherent fold with Tobs = 2 yr), taking into
account the effect on Fstat associated with the fact that Ntemp > 1. Compare
to the best case detectability shown in Fig. 2. As in Fig. 2, the noise curves
are computed assuming Fstat = 11.4 (the single template value), but we
have scaled the predicted amplitudes to reflect the fact that Fstat is larger.
Although this is not strictly ‘correct’ (it is the thresholds that should move,
not the predicted amplitudes) this is a useful way to visualize the impact.
See the text for more details.

detection threshold for Advanced LIGO broad-band.23 The effect
on the r-mode scenario, summarized in Tables 2–4, is slightly less
severe, leaving Sco X-1, GX 5−1, GX 349+2 and 4U 1820−30
above the detection threshold for Advanced LIGO broad-band. The
situation is better for the narrow-band configuration: although none
of the burst oscillation sources remain within range (for any of the
emission scenarios considered), several of the kHz QPO sources
are still viable. The spins for these sources are poorly constrained.
However, the anticipated narrow-band configurations (see top panel
of Fig. 1) have a reasonably broad bandwidth, leaving ample scope
for searches.

We can now take the final step and look at the impact of compu-
tational constraints on searches involving multiple templates. The
available computational power sets the length of data Tobs that can
feasibly be analysed within a given amount of time. In Table 5 we
summarize the impact in the situation where we assume a max-
imum analysis time of 2 yr, assuming that for Advanced LIGO
we have computational power 50 times greater than that currently
available within the LIGO Scientific Collaboration, while for the
ET we assume 100 times more computing than at present. These
assumptions are, of course, arbitrary, since the computing power
that can be applied to future searches depends not just on technol-
ogy (e.g. Moore’s law) but also on improvements in data analysis
techniques, and of course also on how much money is spent on
computing by future projects. We have taken numbers we feel are
defensible, but they may turn out to be conservative, especially for
the ET.

For the pulsars, computing constraints have little effect on the
detectability of the sources; however, these are not likely to be
detectable in any case. But for the bursters and the kHz QPO sources,
computational constraints lead to a major reduction in the Tobs that
it is feasible to analyse. For many sources we have to resort to
a semicoherent search, as a coherent fold is no longer possible.

23 Sco5 X-1 would also be marginal for Enhanced LIGO, over a restricted
frequency range.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 389, 839–868
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Even under fairly 
optimistic assumptions, 
*only* the brightest 
sources are likely 
detectable with 
Advanced LIGO	
	
	
	
	
	
	
	
	
	
	
	
Watts et al. 2008, 
MNRAS 389, 839	

Sco X-1	
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Classes of LMXBs	
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Type	
Pulse 
phase?	

Spin 
Freq?	

Orbital 
period?	 FX	

Accretion-
powered 
millisecond 
pulsar (8)	

Yes 
(while 
active)	

Yes	 Yes, Doppler 
modulation	

Transient	
<10-9 ergs 
cm-2 s-1	

Burst 
oscillation/ 
intermittent 
pulsar (14)	

Some-
times 
(not 
precise)	

Approx. 
(for 
~20%)	

Optical 
photometry/
spectro-
scopy	

Moderate	
Few 10-9 
ergs cm-2 
s-1	

Twin kHz 
QPOs (e.g. 
Sco X-1) “Z-
source”	

No	 1x or 
2x QPO 
separ-
ation?	

Optical 
photometry/
spectro-
scopy?	

High	
~10-8 ergs 
cm-2 s-1	

! 

˙ M Edd
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kHz QPOs as spin tracers	

•  In sources with 
both kHz QPOs and 
pulsations/burst 
oscillations, the 
kHz QPO separation 
is approximately 
equal to the spin 
frequency ν or 
sometimes 0.5ν	

•  May help reduce 
the parameter 
space for GW 
searches (but is 
risky)	

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	

852 A. L. Watts et al.

time Tdip = 245 3151.647 ± 0.003. Motch et al. (1987) showed that
the X-ray dips in this source occurred at phase 0.84 (with zero at
optical minimum), so they therefore derive T0 = JD 245 3151.509 ±
0.003. Barnes et al. (2007) have used phase-resolved spectroscopy
of the He II λ4686 emission line (thought to be emitted in the inner
accretion disc, close to the compact object) to estimate the velocity
of the compact object, and find a velocity semi-amplitude vx sin i =
130 ± 16 km s−1. Only the lower portion of this range is consistent
with a main-sequence or undermassive companion star: however,
we will use this value in our initial assessment of detectability.

3.4.16 EXO 0748−676 (νb = 45 Hz)

This system, which shows both dips and eclipses, has been per-
sistently active since 1985. Based on the spectral modelling of
Galloway et al. (2008a), we set 0.6 ASM cts s−1 = 3.6 ×
10−10 erg cm−2 s−1 (bolometric). The long-term average count rate
is 0.76 cts s−1. The best position, for the optical counterpart UY
Volantis, is RA = 7h48m25.s0 ± 0.s1, Dec. = −67◦37′31.′′7 ± 0.′′7
(B1950) (Wade et al. 1985). No more up to date position is avail-
able. The detection of PRE bursts that seem to be He-rich implies
a distance of 7.4 ± 0.9 kpc (Galloway et al. 2008a). Villarreal &
Strohmayer (2004) discovered burst oscillations at 45 Hz by averag-
ing together spectra from 38 separate bursts detected between 1996
and early 2003. Timing of the eclipses constrains the orbital pa-
rameters. Attempts to compute an orbital ephemeris, however, have
been complicated. The most recent study by Wolff et al. (2002) finds
a large apparent period change of 8 ms over the period 1985–2000
– much larger than expected from orbital models – and intrinsic
jitter that cannot be explained by any simple ephemeris. The rea-
son for this variability has yet to be resolved, and it is not clear
whether this represents genuine evolution in the binary period or
not. Wolff et al. (2002) consider various models in their analysis,
with orbital periods Porb = 0.159 3378 ± 1 × 10−7 d, mid-eclipse
times T90 = 46111.0739 ± 0.0013 MJD/TDB, and |Ṗorb| ! 10−11.
More recent analysis by Wen et al. (2006), using ASM data, finds
Porb = 0.159 3375 ± 6 × 10−7 d. The projected semimajor axis
has not been measured directly, but can be constrained. Wolff et al.
(2002) find eclipse durations 497.5 ± 6 s, which gives an eclipse
half-angle θx = 6.◦543 ± 0.◦015. This constrains the inclination via
equation (9). Roche lobe overflow (equation 7) implies a mean den-
sity for the donor star of 7.5 g cm−3, suggesting a main-sequence or
evolved companion. Maximum donor mass corresponds to a main-
sequence donor, with Md = 0.42 M%. Donor mass can be lower if
the companion is evolved, so following Hynes et al. (2006) we take
a minimum plausible companion mass of 0.07 M%. For the NS we
consider masses in the range 1.2–2.4 M%. This implies that ax sin i
lies in the range 0.11–0.84 light-second.

3.5 Kilohertz QPO sources

These remain the most difficult sources, because of the uncertainty
in the precise relationship between kHz QPO separation (which
varies) and spin frequency. Sources where a wide range of accretion
rates have been sampled show variation, those where only a few
accretion rates have been sampled (including the pulsars that have
kHz QPOs) do not. To gauge the uncertainty, consider the kHz QPO
separations recorded for those sources where we have either a spin
frequency or a burst oscillation frequency, illustrated in Fig. 3.

(i) Aql X-1: 550-Hz intermittent pulsar, twin kHz QPO separa-
tion 278 ± 18 Hz (Barret, Boutelier & Miller 2008).
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Figure 3. A comparison of twin kHz QPO separation and spin frequency
or burst oscillation frequency for those sources that show both phenomena.
The dotted line indicates equality of the two measures. For some objects
kHz QPO separation is consistent with being constant: these are shown as
single points with error bars. Note however that this may be due to poor
sampling of source states. For five objects kHz QPO separation varies: these
are shown as two points with a line indicating the range.

(ii) SAX J1808.4−3658: 401-Hz pulsar. Twin kHz QPOs ob-
served once during the 2002 outburst. Wijnands et al. (2003) report
a separation of 195 ± 6 Hz, later analysis by van Straaten, van der
Klis & Wijnands (2005) using a different fitting technique gives a
separation of 182 ± 8 Hz.

(iii) XTE J1807−294: 191-Hz pulsar. Twin kHz QPOs detected
on several occasions during the 2003 outburst. The measured separa-
tions were consistent with the spin frequency, although the weighted
average separation of 205 ± 6 Hz exceeds the spin at the 2.3σ level
(Linares et al. 2005).

(iv) 4U 1608−522: 619-Hz burst oscillations. Twin kHz QPOs
observed in the 1996 and 1998 outbursts, separations in the range
225–325 Hz (Méndez et al. 1998a,b).

(v) SAX J1750.8−2980: 601-Hz burst oscillations. Tentative de-
tection of twin kHz QPOs with a separation of 317 ± 9 Hz (Kaaret
et al. 2002).

(vi) 4U 1636−536: 582-Hz burst oscillations. Twin kHz QPOs
detected on multiple occasions, with separations varying from 240
to 325 Hz (Wijnands et al. 1997a; Méndez, van der Klis & van
Paradijs 1998c; Jonker, Méndez & van der Klis 2002a; di Salvo,
Méndez & van der Klis 2003; Barret, Olive & Miller 2005).

(vii) KS 1731−260: 524-Hz burst oscillations. Twin kHz QPOs
with separation 260.3 ± 9.6 Hz seen in one observation (Wijnands
& van der Klis 1997).

(viii) 4U 0614+09: 415-Hz burst oscillations. Twin kHz QPOs
have been seen on several occasions (Ford et al. 1997; van Straaten
et al. 2000, 2002). Separations vary from 238 ± 7 to 382 ± 7 Hz
(perhaps even as low as 213 ± 9 Hz although this figure is tentative).

(ix) 4U 1728−34: 363-Hz burst oscillations. Twin kHz QPOs
detected on multiple occasions, with separations in the range 275–
350 Hz (Strohmayer et al. 1996; Méndez & van der Klis 1999; di
Salvo et al. 2001; Migliari et al. 2003).

(x) 4U 1702−429: 330-Hz burst oscillations. Twin kHz QPOs
detected once in 1997, with a separation of 333 ± 5 Hz (Markwardt
et al. 1999a).

(xi) IGR J17191−2821: 294-Hz burst oscillations. Twin kHz
QPOs with separation 330 Hz (Klein-Wolt et al. 2007c).

(xii) 4U 1916−053: 270-Hz burst oscillations. Twin kHz QPOs
detected several times in 1996. Separation was consistent with being

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 389, 839–868

Watts et al. 2008, MNRAS 389, 839	
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Search sensitivity	

•  The main factor affecting the gravitational 
wave search sensitivity is a lack of 
precision of the LMXB orbital parameters 
(Abbott et al. 2007, Phys. Rev. D., 76 082001)	

•  A relatively straightforward exercise to 
improve sensitivity is to make measurements 
of LMXB optical counterparts to improve the 
precision	

•  Our goal is maximally precise orbital phase 
solutions that can be maintained through to 
Advanced LIGO observing periods	

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	 8	



Source selection	

ASM rate kHz orbital optical
Source (count s−1) bursts? QPOs? period? counterpart
Sco X-1 890 ± 110 yes 18.9 hr V818 Sco (V = 12.2)
GX 17+2 44 ± 5 yes yes candidate
Cyg X-2 38 ± 9 yes yes 9.8 d V1341 Cyg (V = 14.7)
GX 5-1 70 ± 9 yes candidate
GX 349+2 50 ± 8 yes 22.5 hr V1101 Sco (V = 18.6)
GX 340+0 29 ± 5 yes
GX 13+1 23 ± 3 24.07 d K = 12
Cir X-1∗ 100 ± 30 yes 16.6 d BR Cir (V = 21.4)
XTE J1701-462∗∗ 24 ± 4 yes yes?

Table 1: Target sources for this DP, in order of decreasing observational priority. The sec-
ond column gives the mean 2–10 keV intensity for the source measured by the RXTE/ASM;
this is an approximate measure of the time-averaged source flux (and hence GW amplitude).
1 ASM count s−1 is approximately equivalent to an X-ray flux of FX = 3×10−10 erg cm−2 s−1.
The third and fourth columns specify whether or not thermonuclear bursts, and kHz quasi-
periodic oscillations (QPOs) have been detected. The fifth column gives the orbital period,
where known, and details of the counterpart are listed in the sixth column.

∗ Although Cir X-1 was at this intensity level early in the RXTE mission, more recently
it has been extremely faint, and so is not a useful target for this DP unless the source
intensity returns to more typical levels.
∗∗ XTE J1701−462 is a transient which has only exhibited one outburst, and the listed
intensity is a rough average over the outburst. As with Cir X-1, the source is not a priority
unless it returns to an active state.

We will use archival data from the Rossi X-ray Timing Explorer (RXTE) to perform an
“acceleration search” for pulsations from our target sources. The orbital motion of the neutron
star has the effect of spreading out the signal power of any pulsation over a range in frequencies.
For practical searches, this has the effect of reducing the detectability, unless the orbital motion
is correctly accounted for by “accelerating” the observed time-series into a reference frame where
the neutron star is stationary. This procedure, as with the search for GW from these systems,
requires precise knowledge of the system parameters. Our uniquely coordinated approach will
provide these system parameters for the X-ray pulsation search, as well as the GW search.

Previous similar searches have been made, with data from earlier instruments, and CI
Ransom has been involved in earlier searches with RXTE data [7]. This particular search was
unsuccessful, and it is likely that more searches have been carried out, without success and
hence without reporting in the literature. In light of this, the likelihood of success with such
searches may appear remote. However, there are two reasons that we suggest it is worth another
attempt for the Z-sources. The first is the fact that we will be able to benefit from precise
system parameters, particularly the orbital period and phase, resulting from the first part of
this program. The second is the fact that additional RXTE measurements of these systems are
being made continuously, although this will not continue indefinitely, as the satellite will likely
be de-orbited by NASA within the next few years (it has already exceeded it’s engineering
lifetime by more than a factor of two!). Thus, likely within the scope of this DP, there will be
an opportunity to carry out an acceleration search with precise orbital parameters on the full
set of data obtained on each of these systems by RXTE. No comparable instrument is presently
planned as replacement, and this data set will not be surpassed likely for decades to come. The
results from the acceleration search will also form part of the RXTE Legacy Timing Project

which is the planning stages by CI Galloway and members of the RXTE/ASM instrument team
at MIT.

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	 9	

Selection criteria: 	
•  X-ray bright	
•  Accessible optical counterpart	



The double whammy	
•  Improved precision in orbital parameters 
also increases the detection sensitivity to 
X-ray pulsations, which have never been 
detected in the target systems	

•  A second stage, also exploiting the orbital 
solutions, is to make a search of 
(extensive) archival RXTE X-ray data for 
pulsations. With the improved orbital 
parameters and 15+ yr of RXTE data, we can 
do the most sensitive search yet	

•  Detection would allow us to measure the spin 
period; would confirm a neutron star; and 
give many orders of magnitude improvement in 
the GW search sensitivity	

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	 10	
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Observational approach	
•  Optical counterpart 
intensity and radial 
velocity vary with 
orbital phase	

•  Long-duration 
photometric or 
spectroscopic 
measurements 
required	

•  Steeghs &c pioneered 
use of Bowen lines 
as tracers of 
counterpart radial 
velocities	

analysis package. The two extracted spectra for each frame
were then added to produce the final set of 137 calibrated
Sco X-1 spectra.

3. ANALYSIS

3.1. The Emission Line Spectrum

The optical spectrum of Sco X-1 is dominated by strong
and broad emission lines from the Balmer series as well as
He i /He ii. However, closer inspection of our spectra
revealed a large number of weaker and very narrow emis-
sion line features that showed significant Doppler motions
as a function of orbital phase. In particular, the strong
Bowen blend near 4640 Å was resolved into an underlying
broad component, as well as several narrow components
from the individual Bowen transitions. Broad and highly
variable emission around 4640 Å was already noted by
Sandage et al. (1966) in the paper discussing the identifica-
tion of the optical counterpart of Sco X-1. A more detailed
investigation of the same data by Westphal, Sandage, &
Kristian (1968) did also indicate complex and strongly time-
dependent fine structure in the broad emission structures
and some preliminary evidence for velocity changes in the
strong Balmer and He ii lines. More recently, Bowen emis-
sion in Sco X-1 was noted by Willis et al. (1980) while
Schachter, Filippenko, & Kahn (1989) discuss the Bowen
fluorescence process in Sco X-1 in detail. However, neither
had the spectral resolution to resolve the individual compo-
nents. We will see in the next sections that these narrow
emission features can be attributed to the irradiated com-
panion star, thus revealing a direct signature from the mass
donor in Sco X-1 for the first time. In Figure 1, we present
the average normalized spectrum of Sco X-1 in the rest
frame of the companion star to facilitate the identification
of the narrow features. Most lines were identified using the
planetary nebulae emission line lists from Kaler (1976)
as well as the Kurucz atomic line list. Many narrow lines
from O ii are present as well as a few S iii, C ii, and N iii
transitions.

3.2. Bowen Emission from the Donor

In order to establish the origin of the narrow emission line
components, we measured the velocity of the narrow Bowen
components as a function of phase. As can be seen in Figure
1, the strongest Bowen components are the twoN iii compo-
nents at 4634.13 Å and 4640.64 Å and the C iii components
at 4647.4/4650.1 Å. In Figure 2, we display the Bowen blend
andHe ii 4686 emission in the form of a trailed spectrogram.
All the individual spectra were first normalized to the con-
tinuum using a third-order polynomial fit. The two N iii
components and the C iii component at 4647 Å clearly move
in phase with each other and are extremely narrow. In the
background, more diffuse emission can be seen to move

roughly in antiphase with these sharp components. For
comparison, the broad and weakly double-peaked He ii line
shows completely different line kinematics.

The velocities of the various components were measured
using multiple Gaussian fits to the individual spectra. At
first, we fitted the Bowen profiles using three narrow Gaus-
sians corresponding to the three strongest Bowen compo-
nents, as well as an underlying broad component. The
FWHM of the Gaussians were determined from a fit to the
average Bowen blend profile and fixed to 80 km s!1 for the
narrow components and 1550 km s!1 for the broad compo-
nent. The position and strength for eachGaussian was a free
parameter for each individual spectrum. The derived radial
velocities of the sharp components were identical within the
error bars. We thus decided to reduce the number of free
parameters in our fits and give the three narrow Gaussians a
common radial velocity but an independent strength. The
six parameters were optimized for each observed spectrum
through least-square fitting to determine the common

TABLE 1

Journal of Observations

Date UT Interval Number of Spectra
Exposure Time

(s) Orbital Phase Interval

1999 June 28....... 21:55–02:10 40 300 0.81–1.03
1999 June 29....... 20:55–02:15 51 300 0.03–0.31
1999 June 30....... 20:56–01:55 46 300 0.30–0.56

Fig. 1.—Average normalized spectrum of Sco X-1 in the rest frame of
the donor star. Three panels are on the same intensity scale with the strong
He ii !4686 and H" going off-scale in order to highlight the weaker lines.
Peak strength in He ii is around 1.46 compared to the continuum, whereas
it is 1.39 for H".

274 STEEGHS & CASARES Vol. 568

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	 11/16	



Candidate #1: Sco X-1	

•  Literature orbital period is based on 
photometric observations going back >100 
years! Gottlieb et al. 1975, ApJ 195, L33	

•  Most recent ephemeris from spectroscopic 
measurements in 1999 Steeghs et al. 2002, 568, 273	

•  A reported alias with a slightly longer 
period (0.78901 d instead of 0.787313 d) due 
to the seasonality of photometric 
observations Vanderlinde et al. 2003, PASP 115, 739	
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Parameter	 value	
Porb	 0.787313(1) d	
T0	 2451358.568(3) HJD	
K2	 77.2(4) km s-1	



New data	
•  Photometric data from All-sky Automated 
Survey (ASAS) http://www.astrouw.edu.pl/asas	

•  New epoch of optical spectroscopy (Jun 2011)	

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	 13/16	



Confirming the Gottlieb et al. Porb	

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	

Gottleib et al. 1975	

alias	
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Improving the Porb precision	
•  Radial velocities from Bowen 
blend measurements are 
subject to systematic 
uncertainties due to weakness 
of lines around phase 0 
(inferior conjunction)	

•  We screen the data to remove 
measurements with weak lines	

•  Can measure orbital phase to 
~0.003 d (Steeghs et al. 2002)	

•  Over 6030 orbital cycles 
expect σPorb ≈ 7×10-7 d	

•  Fits give 	
  Porb = 0.7873127 ± 0.0000007 d	

Galloway, “Tuning up for Gravitational Wave Detection in Accreting Neutron Stars”	 15/16	



Combined fits	
•  Joint fit of 
photometric and 
spectriscopic data 
yields the best 
precision on the 
parameters of 
interest	

•  Overall factor of ≈4 
improvement in 
precision	
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Parameter	 literature	 this work	 unit	
Porb	 0.787313(1)	 0.7873127(5)	 d	
T0	 2451358.568(3)	 2451358.5769(13)	 HJD	
K2	 77.2(4)	 74.3(7)	 km s-1	



Conclusions & prospects	

•  Demonstrated feasibility of the program	
•  Still need to measure aX sin i, via Doppler 
tomography; expect (perhaps) another factor 
of ~2 improvement	

•  In Sco X-1, long-term Porb (T0) precision 
limited by 	
–  finite timespan	
–  systematic uncertainties in radial velocities	

•  Likely can get these to a few by 10-7 (10-3) 
days, respectively, for aLIGO searches; need 
to assess what that does for searches	

•  Apart from more data, modelling of the 
emission region is a (high-overhead) option	
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Recommended candidate #2: Cyg X-2	

•  A known burst source with an accessible 
optical counterpart	

•  Joint fits to archival data going back to 
1975 with contemporary measurements provides 
improvements in system parameters:	
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Param	 literature	 Joint fits	
Plus 2011a 

observations	
Porb (sec)	 26	 6	 4	

aXsini 	
(lt-sec)	

1.6	 (0.9)	

T0 (min)	 43	 16	 13	
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Conclusions & prospects	

•  Our initial observations (over the next few 
months) will allow us to accurately estimate 
the likely precision we can reach by the 
AdvLIGO epoch	

•  We need to determine whether this is “good 
enough”, i.e. what is the best search 
strategy given the likely system parameter 
precision we can achieve	

•  Once our initial best-set of parameters are 
available, we will carry out X-ray pulsation 
searches (and perhaps also searches of in-
hand LIGO data?)	
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