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X-ray astronomy : recent problems

Difficult to design an observation 
instrument that can cover all the 

objects.
As a result, bright objects are out of the 
target because they are few in number.

Recently, it is not possible to make long-term observations of bright X-ray sources

Difficult to observe a single 
object for a long time because 

X-ray satellite is a public 
observatory

https://xrism.isas.jaxa.jp/

Problem 1

Problem 2How many X-ray sources are known currently?
https://heasarc.gsfc.nasa.
gov/docs/heasarc/headat
es/how_many_xray.html

X-ray observation needs to 
be performed outside the 

atmosphere.



CubeSat
Concept Design & Challenge to CubeSats
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Filling science gaps
All astrophysical phenomena change with time such that 
observed variability provides insight into the physical processes 
and motions at play. Many variable signals are best observed from 
space where conditions can be kept stable and where long and 
relatively unobstructed views are possible, compared to Earth’s 
day/night cycle. As recently evidenced by the remarkable stellar 
and exoplanet discoveries of NASA’s Kepler mission11 (https://
keplerscience.arc.nasa.gov/publications.html), there is much to 
be learned from staring at one field for a long period of time, mea-
sured in weeks or months.

Unlike ground-based time-domain surveys such as Pan-
STARRS12 and the Large Synoptic Survey Telescope13, space tele-
scopes also allow access to energies across the electromagnetic 
spectrum inaccessible to these telescopes due to the absorption 
by the Earth’s atmosphere, such as large gaps in the radio, the far-
infrared (far-IR), and the entire high-energy range (ultraviolet (UV) 
to gamma rays) (Fig. 2). However, time-domain programmes with 
flagship space missions, such as the Hubble Space Telescope (HST) 
and JWST, are challenging because the multi-purpose, multi-user 
and multi-billion dollar telescopes are in such high demand.

There are now a handful of small observatories housed in 
CubeSats preparing for science:

t� The ASTERIA (Arcsecond Space Telescope Enabling Research 
in Astrophysics) 6U CubeSat14, led by the Jet Propulsion Labora-
tory (JPL) and the Massachusetts Institute of Technology (Prin-
cipal Investigator (PI) Sara Seager), launched in August 2017 
(Fig. 3). ASTERIA’s goals are to advance CubeSat capabilities for 
astronomy by achieving better than 5” pointing stability over 
a 20-minute observation15, and demonstrate milliKelvin-level 
temperature stability of the imaging detector. The telescope will 
also attempt to measure exoplanetary transits across bright stars 
with < 100 ppm photometry, making it one of the first CubeSats 
enabled for astronomical measurements.

t� PicSat, a French-led 3U CubeSat (PI Sylvestre Lacour) supported 
primarily by the European Research Council, was launched into 
a polar orbit in January 2018. Its primary goal is to observe  
in visible light the potential transit of the directly-imaged  

giant planet β  Pictoris b, and perhaps even its moons and debris 
(https://picsat.obspm.fr/).

t� In 2016, NASA, through the Astrophysics Research and Anal-
ysis program, funded its first astronomy CubeSat, HaloSat, a 
6U CubeSat led by the University of Iowa (PI Philip Kaaret)16. 
HaloSat aims to measure the soft X-ray emission from the hot 
halo of the Milky Way galaxy to resolve the missing baryon 
problem, in which the number of baryons observed in the 
local universe is about half the amount recorded by the cos-
mic microwave background. These ‘missing’ baryons may 
be residing in the hot halos around galaxies17,18. HaloSat is 
expected to be launched on Orbital ATK mission AO-9 cur-
rently scheduled for May 2018 with support from the CSLI 
and NASA headquarters.

t� In February of 2017, NASA selected its second astronomical 6U 
CubeSat, the Colorado Ultraviolet Transit Experiment (CUTE), 
led by the University of Colorado Boulder (PI Kevin France). 
It aims to conduct a survey of exoplanet transit spectroscopy 
in the near-UV19 of a dozen short-period, large planets orbiting 
FGK stars to constrain stellar variability and measure mass-loss 
rates. In previous UV transit spectroscopy observations carried 
out by HST, the stellar variability from transit to transit led to 
conflicting interpretations, possibly due to variations in stellar 
activity20,21, and as such, many more transits are needed to disen-
tangle the sources of variability. CUTE is planning for a launch 
in the first half of 2020.

t� This year, NASA funded two new astrophysics CubeSats. 
I am the PI of one, the Star–Planet Activity Research Cube-
Sat (SPARCS), led by Arizona State University22. It will be a  
6U CubeSat devoted to the far- and near-UV monitoring of 
low-mass stars (0.2–0.6 Mʘ); the most dominant hosts of exo-
planets23. The stellar UV radiation from M dwarfs is strong 
and highly variable24, and impacts planetary atmospheric 
loss, composition and habitability25,26. These effects are ampli-
fied by the extreme proximity of their habitable zones (HZs).  
After a late-2021 launch to a sun-synchronous orbit, SPARCS 
will spend an entire month on each of at least a dozen M stars 
measuring rotational variability and flaring in both bands to 
be used as inputs to stellar atmosphere and planetary photo-
chemistry models.

t� BurstCube is the second one funded this year — led by the 
NASA’s Goddard Space Flight Center (PI Jeremy Perkins) — 
that also aims for a 2021 launch to detect gamma ray transients 
in the 10–1,000 keV energy range. Its fast reaction time and 
small localization error are a valuable capability to catch the 
predicted counterparts of gravitational wave sources27, comple-
menting existing facilities such as Swift and Fermi. The team 
aims to eventually fly about ten BurstCubes to provide all-sky 
coverage for significantly less cost than the typical large mission.

At this time, there are no funded far-IR CubeSats. Thermal 
stability and detector cooling needs to be considered at all wave-
lengths, but in the far-IR the detectors require extreme cooling to 
bring the thermal background to manageable levels. Cryocoolers 
capable of working within the current CubeSat power and space 
limitations have yet to be developed for astrophysics. IR Earth-
observing CubeSats are currently leading the development in these 
regards; however, with increased community interest towards far-
IR astrophysics research with CubeSats28, perhaps we will see more 
technological advances on the horizon. (Fig. 2)

CubeSats like CUTE and SPARCS may also fill the upcoming 
lengthy gap in NASA’s flagship UV capabilities. As HST’s UV detec-
tors degrade, there are no future opportunities planned until some-
time after 2035; at least for the US community, when the Large UV/
Optical/IR Surveyor (LUVOIR) or the Habitable Exoplanet Imaging 
Mission (HabEx) may launch.
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Fig. 1 | A histogram counting the number of CubeSats launched each year. 
Data compiled up to 16 February 2018. Data taken from ref. 44; St Louis 
University.
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Cubesat
with SDD

• Difference between kHz QPOs (~300 Hz) fluctuates at ~15% level

• CubeSat dedicated to continuous monitoring of Sco X-1  
• Growing technological readiness level of CubeSats for science 

• NICER-based simple science payload (T. Enoto as a team member)

CubeSat Example for Science: MinXSS
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2016 Jul 23 

M5.0 flare 

MinXSS 

http://lasp.colorado.edu/home/minxss/, 

Woods et al., 2017 ApJ (http://iopscience.iop.org/article/10.3847/1538-4357/835/2/122/pdf)

• Miniture X-ray Spectrometer (MinXSS)

• Colorado University 3U Cubesat for Solar Flare Spectroscopy 

• Amptek SDD (X123 Spectrometer) for the 0.1-10 keV band

10 cm

Ex: MinXSS (3U CubeSat)

30 cm

3

CubeSat : made up of multiples of 10 cm3 cubic units called 1U

the number of 
CubeSats 
launched per 
year

Polarlight

Feng,H+2021

HaloSat
Kaaret+2020

MinXSS
太陽フレア

Crab
偏光

Galactic
Diffuse 

The commercial use of CubeSats has expanded rapidly in the 
2010s, and their use as X-ray astronomy satellites has been 

increasing.

nebula at low energies, consistent with the observations that the
pulsed flux is harder than the nebular emission.

The science of HaloSat is focused on emission in the
0.5–2keV band. The Crab flux in that band depends on all of
the model parameters, so we prefer to directly compare

observed fluxes rather than only the power-law normalization.
The HaloSat fluxes from the Crab in the 0.5–2keV band in
units of - - -10 erg cm s9 2 1 are 11.54±0.20 for DPU 14,
11.74±0.21 for DPU 54, and 11.27±0.20 for DPU 38
(uncertainties are 90% confidence). The fluxes are consistent

Figure 6. X-ray spectra of the Cas A field in the 1–3.5keV band. Data from all
three detectors are shown as indicated by the legend. Prominent emission lines
are visible from Si XIII at 1.86keV and S XV at 2.45keV. Table 2 shows the
lines used in fitting the spectra.

Table 2
X-Ray Lines from Cas A

Line Energy (keV) EW (keV)

Mg Heα 1.3375 0.04
Si Heα 1.8558 0.40
Si Lyα 2.0053 0.13
Si Heβ 2.1830 0.13
Si Lyβ 2.3770 0.06
S Heα 2.4510 0.17
S Lyα 2.6220 0.09
S Heβ 2.9218 0.09
Ar Heα 3.1400 0.13

Figure 7. X-ray spectra of the Crab in the 0.5–7keV band. Data from all three
detectors are shown as indicated by the legend.

Table 3
Crab Flux from Various Instruments

Instrument Norm Γ NH Flux

Historical 9.7±1.0 2.100±0.030 3.54 11.0
RXTE/PCA 11.02±0.04 2.120±0.002 3.54 12.4
NuSTAR 9.71±0.16 2.106±0.006 3.54 11.0
HaloSat 10.20±0.17 2.12±0.03 3.54±0.13 11.5

Note. Normalization is in units of - - -photons keV cm s1 2 1 at 1keV and NH is
in units of -10 cm21 2. Flux is in the 0.5–2 keV band in units of

- - -10 erg cm s9 2 1( ). References are: Toor & Seward (1974) for the historical
instruments, Kirsch et al. (2005) for the PCA, and Madsen et al. (2017) for
NuSTAR.

Figure 8. Median count rate before background filtering vs. orbital position for
DPU 38 in the energy band 0.4–3keV. The South Atlantic Anomaly is
prominent and high-background regions at high latitudes are visible.

Figure 9. X-ray spectra of a halo field. Data from all three detectors are shown
as indicated by the legend.
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NinjaSat, small satellite for observing bright X-ray sources   

30 cm 10 
cm

20 cm

〜10 m NinjaSat

Need a small satellite 
which acts behind huge X-
ray satellite like a “Ninja”

We proposed “NinjaSat”, small satellite for observing bright X-ray sources
Purpose:
1. Long-term (several months) monitoring of bright objects
2. Flexible ToO and simultaneous multi-wavelength observation arrangements



What kind of sources are the targets of NinjaSat?
MAXI lightucurves (2-20 keV) of bright X-ray sources

• Bright X-ray Nova (BH)
• Giant outburst of Be X-ray 

pulsar (as for ULX pulsars, 
see Karino-sanʼs talk)

• Long-term observation of 
most bright X-ray source Sco
X-1 → important to detect 
Continuous Gravitational 
Waves (see Ito-sanʼs talk)

• Long-term monitoring of soft 
X-ray transients → 
Recurrence time, persistent 
flux, and burst profile of X-ray 
bursts (see Dohi-sanʼs talk)

Real	MAXI	
in	space	�

2009/8/15	First	light	

NASA	photo	taken	from	the	Space	Shuttle�

H-FOV	

160	deg	

×$	deg	

Z-FOV		
160	deg×$	deg	

Scans dwell time ~60 s
Sensitivity (&5σ)
   1scan 100 mCrab	
   1day     30 mCrab
   1month  5 mCrab
   1year      1 mCrab

MAXI 
(Monitor of All-sky X-ray Image)

1 Crab
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• Expected 2-20 keV rates: 94 cps for Crab, 910 cps for Sco X-1 at a normal 
branch, 10 cps  for Vela X-1, 0.8 cps for backgrounds (NXB+CXB)

• Sensitivity (2-20 keV): 1.5×10-11 ergs s-1 cm-2 (~0.5 mCrab) in 10 ks

Spectroscopy & Photometry ̶ Simulations

Enoto et al., SPIE proceeding (DOI: 
10.1117/12.2561152)
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• Required exposure for 5σ detections of pulsations 
• ~100 sec required (10% pulsed fraction, 1 Crab source)
• ~200 sec required (40% pulsed fraction, 100 mCrab source)

Timing analyses ̶ Pulsation search sensitivity

Enoto et al., SPIE proceeding 
(DOI: 10.1117/12.2561152)



Milisecond
pulsars  

NS-LMXBs: CGW candidate

• NS Low Mass X-ray binary: NS-LMXB is a binary system of NS and normal star
• In such a system, the matter of the companion accretes to NS  
• NS has been spun-up due to angular momentum of the accretion matter
• The critical spin-frequency of collapse of NS by centrifugal force is estimated 〜1 kHz

→However, observed spin frequencies of NS-LMXB is distributed in 〜200 ‒ 600 Hz
→CGW pulls out the angular momentum? non-axisymmetry due to mountains?

Companion 
star

Fast spinning 
Neutron star

https://en.wikipedia.org
/wiki/Interacting_binary
_star

8

NS
B v.s P

https://physics.anu.edu.au/
quantum/cgp/research/dat
atheory/neutronstars.php

NS-LMXB



Theoretical Prediction of CGW from NSs
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Figure 1. The noise curves for initial LIGO, Virgo, Advanced LIGO and the
third generation ET interferometers. The initial, Enhanced and Advanced
LIGO curves are labelled ‘I-LIGO’, ‘E-LIGO’ and ‘A-LIGO’, respectively;
‘ET’ is Einstein Telescope. There are three curves for Advanced LIGO in
each panel. The top panel shows a nominal broad-band configuration (the
so-called ‘zero-detuned’ configuration), an example of a narrow-band curve
(‘A-LIGO NB EX’), and the total thermal noise (‘A-LIGO TH’), i.e. the
sum of the suspension and mirror thermal noise curves. The lower panel
shows the lower envelope of the narrow-band curves (‘A-LIGO NB ENV’)
instead of the narrow-band example. The thermal noise is shown because it
is sometimes taken as a theoretical lower bound on the narrow banding for
frequencies above, say, 100 Hz; as seen from the lower panel, this is not a
good approximation at higher frequencies.

does not represent any particular interferometer configuration but
is rather a superposition of many configurations. It is only useful
for targeting narrow-band signals with frequency uncertainties of,
say, O(10) Hz in which case we can choose the appropriate element
from the set of configurations used to produce the envelope. Finally,
note that possible designs for the third generation detectors are still
being explored, and thus the noise curve for the ET is much more
preliminary.

To start addressing the question of detecting GWs from LMXBs,
we start by asking how strong the signal would need to be for de-
tection if we knew all source parameters to sufficient accuracy that
only one template was needed (a coherent fold). Computational cost
is no issue, and we can easily integrate for long periods Tobs. Such
a fully coherent search with D detectors of comparable sensitivity
is a best case and defines a signal-to-noise ratio (S/N) as S/N2 =
h2

0Tobs D/Sn; thus, the S/N squared builds up linearly with the obser-
vation time [here Sn(ν) is the power spectral density of the detector
noise]. Conversely, for a given choice of S/N threshold for de-
tectability, this leads to a minimum detectable signal amplitude h0
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Figure 2. Best case detectability for the mountain scenario for Tobs = 2 yr,
balancing the long-term average flux, and assuming that all parameters are
known (single template search). The bursters are divided into two groups:
those for which the frequency is confirmed (filled) and those for which
the frequency requires confirmation (open), see Section 3. The frequency
at which the kHz QPO symbols appear is derived from the centre of the
measured range of separations: the predicted amplitude would be higher if
the frequency were lower, and vice versa. We show detectability thresholds
for initial LIGO (I-LIGO), Enhanced LIGO (E-LIGO), Advanced LIGO
(A-LIGO) and the ET. We also show two detectability curves for Advanced
LIGO narrow band: the expected envelope for the narrow-band detector that
includes all sources of noise (A-LIGO NB), and a curve showing only the
thermal noise floor (A-LIGO NB TH).

(following the notation of Jaranowski et al. (1998)):

h0 ≈ 11.4

√
Sn

DTobs
, (6)

which is a useful indicator of the sensitivity of such a search. The
factor of 11.4 corresponds to an S/N threshold which would lead to
a single trial false alarm rate of 1 per cent and a false dismissal rate
of 10 per cent (Abbott et al. 2007a) and a uniform averaging over
all possible source orientations and sky positions (Jaranowski et al.
1998).

Fig. 2 compares the predicted and detectable amplitudes for this
best case scenario using the long-term flux average derived in Sec-
tion 3 and summarized in Table 1, and assuming that each NS is in
perfect spin balance (so that we can neglect spin derivatives), with
GW torque balancing that of accretion. We assume that the spin
frequency for the kHz QPO sources lies in the middle of the known
range of separations, and take Tobs = 2 yr as a reference value.

Fig. 2 naively implies that the kHz sources are the most easily
detected sources. However, they offer a specific challenge, as we
do not know many of their spins or orbital parameters. Detecting
the GW signal requires a knowledge of the GW phase evolution
which depends crucially on the orbital parameters. Ignorance or
inaccurate knowledge of the orbit could then require a search over
a significant number of parameters and as we shall see, this can
have a dramatic impact on the sensitivity of the GW search. Hence
assessing the detectability of GWs requires a more careful descrip-
tion of the mechanics of the GW data analysis process. Most of
this paper is therefore focused on clearly assessing the data analysis
challenges for present and future generations of GW detectors that
takes into account the limitations imposed by incomplete astrophys-
ical knowledge and finite computational resources.
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Figure 1. The noise curves for initial LIGO, Virgo, Advanced LIGO and the
third generation ET interferometers. The initial, Enhanced and Advanced
LIGO curves are labelled ‘I-LIGO’, ‘E-LIGO’ and ‘A-LIGO’, respectively;
‘ET’ is Einstein Telescope. There are three curves for Advanced LIGO in
each panel. The top panel shows a nominal broad-band configuration (the
so-called ‘zero-detuned’ configuration), an example of a narrow-band curve
(‘A-LIGO NB EX’), and the total thermal noise (‘A-LIGO TH’), i.e. the
sum of the suspension and mirror thermal noise curves. The lower panel
shows the lower envelope of the narrow-band curves (‘A-LIGO NB ENV’)
instead of the narrow-band example. The thermal noise is shown because it
is sometimes taken as a theoretical lower bound on the narrow banding for
frequencies above, say, 100 Hz; as seen from the lower panel, this is not a
good approximation at higher frequencies.

does not represent any particular interferometer configuration but
is rather a superposition of many configurations. It is only useful
for targeting narrow-band signals with frequency uncertainties of,
say, O(10) Hz in which case we can choose the appropriate element
from the set of configurations used to produce the envelope. Finally,
note that possible designs for the third generation detectors are still
being explored, and thus the noise curve for the ET is much more
preliminary.

To start addressing the question of detecting GWs from LMXBs,
we start by asking how strong the signal would need to be for de-
tection if we knew all source parameters to sufficient accuracy that
only one template was needed (a coherent fold). Computational cost
is no issue, and we can easily integrate for long periods Tobs. Such
a fully coherent search with D detectors of comparable sensitivity
is a best case and defines a signal-to-noise ratio (S/N) as S/N2 =
h2

0Tobs D/Sn; thus, the S/N squared builds up linearly with the obser-
vation time [here Sn(ν) is the power spectral density of the detector
noise]. Conversely, for a given choice of S/N threshold for de-
tectability, this leads to a minimum detectable signal amplitude h0
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factor of 11.4 corresponds to an S/N threshold which would lead to
a single trial false alarm rate of 1 per cent and a false dismissal rate
of 10 per cent (Abbott et al. 2007a) and a uniform averaging over
all possible source orientations and sky positions (Jaranowski et al.
1998).

Fig. 2 compares the predicted and detectable amplitudes for this
best case scenario using the long-term flux average derived in Sec-
tion 3 and summarized in Table 1, and assuming that each NS is in
perfect spin balance (so that we can neglect spin derivatives), with
GW torque balancing that of accretion. We assume that the spin
frequency for the kHz QPO sources lies in the middle of the known
range of separations, and take Tobs = 2 yr as a reference value.

Fig. 2 naively implies that the kHz sources are the most easily
detected sources. However, they offer a specific challenge, as we
do not know many of their spins or orbital parameters. Detecting
the GW signal requires a knowledge of the GW phase evolution
which depends crucially on the orbital parameters. Ignorance or
inaccurate knowledge of the orbit could then require a search over
a significant number of parameters and as we shall see, this can
have a dramatic impact on the sensitivity of the GW search. Hence
assessing the detectability of GWs requires a more careful descrip-
tion of the mechanics of the GW data analysis process. Most of
this paper is therefore focused on clearly assessing the data analysis
challenges for present and future generations of GW detectors that
takes into account the limitations imposed by incomplete astrophys-
ical knowledge and finite computational resources.
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Figure 1. The noise curves for initial LIGO, Virgo, Advanced LIGO and the
third generation ET interferometers. The initial, Enhanced and Advanced
LIGO curves are labelled ‘I-LIGO’, ‘E-LIGO’ and ‘A-LIGO’, respectively;
‘ET’ is Einstein Telescope. There are three curves for Advanced LIGO in
each panel. The top panel shows a nominal broad-band configuration (the
so-called ‘zero-detuned’ configuration), an example of a narrow-band curve
(‘A-LIGO NB EX’), and the total thermal noise (‘A-LIGO TH’), i.e. the
sum of the suspension and mirror thermal noise curves. The lower panel
shows the lower envelope of the narrow-band curves (‘A-LIGO NB ENV’)
instead of the narrow-band example. The thermal noise is shown because it
is sometimes taken as a theoretical lower bound on the narrow banding for
frequencies above, say, 100 Hz; as seen from the lower panel, this is not a
good approximation at higher frequencies.

does not represent any particular interferometer configuration but
is rather a superposition of many configurations. It is only useful
for targeting narrow-band signals with frequency uncertainties of,
say, O(10) Hz in which case we can choose the appropriate element
from the set of configurations used to produce the envelope. Finally,
note that possible designs for the third generation detectors are still
being explored, and thus the noise curve for the ET is much more
preliminary.

To start addressing the question of detecting GWs from LMXBs,
we start by asking how strong the signal would need to be for de-
tection if we knew all source parameters to sufficient accuracy that
only one template was needed (a coherent fold). Computational cost
is no issue, and we can easily integrate for long periods Tobs. Such
a fully coherent search with D detectors of comparable sensitivity
is a best case and defines a signal-to-noise ratio (S/N) as S/N2 =
h2

0Tobs D/Sn; thus, the S/N squared builds up linearly with the obser-
vation time [here Sn(ν) is the power spectral density of the detector
noise]. Conversely, for a given choice of S/N threshold for de-
tectability, this leads to a minimum detectable signal amplitude h0
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Figure 2. Best case detectability for the mountain scenario for Tobs = 2 yr,
balancing the long-term average flux, and assuming that all parameters are
known (single template search). The bursters are divided into two groups:
those for which the frequency is confirmed (filled) and those for which
the frequency requires confirmation (open), see Section 3. The frequency
at which the kHz QPO symbols appear is derived from the centre of the
measured range of separations: the predicted amplitude would be higher if
the frequency were lower, and vice versa. We show detectability thresholds
for initial LIGO (I-LIGO), Enhanced LIGO (E-LIGO), Advanced LIGO
(A-LIGO) and the ET. We also show two detectability curves for Advanced
LIGO narrow band: the expected envelope for the narrow-band detector that
includes all sources of noise (A-LIGO NB), and a curve showing only the
thermal noise floor (A-LIGO NB TH).

(following the notation of Jaranowski et al. (1998)):

h0 ≈ 11.4

√
Sn

DTobs
, (6)

which is a useful indicator of the sensitivity of such a search. The
factor of 11.4 corresponds to an S/N threshold which would lead to
a single trial false alarm rate of 1 per cent and a false dismissal rate
of 10 per cent (Abbott et al. 2007a) and a uniform averaging over
all possible source orientations and sky positions (Jaranowski et al.
1998).

Fig. 2 compares the predicted and detectable amplitudes for this
best case scenario using the long-term flux average derived in Sec-
tion 3 and summarized in Table 1, and assuming that each NS is in
perfect spin balance (so that we can neglect spin derivatives), with
GW torque balancing that of accretion. We assume that the spin
frequency for the kHz QPO sources lies in the middle of the known
range of separations, and take Tobs = 2 yr as a reference value.

Fig. 2 naively implies that the kHz sources are the most easily
detected sources. However, they offer a specific challenge, as we
do not know many of their spins or orbital parameters. Detecting
the GW signal requires a knowledge of the GW phase evolution
which depends crucially on the orbital parameters. Ignorance or
inaccurate knowledge of the orbit could then require a search over
a significant number of parameters and as we shall see, this can
have a dramatic impact on the sensitivity of the GW search. Hence
assessing the detectability of GWs requires a more careful descrip-
tion of the mechanics of the GW data analysis process. Most of
this paper is therefore focused on clearly assessing the data analysis
challenges for present and future generations of GW detectors that
takes into account the limitations imposed by incomplete astrophys-
ical knowledge and finite computational resources.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 389, 839–868
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Sco X-1

(Watts et al., MNRAS 2008) 
two year accumulation, a GW frequency 
at twice of an assuming spin-frequency

Expected GW amplitude: h0 = 3⇥ 10
�27

✓
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10�8 erg cm�2 s�1
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F is the bolometric X-ray flux (accretion rate), νs is the spin frequency

Theoretical prediction of CGWs from NSs

X-ray brightest source Scorpius X-1 is expected to detect a CGW 4
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FIG. 3: Sensitivity of a search for Sco X-1, across the frequency band searched in this work. The horizontal axis
shows the search frequency. The vertical axis shows the wave strain h

95%
0 needed for a 95% detection e�ciency, on

the assumption cos ◆ = 1, namely, a circularly polarized signal. The blue dashed curve is based on simulations of
Gaussian noise, while the red solid curve is corrected for the non-Gaussian statistics of the noise and the

interferometer duty cycle, through multiplying by freq(f) (see Section IIID). The diamonds show h
95%
0 derived

through injections into sub-bands, again assuming a circularly polarized signal (see Section IIID).

In general, the signal-to-noise ratio is strongly a↵ected
by the inclination angle ◆, not just h0. We follow Ref. [60]
and define an e↵ective h0 that absorbs the dependence
on ◆:

h
e↵
0 = h02

�1/2{[(1 + cos2 ◆)/2]2 + cos2 ◆}1/2, (12)

allowing us to generalize results from the simulations
above, where all injections were done with cos ◆ = 1.
Thus, the result obtained above corresponds to circu-
lar polarization. The electromagnetically measured in-
clination of of Sco X-1’s orbit is i ⇡ 44� ± 6� [62].
Although it is not necessarily the case, if we assume
that the orbital inclination equals the inclination an-
gle ◆ of the putative neutron star’s spin axis, we obtain
h
◆⇡44�,95%
0 = 1.35he↵,95%

0 .
The search in Ref. [40] found a scaling relation of the

form h
95%
0 / S

1/2
h f

1/4
0 , to hold for fixed Tobs. The f

1/4
0

dependence arises because the latter search added side-
bands incoherently. In the case of the J -statistic, which
adds sidebands coherently, we expect the scaling to de-
pend just on h0, with

h
95%
0 / S

1/2
h . (13)

We verify this scaling in Gaussian noise by repeating the
injection procedure described above in frequency bands
beginning at 55 Hz, 355 Hz and 650 Hz. The scaling is
the final ingredient needed to produce the blue dashed
curve in Figure 3, which shows the expected sensitivity
of a search over the full search band, assuming Gaussian
noise, a 100 per cent duty cycle and a circularly polarized
signal.

There is no simple scaling similar to (13) that can be

O2 results
Phys. Rev. D 100, 
122002 (2019)

No detection has not yet been detected in LIGO data

Major problem: the νs of Sco X-1 is unknown
• For signal search, wide parameter space to 

search for νs and binary orbital parameters is a 
major barrier to computation.

prediction

Assuming the accretion torque is balanced by the GW torque



X-ray properties of Sco X-1  

• The origin of the twin QPO is thought to be a beat frequency between the NS spin and 
Keplerian orbital frequency at the inner radius of the accretion disk (BFK model). 

• Peak separation ΔνQPO is proposed to correspond with spin frequency
• However, ΔνQPO has not been well monitored since 1999. Spin will be “wandering” caused 

by accretion à Frequency monitor by long-term X-ray observation is important to search 
CGWs by integration over year long data

Short X-ray variability (RXTE/PCA : 3 ‒ 20 keV)
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Hard X-ray emission of Sco X-1 7

Figure 7. Broadband energy spectrum of Sco X-1. At energies

below 7 keV crosses show data points, measured with ASCA

observatory (observation Aug.16, 1993), at energies 3-20 keV

gray stripe denotes the rms-range of spectral densities, mea-

sured by RXTE/PCA over around 700 observations, collected

during period 1996-2012. At energies above 20 keV open squares

show time averaged spectrum of Sco X-1, measured with INTE-

GRAL/IBIS/ISGRI. Long dashed curves denote contribution of

an accretion disk (left curve) and a boundary/spreading layer

(right curve) components. Short-dashed curve shows prediction

of a model, in which soft blackbody photons with kT = 1.1 keV

are Comptonized by hybrid/non-thermal plasma (model eqpair,
see text for other parameters). Solid line is a sum of all compo-

nents

1999)

tCoulomb ⇠ �2

⌧Th ln⇤

✓
R
c

◆

that is larger than tCompt in our case of relativistic elec-
trons in optically thin ⌧Th < 1 region. Here ln⇤ is the
Coulomb logarithm and ⌧Th – Thomson optical depth of the
region. Exchange of energies between electrons due to syn-
chrotron self-absorption (so-called synchrotron boiler mech-
anism, Ghisellini, Guilbert, & Svensson 1988; Svensson 1999;
Malzac & Belmont 2009) in a region with magnetic compact-
ness lB:

lB =
�T

mec2
R
B2

8⇡

gives thermalization time:

tsynch ⇠ ��1l�1
B

R
c

, which in our case (ls � lB) is larger than Compton cooling
time scale.

We can conclude that in the absence of some special
collision-less plasma mechanisms of thermalization the opti-
cally thin hot plasma in the innermost accretion flow can not
be uniformly thermal because the electrons do not have time

to thermalize. The hard X-ray photons emerging in the tail
(above 50-60 keV) should be result of Compton upscattering
of soft photons on electrons having their original distribu-
tion. This original distribution can be non thermal (see e.g.
simulation of reconnection events, Zenitani & Hoshino 2001;
Yamada, Kulsrud, & Ji 2010), depending on the physical
mechanism of energy input into electron population.

We can assume that one of the most probable scenario
of generation of hard X-ray tail in spectrum of Sco X-1 is
a non-thermal Comptonization in some corona-like regions
above the accretion disk (see e.g. scenario of Galeev, Ros-
ner, & Vaiana 1979). Such scenario have direct analogy with
accreting black holes in so-called soft state. According to
widely accepted model during this state the accretion to a
black hole occurs via optically thick disk with optically thin
corona above it. Optically thick disk emits blackbody-like
emission, while optically thin corona with energetic elec-
trons upscatters these soft photons to higher energies (see
e.g. Coppi 1999; Gierliński et al. 1999; Done, Gierliński, &
Kubota 2007). This optically thick disk should be very simi-
lar to that around neutron star in Sco X-1, therefore we can
anticipate that somewhat similar corona-like flow above this
disk can also exist in this case.

An example of the spectrum, expected in such hybrid
thermal/non-thermal plasma (model eqpair of Coppi 1999
in XSPEC package, Arnaud 1996) is presented in Fig.7.

For this energy spectrum we assumed that the
hybrid/non-thermal plasma upscatters only photons from
accretion disk and adopted the following parameters: lnth =
0.99 fraction of energy deposited into non-thermal electrons
with the power law slope � = 3, soft photons luminos-
ity compactness ls = 600, fraction of the energy, inserted
into hard component with respect to the soft component
lh/ls = 0.6%, temperature of the soft (black body) photons
emission kTbb = 1.1 keV.

We should note here that energetic electrons in this op-
tically thin corona can upscatter not only photons from opti-
cally thick accretion disk, but also photons from the neutron
star surface (boundary/spreading layer). This should result
in modest changes of the shape of the spectral model, shown
in Fig.7, but more quantitative description of this modifica-
tion will depend on not known geometry of the Comptoniz-
ing region and is beyond the scope of the present paper.

6 SUMMARY

We have studied all available data of INTEGRAL obser-
vatory on hard X-ray emission of the brightest accreting
neutron star Sco X-1. In total it sum up to ⇠ 6 Msec of
astronomical time and ⇠ 4 Msec of deadtime corrected ex-
posure time. Our results can be summarized as follows:

• Time average spectrum of Sco X-1 contains hard X-
ray tail which has a power law shape without cuto↵ up to
energies ⇠ 200� 300 keV.

• This allows us to conclude that obtained hard X-ray
spectrum of Sco X-1 does not agree with the predictions of
a model, in which the hard X-ray tail is formed as a result
of Comptonization of some seed photons on bulk motion of
the matter around accreting compact object

• The amplitude of the tail varies with time with factor
more than ten.

c� 2013 RAS, MNRAS 000, 1–??

(Revnivtsev et al., 2014)

PSD of  
kHz twin QPO 

10 ks RXTE/PCA 

(van der Klis et al., 1997)

• Matched-filter template: 1010 -> 1 @ frequency accuracy ~ 0.1% 

• X-ray variation of Sco X-1 shows twin kHz QPO, which frequency 

difference is proposed to correspond with spin frequency!!

• Sco X-1 is one of the brightest sources: monitoring by CubeSat?

Fx=4x10-7 erg/s/cm2

Keplerian 
orbital 
freq

Beat 
freq

ΔνQPO Long X-ray flux variability (MAXI : 2 ‒ 20 keV)

10 days
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Figure 2. The combined Doppler tomogram of the Bowen blend (left) for the 1999 & 2011 WHT data (middle and right panels). The
origin of the Doppler map (denoted by a white cross) corresponds to the center of mass of the system using � = -113.6 km s

�1. The
Bowen region is dominated by narrow ‘S-wave’ components produced on the irradiated face of the companion.

using custom wrapper functions. Measurements of various
spot properties (e.g., the centroid position and the peak in-
tensity) were then performed for the ensemble of combined
images.

Fig. 3 shows the histograms of the most relevant spot
parameters as derived from the bootstrap samples. Firstly,
we considered the distribution of the peak height in terms
of a significance level of the (combined) donor signal. By
fitting a Gaussian curve to the histogram plot in the left
panel of Fig. 3, we deduce that the mean of the peak in-
tensity distribution is above zero at the >58� level. More-
over, in contrast to the results for the much lower SNR data
of XTE J1814�338 (which indicated a 4� detection of the
mass donor), Fig. 3 (middle panel) shows that the combined
Bowen image for Sco X-1 provides a tight constraint on the
RV semi-amplitude, Kem = 75.0 ± 0.8 km s

�1, for an assumed
value of � = -113.6 km s

�1.
It is known that the choice of the input parameter �

can have an impact on the resulting reconstruction – and
spot features in particular would appear out-of-focus and
misplaced if an incorrect � was used to obtain the image
(e.g. Steeghs 2003; Muñoz-Darias et al. 2009). Thus, we ran
the same analysis using a range of � values in steps of 2 km
s
�1, centered on �113.6 km s

�1. Within a narrow range of
� values between �120 and �108 km s

�1, a >50� donor de-
tection was achieved, peaking near the expected value from
our RV fit. The derived Kem velocity showed a small range
of variation (with a maximum of 0.6 km s

�1 deviation from
75 km s

�1), therefore indicating the presence of a small sys-
tematic error on Kem due to the uncertainty in �. We note
that this constraint on the systemic velocity (� = �114 ± 6

km s
�1) is looser compared to the best-fit value derived from

the RVs (�113.6 ± 0.2 km s
�1) since it is not very sensitive

to changes below the spectral resolution of the data. Based
on the above results, we obtain

Kem, doppler = 75.0 ± 0.8 (stat) ± 0.6 (sys) km s
�1,

in excellent agreement with the value derived from the tra-
ditional RV fitting method. Therefore the novel technique
of bootstrap Monte Carlo delivers a robust and more con-
servative estimate of Kem for the combined observations,

which we adopt as our best estimate of the Bowen Kem am-
plitude. Since Doppler tomography exploits all spectra at
once, the technique is also less a↵ected by the problem of
extremely weak features near phase zero (see G14; Fig. 2)
compared to individual line profile fitting. This makes boot-
strap Doppler tomography an attractive tool for deriving
binary system parameters across all SNRs. The main dis-
advantage of the tomography-based method is that T0 and
Porb are used as input, instead of being determined directly
from the reconstruction. However, the phase shift (��spot)
between the donor spot and the vertical plane can provide
a good indication of the accuracy of the input ephemeris.

With the correct ephemeris, emission from the donor
should always be projected on the tomogram at the position
Vx = 0 and Vy = Kem (hence ��spot = 0), whereas phase
errors tend to lead to a rotation of the image. In the right
panel of Fig. 3 we show that ��spot is consistent with zero
(blue solid line) within 2� for our best estimate of �. A diag-
nostic plot of ��spot as a function of the assumed � (between

-120 and -108 km s
�1) gives ��spot = 0.003 ± 0.002 (statis-

tical) ± 0.002 (systematic). It can thus be concluded that
the donor spot is indeed centered on the positive Vy-axis us-
ing the revised binary period and ephemeris. Table 2 lists
the final adopted values of T0, Porb, �, Kem and the cross-
term (needed to determine the propagated uncertainty on
the future epoch of inferior conjunction; see G14).

A similar test using T0 and Porb of G14 yielded a sig-
nificant (3�) phase shift between the donor spot and the
vertical plane, which indicates that the previous results in-
cluded contributions from systematic errors. Since the re-
vised period and ephemeris were derived from an improved
RV curve (including all data points) using a refined analysis
approach, and there is no measurable phase shift, the new
estimates for orbital parameters presented in this paper can
be considered more reliable than the results of G14.

4 ESTIMATION OF BINARY PARAMETERS

So far we have exploited the proven Bowen emission line di-
agnostic that permits a robust and accurate RV study of the

MNRAS 000, 1–11 (2015)

and all five detectors were not always on. For these reasons,
the expected Z-track in the X-ray color-color diagram cannot
be recovered now; this awaits better understanding of the
spectral calibration of the PCA at high count rates and off-axis
source positions. Raw count rates varied between 60 and
1.3 3 105 counts s21 (2– 60 keV).

We calculated power spectra of all 0.125 ms data using 16 s
data segments, and we calculated one average spectrum for
each continuous data interval. For measuring the properties of
the kilohertz QPO, we fitted the 256–4096 Hz power spectra
(Fig. 1) with a function consisting of a constant, two Lorent-
zian peaks, and either a broad sinc function or a broad
sinusoid to represent the dead-time–modified Poisson noise,
depending on the Very Large Event window setting (Zhang et
al. 1995; Zhang 1995). The PCA dead-time process at 105

counts s21 is not, as yet, sufficiently well understood to predict
this Poisson component accurately. Therefore, we cannot
report on the properties of any intrinsic broad noise compo-
nents in the kilohertz range.

For measuring the 45 Hz QPO and its harmonic, we fitted
the 16–256 Hz power spectra with a broad Lorentzian cen-
tered near zero frequency to represent the continuum, and one
or two Lorentzian peaks to model the QPO. The conversion of
the power in the QPO peaks to fractional rms amplitude
depends on the derivative of the dead-time transmission
function with respect to count rate (van der Klis 1989), which
we do not know. The dead time is expected to suppress the
QPO amplitude more than the total count rate. Our reported
raw (i.e., uncorrected for dead time) fractional rms amplitudes
are therefore lower limits to the true values. These could be
several times as large.

3. RESULTS

Kilohertz QPOs were detected in all observations. The
peaks (Fig. 1) are very significant, with raw rms values of up to
2.5%, and the spectra are well fitted by the fit function
described in § 2. Figure 2 illustrates the changes in power-

spectral shape as a function of inferred Ṁ. Notice the increase
in frequency and the decrease in power of the two kilohertz
QPO peaks, the emergence of the normal-branch oscillations
(NBOs) near 6 Hz apparently f rom the low-frequency noise
(LFN), and the complicated variations in strength and shape
of the 45 and 90 Hz peaks with Ṁ (increasing upward). As in
Paper I, the frequency of the NBOs is correlated to that of the
kilohertz QPOs.

Since we cannot estimate Ṁ from the X-ray color-color
diagram, we plot in Figure 3 the results of our fits versus the
centroid frequency nu of the upper peak; nu increases mono-

FIG. 1.—Power spectrum from 110 ks of data showing double kilohertz
QPO peaks, with best fit superimposed. Note the absence of additional peaks.
The sloping continuum above 1 kHz is instrumental (§ 2).

FIG. 2.—Representative 13 ks power spectra sorted according to inferred
Ṁ (increasing upward) and shifted up by factors of 1, 2, 5, 10, 20, 40, and 80,
respectively, for clarity. The frequency of the upper kilohertz peak increases
with Ṁ from 872 to 1115 Hz, that of the lower one from 565 to 890 Hz. The
large width of the 10 Hz peak in the top trace is due to peak motion. The
sloping continua in the kilohertz range are instrumental (§ 2).
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Simultaneous multi-wavelength observation

Optical R-band, 20 sec binning, observed on 2019, March 20
Hiroyuki Maehara (Kyoto Univ.)

Optical photon reprocessed in outer disk

To understand the complex binary star system 
of Sco X-1, long term simultaneous observations 

at various wavelengths are important

Van der Klis et 
al., 1997

Understanding the complicated system 
leads to obtain the orbital information



X-ray burst
Measuring recurrence time and persistent flux (Mdot)
• Constraints EOS (see Dohi-sanʼs talk)

is not required by the data ( ( ) ( )c =dof 0.90 2631red
2 ). The best-

fit parameters are listed in Table 2 (Model 2) and the spectrum
with residuals in sigma can be seen in the middle panel of
Figure 3.

3.1.3. The Soft State

The NuSTAR observation in the soft state and the SWIFT
observation number 15 (see Table 1) have previously been
reported by Degenaar et al. (2016). The simplest model to describe
these data consists of a thermal Comptonization component, a soft
disk blackbody component, and a reflection component. To build
an average broadband spectrum, we use the average SWIFT/XRT
spectrum of the observation numbers 15 and 16 (see Table 1) and
the INTEGRAL data extending the energy range up to ∼50keV.
Similarly as proposed by Degenaar et al. (2016), we fit the
broadband spectrum using a model including three emission
components (a thermal Comptonization, a soft disk blackbody,
and a model with reflection (CONSTANT∗TBABS∗(DISKBB
+NTHCOMP+RELXILL) in XSPEC). All physical parameters are
free in the fit with the exception of the following: a=0,

=R R1in ISCO, and =R R400out ISCO (values from Degenaar
et al. 2016). This model well describes the broadband 0.8–
50.0 keV spectrum, with a ( ) ( )c =dof 0.83 1600red

2 . Taking into
account that the single Comptonization component described the
high/soft state data well and, in order to study the behavior of
spectral parameters, we then fit these data also with Model 1,

similarly to what has been done for the hard and transitional states.
The best-fit parameters are listed in Table 2 and the spectrum for
the soft state with residuals with respect to the model are shown in
Figure 3 (bottom panel).

3.2. The Type I X-Ray Bursts

We searched for the presence of timing signatures such
as Type I X-ray bursts during the observations of 1RXS
J180408.9−342058. These were detected in a quasi-periodic
manner during the transitional state, when NuSTAR observed
1RXSJ180408.9−342058 for ∼57 ks. The top panel of
Figure 4 shows the light curve with a bin time of 1 s in the
3.5–30keV energy range. The presence of 10 thermonuclear
Type-I bursts can be seen clearly within the light curve (see
also Wijnands et al. 2017). The light curve does not show any
statistically significant intensity variations outside of the X-ray
bursts. Unfortunately, there are no data from INTEGRAL/JEM-
X or SWIFT/XRT during X-ray bursts detected with NuSTAR
instruments. To analyze the morphological properties of
these bursts, we modeled the burst shape with linear rise
( ( ) ( )= - -I I t T T Tpeak start peak start , for Tstart�T�Tpeak) fol-
lowed by an exponential decay ( ( )= t- -I I e t T

peak peak , for
T�Tpeak), adding a constant factor to take into account the
persistent flux. In Table 3 we report the start time (Tstart), peak
time (Tpeak), exponential decay time (τ), and peak intensity (in
unit of -c s 1) of each X-ray burst. All the bursts show the same

Figure 4. The 3.5–30keV NuSTAR light curve in the transitional state during epoch number 2 (top) and in the hard state during epoch number 1 (bottom) using a bin
size of 1 s.
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NuSTAR
Fiocchi+
2019

can be observable by NinjaSat

Measuring the accurate burst profile 
(from summing up burstrs)
• fuel composition
• rp-process

NinjaSat simulation
GS 1826-24
1 sec bin
x 1 burst
x 10 bursts

power law model fitted to the persistent (preburst) spectra.
The mean reduced-!2 for the persistent spectral fits was 1.07
(56 degrees of freedom). The neutral column density was in
most cases poorly constrained and not significantly differ-
ent from zero, and in the mean it was nH ¼ ð2:4 # 1:4Þ %
1022 cm & 2. While this model provided a good fit to the PCA
data alone, combined fits including the HEXTE spectrum in
addition required modeling of the high-energy spectral cutoff
(see x 3.2).

3. BURST PROFILES, ENERGETICS, AND
RECURRENCE TIMES

The X-ray bursts observed by RXTEwere remarkably similar
to each other (Fig. 1). The rise times were relatively long, be-
tween 4.75 and 7 s (5:6 # 0:6 s on average). The first exponen-
tial decay timescale increased from 14:7 # 0:7 to 17:5 # 1:1 s
between the 1997–1998 and 2000 bursts and to 19:1 # 1:3 for
the 2002 bursts. The variation of the burst profile with epoch
is obvious in the averaged light curves (Fig. 2). The second
exponential timescale was, on average, 43 # 1 s. The peak
fluxes also showed weak evidence for a decrease with time; the
mean for the seven bursts observed in 1997–1998 was ð33:0 #

0:8Þ % 10& 9 ergs cm& 2 s& 1, while for the bursts observed in
2000–2002 it was ð30:5 # 1:1Þ % 10& 9 ergs cm& 2 s& 1 (note
that the averages of burst properties calculated here exclude
the bursts that we did not observe in their entirety). This
decrease was substantially larger than the variation in the
preburst persistent emission (see x 3.1, below). Thus, it
appears unlikely that the observed variation in the peak
burst flux arose as a side effect of subtracting the persistent
emission as background. The net effect of the variations in
peak flux and timescale was to keep the fluence approximately
constant, at ' 1:1 % 10& 6 ergs cm& 2. None of the bursts
exhibited evidence for radius expansion, so that the maximum
burst flux is a lower limit to the Eddington luminosity. The
implied distance limit is consistent with that derived from
previous observations.

3.1. Long-term Burst Interval History

Because of its low Earth orbit, RXTE can typically observe
any given source for only 65% of each 90 minute orbit. Thus,
it is likely that some bursts were missed during the gaps
between observations. The shortest burst intervals were found
between pairs of bursts observed on 1997 November 5 and 6,
2000 June 30, and 2002 July 29, at !t ¼ 5:88, 4.00 hr, and
3.58 hr, respectively. While the first value is consistent with
other measurements around the same time (e.g., Ubertini et al.
1999; Cocchi et al. 2001), the latter two are substantially
shorter. The other burst intervals measured from the RXTE
observations are at least a factor of 2 greater than the shortest
intervals and were close to integer multiples of the two
shortest intervals in each epoch. Furthermore, in each of the
longer burst intervals, the predicted intermediate burst times
(assuming regular burst occurrence) fell within data gaps.
Thus, it was still possible for the bursts to be recurring on a
regular timescale.

Fig. 1.—Profiles of 20 X-ray bursts from GS 1826& 24 observed by RXTE
between 1997 and 2002, plotted with varying vertical offsets for clarity. The
upper group of seven bursts were observed in 1997–1998, the middle group of
10 bursts in 2000, and the lower group of three in 2002. The bursts from each
epoch have been time-aligned by cross-correlating the first 8 s of the burst.
Error bars indicate the 1 " uncertainties.

Fig. 2.—Mean profiles of seven X-ray bursts from GS 1826& 24 observed
by RXTE during 1997–1998 (gray histogram) and of 10 bursts observed
during 2000 (black histogram). The bursts from 2002 have similar profiles to
those from 2000. Error bars indicate the 1 " uncertainties, derived from the
scatter of the flux within each time bin over all the bursts. The inset shows the
same profiles, expanded to show more detail around the burst rise and peak.
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flux measurements appear to agree in general once the dif-
ference in the energy band is taken into account. However, the
burst fluence measured by both the BeppoSAX instruments are
around 40% lower than for ASCA and RXTE. The RXTE/PCA is
known to measure fluxes that are systematically !20% higher
than some other instruments (e.g., Kuulkers et al. 2003);
however, this offset is insufficient to explain the discrepancy in
the measured fluence. Furthermore, the estimate of ! from
RXTE should be independent of any systematic flux offset.
Despite the substantially higher burst fluence from the RXTE
and ASCA measurements of Kong et al. (2000), the calculated
! was still close to that measured by BeppoSAX (Ubertini et al.
1999; in ’t Zand et al. 1999). This appears to result from the
bolometric correction on the 2–10 keV RXTE/ASCA flux,
which is not quoted in the Kong et al. (2000) paper but we
estimate at 4–6. By comparison, the bolometric correction
implied by the 2–10 keV and 0.1–200 keV BeppoSAX/NFI
measurements by in ’t Zand et al. (1999) is 3.3. From our
broadband spectral fits in x 3.2, we estimate a bolometric cor-
rection for RXTE flux in the 2–10 keV band as 3:06 " 0:02.
Thus, we attribute the higher ! measured by Kong et al. (2000)
to an excessive bolometric correction factor.

4. COMPARISON WITH THEORETICAL
IGNITION MODELS

In this section, we compare the observed burst properties
with theoretical models of type I burst ignition. We calculate
ignition conditions following Cumming & Bildsten (2000) and
refer the reader to that paper for details. Since the calculation
depends only on the local vertical structure of the layer, we give
the results in terms of the local accretion rate per unit area ṁ and
the mass per unit area or column depth y. We assume a 1.4 M#
neutron star with radius R ¼ 10 km, giving a surface gravity
g ¼ ðGM=R2Þð1 þ zÞ ¼ 2:45 ( 1014 cm s) 2, where 1 þ z ¼
ð1 ) 2GM=Rc2Þ) 1=2 ¼ 1:31 is the gravitational redshift. This
value for the redshift is close to that recently measured for
EXO 0748) 676 (z ’ 0:35; Cottam et al. 2002).
We calculate the temperature profile of the accumulating

layer of hydrogen and helium and adjust its thickness until a
thermal runaway occurs at the base. The temperature is mostly
set by hydrogen burning via the hot CNO cycle and therefore
the CNO mass fraction Z, which we refer to as the metallicity.
Our models also include compressional heating and a flux
from the crust Fcrust, but the results are not sensitive to these
contributions. A factor of 2 change in Fcrust gives a 2% (25%)
change in ignition depth and burst energy for Z ¼ 0:02
(Z ¼ 0:001), with a much smaller change in the trend of these
properties with ṁ. We take Fcrust to be constant over the
timescale of the observations, i.e., Fcrust ¼ ṁh iQcrust, where
the time-averaged local accretion rate ṁh i is set equal to the
value for which the burst recurrence time is 5.7 hr, and
Qcrust ¼ 0:1 MeV nucleon) 1 (Brown 2000).
To calculate the burst energy, we assume complete burning

of the H/He fuel layer and that the accreted material covers the
whole surface of the star. The total energy is then
4"R2yQnuc#) 1

b =ð1 þ zÞ, where y is the ignition column depth,
Qnuc is the energy per gram from nuclear burning, and the

Fig. 4.—Variation of the burst recurrence time (top) and the burst fluence
(bottom) as a function of the estimated bolometric persistent flux in GS
1826) 24, from RXTE measurements between 1997 and 2002. Error bars
indicate the 1 $ errors. The curves show theoretical calculations for a range of
metallicities: Z ¼ 0:02, 0.01, 0.003, and 0.001. The solid angle ðR=dÞ and
gravitational energy have been chosen in each case to match the observed
fluence and recurrence time at Fp ¼ 2:25 ( 10) 9 ergs cm) 2 s) 1. For Z ¼ 0:02,
0.01, 0.003, and 0.001, this gives R=d ¼ 13, 10, 8, and 6 km, 10 kpc, and
Qgrav ¼ 175, 196, 211, and 215 MeV nucleon) 1.

Fig. 5.—Ratio of persistent to burst luminosity ! ¼ Lp=Lb (eq. [1]),
calculated from RXTE observations between 1997 and 2002. Error bars
represent the estimated 1 $ uncertainties. The curves show theoretical
calculations for the same values of metallicity as in Fig. 4.
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Accretion disk
NS

• The origin of the twin QPO is thought to be a beat frequency between the NS spin and 
Keplerian orbital frequency at the inner radius of the accretion disk (BF model). 

• Peak separation ΔνQPO is proposed to correspond with spin frequency

Short X-ray variability (RXTE/PCA : 3 ‒ 20 keV)
Twin kHz Quasi-periodic Oscillation (QPO)
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Figure 7. Broadband energy spectrum of Sco X-1. At energies

below 7 keV crosses show data points, measured with ASCA

observatory (observation Aug.16, 1993), at energies 3-20 keV

gray stripe denotes the rms-range of spectral densities, mea-

sured by RXTE/PCA over around 700 observations, collected

during period 1996-2012. At energies above 20 keV open squares

show time averaged spectrum of Sco X-1, measured with INTE-

GRAL/IBIS/ISGRI. Long dashed curves denote contribution of

an accretion disk (left curve) and a boundary/spreading layer

(right curve) components. Short-dashed curve shows prediction

of a model, in which soft blackbody photons with kT = 1.1 keV

are Comptonized by hybrid/non-thermal plasma (model eqpair,
see text for other parameters). Solid line is a sum of all compo-

nents
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that is larger than tCompt in our case of relativistic elec-
trons in optically thin ⌧Th < 1 region. Here ln⇤ is the
Coulomb logarithm and ⌧Th – Thomson optical depth of the
region. Exchange of energies between electrons due to syn-
chrotron self-absorption (so-called synchrotron boiler mech-
anism, Ghisellini, Guilbert, & Svensson 1988; Svensson 1999;
Malzac & Belmont 2009) in a region with magnetic compact-
ness lB:

lB =
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, which in our case (ls � lB) is larger than Compton cooling
time scale.

We can conclude that in the absence of some special
collision-less plasma mechanisms of thermalization the opti-
cally thin hot plasma in the innermost accretion flow can not
be uniformly thermal because the electrons do not have time

to thermalize. The hard X-ray photons emerging in the tail
(above 50-60 keV) should be result of Compton upscattering
of soft photons on electrons having their original distribu-
tion. This original distribution can be non thermal (see e.g.
simulation of reconnection events, Zenitani & Hoshino 2001;
Yamada, Kulsrud, & Ji 2010), depending on the physical
mechanism of energy input into electron population.

We can assume that one of the most probable scenario
of generation of hard X-ray tail in spectrum of Sco X-1 is
a non-thermal Comptonization in some corona-like regions
above the accretion disk (see e.g. scenario of Galeev, Ros-
ner, & Vaiana 1979). Such scenario have direct analogy with
accreting black holes in so-called soft state. According to
widely accepted model during this state the accretion to a
black hole occurs via optically thick disk with optically thin
corona above it. Optically thick disk emits blackbody-like
emission, while optically thin corona with energetic elec-
trons upscatters these soft photons to higher energies (see
e.g. Coppi 1999; Gierliński et al. 1999; Done, Gierliński, &
Kubota 2007). This optically thick disk should be very simi-
lar to that around neutron star in Sco X-1, therefore we can
anticipate that somewhat similar corona-like flow above this
disk can also exist in this case.

An example of the spectrum, expected in such hybrid
thermal/non-thermal plasma (model eqpair of Coppi 1999
in XSPEC package, Arnaud 1996) is presented in Fig.7.

For this energy spectrum we assumed that the
hybrid/non-thermal plasma upscatters only photons from
accretion disk and adopted the following parameters: lnth =
0.99 fraction of energy deposited into non-thermal electrons
with the power law slope � = 3, soft photons luminos-
ity compactness ls = 600, fraction of the energy, inserted
into hard component with respect to the soft component
lh/ls = 0.6%, temperature of the soft (black body) photons
emission kTbb = 1.1 keV.

We should note here that energetic electrons in this op-
tically thin corona can upscatter not only photons from opti-
cally thick accretion disk, but also photons from the neutron
star surface (boundary/spreading layer). This should result
in modest changes of the shape of the spectral model, shown
in Fig.7, but more quantitative description of this modifica-
tion will depend on not known geometry of the Comptoniz-
ing region and is beyond the scope of the present paper.

6 SUMMARY

We have studied all available data of INTEGRAL obser-
vatory on hard X-ray emission of the brightest accreting
neutron star Sco X-1. In total it sum up to ⇠ 6 Msec of
astronomical time and ⇠ 4 Msec of deadtime corrected ex-
posure time. Our results can be summarized as follows:

• Time average spectrum of Sco X-1 contains hard X-
ray tail which has a power law shape without cuto↵ up to
energies ⇠ 200� 300 keV.

• This allows us to conclude that obtained hard X-ray
spectrum of Sco X-1 does not agree with the predictions of
a model, in which the hard X-ray tail is formed as a result
of Comptonization of some seed photons on bulk motion of
the matter around accreting compact object

• The amplitude of the tail varies with time with factor
more than ten.

c� 2013 RAS, MNRAS 000, 1–??

(Revnivtsev et al., 2014)
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• Matched-filter template: 1010 -> 1 @ frequency accuracy ~ 0.1% 

• X-ray variation of Sco X-1 shows twin kHz QPO, which frequency 

difference is proposed to correspond with spin frequency!!

• Sco X-1 is one of the brightest sources: monitoring by CubeSat?
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Accretion disk
NS

• The origin of the twin QPO is thought to be a beat frequency between the NS spin and 
Keplerian orbital frequency at the inner radius of the accretion disk (BFK model). 

• Peak separation ΔνQPO is proposed to correspond with spin frequency

Short X-ray variability (RXTE/PCA : 3 ‒ 20 keV)
Twin kHz Quasi-periodic Oscillation (QPO)
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Figure 7. Broadband energy spectrum of Sco X-1. At energies

below 7 keV crosses show data points, measured with ASCA

observatory (observation Aug.16, 1993), at energies 3-20 keV

gray stripe denotes the rms-range of spectral densities, mea-

sured by RXTE/PCA over around 700 observations, collected

during period 1996-2012. At energies above 20 keV open squares

show time averaged spectrum of Sco X-1, measured with INTE-

GRAL/IBIS/ISGRI. Long dashed curves denote contribution of

an accretion disk (left curve) and a boundary/spreading layer

(right curve) components. Short-dashed curve shows prediction

of a model, in which soft blackbody photons with kT = 1.1 keV

are Comptonized by hybrid/non-thermal plasma (model eqpair,
see text for other parameters). Solid line is a sum of all compo-
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that is larger than tCompt in our case of relativistic elec-
trons in optically thin ⌧Th < 1 region. Here ln⇤ is the
Coulomb logarithm and ⌧Th – Thomson optical depth of the
region. Exchange of energies between electrons due to syn-
chrotron self-absorption (so-called synchrotron boiler mech-
anism, Ghisellini, Guilbert, & Svensson 1988; Svensson 1999;
Malzac & Belmont 2009) in a region with magnetic compact-
ness lB:

lB =
�T

mec2
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gives thermalization time:
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, which in our case (ls � lB) is larger than Compton cooling
time scale.

We can conclude that in the absence of some special
collision-less plasma mechanisms of thermalization the opti-
cally thin hot plasma in the innermost accretion flow can not
be uniformly thermal because the electrons do not have time

to thermalize. The hard X-ray photons emerging in the tail
(above 50-60 keV) should be result of Compton upscattering
of soft photons on electrons having their original distribu-
tion. This original distribution can be non thermal (see e.g.
simulation of reconnection events, Zenitani & Hoshino 2001;
Yamada, Kulsrud, & Ji 2010), depending on the physical
mechanism of energy input into electron population.

We can assume that one of the most probable scenario
of generation of hard X-ray tail in spectrum of Sco X-1 is
a non-thermal Comptonization in some corona-like regions
above the accretion disk (see e.g. scenario of Galeev, Ros-
ner, & Vaiana 1979). Such scenario have direct analogy with
accreting black holes in so-called soft state. According to
widely accepted model during this state the accretion to a
black hole occurs via optically thick disk with optically thin
corona above it. Optically thick disk emits blackbody-like
emission, while optically thin corona with energetic elec-
trons upscatters these soft photons to higher energies (see
e.g. Coppi 1999; Gierliński et al. 1999; Done, Gierliński, &
Kubota 2007). This optically thick disk should be very simi-
lar to that around neutron star in Sco X-1, therefore we can
anticipate that somewhat similar corona-like flow above this
disk can also exist in this case.

An example of the spectrum, expected in such hybrid
thermal/non-thermal plasma (model eqpair of Coppi 1999
in XSPEC package, Arnaud 1996) is presented in Fig.7.

For this energy spectrum we assumed that the
hybrid/non-thermal plasma upscatters only photons from
accretion disk and adopted the following parameters: lnth =
0.99 fraction of energy deposited into non-thermal electrons
with the power law slope � = 3, soft photons luminos-
ity compactness ls = 600, fraction of the energy, inserted
into hard component with respect to the soft component
lh/ls = 0.6%, temperature of the soft (black body) photons
emission kTbb = 1.1 keV.

We should note here that energetic electrons in this op-
tically thin corona can upscatter not only photons from opti-
cally thick accretion disk, but also photons from the neutron
star surface (boundary/spreading layer). This should result
in modest changes of the shape of the spectral model, shown
in Fig.7, but more quantitative description of this modifica-
tion will depend on not known geometry of the Comptoniz-
ing region and is beyond the scope of the present paper.

6 SUMMARY

We have studied all available data of INTEGRAL obser-
vatory on hard X-ray emission of the brightest accreting
neutron star Sco X-1. In total it sum up to ⇠ 6 Msec of
astronomical time and ⇠ 4 Msec of deadtime corrected ex-
posure time. Our results can be summarized as follows:

• Time average spectrum of Sco X-1 contains hard X-
ray tail which has a power law shape without cuto↵ up to
energies ⇠ 200� 300 keV.

• This allows us to conclude that obtained hard X-ray
spectrum of Sco X-1 does not agree with the predictions of
a model, in which the hard X-ray tail is formed as a result
of Comptonization of some seed photons on bulk motion of
the matter around accreting compact object

• The amplitude of the tail varies with time with factor
more than ten.
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• The origin of the twin QPO is thought to be a beat frequency between the NS spin and 
Keplerian orbital frequency at the inner radius of the accretion disk (BFK model). 

• Peak separation ΔνQPO is proposed to correspond with spin frequency
• However, ΔνQPO has not been well monitored since 1999. Spin will be “wandering” caused 

by accretion à Frequency monitor by long-term X-ray observation is important to search 
CGWs by integration over year long data

Short X-ray variability (RXTE/PCA : 3 ‒ 20 keV)
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Figure 7. Broadband energy spectrum of Sco X-1. At energies

below 7 keV crosses show data points, measured with ASCA

observatory (observation Aug.16, 1993), at energies 3-20 keV

gray stripe denotes the rms-range of spectral densities, mea-

sured by RXTE/PCA over around 700 observations, collected

during period 1996-2012. At energies above 20 keV open squares

show time averaged spectrum of Sco X-1, measured with INTE-

GRAL/IBIS/ISGRI. Long dashed curves denote contribution of

an accretion disk (left curve) and a boundary/spreading layer

(right curve) components. Short-dashed curve shows prediction

of a model, in which soft blackbody photons with kT = 1.1 keV

are Comptonized by hybrid/non-thermal plasma (model eqpair,
see text for other parameters). Solid line is a sum of all compo-

nents

1999)

tCoulomb ⇠ �2

⌧Th ln⇤

✓
R
c

◆

that is larger than tCompt in our case of relativistic elec-
trons in optically thin ⌧Th < 1 region. Here ln⇤ is the
Coulomb logarithm and ⌧Th – Thomson optical depth of the
region. Exchange of energies between electrons due to syn-
chrotron self-absorption (so-called synchrotron boiler mech-
anism, Ghisellini, Guilbert, & Svensson 1988; Svensson 1999;
Malzac & Belmont 2009) in a region with magnetic compact-
ness lB:

lB =
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, which in our case (ls � lB) is larger than Compton cooling
time scale.

We can conclude that in the absence of some special
collision-less plasma mechanisms of thermalization the opti-
cally thin hot plasma in the innermost accretion flow can not
be uniformly thermal because the electrons do not have time

to thermalize. The hard X-ray photons emerging in the tail
(above 50-60 keV) should be result of Compton upscattering
of soft photons on electrons having their original distribu-
tion. This original distribution can be non thermal (see e.g.
simulation of reconnection events, Zenitani & Hoshino 2001;
Yamada, Kulsrud, & Ji 2010), depending on the physical
mechanism of energy input into electron population.

We can assume that one of the most probable scenario
of generation of hard X-ray tail in spectrum of Sco X-1 is
a non-thermal Comptonization in some corona-like regions
above the accretion disk (see e.g. scenario of Galeev, Ros-
ner, & Vaiana 1979). Such scenario have direct analogy with
accreting black holes in so-called soft state. According to
widely accepted model during this state the accretion to a
black hole occurs via optically thick disk with optically thin
corona above it. Optically thick disk emits blackbody-like
emission, while optically thin corona with energetic elec-
trons upscatters these soft photons to higher energies (see
e.g. Coppi 1999; Gierliński et al. 1999; Done, Gierliński, &
Kubota 2007). This optically thick disk should be very simi-
lar to that around neutron star in Sco X-1, therefore we can
anticipate that somewhat similar corona-like flow above this
disk can also exist in this case.

An example of the spectrum, expected in such hybrid
thermal/non-thermal plasma (model eqpair of Coppi 1999
in XSPEC package, Arnaud 1996) is presented in Fig.7.

For this energy spectrum we assumed that the
hybrid/non-thermal plasma upscatters only photons from
accretion disk and adopted the following parameters: lnth =
0.99 fraction of energy deposited into non-thermal electrons
with the power law slope � = 3, soft photons luminos-
ity compactness ls = 600, fraction of the energy, inserted
into hard component with respect to the soft component
lh/ls = 0.6%, temperature of the soft (black body) photons
emission kTbb = 1.1 keV.

We should note here that energetic electrons in this op-
tically thin corona can upscatter not only photons from opti-
cally thick accretion disk, but also photons from the neutron
star surface (boundary/spreading layer). This should result
in modest changes of the shape of the spectral model, shown
in Fig.7, but more quantitative description of this modifica-
tion will depend on not known geometry of the Comptoniz-
ing region and is beyond the scope of the present paper.

6 SUMMARY

We have studied all available data of INTEGRAL obser-
vatory on hard X-ray emission of the brightest accreting
neutron star Sco X-1. In total it sum up to ⇠ 6 Msec of
astronomical time and ⇠ 4 Msec of deadtime corrected ex-
posure time. Our results can be summarized as follows:

• Time average spectrum of Sco X-1 contains hard X-
ray tail which has a power law shape without cuto↵ up to
energies ⇠ 200� 300 keV.

• This allows us to conclude that obtained hard X-ray
spectrum of Sco X-1 does not agree with the predictions of
a model, in which the hard X-ray tail is formed as a result
of Comptonization of some seed photons on bulk motion of
the matter around accreting compact object

• The amplitude of the tail varies with time with factor
more than ten.
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(Revnivtsev et al., 2014)
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and all five detectors were not always on. For these reasons,
the expected Z-track in the X-ray color-color diagram cannot
be recovered now; this awaits better understanding of the
spectral calibration of the PCA at high count rates and off-axis
source positions. Raw count rates varied between 60 and
1.3 3 105 counts s21 (2– 60 keV).

We calculated power spectra of all 0.125 ms data using 16 s
data segments, and we calculated one average spectrum for
each continuous data interval. For measuring the properties of
the kilohertz QPO, we fitted the 256–4096 Hz power spectra
(Fig. 1) with a function consisting of a constant, two Lorent-
zian peaks, and either a broad sinc function or a broad
sinusoid to represent the dead-time–modified Poisson noise,
depending on the Very Large Event window setting (Zhang et
al. 1995; Zhang 1995). The PCA dead-time process at 105

counts s21 is not, as yet, sufficiently well understood to predict
this Poisson component accurately. Therefore, we cannot
report on the properties of any intrinsic broad noise compo-
nents in the kilohertz range.

For measuring the 45 Hz QPO and its harmonic, we fitted
the 16–256 Hz power spectra with a broad Lorentzian cen-
tered near zero frequency to represent the continuum, and one
or two Lorentzian peaks to model the QPO. The conversion of
the power in the QPO peaks to fractional rms amplitude
depends on the derivative of the dead-time transmission
function with respect to count rate (van der Klis 1989), which
we do not know. The dead time is expected to suppress the
QPO amplitude more than the total count rate. Our reported
raw (i.e., uncorrected for dead time) fractional rms amplitudes
are therefore lower limits to the true values. These could be
several times as large.

3. RESULTS

Kilohertz QPOs were detected in all observations. The
peaks (Fig. 1) are very significant, with raw rms values of up to
2.5%, and the spectra are well fitted by the fit function
described in § 2. Figure 2 illustrates the changes in power-

spectral shape as a function of inferred Ṁ. Notice the increase
in frequency and the decrease in power of the two kilohertz
QPO peaks, the emergence of the normal-branch oscillations
(NBOs) near 6 Hz apparently f rom the low-frequency noise
(LFN), and the complicated variations in strength and shape
of the 45 and 90 Hz peaks with Ṁ (increasing upward). As in
Paper I, the frequency of the NBOs is correlated to that of the
kilohertz QPOs.

Since we cannot estimate Ṁ from the X-ray color-color
diagram, we plot in Figure 3 the results of our fits versus the
centroid frequency nu of the upper peak; nu increases mono-

FIG. 1.—Power spectrum from 110 ks of data showing double kilohertz
QPO peaks, with best fit superimposed. Note the absence of additional peaks.
The sloping continuum above 1 kHz is instrumental (§ 2).

FIG. 2.—Representative 13 ks power spectra sorted according to inferred
Ṁ (increasing upward) and shifted up by factors of 1, 2, 5, 10, 20, 40, and 80,
respectively, for clarity. The frequency of the upper kilohertz peak increases
with Ṁ from 872 to 1115 Hz, that of the lower one from 565 to 890 Hz. The
large width of the 10 Hz peak in the top trace is due to peak motion. The
sloping continua in the kilohertz range are instrumental (§ 2).
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Figure 2 compares Ðts of the kilohertz QPO frequency
behavior predicted by the model of the e†ects of inward
clump drift developed in ° 2 for prograde disk Ñow near the
star to the frequency behavior observed in Sco X-1, 4U
1608[52, 4U 1728[34, and 4U 1820[30. Although we
always Ðt to the frequencies that were measured in each
source (see above), we have plotted *l versus in Figure 2l2for all four sources, for clarity and consistency. For 4U
1608[52, 4U 1728[34, and 4U 1820[30, one of the fre-
quency estimates plotted in Figure 2 was constructed by
combining two measured frequencies. The uncertainty in
the derived frequency was computed by adding in quadra-
ture the uncertainties in the frequencies that were com-

FIG. 2.ÈComparison of Ðts of the SPBF gasdynamical model described in the text (solid curves) with the correlations observed in four sources. The*l-l2best-Ðtting parameter values are Sco X-1 : M \ 1.59 Hz, s2/dof \ 95.5/46 ; 4U 1608[52 : M \ 1.98M
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frequency-Ñux relation (see text).
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