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The Zoo of X-ray binaries

• HMXBs 
• Persistent: 

• Disk accretion, ROFL, incl. microquasars

• Wind accretion, Supergiant X-ray binaries (SGXBs)


• Transients

• Black hole transients (BHTs)

• Be-X-ray binaries (BeXRBs)

• Supergiant fast X-ray transients (SFXTs)

• Very faint X-ray transients (VFXTs)

• Gamma-ray binaries


• LMXBs 
• Persistent sources (ROFL, disk accretion)

• transients

• Soft X-ray transients (SXTs)

• Ultracompact binaries (UCXBs)

• Black hole transients (BHTs)

• Accretion-powered millisecond pulsars (AMXPs)

• X-ray bursters


• CVs 
• Zoo of it’s own…


• NS/BH?

• Magnetic field

• Pulsations

• Spin

• ……

Another level of diversity:



The Zoo of X-ray binaries

• HMXBs 
• Persistent: 

• Disk accretion, ROFL, incl. microquasars

• Wind accretion, Supergiant X-ray binaries (SGXBs)


• Transients

• Black hole transients (BHTs), see talk by Maria

• Be-X-ray binaries (BeXRBs/pULX)

• Supergiant fast X-ray transients (SFXTs)

• Gamma-ray binaries


• LMXBs 
• Persistent sources (ROFL, disk accretion)

• transients

• Soft X-ray transients (SXTs)

• Ultracompact binaries (UCXBs)

• Very faint X-ray transients (VFXTs)

• Black hole transients (BHTs)

• Accretion-powered millisecond pulsars (AMXPs), talk 

by Domitilla 
• X-ray bursters 

• CVs 
• Zoo of it’s own


• NS/BH?

• Magnetic field

• Pulsations

• Spin

• ……

Today focus mostly on 
time variability of 

transient NS XRBs 
accessible to Theseus

Another level of diversity:



Be X-ray binaries (BeXRB)

• Traditional and easy target for all-sky 
monitors (fluxes up to 10-7 erg/cm2/s)

• Quiescent luminosities 1032-35 erg/s


• X-ray pulsar + Be binary, accretion from 
circumbinary Be disk when NS crosses it

• ~100 known (50 Galactic, and 50 in MC)

• Regular or irregular outbursts


• peak luminosities of up to 1039 erg/s 
(normally below 1037 erg/s)


• Lasts several weeks to months

• Rich phenomenology (spectra/timing)

• Many unanswered questions (also in 

context of PULXs science)


• Transient, bright, broadband: Theseus! 
• detailed studies with Theseus alone 
• Discovery of new sources

• Monitoring of BeXRBs in MCs (to 

follow-up with other facilities)


Credit: Gabriel Pérez – SMM (IAC)
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Figure 6. Hardness ratio evolution with flux for Swift J0243.6+6124. Squares show the
rise stage of the outburst, and diamonds the decay. Both NICER (blue squares and red
diamonds connected by a solid line) and Fermi GBM (green squares and cyan diamonds
connected by dashed line segments) hardness ratios are shown. Error bars are smaller than
the plotted symbols. Note the di↵erent scales on the y-axis: logarithmic for NICER counts,
linear for GBM pulsed fluxes. Spectral evolution and hysteresis at high luminosity are
evident.

emission, we attempted to understand the spectral behavior of Swift J0243.6+6124

during the outburst. Photon energy spectra were extracted from all available data (see

Table 1). We followed the standard analysis method as described in Sections 2.1 and

3.1. In addition to conventional filtering criteria, a SUNSHINE flag was also added to

GTI that can separate the data at times when NICER was exposed to direct sunlight

(“day” orbits), and times when NICER was shadowed by the Earth (“night” orbits).

This was done as a first step to address the known instrument artifacts from O, Si

and Au in the NICER spectra at energies close to 0.5, 1.8 and 2.2 keV, respectively

(see also Ludlam et al. (2018)). These residuals were more prominent in high count

rate observations, complicating spectral analysis at present for brighter sources.

We adopted a normalization technique that uses the Crab Nebula’s observed spec-

trum to mitigate these instrument features. For this, we extracted Crab spectra from

(ObsIDs 1011010101, 1011010201, and 1013010101-1013010122), in a manner similar

to Swift J0243.6+6124. The products from day and night orbits were combined into

respective groups using the FTOOL addspec. We accumulated time-averaged spec-

tra of the Crab with an e↵ective exposure of ⇠26 ks for day and ⇠14 ks for night

orbits. Together with a background dataset (RXTE blank sky field 6; Jahoda et al.
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Figure 3. Left: Evolution of the pulse profile of the source throughout the outburst as observed by Swift/XRT in 0.8–10 keV energy
range. Slices along the ordinate give normalized intensity as function of pulse phase at a given time. Pulse profiles were roughly aligned
to minimize the offset between pairs of consequent pulse profiles. Middle: Observed pulsed fraction from the Swift/XRT data as function
of time (black points). Ratio of pulsed flux measured by Fermi/GBM and total Swift/BAT flux, which gives indirect estimate of the
pulsed fraction in hard 15–50 keV band is also shown (red line, arbitrarily scaled). Right: Observed pulse profile shape in 0.8–10 keV
band before (a) and after (b) transition around MJD 58110.

of the short spin period and pulse profile shape, compara-
tively large gaps between XRT pointings, and remaining un-
certainties in the orbital parameters. Therefore, we refrain
from any conclusions regarding the specific phase shifts be-
tween different observations, however, strong changes of the
observed pulse profile shape are apparent. To illustrate the
pulse profile evolution we show also two profiles well before
(MJD 58090) and after (MJD 58138) the transition in Fig. 3.
This transition is discussed in more detail in Section 4.

4 DISCUSSION

Main goal of the work is to independently constrain the
magnetic field of the NS in Swift J0243.6+6124 using the
propeller effect. The propeller luminosity Lprop is defined
by the equality of the magnetospheric radius (Rm) to the
co-rotation radius (Rc). Under the assumption of the Keple-
rian motion in the accretion disc, matter can penetrate the
magnetosphere and be accreted to the NS only if Rm < Rc

(Illarionov & Sunyaev 1975). In the opposite case centrifu-
gal barrier stops the accretion and abrupt drop of the source
luminosity should be observed.

The magnetospheric radius depends on the mass accre-
tion rate and magnetic field strength, so a simple equation
linking the limiting luminosity Lprop to the fundamental
parameters of the NS can be derived by equating the co-
rotation and magnetospheric radii (see, e.g. Campana et al.
2002)

Lprop(R) !
GMṀlim

R
! 4×1037k7/2

B
2
12P

−7/3
M

−2/3
1.4 R

5
6 erg s−1

,

(1)

where R6 and M1.4 are the NS radius and mass in units
of 106 cm and 1.4M", respectively, B12 is the magnetic
field strength at the surface of the NS in units of 1012 G,
P is the pulsar rotational period in seconds. Factor k is
required to take into account difference of the magneto-
spheric radius in the case of disc accretion and classical
Alfvén radius (Rm = k × RA) and is usually assumed to
be k = 0.5 (Ghosh & Lamb 1978). It was recently shown

by Tsygankov et al. (2017b) that transition to the propeller
regime is possible only for pulsars with relatively short pulse
periods. From this point of view Swift J0243.6+6124, pos-
sessing the period of ∼ 9.7 s, is a very good case study to
make another step towards the verification of theory of ac-
cretion from the “cold disc” (Tsygankov et al. 2017b).

As can be seen from Fig. 2 no evidence of transi-
tion of the source to the propeller regime was observed.
The lowest flux level detected by the XRT telescope be-
fore Swift J0243.6+6124 entered the rebrightening phase is
Fmin ! 1.1× 10−10 erg s−1 cm−2.

Using this value as an upper limit for the threshold
flux Fprop it is possible to derive an upper limit for the
magnetic field strength. For the distance of d = 7.3 kpc
and the coefficient k = 0.5, the propeller luminosity is
Lprop < 6.8× 1035 erg s−1 and corresponding magnetic field
B < 6.2 × 1012 G. This value is factor of two lower than
the value derived from the analysis of spin period derivative
(Doroshenko et al. 2018). However, given the strong depen-
dence of the result on the assumed torque model and ac-
cretion disc effective radius, we consider agreement satisfac-
tory. In particular, it is sufficient to assume k ∼ 0.35 (see
e.g., Chashkina et al. 2017) to increase the upper limit ob-
tained from non-detection of the transition to the propeller
at 1013 G, making it consistent with the accretion torque es-
timate. Note, however, that improvement on the upper limit
on the propeller luminosity would deteriorate this agreement
and thus imply presence of an appreciable non-dipole com-
ponent of the field.

Additional information about the magnetic field
strength can be obtained from the analysis of the pulse
profile variations with luminosity. The sharp variations of
a beam pattern with accretion luminosity can be caused
by the transition from the sub-critical regime of accre-
tion to the super-critical regime, when the radiation pres-
sure becomes high enough to stop matter above the
NS surface (Basko & Sunyaev 1976; Becker et al. 2012;
Mushtukov et al. 2015a). In this case, rather small varia-
tions of the mass accretion rate can result in appreciable
changes of the geometry of the emitting region and mod-

MNRAS 000, 1–5 (2018)
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Could be done with Theseus

Swift J0243.6+6124 (Swift + MAXI + NICER)
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Figure 6: Representative power spectra above (red) and below (black) the transitional luminosity as observed by HXMT
(arbitrary scaled and multiplied by frequency to highlight the changes in shape). The low luminosity power spectrum is
obtained by combining observations in LX = 2 � 4 ⇥ 1038 erg s�1 to improve statistics. The second power spectrum is
from a single observation slightly above the transition. Estimated white noise and pulsed flux had been subtracted in
both cases as described in the text. Note the QPO feature around 0.1-0.2 Hz. Finally, power spectrum of the source in
quiescence as observed by NuSTAR is also shown (blue points). In the later case pulsations are not subtracted but do not
contribute significantly to power spectrum.

Figure 7: Frequency of the break in the aperiodic variability power spectra as function of flux using the 20-40 keV
HXMT HE lightcurves. The black points show either the single break (at lower luminosities), or the lower frequency
break when the double broken power law model was used. The blue points indicate QPO frequency where detected. The
red and blue lines reflect 6/7 and 3/7 power laws to guide the eye. The vertical lines indicate fluxes corresponding to
drammatic changes of the pulse profile shape (i.e. same fluxes as in Fig. 1).

First of all, it is interesting to note that the frequency of the low frequency break becomes close to the QPO frequency,
which appears to follow the same correlation with flux as at the lower luminosities. We conclude thus that the low
frequency break at high luminosities is associated with the same timescale as the QPO. We note that the frequency of
the low frequency break is hard to constrain in some of the observations due to the presence of QPO, and possibly QPO
harmonics at similar frequencies. As such, the scatter visible in the resulting lower frequency break estimates at high
luminosities presented in Fig 7 might be associated with the stability of the fit rather than some physical instability.
The frequency of the break is also poorly constrained by HXMT at low fluxes where limited statistics makes it hard to
distinguish the break from the variable QPO reported by (8) at 50� 70 mHz which is again close to the break frequencies
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Figure 6: Representative power spectra above (red) and below (black) the transitional luminosity as observed by HXMT
(arbitrary scaled and multiplied by frequency to highlight the changes in shape). The low luminosity power spectrum is
obtained by combining observations in LX = 2 � 4 ⇥ 1038 erg s�1 to improve statistics. The second power spectrum is
from a single observation slightly above the transition. Estimated white noise and pulsed flux had been subtracted in
both cases as described in the text. Note the QPO feature around 0.1-0.2 Hz. Finally, power spectrum of the source in
quiescence as observed by NuSTAR is also shown (blue points). In the later case pulsations are not subtracted but do not
contribute significantly to power spectrum.
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Figure 7: Frequency of the break in the aperiodic variability power spectra as function of flux using the 20-40 keV
HXMT HE lightcurves. The black points show either the single break (at lower luminosities), or the lower frequency
break when the double broken power law model was used. The blue points indicate QPO frequency where detected. The
red and blue lines reflect 6/7 and 3/7 power laws to guide the eye. The vertical lines indicate fluxes corresponding to
drammatic changes of the pulse profile shape (i.e. same fluxes as in Fig. 1).

First of all, it is interesting to note that the frequency of the low frequency break becomes close to the QPO frequency,
which appears to follow the same correlation with flux as at the lower luminosities. We conclude thus that the low
frequency break at high luminosities is associated with the same timescale as the QPO. We note that the frequency of
the low frequency break is hard to constrain in some of the observations due to the presence of QPO, and possibly QPO
harmonics at similar frequencies. As such, the scatter visible in the resulting lower frequency break estimates at high
luminosities presented in Fig 7 might be associated with the stability of the fit rather than some physical instability.
The frequency of the break is also poorly constrained by HXMT at low fluxes where limited statistics makes it hard to
distinguish the break from the variable QPO reported by (8) at 50� 70 mHz which is again close to the break frequencies
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Figure 7. Change of the accretion disc structure and of the magnetospheric
radius (with respect to the corotation radius indicated by the vertical line)
changes both the net torque exerted on to the NS and the accretion column
height. During the declining phase, the matter falls closer to the polar areas,
which increases the height of the accretion column so that the illumination
pattern shifts to the equatorial areas, implying a lower observed CRSF
energy.

Changes in the emission region geometry must be reflected in the
pulse profile shape. Indeed, the pulse profiles observed at compara-
ble luminosities in the declining phase of the 2015 outburst and in
2016 do appear to be significantly different, as illustrated in Fig. 6.
On the other hand, in the context of the reflection model, almost the
entire NS surface is illuminated in both cases, so no drastic changes
for the phase dependence of the CRSF parameters are expected,
which is again qualitatively consistent with the results of phase-
resolved analysis. An additional argument supporting the proposed
interpretation comes from the comparison of the relative amplitude
of the CRSF energy variation with pulse phase in different obser-
vations. This turns out to be significantly higher for observations in
the declining phase of the outburst, where the illuminated area is
larger, and thus a larger fraction of the NS atmosphere contributes to
the line formation, as illustrated in Fig. 8. We note that such change
indicates a significant change in the emission region structure, re-
gardless of the assumed model for the CRSF formation.

3.2 The critical luminosity

At high luminosities, the CRSF centroid energy in V 0332+53
is known to be anticorrelated with flux, which is consistent with
Cusumano et al. (2016) findings and our results for the declining
phase of the outburst. However, the anticorrelation seems to break

Figure 8. Amplitude of the variation of the fundamental centroid energy
with pulse phase for the declining part of the main outburst (black points)
and for the rest of the data (red triangles).

at the lowest flux (see Fig. 4). Indeed, the centroid energy is well
constrained in the last two NuSTAR observations in 2015, and is
actually slightly lower during the dimmer observation. A compar-
ison of the observed line energies in two dimmest observations
in 2015 thus implies a positive correlation with luminosity with
dE/dL = 0.16(8) keV/1037 erg s−1. For the two observations in
2016, one can deduce dE/dL = 1.3(7) keV/1037 erg s−1, i.e. in
four out of seven NuSTAR observations, the line energy seems to
increase with flux, i.e. the anticorrelation reported for higher fluxes
does not seem to extend to low fluxes indefinitely. Transition from
an anticorrelation to a correlation is, in fact, expected from a theo-
retical point of view. The anticorrelation observed at high fluxes is
thought to be associated with the change of height of the accretion
column, which is supported by radiative pressure and thus appears
only above a certain critical luminosity (Basko & Sunyaev 1976).
Below the critical flux the line is expected to be correlated with the
flux either due to the Doppler effect (Mushtukov et al. 2015c) or due
to a change of the atmosphere height above the NS surface driven
by ram pressure of the infalling material (Staubert et al. 2007).

Assuming that such a transition does, indeed, take place, the
transitional luminosity can be estimated by fitting a broken linear
model to NuSTAR and BAT data corrected for the linear drift, as
shown in Fig. 9. This yields Lcrit = 0.7+0.7

−0.1 × 1037 erg s−1 with
Ecycl = 30.58(7) − 0.144(4)(L − Lcrit)/1037 above the transitional
luminosity, and Ecycl = 30.58(7) + 1.4(1.2)(L − Lcrit)/1037 below it.
Here, we additionally include in quadrature a systematic uncertainty
of 0.1 keV for BAT2 and of 0.077 keV for NuSTAR to get a statis-
tically acceptable fit [in the latter case, the systematics correspond
to the uncertainty of energy scale around the mean CRSF energy
assuming the long-term gain variations reported by Madsen et al.
(2015)]. The best-fitting statistics improve from χ2

red = 1.37 for 27
degrees of freedom for a linear fit to χ2

red = 1.03 for 25 degrees
of freedom for the broken linear fit, which implies that the latter
model is marginally preferred at an ∼3σ confidence based on the
MLR test (Protassov et al. 2002). Note that while the transitional
luminosity value seems to be in good agreement with theoretical
predictions, as illustrated in Fig. 10, both the significance level and
the deduced parameters might be affected by the assumptions that

2 http://heasarc.nasa.gov/docs/heasarc/caldb/swift/docs/bat/SWIFT-BAT
-CALDB-ESCALE-v1.pdf
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Fig. 4. Dependence of the energy of the fundamental cyclotron line on
luminosity. The two positive and three negative correlations clearly seen
in the figure are derived from the pulse-to-pulse analysis (blue crosses).
The red and magenta crosses are values obtained from the pulse-
averaged spectra of the 2015 giant outburst and the 2016 outburst. The
observations with negative p2p-correlations comprise Group 1, while
Group 2 consists of two observations with positive p2p-correlations,
labeled (1) and (2), respectively. The gray line reflects the “hysteresis”
behavior observed with Swift/BAT (Cusumano et al. 2016).

Fig. 5. Observed correlations between the fundamental cyclotron line
energy and luminosity as a result of the pulse-amplitude-resolved anal-
ysis (gray crosses). The blue crosses are the correlations corrected for
the time drift. The green line is the best fit model to the blue crosses,
which reflect the Ecyc/Lx dependence corrected for the time drift. The
reference time corresponds to the beginning of the giant outburst. The
data of the 2016 outburst are marked as the magenta crosses.

however, we can measure the variations in the line energy more
precisely because we get a greater number of data points with
sufficiently small error bars splitting each observation accord-
ing to pulse amplitude. This is very important for the low-flux
observations, for which we obtained eight points instead of two.

The dependence of Ecyc on luminosity turns out to be linear
and the slopes are consistent with being the same for all observa-
tions within the two groups. This becomes evident when the time
dependence of Ecyc is removed (see Fig. 5). The shift between
the individual observations is associated with the previously
reported decrease in cyclotron energy with time (Cusumano
et al. 2016). Assuming that each observation probes an “instan-
taneous” behavior of the cyclotron line (the influence of the

Table 2. Luminosities and cyclotron line energies of the best-fit models
of spectra produced by the pulse-to-pulse technique.

ObsID L5�78 keV Ecyc �2/d.o.f.

(1037 erg s�1) (keV)

80
10

20
02

00
2 16.7 ± 0.7 27.76 ± 0.02

1.055/5565
15.3 ± 0.3 27.94 ± 0.02

14.5 ± 0.3 28.09 ± 0.02

13.2 ± 0.8 28.25 ± 0.02

80
10

20
02

00
4 8.9 ± 0.6 28.00 ± 0.03

1.061/5227
7.9 ± 0.2 28.19 ± 0.03

7.2 ± 0.2 28.27 ± 0.03

6.2 ± 0.5 28.37 ± 0.03

80
10

20
02

00
6 6.4 ± 0.5 28.20 ± 0.03

1.074/5027
5.5 ± 0.2 28.38 ± 0.03

4.9 ± 0.2 28.46 ± 0.03

4.1 ± 0.4 28.52 ± 0.03

80
10

20
02

00
8 2.2 ± 0.2 28.83 ± 0.05

1.036/4132
1.8 ± 0.1 28.73 ± 0.05

1.5 ± 0.1 28.76 ± 0.05

1.2 ± 0.2 28.66 ± 0.05

80
10

20
02

01
0 1.2 ± 0.2 28.83 ± 0.05

1.033/3849
0.96 ± 0.05 28.73 ± 0.05

0.81 ± 0.04 28.76 ± 0.05

0.62 ± 0.09 28.66 ± 0.05

Notes. The luminosities are derived based on observed fluxes in the
5–78 keV energy range assuming the source distance of 7 kpc; uncer-
tainties for luminosities are correspond to 1�-uncertanties in bins of the
count distributions represented in Fig. 3. Other model parameters were
fixed to values obtained from averaged spectra.

time variation is negligible within individual observations), we
estimated the rate of the decrease in the line energy using the
observed shifts based on NuSTAR data alone. So, fitting all five
p2p-correlations simultaneously using a broken linear model,
similarly to Doroshenko et al. (2017), assuming common slopes
within each group, is successful and results in the representa-
tion in the upper part of Fig. 5. The broken linear model has the
following free parameters: the luminosity at which the correla-
tion changes from positive to negative, the corresponding value
for Ecyc (the reference time is the onset of the 2015 outburst,
MJD 57 190.0), the two slopes of the linear correlations, and the
value for the (assumed linear) drift of Ecyc with time.

We find the slopes for the two groups of �0.139 ±
0.007 keV/[1037erg s�1] and 0.21 ± 0.08 keV/[1037erg s�1] and,
therefore, we confirm the reported transition from a negative cor-
relation at high luminosities to a positive correlation at low lumi-
nosities in V 0332+53 with high significance (⇠22�). The transi-
tion luminosity is found to be (2.1± 0.4)⇥ 1037 erg s�1 (assumed
at MJD ⇠ 57 288). The decay rate of Ecyc in the observations with
negative correlation is found to be �0.0162 ± 0.0009 keV day�1,
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Figure 7. Amplitude of variation of the fundamental centroid
energy with pulse phase for the declining part of the main outburst
(black points) and for the rest of the data (red triangles).

Figure 8. Change of the accretion disc structure and of the
magnetospheric radius (with respect to the co-rotation radius
indicated by vertical line) change both the net torque exerted onto
the NS, and the accretion column height. During the declining
phase the matter falls closer to the polar areas which increases the
height of the accretion column so that illumination pattern shifts
to the equatorial areas implying lower observed CRSF energy.

Figure 9. Correlation of the CRSF centroid energy on luminosity
with the linear drift of Ėcycl = �0.015 keV/d taken into the
account (symbols are the same as in Fig. 4). Note the transition
from anti-correlation to correlation below 1037erg s�1.
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Figure 10. CRSF energy as function of luminosity for sources
where either a correlation or anti-correlation was reported in the
literature. The red circles correspond to NuSTAR data reported
in this work. The black box corresponds to the estimated value of
the transitional luminosity. The red solid curve corresponds to the
critical luminosity value (Mushtukov et al. 2015a) for the case of
⇤ = 0.5, where ⇤ is the radio of magnetospheric radius to Alfvén
radius, and radiation dominated by X-mode polarisation.

observed flux drop at periastron is at odds with the com-
monly accepted picture of outbursts in Be-transients which
are believed to be triggered by the enhanced accretion as the
neutron star passes through the disc of the primary close to
the periastron.

Complex outburst development has been reported also
for other Be-systems (Postnov et al. 2008; Klochkov et al.
2011). For 1A 0535+262 Postnov et al. (2008) attributed the
initial flare to unstable accretion triggered by some magne-
tospheric instability, and the following dip to the depletion

MNRAS 000, 1–10 (2016)
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Table 2. Best-fit parameters of the spectrum of

V0332+53 in the bright state.

Model parameter Value

Photon index −0.120 ± 0.008

Ecut, keV 9.21 ± 0.04

τ cycl,1 1.91 ± 0.02

Ecycl,1, keV 25.92+0.07
−0.08

σ cycl,1, keV 5.44+0.08
−0.06

τ cycl,2 2.12 ± 0.03

Ecycl,2, keV 49.44+0.07
−0.14

σ cycl,2, keV 9.89+0.20
−0.23

τ cycl,3 1.26 ± 0.10

Ecycl,3, keV 72.1+0.5
−0.6

σ cycl,3, keV 10.1+0.5
−0.9

χ2 (d.o.f) 1.25 (136)

Figure 2. Light curves of the X-ray pulsar V0332+53 obtained during the

outburst: (a) with the ASM/RXTE monitor; (b) with the IBIS/INTEGRAL

telescope in a hard energy band and (c) with the IBIS/INTEGRAL telescope

with a time resolution of 300 s for the bright state. Solid line represents the

best-fitting approximation of the small outburst by a Gaussian with maximum

at MJD 53380.3 and total width of ∼4.5 h.

added to the model when fitting the RXTE data. This feature is not de-

tected by the JEM-X monitor partly due to its lower sensitivity com-

pared to PCA, and also due to the current uncertainty in the JEM-X

response matrix at these energies. [See comments in Filippova et al.

(2005) for details.]

A typical source spectrum obtained with the INTEGRAL observa-

tory for the bright (272 rev) state is shown in Fig. 3. The best-fitting

parameters are summarized in Table 2.

For comparison, the spectrum obtained in the low state (284 rev)

is shown in the same figure.

The cyclotron resonance scattering feature and its second har-

monic are clearly visible in both spectra. Despite the rapid decrease

in the source intensity and its weakness at high energies (>65 keV),

inclusion into the model of the third harmonic with an energy of

Figure 3. Energy spectra of V0332+53 measured with the INTEGRAL ob-

servatory for two states (272 and 284 rev).

∼75–80 keV leads to a significant improvement in the fit [$χ2 =

18 for 3 degrees of freedom (d.o.f.)]. This harmonic is also detected

in several other observations, but its parameters (width and depth)

are reasonably bounded only in the bright state (till 284 rev). Fixing

them at the values obtained for the bright state does not allow one

to improve the quality of the fit for the low-state spectra. More-

over, the determined linewidths for these observations are too large

and strongly affect the determination of the parameters of the sec-

ond harmonic, making this task model-dependent. It is necessary to

note that the fundamental line energy does not depend on includ-

ing the third harmonic in the model. Pottschmidt et al. (2005) used

a Gaussian profile for describing the cyclotron line, and therefore

obtained values of the cyclotron energy differ slightly from that of

ours. The same situation was discussed by Nakajima et al. (2006)

for 4U0115+634.

Our analysis showed that the model described approximates

the source spectrum well during the whole outburst both for

INTEGRAL and for RXTE data. The behaviour of the cyclotron

line is of greatest interest because it is confidently detected during

the entire outburst, and its parameters are model independent. The

line energy dependence on the source luminosity obtained from

INTEGRAL and RXTE data is shown in Fig. 4 by dark triangles

and squares, respectively. The uncertainties of the HEXTE results

are slightly higher than those for ISGRI as the HEXTE exposures

are shorter (see Table 1). The measurements of both observatories

are in good mutual agreement and fall on a straight line, i.e. the

cyclotron line energy increases linearly with decreasing source lu-

minosity. The formal fitting of this dependence with a linear re-

lation gives Ecycl,1 # −0.10L37 + 28.97 keV, where L37 is the

luminosity in units of 1037 erg s−1. Believing that for low lumi-

nosities the emission come practically from the neutron star sur-

face (see Section 6.1), we can estimate the magnetic field on the

surface

BNS =
1

√

1 − 2G MNS

RNSc2

28.97

11.6
# 3.0 × 1012G,

where RNS and MNS are the neutron star radius and mass, respec-

tively.

As was mentioned above, the energy of the second harmonics

is not reasonably determined for all observations and depends on

the inclusion of the third harmonic in the model. To avoid possible

contamination by this component in determining the parameters of

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 371, 19–28
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Fig. 15 Relative error (90% c.l.) on the determination of the
cyclotron line energy as a function of source observed flux (2-
200 keV) for simulated XGIS observations of 70 ks exposure
time. We used a spectrum as observed in HMXB Cen X�3
[111], consisting of exponentially cut-o↵ power law with an
absorption line at Ec=30.7 keV.

5.1.2 Cyclotron line studies

The magnetic field of accreting NS can be determined
by several indirect methods based for instance on the
study of their disk-magnetospheric interaction and the
resulting variability properties, or, more directly, through
the observation of so-called cyclotron lines [108]. These
features originate due to resonant scattering of charged
particles with the high-energy photons in the quan-
tized Landau levels. The energy of the fundamental line
corresponds to the separation between equispaced lev-
els. For electrons, it is given by Ecyc=11.6B12 ⇥ (1 +
z)�1 keV, where B12 is the magnetic field strength in
units of 1012 G and z is the gravitational redshift. Cy-
clotron features have been observed to date in about 35
sources [109,110], most of which are transients. THE-
SEUS will expand this sample through observations of
cyclotron lines in newly discovered BeXRBs and other
bright transients, thus providing better constraints on
the distribution of the magnetic fields in NSs.

We explored the feasibility of this kind of studies
taking Cen X�3 as a representative of an intermediate-
luminosity XRP with moderate field. In Fig. 15 we
show the line energy accuracy that can be achieved as
a function of the source flux for an exposure time of 70
ks. Note that the chosen line energy of Ec=30.7 keV,
which falls between XGIS-X/S energy ranges represents
a worst-case scenario.

Some BeXRBs exhibit a luminosity-dependence of
the cyclotron line energy, which is believed to be as-

sociated with changes of the emission region geometry
[110]. A positive [112], negative [113], or no-correlation
has been observed from a few sources. It was demon-
strated [114] that the analysis of these correlations can
be used to determine whether accretion occurs in sub-
or super-critical regime [115]. Theoretical studies sug-
gest a number of hypotheses, such as variation in the
line-forming region within the accretion column [116–
118] or formation of the line by the reflected NS emis-
sion in polar and equatorial regions [119]. Considering
all the current theoretical scenarios, an agreement on
where the lines are generated and in what detail they
depend on the accretion column geometry has not been
reached yet. Such studies require extensive monitoring
of outbursts, which are not always feasible with dedi-
cated facilities. On the other hand, the broadband en-
ergy range covered by THESEUS will help to measure
cyclotron line energy as a function of flux both for new
as well as known BeXRBs. We emphasize that although
THESEUS will not be able to directly compete with
dedicated pointed observations with narrow field X-ray
instruments, it will be able to provide almost continu-
ous monitoring of the spectral parameters throughout
the outburst, which sometimes leads to unexpected re-
sults [120].

Cyclotron line studies are also relevant to better un-
derstand the nature of SFXTs. Up to now, the NS mag-
netic field is known only in one source of this class,
thanks to the detection of a line at ⇠17 keV [121].
THESEUS will permit to uncover cyclotron lines during
very bright SFXT flares (F>10�9 erg cm�2 s�1 , 0.3-6
keV) serendipitously caught during the survey. These
are rather rare events, underlying the importance of
large field of view instruments such as those of THE-
SEUS. In Fig. 16 we show the simulation of a 10 ks
spectrum with an observed flux of 10�9 erg cm�2 s�1

(0.3-6 keV). We assumed a cuto↵ power law continuum
(photon index of 0.5, cuto↵ energy at 20 keV, NH=1022

cm�2), modified by a cyclotron line at 17 keV (line
width of 2 keV, depth of 0.5, using the cyclabs model
in xspec, similar to what reported by [121]). The sim-
ulated spectrum has been fitted with the continuum
model and no line, clearly showing negative residuals
around 17 keV. The presence of the cyclotron line is
also evident when di↵erent absorbing column densities
are assumed in the spectral simulations, from 1021 to
1023 cm�2 (in the latter case, the observed flux in the
0.3-6 keV energy range reduces to 5.5⇥10�10 erg cm�2

s�1).

Of particular interest in the context of cyclotron
features are observations of the Galactic pulsating ul-
tra luminous X-ray sources (PULXs), for which a much
better sensitivity for spectral studies can be achieved
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Fig. 16 Simulation of a SFXT spectrum in outburst (expo-
sure time of 10 ks, SXI in black, XGIS-X in red, XGIS-S in
green). The assumed model is an absorbed cuto↵ power law
continuum modified by a cyclotron line at 17 keV, fitted by
an absorbed cuto↵ power law with no line.

compared to extra-Galactic PULXs (see Sect. 8). It
has been claimed that PULXs may have magnetar-like
fields [122–125]. In this case, also cyclotron features due
to protons (at an energy a factor 1836 lower than that
of electrons) may be anticipated. The recent discovery
of the first Galactic PULX [126,102], which reached a
peak flux of ⇠ 10�8 erg cm�2 s�1 , is very promising
in this respect. For this and similar sources the SXI
and XGIS, operating together in the 0.3 keV–20 MeV
range, can detect electron cyclotron lines corresponding
to fields in the ⇠ 1011�15 G range and proton cyclotron
lines for fields above ⇠ 1014 G. The sensitivity to the
detection of electron cyclotron features shall be similar
to that discussed above for normal XRPs. In Fig. 17
we present, as an example, the simulation for a proton
cyclotron line corresponding to a 3⇥ 1014 G field. The
absorption feature is simulated in terms of a Gaussian
absorption line for which the depth and the width of
the line are related to each other through the line cen-
tral optical depth (assumed to be ⌧ ⇠ 0.1) and other
spectral parameters set to values reported by [127].

5.1.3 Variability in super-giant fast X-ray transients

Some of the models proposed to explain the SFXT be-
havior are based on gating mechanisms (centrifugal or
magnetic barrier, or quasi-spherical settling accretion
regime) able to halt accretion onto the NS most of the
time. This “gate” can be open or closed depending on
the NS magnetic field and spin period. Given the rar-
ity, shortness and unpredictable nature of SFXTs out-

Theseus simulations: proton cyclotron line, 2ks

B15 = 0.3 
E = (1.45 ± 0.01) keV  
σ = (0.1 ± 0.02) keV 
Depth = 0.14 ± 0.02

B15 = 1 E = (4.85 ± 0.01) keV 
σ = (0.04 ± 0.01) keV 
Depth = 0.007 ± 0.002

E=1.45 keV, σ =0.1 keV, Depth = 0.15

E= 4.9 keV, σ = 0.05 keV, Depth = 0.005

Sim.

Fit.

Sim.

Fit.

Tau~0.1

Tau~0.1

Preliminary

Fig. 17 THESEUS simulation of a proton cyclotron ab-
sorption line in the continuum spectrum of the transient
PULX Swift J0243.6+6124 for an X-ray luminosity of 1039

erg s�1 using an absorbed black body and cut-o↵ power-law
plus some additional iron lines and its edge, based on the
spectrum of the source during the 2017-2018 strong outburst
[127]. SXI in black, XGIS in red. The simulated proton cy-
clotron line corresponds to a magnetic field of 3⇥ 1014 G. In
the middle panel, the line at ⇠ 1.45 keV is clearly identified.
The residuals after a Gaussian absorption line is added are
shown in the bottom panel.

bursts, the properties of NS in SFXTs are elusive, and
it is unclear if SFXTs behave otherwise from persistent
HMXBs because of the properties of their compact ob-
jects or because of the di↵erent properties of the wind
matter accreting onto them (or both).

The SFXT variability is likely associated with the
interaction of the accretion flow with the NS magneto-
sphere, but the details remain largely unclear due to the
observational challenges: the limited sensitivity of cur-
rent all-sky X-ray monitors is insu�cient to detect short
low intensity flares and the low duty cycles and un-
predictable outbursts of these objects make dedicated
observation challenging or even unfeasible. THESEUS,
besides expanding the sample of known SFXTs, will
allow us to study in detail their statistical properties
(e.g., duty cycles, duration and intensity distribution
of the flares, and their dependence on orbital phase) at
flux levels unfeasible up to now.

The sky position of known SFXTs will be covered
with total exposure times ranging from ⇠1 Ms to more
than 10 Ms (depending on the specific source, in 4 years
of observations), with pointings with a typical duration
of 2.3 ks, every ⇠5.8 ks, during the seasonal observing
windows. Since the typical duration of the bright flares
is about 2 ks [128,129], this observing strategy is par-
ticularly well suited to catch SFXT flares. A series of
short flares usually compose an outburst, whose dura-
tion (⇠a few days, at most) has been constrained only
for the very few best studied SFXTs, to date. The out-

• Currently 1 source with robustly measured L*. A handful of candidates. To 
expand this small sample Theseus could (for bright sources) 

• measure photon index/color variations for Galactic BeXRB

• CRSF variations are more tricky: only sources with CRSFs <~30 keV are 

feasible (~ 10 objects, but new transients with CRSFs might appear)

• Follow pulse-profile/pulsed fraction variations 

• Mostly interesting for new/exceptional outbursts/sources (regularly 
bursting ones will likely be studied in great details before Theseus launch)

10ks simulation for 10-9 erg/cm2/s flux and CRSF at 17 keV Accuracy of the 30 keV CRSF centroid in 70 ks

(Based on Cen X-3)
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Table 1. Best-fit orbital parameters of Swift J0243.6+6124.

Parameter Value

Porb, d 28.3(2)
a sin(i), lt s 140(3)
e 0.092(7)
!, deg �76(4)
TPA, MJD 58 019.2(4)
�2/dof 23.9/47
dGL, kpc 6.60(5)
BGL/(1013 G) 1.08(6)

Notes. Approximate values for the magnetic field strength and dis-
tance to the source assuming the Ghosh & Lamb (1979) model are also
quoted. All uncertainties are at a 1� confidence level and account for
model systematics associated with the uncertainty of flux but not model
choice.

where Ṁ17 is the accretion rate in units of 1017 g s�1, ⌫ is spin
frequency, and I45 and M1.4 are respectively the momentum of
inertia and mass of the neutron star in units of 1045 g cm2

and 1.4 M�. For the maximum observed intrinsic spin-up rate
of (⌫̇ ⇠ 2.2 ⇥ 10�10 Hz s�1), this implies Lx � GMNSṀ/R ⇠
8.4 ⇥ 1038 erg s�1, which is far above the Eddington limit and
approaches the levels observed in ultraluminous X-ray sources.

The observed bolometric flux corresponding to the maxi-
mum observed spin-up rate is Fx ⇠ 2.8 ⇥ 10�7 erg cm�2 s�1,
which implies a distance to the source of &5 kpc. We note that
this limit is fairly robust as the observed spin-up rate is only
weakly affected by the uncertainty in orbital parameters, and the
corresponding broadband flux is well constrained.

The distance and the magnetic field of the neutron star are
already estimated as part of the orbit determination assuming the
Ghosh & Lamb (1979) model for torques. However, for illustra-
tion it is also useful to compare the intrinsic spin-up rate directly
with the prediction of the model. Using the spin frequencies cor-
rected for orbital motion as presented in Fig. 1, we calculated
the intrinsic spin-up rate using the same approach as above. We
note that the correlation of the spin-up rate with flux is indeed
apparent as shown in Fig. 2. Furthermore, the source appears to
spin down at lower fluxes, i.e., the braking torque is actually non-
negligible, and the limit on the accretion rate obtained above is
indeed only a lower limit.

We considered torque models by Ghosh & Lamb (1979),
Lipunov (1981), Wang (1987), and Parfrey et al. (2016) to esti-
mate the magnetic field of the neutron star and the accretion rate.
For all models one of the most important parameters is the inner
radius of the accretion disk Rd = kRA, expressed as a fraction
of the Alfvénic radius. We assumed it to be k = 0.5 for con-
sistency (since k ⇠ 0.5 in the Ghosh & Lamb 1979 model). It is
important to note that this assumption is arbitrary to some extent;
however, the k value mostly affects the estimated magnetic field
rather than distance. Other parameters (besides the field strength
and the accretion rate depending on distance) were kept free.
In the Ghosh & Lamb (1979) and Wang (1987) models, both
field and accretion rate are well constrained mainly because the
inner radius is tied to the magnetosphere size and fully defines
the accretion torque (i.e., the distance and field strength are the
only parameters that affect it). The magnetosphere can be neither
too small (which would imply excessively strong spin-up at high
luminosities) nor too large (as that would inhibit accretion at low
luminosities), so both the field and the accretion rate (and hence
distance) are formally well constrained.

Fig. 2. Intrinsic spin frequency derivative reconstructed from the
corrected values and best fit with the Ghosh & Lamb (1979) model.

If the coupling radius is considered a free parameter, the
magnetic field becomes correlated with k and is thus poorly con-
strained. The Lipunov (1981) and Parfrey et al. (2016) models
also contain additional parameters characterizing the efficiency
of angular momentum transfer, so without additional assump-
tions the field and distance to the source cannot be constrained
simultaneously, and only the lower limit on the distance dis-
cussed above holds (because the accretion torque is the same in
all models). A high accretion rate implying a distance in excess
of ⇠5 kpc and strong field in excess of ⇠1013 G are therefore
required regardless of the torque model and model parameters.

We conclude, therefore, that the source must be located far-
ther than ⇠5 kpc assuming the standard neutron star parameters.
We note that this is a factor of two higher than the distance esti-
mated from the photometry of the optical counterpart (Bikmaev
et al. 2017). The origin of this discrepancy is not yet clear, and a
detailed investigation of the properties of the optical companion
is ongoing. It is important to emphasize, however, that the spin-
up rate of the neutron star is well constrained, and it is highly
unlikely that we significantly underestimate the accretion rate
based on the observed bolometric source flux, so the pulsar must
indeed be farther away than suggested by Bikmaev et al. (2017)
unless the neutron star has a much lower momentum of inertia
than usually assumed, which is unlikely. We anticipate that this
discrepancy will be ultimately resolved with the next data release
of the Gaia mission.
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Fig. 1. Left panel: bolometric light curve obtained by scaling the Swift/BAT 15–50 keV count rate (black error bars) to match the broadband flux
observed by NuSTAR (red circles). The flux derived from MAXI spectra is also shown for reference (green circles). Middle panel: observed spin
frequency period derivative reconstructed as described in the text (points) and used to determine the orbital parameters of the system. The best-fit
model for the intrinsic (thin red line), orbital-induced (thin blue line), and total (thick red) frequency derivative components are also shown. Right
panel: spin frequencies as reported by GBM pulsar project (black) and orbital motion corrected using the best-fit ephemeris (red).

a thin threaded accretion disk, and is described by the model
by Ghosh & Lamb (1979). The model parameters are the mass,
the radius, and the magnetic field of the neutron star, and the
accretion rate. We use standard neutron star mass and radius
(R = 10 km, M = 1.4 M�), and consider magnetic field as a free
parameter.

The accretion luminosity can be estimated based on the
observed flux. While it is possible to use pulsed flux measured
by GBM in 12–50 keV as a proxy, we found that non-pulsed
flux measured by Swift/BAT in the 15–50 keV range (Krimm
et al. 2013) is a better tracer of the bolometric flux. To con-
vert the observed count rate to flux, we first cleaned the artifact
dips from the survey light curve and rebinned it to match the
time intervals used by the GBM. The resulting light curve was
then scaled using the broadband fluxes estimated from NuS-
TAR spectra of the source observed on MJD 58 031.7, 58 057.3,
58 067.1 assuming the same model as Bahramian et al. (2017). To
obtain the spectra we mostly followed the standard data reduc-
tion procedures described in the NuSTAR user guide. Taking into
account the source brightness, we opted, however, for slightly
larger than recommended extraction radius of 12000. Further-
more, for the two observations close to the peak of the outburst,
standard screening criteria had to be relaxed by setting the sta-
tusexpr parameter to “b0000xx00xx0xx000” to avoid misiden-
tification of source counts as flickering pixels as described in
Walton et al. (2017).

We then estimated the bolometric flux from the spectral fit
in 3–80 ke V energy range at Fx ⇠ 9.3 ⇥ 10�9, 1.72 ⇥ 10�7, and
2.56 ⇥ 10�7 erg cm�2 s�1 for the three observations. Compar-
ison with the contemporary BAT count rates implies then a
1.54(3) ⇥ 10�7 erg cm�2 count�1 conversion factor. The scaled
light curve is presented in Fig. 1 with error bars including the
uncertainty in the conversion factor. We also verified that the
estimated flux agrees with the flux measured by the MAXI mon-
itor (Matsuoka et al. 2009). Using the daily spectra of the source
extracted using the on-demand process provided by the MAXI
team2, and the same spectral model as above, we calculated the
bolometric fluxes. The resulting light curve indeed was found to
agree with the scaled Swift/BAT flux as shown in Fig. 1. Since
MAXI only observed part of the outburst, we use the Swift/BAT
flux below to calculate the accretion luminosity for any assumed
distance d, which we consider a free parameter.

The other five parameters of the final model combining the
intrinsic spin-up and that induced by the orbital motion are

2 http://maxi.riken.jp/mxondem/

orbital parameters of the system, i.e., the orbital period Porb, the
projection of the semimajor axis a sin i, the eccentricity e, the
longitude of periastron !, and the periastron time TPA. Statisti-
cal uncertainties in the observed flux might affect the predicted
accretion torque, so for the final fit and the calculation of the
uncertainties for the best-fit parameters, we include it as addi-
tional model systematics, which is calculated by the propagation
of the observed flux uncertainties based on the best-fit model
obtained without inclusion of the systematics.

The best-fit results are presented in Table 1 and Fig. 1
where the contribution of intrinsic accretion-driven spin-up
and of the orbital motion to the observed frequency derivative
are also shown. The obtained parameters are similar to val-
ues reported by Ge et al. (2017) and the Fermi/GBM pulsar
project. The semimajor axis is, however, somewhat larger for our
solution, which is likely related to the difference in estimated
bolometric fluxes.

We note the low eccentricity of the orbit (for a BeXRB)
and comparatively short orbital period. These, together with the
high brightness of the source suggest that it undergoes a giant
rather than normal outburst. The obtained estimates for the dis-
tance to the source and magnetic field depend on the assumed
torque model. The orbital parameters are also affected to some
extent. The quoted uncertainties only reflect the statistical uncer-
tainties of the observed spin-up rates and fluxes, and do not
account for systematic associated with the choice of the torque
model. We note, however, that this is a general problem for X-ray
pulsar timing as the intrinsic spin-up must be modeled in any
case, and using a realistic approximation for torque affecting
the neutron star instead of the more commonly used polynomial
approximation is more reliable.

3. Discussion and conclusions

The intrinsic spin evolution of the neutron star is recovered as
part of the determination of the orbital parameters. It is inter-
esting, therefore, to discuss which implications the observed
spin-up rate might have for the basic parameters of the neutron
star and the binary under various assumptions on the accretion
torque. For instance, it is possible to deduce the lower limit on
accretion rate neglecting the magnetic braking torque and assum-
ing that the pulsar is spun up with the highest possible rate
(Lipunov 1981; Scott et al. 1997),

Ṁ17 � 0.44⌫1/3⌫̇/10�12I45M�2/3
1.4 ⇠ 45,
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Orbit 
B-field

• Rapid spin-up during outbursts

• interaction of the disk with 

magnetosphere

• Possibility to measure orbital parameters

• Measure magnetosphere radius and 

magnetic field
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• Often the only way to assess the field (or 
accretion rate/distance)

• Important to understand spin evolution 

of XRPs in binaries



• Low background makes SXI preferred 
instrument


• approx. equivalent to Fermi/GBM, but 
with better cadence (~1d vs 2-4 d for 
individual points if region is observed) 


• Mostly relevant for new transients 
(orbit, accretion torques)


• Requires dt<0.1s and >0.1 counts/s 
(for pulsed fraction of ~50%)

Orbital induced period changes

SXI, 8 ks/day

Spin evolution in BeXRBs
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Theseus observing pattern and its impact on BeXRB science

Coverage of the Galactic sky by Theseus/SXI is highly non-uniform, MCs not covered

Simbad HMXBs

Simbad LMXBs

Effective exposure in days through 4 year survey
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Simbad HMXBs

Simbad LMXBs

Effective exposure in days through 4 year survey

Coverage of the Galactic sky by Theseus/XGIS is non-uniform, MCs covered

Theseus observing pattern and its impact on BeXRB science



Theseus observing pattern and its impact on BeXRB science

But exposure maps don’t tell the complete story!



Theseus observing pattern and its impact on BeXRB science

But exposure maps don’t tell the complete story!

Just another run of the same simulation

Will be worse for SXI

Theseus is not  an all-sky monitor!

Use OBSSIM or check

 https://github.com/doroshv/theseus


to produce similar plots and get an idea of 
impact for your source (also exposure maps are 

available there) 

https://github.com/doroshv/theseus


Theseus observing pattern and its impact on BeXRB science

• Duration of BeXRB outbursts is comparable with the length of Theseus 
observing seasons

• If you are lucky - entire outburst with unprecedented cadence can be 

observed

• detailed time-resolved spectral/timing analysis

• perhaps some surprises (as was the case with V 0332+53, Swift 

J0243.6)

• Most likely you are not: 
• We estimate ~10-20 outburst in total will be observed by Theseus 
• some examples for expected number of observed outbursts from 

known sources in 4 years: V 0332+53 ~ 0.5, 4U 1538-52 - 2;        
1A 0535+262 - 2; IGR J16320-4751 - 4 … 


• most of the BeXRBs will only be observed in quiescence 
• This might apply also to your science case 
• Probably not if the variability timescale is <days not weeks




Quiescence might also be interesting, however…
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(the neutron star magnetic momentum is taken to be µ = BR3/2)
is larger than the corotation radius,

Rc =

(

GMP2

4π2

)1/3

! 1.68 × 108 M1/3
1.4 P2/3 cm. (3)

The limiting luminosity for the onset of the propeller can be
estimated by equating the corotation and magnetospheric radii
(see, e.g. Tsygankov et al. 2016a):

Lprop !
GMṀprop

R
! 4 × 1037k7/2B2

12P−7/3M−2/3
1.4 R5

6 erg s−1, (4)

where P is the neutron star rotational period in seconds and Ṁ is
the mass-accretion rate. Factor k accounts for the details of inter-
action of the accretion flow with the magnetosphere, relating its
size to the Alfvén radius, that is, k = Rm/RA. In the case of disc
accretion, it is usually assumed to be k = 0.5 (Ghosh & Lamb
1978).

In the case of rapidly rotating accreting XRPs (using
4U 0115+63 and V 0332+53 as case studies), Tsygankov et al.
(2016a) showed that an observation of the transition of the ac-
cretion disc to the cold state is impossible because of the onset
of the propeller regime at much higher mass accretion rates than
the rate required for the accretion disc to have a temperature be-
low 6500 K at the inner radius. At the same time, the overall
shape and energetics of the outburst were shown to correspond
to expectations from the disc instability model.

XRPs with spin periods that are sufficiently long to reduce
the centrifugal barrier are required to reach a sufficiently low
mass-accretion rate to switch the accretion disc to the cold state
before the transition to the propeller regime. A few XRPs with
long spin periods exist, one of which, GRO J1008−57, shows
very predictable Type I outbursts every periastron passage with
long quiescence periods between the outbursts (Kühnel et al.
2013). This source was selected for the monitoring campaign
that covered a full orbital cycle and aimed to study the source
properties at a very low mass-accretion rate.

GRO J1008−57 was discovered as an XRP with a period of
93.587 ± 0.005 s by the BATSE instrument on board the Comp-
ton Gamma-Ray Observatory (CGRO) during the bright outburst
in 1993 (Stollberg et al. 1993). Its transient nature was associ-
ated with the Be type of the optical companion (B1-B2 Ve star;
Coe et al. 2007). GRO J1008−57 shows giant, Type II, and Type
I (associated with the periastron passage) outbursts. The distance
to the source was estimated to be 5.8 kpc (Riquelme et al. 2012).
The orbital parameters of the binary system were determined
using the data from several observatories: the orbital period
Porb = 249.46 ± 0.10 d, the projected semi-major axis ax sin i =
530±60 lt-s, the longitude of periastronω = −26±8 deg, and the
eccentricity e = 0.68 ± 0.02 (Levine & Corbet 2006; Coe et al.
2007; Kuehnel et al. 2012). The presence of a cyclotron line at
∼ 88 keV in the spectrum of the source was first suggested based
on CGRO/OSSE data (Shrader et al. 1999) and was later con-
firmed with Suzaku at Ecyc = 75.5 keV (Yamamoto et al. 2013).
This allows us to estimate a magnetic field of the neutron star of
∼ 8 × 1012 G.

In this work we analyse the data obtained with the
Swift/XRT telescope during one full orbital cycle of Be/XRP
GRO J1008−57 between the two consequent Type I outbursts in
January and September 2016. The unique combination of high
sensitivity and flexibility of scheduling for the Swift observatory
allowed us to perform a detailed long-term observational cam-
paign aimed at reaching accretion regimes that have never been

Fig. 1. (a) Bolometric luminosity of GRO J1008−57 obtained by the
Swift/XRT telescope. The luminosity is calculated from the unabsorbed
flux assuming a distance d = 5.8 kpc and fixed NH = 2.0 × 1022 cm−2.
The dashed red and dotted blue lines show the predicted luminosity Lprop

for the transition to the propeller regime and the observed transition to
the low-level stable accretion regime, respectively. Panels (b) and (c)
represent variations of the photon index and absorption value with time,
respectively. Black symbols correspond to the fixed NH, red triangles
and blue open squares to the absorption as a free parameter. In panel (d)
the estimated 3σ upper limits for the pulsed fraction as function of time
are shown for the Swift/XRT data with the horizontal dashed line show-
ing the typical pulsed fraction measured during the bright state. The
pulsations are clearly detected in all observations, which are expected
to be sufficiently sensitive (i.e. below this line), but not elsewhere.

investigated before. Knowledge of the magnetic field strength of
the neutron star as well as of other parameters of the system al-
lowed us to interpret the observed temporal behaviour in terms
of the accretion disc instability and to construct the model of
accretion from a cold disc in highly magnetized neutron stars.

2. Data analysis and results

2.1. Swift/XRT observations

The Swift observatory (Gehrels et al. 2004) provides the pos-
sibility of performing long-term observation campaigns of
faint X-ray sources using the onboard focusing XRT telescope
(Burrows et al. 2005). This work is based on XRT data col-
lected between two consequent Type I outbursts in January and
September 2016 (Kretschmar et al. 2016; Nakajima et al. 2016).
Observations were performed every 3–4 days in photon-counting
(PC) mode. The spectrum in each observation was extracted us-
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Some hints of the transitions to the propeller regime in
4U 0115+63 and V 0332+53 were reported by Campana et al.
(2001) and Stella et al. (1986). The former source was observed
exactly during the transition when its luminosity changed by fac-
tor of ∼ 250 during only ∼ 15 hours, but the limiting luminos-
ity Llim was not measured. However, in the case of V 0332+53
the transition was seen clearly at limiting luminosity Llim =
(2.6±0.9)×1036 erg s−1. Unfortunately, the low sensitivity of EX-
OSAT did not permit to detect the source in the quiescent state.
The most strongly magnetized neutron star (B ∼ 1 × 1014 G)
that demonstrates the propeller effect is the first pulsating ULX
M82 X-2 (Bachetti et al. 2014) in which the centrifugal barrier
stops the accretion below the luminosity Llim = 2 × 1040 erg
s−1 (Tsygankov et al. 2016). A strong magnetic field scenario is
also supported by the detailed analysis of the accretion column
presented by Mushtukov et al. (2015a), although other estimates
based on the analysis of the accretion torque acting onto the neu-
tron star yield field values in the much wider range of 109 to
1014 G (see e.g. Kluźniak & Lasota 2015; Ekşi et al. 2015).

In this work we present the results of the monitoring pro-
grammes performed with the Swift/XRT telescope and aimed
specifically to detect the transition to the propeller regime and
measurement of the quiescent flux in two well-knownX-ray pul-
sars 4U 0115+63 and V 0332+53. These are characterized by the
spin periods of 3.6 s and 4.35 s and magnetic fields of B ≈ 1.3×
1012 G (White et al. 1983) and 3.0 × 1012 G (Makishima et al.
1990), respectively. Both sources form binary systems with Be
optical companions (Be/XRP) and undergo the so-called giant
outbursts every 3–4 years. The current observational campaigns
were performed during the declining phases of their outbursts in
2015 (Nakajima et al. 2015a,b; Doroshenko et al. 2015b).

2. Swift/XRT observations
Swift observatory (Gehrels et al. 2004) permits us to monitor
sources of X-ray emission on very different timescales both in
soft and hard X-ray ranges. In this work we use observations
of two Be/XRPs 4U 0115+63 and V 0332+53 performed with
the XRT telescope (Burrows et al. 2005) covering the declin-
ing phases of giant outbursts occurred in 2015. In particular,
the analysed data on 4U 0115+63 were collected between MJD
57329 and MJD 57388 and for V 0332+53 between MJD 57293
and MJD 57393.

The XRT observed both pulsars in photon counting (PC) and
windowed timing (WT) modes depending on their brightness.
Final products (spectrum in each observation) were prepared us-
ing the online tools provided by the UK Swift Science Data Cen-
tre (http://www.swift.ac.uk/user_objects/; Evans et al.
2009).

The obtained spectra were grouped to have at least one count
per bin and were fitted in XSPEC package using Cash statistics
(Cash 1979). To avoid any problems caused by the calibration
uncertainties at low energies,1 we restricted our spectral analysis
to the 0.7–10 keV band.

3. Results
The light curves of 4U 0115+63 and V 0332+53 as observed
by Swift/XRT are shown in Fig. 1 and Fig. 2, respectively. The
fluxes are given in the 0.5–10 keV energy range and were cor-
rected for the absorption. The main feature in both light curves is
an abrupt decrease of the observed flux below ∼ 7× 1035 erg s−1

1 http://www.swift.ac.uk/analysis/xrt/digest_cal.php

Fig. 1. Light curve of 4U 0115+63 obtained with the Swift/XRT tele-
scope in the 0.5–10 keV energy range. Luminosity is calculated from
the unabsorbed flux under the assumption of the distance d = 7 kpc. The
solid grey line shows the best fit of the light curve before the transition
to the propeller regime with a Gaussian function. The horizontal dashed
line represents the limiting luminosity when the propeller regime sets
in. Positions of vertical dashed lines correspond to the times of the peri-
astron passage (Raichur & Paul 2010). Applying the bolometric correc-
tion to the observed flux effectively increases the luminosity jump by
factor of 2 (see Sec. 4.1).

Fig. 2. Light curve of V 0332+53 obtained with the Swift/XRT telescope
in the 0.5–10 keV energy range. Luminosity is calculated from the un-
absorbed flux under assumption of the distance d = 7 kpc. Point near
the MJD 57380 was obtained from averaging of five observations with
very low counting statistics. Solid grey line shows the best fit of the light
curve before the transition to the propeller regime with a Gaussian func-
tion. Horizontal dashed line represents the limiting luminosity when the
propeller regime sets in. Positions of vertical dashed lines correspond to
the times of the periastron passage (Doroshenko et al. 2016). Applying
the bolometric correction to the observed flux effectively increases the
luminosity jump by factor of 2 (see Sec. 4.1).

for 4U 0115+63 and below ∼ 1 × 1036 erg s−1 for V 0332+53
(shown by red horizontal dashed line). We interpret this be-
haviour as an onset of the propeller regime (see Section 4). We
assume that the limiting luminosity associated with the transition
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Interestingly, the final state of the source after an outburst is
determined by two fundamental parameters of the neutron star:
the magnetic field, and the spin period. Equating the expressions
for luminosities Lcold and Lprop , we can derive the critical value
of the spin period as a function of the neutron star magnetic field:

P∗ = 36.6 k6/7 B0.49
12 M−0.17

1.4 R1.22
6 s. (7)

If the spin period P < P∗, a pulsar will end up in the propeller
regime. Otherwise, the source will start to accrete stably from
the cold disc.

3.2. More accurate condition for accretion from a cold disc

The condition given by Eq. (6) is based on the assumption that
the disc temperature is highest at the inner radius given by Rm.
However, an effective temperature distribution over the radial co-
ordinate depends on the exact boundary condition and viscous
stress at the magnetospheric radius. Condition (6) can be derived
more accurately. There is an uncertainty in the location, where
the stress disappears. This uncertainty is described by the param-
eter β: β = 1 corresponds to a disappearance of the stress at the
magnetospheric radius Rm, while β = 0 corresponds to the case
when the stress disappears at r # Rm. Then the distribution of
effective temperature Teff over the radial coordinate is given by
(Frank et al. 2002)

σSBT 4
eff =

3

8π

L

r3
R

[

1 − β
(

Rm

r

)1/2
]

, (8)

where σSB is the Stefan-Boltzmann constant. The maximum ef-
fective temperature,

σSBT 4
eff,max = A

3

8π

L

R3
m

R, (9)

is achieved at the radius

rmax =



















49

36
β2 Rm, if β ≥

√
3

2
,

Rm, if β <
√

3
2
,

(10)

where

A =















0.057 β−6, if β ≥
√

3
2
,

1 − β, if β <
√

3
2 .

(11)

As a result, condition (6) can be rewritten in more accurate way.
In this approach the maximum effective temperature in the disc
is lower than 6500 K throughout the disc when the accretion lu-
minosity is

L ≤ L
(2)
cold
' 7×1033A−7/13 k21/13 M3/13

1.4 R23/13
6

B12/13
12 T 28/13

6500
erg s−1,

(12)

where T6500 = Teff/6500 K. This estimate is more accurate than
Eq. (6) as it accounts for interaction of the disc with the magne-
tosphere. In the case when the stress disappears at Rm , condition
(12) gives Lcold higher by a factor of a few than Eq. (6).

As can be seen from Eq. 12, our prediction of the transition

to the accretion from the cold disc (L(2)
cold
∼ 7 × 1034 erg s−1)

coincides with the observed value within the factor of 2–3. Tak-
ing into account existing systematic uncertainties (the distance
to the system, the physics of the coupling between the disc and
the star, the width of the coupling region, and the uncertainty in

the transiting temperature), we consider this match as support of
our physical picture.

Another source of uncertainty can be associated with the ir-
radiation of the accretion disc by the central object. Some theo-
retical models have indeed explained the long duration of the soft
X-ray transients by irradiation of the outer regions of the accre-
tion disc, which keeps them in hot ionised state for a longer time
(see, e.g. King & Ritter 1998). There are also models of the soft
X-ray transient bursts that do not need external irradiation for ex-
planation of accretion discs dynamics (see, e.g. Lipunova 2015,
and references therein), which might be more appropriate for
our case. The observed outburst duration seems to be compatible
with the cooling-wave propagation timescale. Indeed, the accre-
tion disc is expected to extend to 4×1010 cm close to the peak of
the outburst (assuming an effective temperature Teff = 6500 K
at this radius). The cooling-wave velocity Vcw is a few times
lower than the heating wave velocity Vhw (Cannizzo et al. 1988),
which can be estimated as Vhw ≈ αVs, where Vs ≈ 106 cm s−1

is the sound speed (Meyer 1984; Cannizzo 1993). The propaga-
tion time of the cooling wave from the radius 4×1010 cm inward
to Rm is therefore expected to be about 10-20 days (assuming
α = 0.1), which is comparable with observed duration.

Using the updated Eq. (12) for the critical accretion luminos-

ity L(2)
cold

, we can derive an updated equation for the critical value
of the spin period P∗ , which, as described above, determines the
pulsar behaviour at very low mass-accretion rate. Now instead
of Eq. (7) we have

P∗ = 40.7 k21/23 B6/13
12 M−5/13

1.4 R18/13
6

A3/13 T−12/13
6500

s. (13)

This equation can be used to predict the behaviour of any XRP
(with a known magnetic field) expected in the case of transient
activity. This is especially important for XRPs in Be binary sys-
tems (BeXRPs), which are known to be transient sources (see,
e.g. Reig 2011) with magnetic fields measured from the cy-
clotron lines in their spectra (Walter et al. 2015). For illustra-
tion, we show some known BeXRPs as well as the accreting
millisecond pulsar SAX J1808.4−3658, the intermediate pulsar
GRO J1744−28, and the accreting magnetar M82 X-2 on the
B − P plane in Fig. 3. All sources in this plane are divided
with the prediction from Eq. (13) into two groups: (i) those
entering the propeller regime at a low mass-accretion rate (be-
low the line), and (ii) sources where stable accretion from the
cold disc continues at any accretion rate (above the line). Persis-
tent low-luminous BeXRPs (Reig & Roche 1999) are shown in
green. Clearly, GRO J1008−57 resides in the area correspond-
ing to the sources with accretion from the cold disc. The ma-
jority of sources residing below the P∗(B) line have previously
been shown to exhibit transitions to the propeller regime (for a
review see Tsygankov et al. 2016a). It is important to note that
peak luminosities in BeXRPs outbursts are ranging from 1037

to 1039 erg s−1, exceeding all possible values of Lcold and Lprop.
During the outburst decline, such sources therefore inevitably
end up in one of the above-mentioned states.

4. Conclusion

We analysed the Swift/XRT observations of GRO J1008−57 ob-
tained between two subsequent Type I outbursts in January and
September 2016. The original idea was to detect the transition of
the source to the propeller regime, which is accompanied by an
abrupt decrease in source flux and a softening of its spectrum.
However, during the declining phase of the outburst, the source
unexpectedly stopped its fading and entered a stable accretion
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Fig. 3. Collection of some known BeXRPs (shown in black), as well
as the accreting millisecond pulsar SAX J1808.4−3658, the intermedi-
ate pulsar GRO J1744−28, and the accreting magnetar M82 X-2 (all
three shown in blue) on the B − P plane. The solid and dashed lines
correspond to the prediction of P∗(B) from Eq. (13) for β = 1 and two
different values of parameter k: 0.5 and 0.7, respectively. This line sep-
arates sources where the propeller regime is possible from sources with
stable accretion from the cold disc. Persistent low-luminous BeXRPs
are shown in green. GRO J1008−57 is shown in red and resides in the
area corresponding to the sources with accretion from the cold disc.

state that was characterised by an accretion rate of the order of
∼ 1014 − 1015 g s−1 and a hard spectrum. We associate this state
with accretion from the cold (low-ionised) disc with a tempera-
ture below ∼ 6500 K.

We proposed a model of accretion from the cold disc in the
systems harbouring neutron stars with strong magnetic fields
(i.e. XRPs). The basic idea of the model is that in slowly ro-
tating neutron stars the centrifugal barrier caused by the rotating
magnetosphere is greatly suppressed in comparison to the fast
rotating neutron stars, leading to a much lower threshold lumi-
nosity for the transition to the propeller regime. This allows such
sources to reach mass-accretion rates that are so low that the tem-
perature throughout the accretion disc becomes lower than the
hydrogen recombination limit of ∼ 6500 K.

When this mass accretion rate is reached, the fast fading of
the source intensity should stop and further accretion with a low
rate in the stable accretion regime from the cold disc with very
low viscosity is expected to continue. This behaviour was ob-
served in the pulsar GRO J1008−57 between two consequent
Type I outbursts in January and September 2016.

Our model has strong predictive power. Particularly, the tran-
sition to the accretion regime from a cold disc is expected to be
observed in all XRPs with a certain combination of pulse period
and magnetic field strength. Other manifistations of the cold disc
accretion associated with a change in disc structure could be an-
ticipated. A change of the inner disc radius can be expected to
affect the spin evolution of the pulsar, aperiodic variability prop-
erties, pulse profiles, and the energy spectrum of the source. A
detailed calculation of the accretion disc structure in this case is
ongoing and will be published elsewhere.
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Fig. 24 Estimate of the region in the flux vs. distance plane
where SXI can detect the potential sources within the stan-
dard ULX luminosity interval (1039–1041 erg s�1 ). The SXI
sensitivity (unabsorbed 0.3–6 keV flux) delineated by the
horizontal gray lines labeled with minimum exposure times
intersect with the ULX luminosity interval determined by
the oblique red lines to define the region for the poten-
tial ULX targets THESEUS can monitor. The shaded green
area bounded by the solid black curve displays such a sam-
ple region where ULXs with standard luminosities can be
detected and monitored by SXI for an integration time of
 500 ks. Filled circles with di↵erent colors represent the
observed ULXs from di↵erent catalogs/references: [214] blue;
[215] orange; [126,207,209–211] black; [216,217] green; [218]
red; [219] magenta; [220] brown. As the spectral energy range
for each source group does not perfectly match the energy
range of SXI and the spectral model for each source may
di↵er from a pure power law, the source distribution is an
approximation to the actual population of ULXs SXI can de-
tect. The two nearest ULXs are marked by G (Galactic) and
SMC (Small Magellanic Cloud) labels.

cretion onto NSs and stellar mass BHs in high-mass X-
ray binaries, the high-luminosity tail of the population
(LX > 1041 erg s�1 ) indicates the possible existence of
IMBHs, which were originally suggested to account for
the standard ULX luminosity range (1039 < LX < 1041

erg s�1 ). The ULXs with LX > 1041 erg s�1 are also
known as hyperluminous X-ray sources (HLXs). The
firmly established member of this family is ESO 243–
49 HLX-1, which is thought to be an accreting IMBH
candidate. Its observed peak unabsorbed 0.2–10 keV lu-
minosity is 1.2⇥1042 erg s�1 [220]. Given the distance
of 95 Mpc, the maximum X-ray flux of the source is
⇠ 10�12 erg cm�2 s�1 . The source luminosity was ob-
served to change from 2 ⇥ 1040 erg s�1 (low state) to
⇠ 1042 erg s�1 (high state). Another HLX candidate,
M82 X-1, with a luminosity level close to the lower limit
of HLX luminosity range is only ⇠ 3.6 Mpc away.

Search for HLXs
3 Mpc: 

- Lx ~ 2e40 erg/s, 
- hard state (powerlaw model, index ~ 2)
- flux = 2e-11 ergs/cm2/s, in the 0.3-10 keV range

- Detection at > 5 sigma in 30 ks in observation! (~500 net counts) 

- Possibility to investigate its spectrum:

Fixing the nH, the 
constraints on index and 
normalization are of the 
order of ~15-20% in the 
simulated data!10ï3
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between a powerlaw and 
a diskbb model!

Fig. 25 THESEUS-SXI simulation of a nearby HLX in the
low/hard state for an exposure time of 30 ks based on the
observational properties of ESO 243–49 HLX–1 from [221].

8.1 Monitoring nearby extragalactic ULXs with SXI

Detecting and monitoring the known ULXs with stan-
dard luminosities in the 1039–1041 erg s�1 range with
SXI is crucial for the follow-up observations of the long-
term flux variations in these sources. In Fig. 24, we il-
lustrate a sample region in the unabsorbed flux versus
distance plane where all the potential targets with stan-
dard ULX luminosities can be detected and monitored
by SXI above a certain sensitivity threshold, based on
a power-law spectrum of photon index 2 and NH =
2⇥ 1021 cm�2.

We also display in Fig. 24 the distribution of ob-
served ULXs in the local universe (within d ⇠ 100
Mpc). Most ULXs except the nearest ones, i.e. the Galac-
tic transient source Swift J0243.6+6124 (see Sect. 5.1.2)
and the transient SMC X-3 in the Small Magellanic
Cloud, are clustered in a distance range of 1–10 Mpc.
According to the luminosity intervals shown in Fig. 24,
the standard ULXs, in particular with distances . 5
Mpc, are the best SXI targets for exposure times .
500 ks. As a standard ULX, we consider NGC 1313
X-1 with an average spectrum based on an absorbed
diskbb+diskpbb+cutoffpl (in Xspec), which con-
sists of two thermal blackbody components and an ex-
ponentially cuto↵ power-law component [222]. The av-
erage flux of ⇠ 4⇥ 10�12 erg cm�2 s�1 implies a lumi-
nosity of ⇠ 8⇥1039 erg s�1 for a source distance of ⇠ 4
Mpc. In 30 ks, we can detect the source at 5� signifi-
cance with ⇠ 100–200 net source counts. The monitor-
ing with SXI is therefore viable for the known standard
ULXs that lie within a distance of ⇠ 5 Mpc. THESEUS
would indeed provide us with the opportunity of follow-
ing the source flux evolution of the nearby ULXs with
daily exposures in an unprecedented way.

Accreting magnetar M82 X−2 1103

Figure 1. Chandra images of M82 galaxy’s centre during observations performed on 1999 September 20 (MJD 51441.47) when M82 X−2 was in a low-
luminosity state (left) and 2005 August 17 (MJD 53599.04) when it was in a high-luminosity state (right). Circles indicate the positions of M82 X−1 and X−2
ULX sources.

Figure 2. (a) Light curve of M82 X−2 obtained by the Chandra observatory during 15 yr of observations. Luminosities are corrected for the absorption and
given in the energy range 0.5–10 keV; (b) distribution of individual observations over luminosities (black line). Bimodal structure is clearly seen. Red and
blue dashed lines show the averaged luminosities in the ‘high’ and ‘low’ states, respectively. Grey line represents rescaled distribution of luminosities of X-ray
pulsar LMC X−4 from the Swift/BAT data; (c) predicted dependence of the magnetized neutron star luminosity on the mass accretion rate for the following
parameters: spin period P = 1.37 s, magnetic field strength B = 1.1 × 1014 G, neutron star mass M = 1.4 M# and radius R = 10 km, magnetospheric radius
in units of the Alfvénic one k = 0.5. A small fraction (2.5 per cent) of the accreting material is assumed to leak through the magnetosphere on to the neutron
star surface.

3 D ISCUSSION

3.1 ‘Propeller’ effect

The remarkable behaviour of M82 X−2 showing dramatic switches
in luminosity by a factor of 40 can be interpreted as the onset of the
so-called propeller effect (Illarionov & Sunyaev 1975). This effect is
caused by a substantial centrifugal barrier which have to be broken
by the infalling matter during the accretion on to the rotating neu-
tron star with strong magnetic field. At the magnetospheric radius
where the magnetic pressure equals the ram pressure of the infalling
material, the accreting matter from a disc or a wind is ‘frozen’ into
the stellar magnetic field lines and rotates rigidly with the angular
velocity of the star. The matter will fall on to the neutron star only if
the velocity of the magnetic field lines at the magnetospheric radius
is lower than the local Keplerian velocity. Otherwise, the matter will
be stopped at the radius of magnetosphere or even expelled from
the system. Given the fact that magnetospheric radius depends only
on the mass accretion rate and the strength of the magnetic field, the

latter can be directly estimated if the propeller regime is observed
in an accreting-magnetized neutron star.

The threshold value of accretion luminosity Llim(R) for the onset
of the propeller can be estimated by equating the corotation radius
(where a Keplerian orbit corotates with the neutron star)

Rc =
(

GMP 2

4π2

)1/3

(1)

to the magnetospheric radius

Rm = kṀ−2/7µ4/7(2GM)−1/7. (2)

Here, M is the neutron star mass, P its rotational period, µ = BR3/2
is the magnetic dipole moment related to the surface polar dipole
magnetic field strength B and the neutron star radius R, and Ṁ is the
mass accretion rate on to the neutron star. The dimensionless factor
k relates the magnetospheric radius to the Alfvén radius computed
for spherical accretion; for disc accretion it is usually taken k = 0.5
(Ghosh & Lamb 1978). At the limiting accretion rate Ṁ = Ṁlim,
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pULXs as transient X-ray binaries

• PULXs = extra-Galactic XRBs

• Same physics, can hunt for variability 

to discover more pULX candidates

• SXI will be sensitive down to 1039 erg/s 

for many ULXs. Frequent drops of flux 
below the detection limit - candidate for 
follow-up and pulsations search with 
Athena/eXTP


• Here the caveat with observing pattern 
also applies, but there are significantly 
more pULX candidates than BeXRBs


Tsygankov et al, 15
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Fig. 16 Simulation of a SFXT spectrum in outburst (expo-
sure time of 10 ks, SXI in black, XGIS-X in red, XGIS-S in
green). The assumed model is an absorbed cuto↵ power law
continuum modified by a cyclotron line at 17 keV, fitted by
an absorbed cuto↵ power law with no line.

compared to extra-Galactic PULXs (see Sect. 8). It
has been claimed that PULXs may have magnetar-like
fields [122–125]. In this case, also cyclotron features due
to protons (at an energy a factor 1836 lower than that
of electrons) may be anticipated. The recent discovery
of the first Galactic PULX [126,102], which reached a
peak flux of ⇠ 10�8 erg cm�2 s�1 , is very promising
in this respect. For this and similar sources the SXI
and XGIS, operating together in the 0.3 keV–20 MeV
range, can detect electron cyclotron lines corresponding
to fields in the ⇠ 1011�15 G range and proton cyclotron
lines for fields above ⇠ 1014 G. The sensitivity to the
detection of electron cyclotron features shall be similar
to that discussed above for normal XRPs. In Fig. 17
we present, as an example, the simulation for a proton
cyclotron line corresponding to a 3⇥ 1014 G field. The
absorption feature is simulated in terms of a Gaussian
absorption line for which the depth and the width of
the line are related to each other through the line cen-
tral optical depth (assumed to be ⌧ ⇠ 0.1) and other
spectral parameters set to values reported by [127].

5.1.3 Variability in super-giant fast X-ray transients

Some of the models proposed to explain the SFXT be-
havior are based on gating mechanisms (centrifugal or
magnetic barrier, or quasi-spherical settling accretion
regime) able to halt accretion onto the NS most of the
time. This “gate” can be open or closed depending on
the NS magnetic field and spin period. Given the rar-
ity, shortness and unpredictable nature of SFXTs out-

Theseus simulations: proton cyclotron line, 2ks

B15 = 0.3 
E = (1.45 ± 0.01) keV  
σ = (0.1 ± 0.02) keV 
Depth = 0.14 ± 0.02

B15 = 1 E = (4.85 ± 0.01) keV 
σ = (0.04 ± 0.01) keV 
Depth = 0.007 ± 0.002

E=1.45 keV, σ =0.1 keV, Depth = 0.15

E= 4.9 keV, σ = 0.05 keV, Depth = 0.005

Sim.

Fit.

Sim.

Fit.

Tau~0.1

Tau~0.1

Preliminary

Fig. 17 THESEUS simulation of a proton cyclotron ab-
sorption line in the continuum spectrum of the transient
PULX Swift J0243.6+6124 for an X-ray luminosity of 1039

erg s�1 using an absorbed black body and cut-o↵ power-law
plus some additional iron lines and its edge, based on the
spectrum of the source during the 2017-2018 strong outburst
[127]. SXI in black, XGIS in red. The simulated proton cy-
clotron line corresponds to a magnetic field of 3⇥ 1014 G. In
the middle panel, the line at ⇠ 1.45 keV is clearly identified.
The residuals after a Gaussian absorption line is added are
shown in the bottom panel.

bursts, the properties of NS in SFXTs are elusive, and
it is unclear if SFXTs behave otherwise from persistent
HMXBs because of the properties of their compact ob-
jects or because of the di↵erent properties of the wind
matter accreting onto them (or both).

The SFXT variability is likely associated with the
interaction of the accretion flow with the NS magneto-
sphere, but the details remain largely unclear due to the
observational challenges: the limited sensitivity of cur-
rent all-sky X-ray monitors is insu�cient to detect short
low intensity flares and the low duty cycles and un-
predictable outbursts of these objects make dedicated
observation challenging or even unfeasible. THESEUS,
besides expanding the sample of known SFXTs, will
allow us to study in detail their statistical properties
(e.g., duty cycles, duration and intensity distribution
of the flares, and their dependence on orbital phase) at
flux levels unfeasible up to now.

The sky position of known SFXTs will be covered
with total exposure times ranging from ⇠1 Ms to more
than 10 Ms (depending on the specific source, in 4 years
of observations), with pointings with a typical duration
of 2.3 ks, every ⇠5.8 ks, during the seasonal observing
windows. Since the typical duration of the bright flares
is about 2 ks [128,129], this observing strategy is par-
ticularly well suited to catch SFXT flares. A series of
short flares usually compose an outburst, whose dura-
tion (⇠a few days, at most) has been constrained only
for the very few best studied SFXTs, to date. The out-

10ks simulation for 10-9 erg/cm2/s flux and CRSF at 17 keV

Supergiant fast X-ray transients

PoS(MULTIF2017)052
Supergiant Fast X-ray Transients - A short review Lara Sidoli

Figure 1: Comparison between INTEGRAL/IBIS light curves (bin time of 2 ks; 17–50 keV) of Vela X-1 (blue triangles) and an
SFXT (IGR J17544-2619; each red solid cirle mark a flare). Red bars on the x-axis indicate times when IGR J17544-2619 was
undetected by INTEGRAL (its duty cycle is <∼1 %). On the other hand, Vela X–1 is always detected. Time is in units of INTEGRAL JD
(IJD=MJD-51544).

is not sensitive enough to reach very low fluxes and characterize the lowest luminosity states
with short snapshots. The percentage of time spent below the Swift/XRT sensitivity threshold
(∼2×10−12 erg cm−2 s−1) ranges from 5% to 67%, depending on the source [10]. For instance,
there are three SFXTs (IGR J08408–4503, IGR J16328–4726 and IGR J17544–2619) that remained
undetected by Swift/XRT most of the time (67%, 61% and 55%, respectively), with a 2–10 keV
luminosity below 2.6×1033 erg s−1 (IGR J08408–4503), 2.5×1034 erg s−1 (IGR J16328–4726)
and 2.1×1033 erg s−1 (IGR J17544–2619).

Very low quiescent luminosities of LX∼1032 erg s−1 have been caught only in a few SFXTs
thanks to XMM-Newton, Chandra, Suzaku pointings (e.g. [11], [19], [13]). Remarkably, the lowest
X–ray emission state ever reported in an SFXT was observed in SAX J1818.6–1703 using XMM-
Newton, leading to a 3-σ upper limit of FX<1.1×10−13 erg cm−2 s−1 (corrected for the absorption,
0.5–10 keV; [19]). This implies an upper limit to its luminosity of LX<6×1031 erg s−1 (at 2.1 kpc).
At present, it is unknown how much time each SFXT spends in quiescence at a luminosity level of
1032 erg s−1. It is also possible that some more active (“intermediate”) SFXTs never reach it. A
monitoring programme with XMM-Newton would be (unrealistically) needed, for this purpose.

The ample range of observed behaviours has posed an issue about the possible in-homogeneity
of the SFXT class and about the membership of some specific sources (e.g. the case of IGR J16418-
4532 or IGR J16465-4507, e.g. [10], [1] opposite to the classification reported by [7]). IGR J11215–
5259 is also peculiar, since it is the only SFXT where X–ray outbursts are strictly periodic [20],
recurring every ∼165 days ([21], [22]), believed to be the orbital period of the system. In general,
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Magnetars and SFXTs E. Bozzo

Figure 2: (A) Upper panel: Variation of the luminosity through different regimes, as a function of the mass loss rate from the
companion star. In this case the parameters of the model are fixed at µ33=0.8, Ps3=1, and v8=1.2. Lower panel: Relative position of
the magnetospheric radius, RM (solid line), with respect to the accretion radius Ra (dotted line), and the corotation radius Rco (dashed
line), as a function of the mass loss rate from the companion star.
(B) Upper panel: Variation of the luminosity through different regimes, as a function of the mass loss rate from the companion star. In
this case the parameters of the model are fixed at µ33=0.001, Ps3=1, and v8=1.2. Lower panel: Relative position of the magnetospheric
radius, RM (solid line), with respect to the accretion radius Ra (dotted line), and corotation radius Rco (dashed line), as a function of the
mass loss rate from the companion star.

3. Transitions and paths across different regimes

We explore here the conditions under which transitions across different regimes take place.
As emphasised in § 2, these transitions occur when the relative positions of RM, Ra, and Rco
change in response to variations in the stellar wind parameters. In the following, since RM depends
only weakly on the orbital period and the total mass of the system, we fix a10d=1, and investigate
variations in the other four parameters: µ33, Ps3, v8, and Ṁ−6. The equations that define the
conditions for transitions between different regimes are

RM > Ra ⇒ Ṁ−6 ! 0.45µ233v118 a210d magnetic barrier; (3.1)
RM > Rco ⇒ Ps3 ! 2.6Ṁ

−1/4
−6 v−1/48 a1/210dµ

1/2
33 centrifugal barrier with RM > Ra; (3.2)

RM > Rco ⇒ Ps3 ! 1.8a
2/3
10dṀ

−1/3
−6 v2/38 µ2/333 centrifugal barrier with RM < Ra; (3.3)

Ps3 " 4.5Ṁ
−15/21
−6 a30/2110d v60/218 µ16/2133 subsonic propeller→ direct accretion. (3.4)

As an example, in Fig. 2A we use the above equations to compute the luminosity swings for a sys-
tem with µ33=0.8, Ps3=1, and v8=1.2. The lower panel of this figure shows that, for 0.1<Ṁ−6<100,
the magnetospheric radius crosses both the centrifugal (Rco) and magnetic (Ra) barriers. Corre-
spondingly, the system moves from the superKeplerian magnetic inhibition regime, to the super-
sonic and subsonic propeller regime, and, finally, to the direct accretion regime, giving rise to a
six-decade luminosity swing from ∼1031 to ∼1037 erg s−1. We note that a large part of this swing
(about five decades) is attained across the transitions from the superKeplerian magnetic inhibition
to the direct accretion regimes, which take a mere factor of ∼5 variation of Ṁw.

Fig. 2B shows that, in the presence of a standard NS magnetic field (1012 G), such abrupt lumi-
nosity jumps are not expected for a very slowly rotating (1000 s) NS (the other system parameters
are the same as those of Fig. 2A), since the magnetospheric radius is smaller than both Ra and Rco,
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Magnetiospheric gating vs 
clumpy wind

B? Nh? - Theseus

Low duty cycles, short flares



• SFXTs origin is currently unclear, largely because of observational challenges

• low duty cycles imply these objects are studied with ASMs


• SXI has an order of magnitude better sensitivity plus large overall exposure 
time, so may be able to increase sample of SFXT flares observed and refine 
duty cycle estimates


• Predictions are hard, because we don’t know now what happens at low Lx. 
Extrapolating XRT data thousands of flares will be detected 
• those are biased to outburst periods, so that’s over-optimistic


• We’ll only see that when Theseus flies!

Name SXI exposure (Ms) N SXI (BAT/XRT) SGIS exposure (Ms) N SGIS
SAXJ1818.6-1703 5.2 2.1/694-2700 10.6 4.3
IGRJ08408-4503 6.9 2.0/667-2596 15.6 4.5
IGRJ16328-4726 4.5 0.2/63-247 11.4 0.5
IGRJ17544-2619 6.4 4.0/1323-5148 11.5 7.3
AXJ1845.0-0433 1.2 0.2/57-222 13.8 2.0
IGRJ16479-4514 5.2 6.2/2053-7990 11.4 13.6
IGRJ16465-4507 5.2 0.1/22-86 11.4 0.1
AXJ1841.0-0536 1.5 0.6/187-728 13.2 4.9
IGRJ18483-0311 0.8 0.7/215-836 14.7 12.6
XTEJ1739-302 6.6 5.1/1680-6539 11.6 9.1
IGRJ16418-4532 5.1 1.0/326-1269 11.4 2.2

<latexit sha1_base64="ijcCCq2y9IXz+0bV+UYT7tQk+i4="></latexit>
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Supergiant fast X-ray transients
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spectral evolution during the bursts provides an oppor-
tunity to probe fundamental parameters of the NS, and
ultimately the equation of state of dense matter [152–
154].

Depending on the metallicity of the burning layers,
their physical conditions (temperature, density, pres-
sure) and the mass accretion rate, bursts show up with
di↵erent properties (see [155] for a review). Given that
at the moment we know about 115 LMXB bursting
sources, the continuous sky survey of THESEUS will
catch hundreds of bursting events, allowing for an un-
precedented census of the bursting population of NS
LMXBs.

To estimate the burst detection rate in the THE-
SEUS survey, we considered first the bursting rate of
each known LMXB using the estimates from the MIN-
BAR archive [156] and multiplied it for the respective
expected daily-averaged source exposure times with the
SXI, XGIS (fully-coded) and XGIS (half-coded). This
computation resulted in a (possible) burst detection
rate, on average, of 5.7, 0.5, and 12.1 bursts/day, respec-
tively. Secondly, we took into account the sensitivity of
the THESEUS instruments and the peak luminosity de-
rived from the whole sample of detected bursts (Fig. 23
in [156]). For the SXI (sensitivity of ⇠ 1 Crab in one
second), with about 50% of burst peaks above 1 Crab,
the detection rate decreases to about 2.9 bursts/day
(although binning in a longer time window might allow
to increase the signal-to-noise ratio and raise this es-
timate). Given the higher XGIS sensitivity, more than
90% of the possible burst peaks can be detected at more
than 5� (fully coded). The decrease in the e↵ective area
for the half-coded is well compensated by the larger
FOV and the detection rate (conservatively) is foreseen
� 6 bursts/day.

As a result, we estimate that more than 730 bursts
will be detected in the first four years of the survey with
XGIS (fully-coded) and about 150 of these will show
photospheric-radius expansion (PRE) episodes. PRE
bursts are of special interest, as they are Eddington lim-
ited, and so are considered as possible standard candles
to determine source distances [157]. To demonstrate the
feasibility of this kind of studies, we took as template
a PRE burst from GX 3+1, a typical LMXB in the
Galactic bulge, observed with RXTE [158]. The time-
resolved burst spectra evolve as a cooling black-body,
but ⇠ 2 s after the burst onset, a drop in the black-
body temperature, together with a significant increase
in the apparent black-body radius clearly indicates a
PRE. We simulated the same time-resolved spectra us-
ing the XGIS on-axis response. The typical touch-down
at time 2 s can also be easily detected in our simula-
tions, as shown in Fig. 21.

Fig. 21 Simulated on-axis XGIS light curve (upper panel)
and spectral parameter evolution for a PRE burst (blackbody
temperature in keV and black-body radius for an assumed 5
kpc distance in the middle and lower panels, respectively).
Reference for this partcular PRE burst template in [158].

In addition to the typical short duration bursts,
much rarer events called super-burst [159] deserve spe-
cial attention. They are ignited by unstable carbon burn-
ing and can last for hours; their structure and energet-
ics strongly depend on the structure of the outer lay-
ers of the NS, the quantity of steady nuclear burning
that precede the superburst event, and the long-term
accretion history of the source, so their study can con-
strain di↵erent aspects of the accretion process at once.
Up to now, only 25 superburst events from 15 di↵erent
LMXBs have been detected, with only three sources
showing a superburst more than once. Although the
source list is still short, it contains a more significant
fraction of persistent sources (typically accreting above
0.1 LEdd) with respect to transients (4 vs. 11). Further-
more, among the seven sources with known orbital pe-
riod, two are super-compact systems. Some superburst
sources are also copious emitters of short X-ray bursts,
but a superburst event can dramatically quench the
burst rate [160]. Given the unpredictable rate and origin
of the superbursts, they could only be spotted through
all-sky monitors (e.g. RXTE/ASM, BeppoSAX/WFC
or MAXI), which, however, lacked timing and spectral
resolution that THESEUS will provide. Based on the
number of detected superburst events with past all-sky
X-ray monitors and the location of the sources where
at least one superburst has been observed [159], we es-
timated the chance occurrence of observing one such
event with THESEUS in the first four years of op-
erations. Assuming a superburst rate of one per year
and the visibility of the sky containing superbursting
sources, we derived a chance probability of ⇠ 30% of
observing such an event.

Bursts and super bursts

X-ray bursting neutron stars 

•  X-ray bursting NSs – LMXBs with thermonuclear explosions at the 
neutron star surface 

•  Sometimes close to the Eddington limit during the burst 
(photospheric radius expansion (PRE) bursts) 

•  Burst duration ~10 - 1000 sec 

Figure from Molkov et al (2000) 

4U 1724-307  in  Terzan 2 

Ideal sources for NS masses and radii investigations (important for EOS!!!) 

Low Mass X-ray Binary (artist veiw) 

Fig courtesy V. Suleimanov

Direct cooling tail method 911

Table 1. Parameters of the fits of the K − FBB dependence with the
corrected cooling tail models for various log g.

log g FEdd ! TEdd, ∞ χ2/dof
10−7 erg cm−2 s−1 (km/10 kpc)2 (keV)

Fmin = 0.2Ftd

14.6 0.771 1222 1.555 58.6/33
14.3 0.776 1261 1.545 45.8/33
14.0 0.776 1315 1.529 44.5/33

Fmin = 0.4Ftd

14.6 0.753 1293 1.524 30.6/17
14.3 0.765 1308 1.525 28.8/17
14.0 0.771 1338 1.520 27.8/17

3 D I R E C T C O O L I N G TA I L M E T H O D

Formally, the cooling tail method gives a correct result only at the
crossing point of the curves of the constant log g and the correspond-
ing TEdd, ∞. Therefore, we suggest here a direct cooling tail method
with M and R as fitting parameters. This method is free from the
weakness of the standard method (see also Özel & Psaltis 2015, for
more discussion) and allows us to obtain solutions at the R = 2RS

line as well. Moreover, the new formalism gives a possibility to
take into account different priors in the physical parameters M and
R and, for example, to control the minimum (or maximum) allowed
mass in the fit.

For every pair M and R, we can compute the gravity log g, surface
gravitational redshift z, and (assuming some chemical composition)
the observed Eddington temperature TEdd, ∞ (see equations 1, 3
and 27). We use interpolation in the sets of fc − # and wf 4

c −
# curves, computed for different values of log g, for finding the
theoretical curve w − wf 4

c # corresponding to a given log g.

3.1 Method of interpolation

To improve the accuracy of the interpolation, we have extended the
existing set of hot NS model atmospheres for log g = 14.0, 14.3 and
14.6 (Suleimanov et al. 2012) to values from 13.7 up to 14.9 with
the step 0.15 (i.e. nine values). We use the same relative luminosity
set # as in the previous work of Suleimanov et al. (2012), but for #

≥ 0.1 only. Such computations were performed for four chemical
compositions, pure hydrogen, pure helium and solar H/He mix with
solar (Z = Z$) and sub-solar (Z = 0.01 Z$) metal abundances. The
model emergent spectra were fitted with a diluted blackbody (see
the details in Suleimanov et al. 2011a) and corresponding values of
fc, wf 4

c and of the radiative acceleration grad were obtained.
Spectral fit parameters fc and w depend on the relative luminos-

ity # in a similar way at different log g, when # is small enough
(# < 0.8). But significant differences arise at larger # because real
electron scattering opacity decreases when the plasma temperature
increases (see Suleimanov et al. 2012). As a result, the maximum
possible luminosity relative to the Eddington luminosity for Thom-
son opacity, #, also increases. Therefore, it is natural to use depen-
dences of the type fc − grad/g for interpolation, which are similar
to each other for all surface gravities (see fig. 8 in Suleimanov
et al. 2012). At the first step, we find grad/g values corresponding to
the # grid. Then we introduce the fixed grid of grad/g and interpolate
all the necessary parameters (Teff, fc and w), to the new grid grad/g
at every log g. At the final step, we get the theoretical dependence
w − wf 4

c # for the log g computed for the investigated M and R pair
by interpolating all the quantities on the grid of nine values of log g.

Figure 5. The χ2 confidence regions (68, 90 and 99 per cent probabilities)
in the mass–radius plane for SAX J1810.8–2609 obtained using the direct
cooling tail method. The data above Fmin = 0.2Ftd (see Fig. 3) are used. The
red solid and dashed curves correspond to the best-fitting TEdd, ∞ obtained
for log g = 14.3 for Fmin = 0.2 and 0.4Ftd, respectively, while the red dotted
curve gives the results from Nättilä et al. (2016). The black dot–dashed
curves correspond to the constant distance of 4.0, 4.5 and 5.0 kpc.

In this work, we use the interpolation along weighting backward
and forward parabolas (see the detail in Kurucz 1970).

3.2 Fitting procedure

For the corrected cooling tail method, we can use two fitting pa-
rameters, ! and FEdd, -7. However, for a given M and R pair, LEdd

is already determined by their values and both fitting parameters
depend on only one parameter – the distance to the source D. This
allows us to obtain an estimation of the distance to the source given
the chemical composition of the NS atmosphere and to limit the
final solution if there exist independent constraints on the distance.

In the direct cooling tail method, we minimize χ2 at a grid in
the M–R plane by fitting the observed K − FBB curve with the
theoretical w − wf 4

c # curve interpolated to the current log g using
D10 as the only fitting parameter. We consider a grid of masses from
1 to 3 M$ with the step 0.01 M$ and a grid of radii from 9 to
17 km with the step 0.01 km. We ignore the pairs that do not satisfy
the causality condition R > 1.45RS (Lattimer & Prakash 2007).
We thus obtain the map of best-fitting D and the χ2 values at the
M–R plane and the overall minimum of χ2, which allows us to find
the confidence regions (e.g. for two parameters, $χ2 = 2.3, 4.61,
9.21 give probabilities of 68, 90 and 99 per cent). We note here
that the method used for finding the best-fitting solution, e.g. the
χ2-method like here and in Suleimanov et al. (2011b), or the robust
likelihood method from Poutanen et al. (2014), affects only slightly
(within the 1σ error) the centroid of the solution. On the other
hand, the resulting error contours on the M–R plane are affected
more: the χ2-method generally underestimates the errors, because
of the presence of the significant scattering in the data as well as
because the best-fitting solution may be located at the boundary
of the prior distributions. The robust estimator gives more correct
presentation of the errors when benchmarked against a full Bayesian
fit with intrinsic scatter in the system. For simplicity, we, however,
show here only the results obtained by minimizing a non-robust χ2

function given by equation (28).
We apply the direct cooling tail method to the data described

above and presented in Fig. 3. The minimum χ2 is 45.4 for 32 dof.
The confidence regions at the M–R plane are shown in Fig. 5. To
compare with the results presented in Fig. 4, we also draw the curve

MNRAS 466, 906–913 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/466/1/906/2638370 by guest on 25 M
arch 2021

Theseus simulation of a pre-burst

Cooling tail method to get EOS constrains from bursters



Conclusions

• Theseus is not an all-sky monitor if your sources are not “all-sky” like GRBs! 

• This makes it more sensitive than ASMs

• With some luck, broadband capabilities and comparatively high sensitivity 

will allow detailed studies of bright sources with Theseus alone, but 
probably eXTP/WFM + pointed observations are more suitable for that


• Same probably applies to BHTs (Maria’s talk)

• Most suitable to study variability on short timescales in fainter sources. For 

XRBs this means that strong Theseus side is mainly (not exclusively)

• For HMXBs:


• variability of BeXRBs in quiescence

• in particular, SFXTs are of interest: duty cycles and burst spectroscopy

• detection of outbursts in MC BeXRBs (essentially all of them)

• Monitoring of variability in ULXs to find pULX candidates 

• For LMXBs:

• Transitional millisecond pulsars (Domitilla talk)

• detection and time-resolved spectroscopy of bursts and super-bursts

• Characterisation of VFXT population


• Last but not least: while Theseus will operate in parallel to eXTP where WFM 
is quite similar to XGIS for Galactic science. Both will, however, be 
complementary rather than competing due to different observing strategy


