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Current observational situation

Observatories and instruments in orbit: Chandra, XMM-
Newton, Swift, INTEGRAL, Fermi/GBM, NuSTAR, NICER, 
MAXI

Timing capabilities: from ~10-5 to 108 sec 

Spectral ranges: ~0.5 – 200 keV

Luminosities: from 1032 to 1040 erg/s

High sensitity and flexibility (regular, TOO, monitoring)

Swift/XRT monitoring campaign: more than dozen 
sources, total exposure > 1 Msec, hundreds observations



Tsygankov et al., 2016
Lutovinov et al., 2017

Black body with
kT = 0.5 keV

Absorbed power-law
Gamma = 0.4 – 0.7

SMC X-2V0332+534U 0115+63

Propeller effect



Propeller effect
GROJ1750-27

Lutovinov et al., 2019
will appear 15/01 in astro-ph 

B ≃ (3.5 – 4.5) x1012 G
D ~ 18 kpc



GRO J1008-57

Accretion from the cold disk

Tsygankov et al., 2017a
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2.1. Swift/XRT data

High sensitivity and flexibility of the Swift/XRT telescope allow
us to carry out long-term monitoring programs probing source
flux evolution in a very broad range. Particularly, it permitted
us to investigate the transition of IGR J19294+1816 from the
outburst to the quiescent state. Because of the low count rates all
XRT observations were performed in the Photon Counting (PC)
mode and automatically reduced using the online tools (Evans
et al. 2009) provided by the UK Swift Science Data Centre. 1

Data sample consists of observations performed after Type I
outbursts occurred in the end of 2010 and 2017. The correspond-
ing light curves are shown in the top panel of Fig. 1. Luminosity
was calculated from the bolometric (see below) and absorption
corrected flux determined based on the results of spectral fitting
in xspec package assuming absorbed power law model and dis-
tance to the source d = 11 kpc (Rodes-Roca et al. 2018). Taking
into account low count statistics we binned the spectra in the
0.5–10 keV range to have at least 1 count per energy bin and
fitted them using W-statistic (Wachter et al. 1979).2

In order to convert the observed 0.5–10 keV flux into the to-
tal X-ray luminosity and, correspondingly, mass accretion rate,
we estimated the bolometric correction factors using two broad-
band NuSTAR observations performed in the quiescent and out-
burst states. Flux ratio between these two states was more than
50. As will be discussed later, the broad-band spectrum of the
source depends slightly on its intensity, that is reflected in the
flux-dependent bolometric correction factors. Particularly, in the
quiescent state with the unabsorbed 0.5–10 keV flux around
F0.5�10keV ⇠ 4 ⇥ 10�12 erg s�1 cm�2 the bolometric correction
(defined as the ratio of fluxes in the 0.5–100 to 0.5–10 keV
ranges) was Kbol ⇠ 1.8, whereas during the second observation
(F0.5�10keV ⇠ 1.1 ⇥ 10�10 erg s�1 cm�2) it increased up to ⇠ 2.5.
Assuming a linear dependence of the bolometric correction on
the logarithm of flux in the 0.5–10 keV band a simple equation
can be obtained for Kbol = 7.5 + 0.5log(F0.5�10keV). In the fol-
lowing analysis we apply this correction to all XRT observations
and refer to the bolometrically corrected fluxes and luminosities,
unless stated otherwise.

2.2. NuSTAR data

The NuSTAR instruments include two co-aligned identical X-ray
telescope systems allowing to focus X-ray photons in a wide en-
ergy range from 3 to 79 keV (Harrison et al. 2013). Thanks to
the unprecedented sensitivity in hard X-rays, NuSTAR is ideally
suited for the broadband spectroscopy of di↵erent types of ob-
jects, including XRPs, and searching for the cyclotron lines in
their spectra.

IGR J19294+1816 has been observed with NuSTAR twice
in March 2018 (see Table 1). First observation (ObsID
90401306002) was performed on March 3, in the very end of
the orbital cycle when the source was in the lowest state ever ob-
served. Second observation (ObsID 90401306004) occurred two
weeks later, on March 16, when the source entered another reg-
ular Type I outburst. In this state IGR J19294+1816 was about
50 times brighter in comparison with the first observation.

The raw observational data were processed following the
standard data reduction procedures described in NuSTAR user
guide and the standard NuSTAR Data Analysis Software (nus-

1 http://www.swift.ac.uk/user_objects/
2 see xspec manual; https://heasarc.gsfc.nasa.gov/xanadu/
xspec/manual/XSappendixStatistics.html

Fig. 1: Top: Bolometrically corrected light curve of
IGR J19294+1816 obtained with the Swift/XRT telescope
in 2010 (left side) and 2017–2018 (right side) assuming distance
to the source 11 kpc. Blue dotted lines show moments of
periastron passages (see Sect. 3.4). Middle and bottom: The
corresponding evolution of the power law photon index and
absorption value assuming an absorbed power law model. Black
points correspond to individual XRT observations, whereas red
open circles represent parameters obtained from the averaging
of a few nearby observations with low count statistics. Vertical
dash-dotted lines show moments of the NuSTAR observations.

Table 1: The NuSTAR observations of IGR J19294+1816.

ObsID Tstart, Tstop, Exp., Net count
MJD MJD ks rate, cts s�1

90401306002 58179.91 58180.84 40 0.06
90401306004 58193.13 58194.06 40 2.03

tardas) v1.6.0 provided under heasoft v6.24 with the CALDB
version 20180419.

The source spectra were extracted from the source-centered
circular region with radius of 4700 using the nuproducts rou-
tine. The extraction radius was chosen to optimize the signal to
noise ratio above 30 keV. The background was extracted from a
source-free circular region with radius of 16500 in the corner of
the field of view.

3. Results

The bolometrically and absorption corrected lightcurve of
IGR J19294+1816 obtained with the Swift/XRT telescope dur-
ing the monitoring programs in 2010 and 2017–2018 is shown
on the top panel of Fig. 1. The overall behaviour of the source
can be divided into two main states: (i) quiescent state with lu-
minosity around 1035 erg s�1, and (ii) outbursts associated with
the periastron passage (Type I outbursts) with peak luminosity
reaching ⇠ 1037 erg s�1. Middle and bottom panels of the figure
show the corresponding evolution of the photon index and ab-
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Fig. 4: Spectrum of IGR J19294+1816 obtained with the NuS-

TAR telescopes during the high state. The data from the two
NuSTAR units are added together for plotting (but not for actual
fit). The best-fitting residuals for models (top to bottom) with-
out inclusion of the absorption feature, with fundamental only
(at ⇠ 42.8 keV; shown with the solid line in the top panel), and
including also the harmonics (at ⇠ 85 keV, dotted line in the top
panel) are also shown.

�2/dof ⇠ 0.8 (in all cases the fluorescence iron line was also in-
cluded in the fit with the energy fixed at 6.4 keV and width at 0.1
keV). On the other hand, we verified that it is indeed possible
to model the spectrum with a combination of a power law and
cyclabs model, however, not only the fit quality is considerably
worse in this case but also the line itself gets unreasonably deep.
We conclude, therefore, that the claim of the cyclotron line dis-
covery by Roy et al. (2017) is unsupported by the data used by
the authors, which has insu�cient statistics.

On the other hand, NuSTAR data provide much better statis-
tics and allow us to conduct a much more sensitive search for
the possible cyclotron lines in the source spectrum. Similarly to
RXTE, NuSTAR broadband spectrum can be well described with
several continuum models. However, residuals around ⇠ 40 keV
in absorption are immediately apparent in phase-averaged spec-
trum from observation 90401306004 (i.e. when the source was
in bright state) irrespective on the continuum model used. The
fit can be greatly improved by inclusion of a gaussian absorp-
tion line in the model. The width of the line depends slightly on
the continuum model, but the feature is always significantly de-
tected at the same energy. For the nthcomp continuum model, an
absorption line with energy 42.9(1) keV, width of 6.9(5) keV and
optical depth at line centre of ⌧ = 1.3(2) improves the fit from
�2/dof = 1132/720 to �2/dof = 766/717, which corresponds to

Fig. 5: Spectral energy distribution of IGR J19294+1816 ob-
tained with the Swift/XRT and NuSTAR telescopes during the
high (black dots) and low (blue and green dots) intensity states.
The data from the two NuSTAR units are added together for plot-
ting (but not for actual fit). Solid lines represent best-fit models
for each observation including fundamental line only (see text).

probability of chance improvement of ⇠ 3 ⇥ 10�79 according to
MLR test (Protassov et al. 2002).

The feature is, therefore, highly significant. This is also the
case with other continuum models, so we conclude that while the
report by Roy et al. (2017) is erroneous, the source does have in-
deed a cyclotron line at ⇠ 43 keV, which implies magnetic field
of ⇠ 5 ⇥ 1012 G assuming gravitational redshift z = 0.35 for
the typical NS parameters. Usage of the cyclabs model instead
of gabs results in slightly lower cyclotron energy about 40 keV.
Such discrepancy between these two models is associated with
the definition of the latter model, and was found in other stud-
ies (e.g. Tsygankov et al. 2012; Mushtukov et al. 2015). There
is also some evidence for the harmonic at double energy in the
residuals (see Fig. 4), although its significance is low with false
alarm probability of ⇠ 2% (assuming the energy and width of
the fundamental fixed to be double that of the fundamental, and
even lower otherwise).

The counting statistics in the second observation, unfortu-
nately, does not allow us to confidently detect the line, nor
to constrain its parameters. Constraining the luminosity-related
changes of the cyclotron line energy is, however, extremely in-
teresting given the results reported previously for other sources
(Tsygankov et al. 2006; Staubert et al. 2007; Klochkov et al.
2012). We attempted thus to estimate the line energy in the low
state by formally including it in the fit, and modelling the high
and low-state spectra simultaneously with the absorption column
and cyclotron line width and depth linked between both obser-
vations (to reduce the number of free parameters). The fit results
are presented in Table 2. We found the line energy to be con-
sistent between the observations, although uncertainties for the
low-state observation are, unfortunately, rather large. It is im-
portant to emphasise, that the low counting statistics precludes
significant detection of the line if only the second observation is
considered. A deeper observation in quiescence would thus be
required to firmly detect the line and to constrain its parameters.
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Fig. 4: Spectrum of IGR J19294+1816 obtained with the NuS-

TAR telescopes during the high state. The data from the two
NuSTAR units are added together for plotting (but not for actual
fit). The best-fitting residuals for models (top to bottom) with-
out inclusion of the absorption feature, with fundamental only
(at ⇠ 42.8 keV; shown with the solid line in the top panel), and
including also the harmonics (at ⇠ 85 keV, dotted line in the top
panel) are also shown.
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to constrain its parameters. Constraining the luminosity-related
changes of the cyclotron line energy is, however, extremely in-
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2012). We attempted thus to estimate the line energy in the low
state by formally including it in the fit, and modelling the high
and low-state spectra simultaneously with the absorption column
and cyclotron line width and depth linked between both obser-
vations (to reduce the number of free parameters). The fit results
are presented in Table 2. We found the line energy to be con-
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Ecyc ≈42.8 keV

transition to the 
cold disk at the 
luminosity 
around 1035 erg/s

Similar  to XPer
Di Salvo et a. 1998



Highly magnetized neutron star 
in very low states



Motivations and aims
Insights into the problem of the accretion on to magnetized
neutron star at very low mass accretion rates

Study cooling of NSs

VFXTs
LMXBs
Very weak MF

Wijnands et al. 2013



Motivations and aims
Insights into the problem of the accretion on to magnetized
neutron star at very low mass accretion rates

Cooling of the NSs with magnetic field

Geppert et al. 2006



BeXRB systems (snapshot obs)

Special program of observations with Chandra 
Also: using available XMM and XRT data 
Long term history based on Swift/BAT and ASM/RXTE data

Tsygankov et al., 2017c



Spectra (I)

3 yr, 0.3 keV
6x1032 erg/s

>5 yr, 0.4 keV
3x1032 erg/s

4 yr, 1 keV
4x1033 erg/s

No OB, 0.1 keV
1.6x1033 erg/s

<1 yr, ~2 keV
3x1032 erg/s
non-thermal

4 m after type II
2 w after type I
PL,9x1034 erg/s

3.3 yr, PL
3x1033 erg/s

No OB, PL
1.2x1034 erg/s



Spectra (II)

5yr, 0.7 keV
1x1033 erg/s

3 and 7yr, PL
0.4-1.7x1034 erg/s

3yr,  few phs
2x1033 erg/s

2yr, PL
1034 erg/s

9 m, PL
4.5x1034 erg/s

<1 yr, ~1 keV or
PL 1.2
2x1033 erg/s

4 yr, PL
2x1033 erg/s

No OB, 
PL or BB???
1.1x1033 erg/s



The whole sample of sources can be roughly divided into 
two distinct groups: 

(i) relatively bright objects with a luminosity around 
1034 erg s−1 and (hard) power-law spectra
(4U0728-25, GROJ1008-57, SwiftJ1626.6-5156, XTEJ1946+274,        
KS1947+300, several possible candidates)
X-ray pulsations were detected from five objects in group (i) 
with quite a large pulse fraction of 50–70 per cent.

(ii) fainter ones showing thermal spectra (4U0115+63, 
V0332+53, MXB0656-072, RXJ0812.4-3114)

Observational conclusions

BUT! There is no correlation between the emission temperature and 
time after the last outburst, i.e. we don’t’ see cooling directly. 

WHY? 



• Leakage of matter through the 

centrifugal barrier

• Magnetospheric accretion

• Thermal emission from the cooling NS

• Coronal activity of the companion star

Emission in the very low state can be 
originated and contaminated by different factors 



Origin of the very low emission of NSs 
- Thermal emission from the cooling NS:

Rutledge et al., 2007

“Deep crustal heating” model Brown et al., 1998

The matter accumulated during outbursts compresses the 
original NS crust and enriches it with low-Z elements. 
It leads to non-equilibrium reactions (electron captures, neutron 
emissions, pycnonuclear reactions). 
Most of this heat is conducted inwards to the core, but a small 
part is radiated from the NS surface as thermal photons





Cooling in 4U0115+63

Ruoco Escorial et al. 2017Wijnands, Degenaar 2016,



Conclusions 
• Strong progress in the study of highly magnetized 

neutron stars in last years

• Direct detection of the propeller effect 

• New paradigm of the cold accretion disk

• First systematic study of Be systems in 
quiescent state to study cooling of NS 
with a strong magnetic fields


