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ABSTRACT
Observations of accreting neutron stars (NSs) with strong magnetic fields can be used not only
for studying the accretion flow interaction with the NS magnetospheres, but also for under-
standing the physical processes inside NSs and for estimating their fundamental parameters.
Of particular interest are (i) the interaction of a rotating NS (magnetosphere) with the infalling
matter at different accretion rates, and (ii) the theory of deep crustal heating and the influence
of a strong magnetic field on this process. Here, we present results of the first systematic
investigation of 16 X-ray pulsars with Be optical companions during their quiescent states,
based on data from the Chandra, XMM–Newton and Swift observatories. 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, and (ii) fainter ones showing
thermal spectra. X-ray pulsations were detected from five objects in group (i) with quite a large
pulse fraction of 50–70 per cent. The obtained results are discussed within the framework of
the models describing the interaction of the infalling matter with the NS magnetic field and
those describing heating and cooling in accreting NSs.

Key words: accretion, accretion discs – scattering – stars: magnetic field – stars: neutron –

pulsars: general – X-rays: binaries.

1 IN T RO D U C T I O N

Transient X-ray pulsars in binary systems with Be optical compan-
ions (BeXRPs) are unique laboratories that allow us to test different
theories of the accretion on to the magnetized neutron stars (NSs).
This is possible due to an extremely broad dynamical range of X-ray
luminosities demonstrated by such systems: from ∼1032–33 erg s−1

in quiescence to more than 1038–39 erg s−1 during powerful out-
bursts.

In general, BeXRPs manifest themselves mainly through tran-
sient activity of two types: type I – periodically appearing outbursts
(once per binary orbit, during the periastron passage) with an X-ray
luminosity of �1037 erg s−1 and duration of 20–30 per cent (i.e.
typically about one week) of the orbital period; and type II – giant
and rare outbursts (usually once in several years) with the peak lu-
minosity exceeding several times 1037–1038 erg s−1 and lasting from
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several weeks to months. A review of the observational properties
of BeXRPs can be found in Reig (2011).

The presence of a strong magnetic field in X-ray pulsars de-
termines the main observational properties of these objects. For
instance, the maximum observed luminosity may exceed the Ed-
dington limit due to the appearance of accretion columns at the
magnetic poles of the NSs (Basko & Sunyaev 1976), making them
among the brightest accreting objects on the sky (see e.g. recent
works by Bachetti et al. 2014; Mushtukov et al. 2015b; Israel et al.
2017, and references therein). Therefore, the temporal and spectral
properties of such systems are very sensitive to the magnetic field
strength.

BeXRPs can act as unique laboratories thanks to the quite accu-
rate knowledge of the magnetic field strength of the NSs in a sub-
stantial fraction of such systems. This has been achieved through
the detection of cyclotron absorption features in the spectra of X-ray
pulsars and accurate measurements of their energies. Such features
are known in more than two dozens of sources (see the recent review
of high-mass X-ray binaries by Walter et al. 2015). Measured values
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of the cyclotron energy vary between ∼5 and ∼80 keV, which cor-
respond to the magnetic field strengths on the NS surface ranging
from ∼5 × 1011 to ∼8 × 1012 G. Typical values of spin periods in
such systems range from seconds to hundreds of seconds.

In turn, such strong fields can support a magnetosphere of the
order of 108–109 cm, which in some cases can be significantly
larger than the corotation radius. In this case, one can expect a
termination of the accretion flow due to the centrifugal forces –
the so-called propeller regime (Illarionov & Sunyaev 1975; Stella
et al. 1985). At the same time, observations of some BeXRPs in a
quiescence contradict these expectations. Particularly, a few sources
demonstrate X-ray pulsations at luminosities of 1033–1034 erg s−1

(Motch et al. 1991; Negueruela et al. 2000; Orlandini et al. 2004;
Rutledge et al. 2007; Rothschild et al. 2013; Doroshenko et al.
2014; Reig, Doroshenko & Zezas 2014). In different systems, the
nature of these pulsations is likely different. For pulsars with large
spin periods (dozens of seconds), the required leakage of matter
through the magnetospheric barrier can be achieved via quasi-stable
accretion from a cold recombined disc (Tsygankov et al. 2017).

Another possible origin of the NS emission in quiescent BeXRPs
is their thermal energy accumulated during accretion episodes.
Brown, Bildsten & Rutledge (1998) proposed a model in which the
NS core is maintained at temperatures of about 108 K by nuclear
reactions in the crust that occur when it is compressed by freshly
accreted material; so-called deep crustal heating. The resulting ther-
mal emission from the NS at its surface is proportional to the average
(over thousands to tens of thousands of years) mass accretion rate
〈Ṁ〉 and can be as high as ∼6 × 1032 erg s−1 for 〈Ṁ〉 � 10−11

M� yr−1. This theory is well supported by observations of a num-
ber of X-ray binaries (i.e. those harbouring a low magnetic field
NS in low-mass X-ray binaries; LMXBs) in quiescence, although
for many systems enhanced neutrino cooling processes in the NS
core have to be assumed to explain their low temperatures (see
e.g. Brown, Bildsten & Rutledge 1998; Yakovlev & Pethick 2004;
Heinke et al. 2009, 2010; Wijnands, Degenaar & Page 2013).

Strong magnetic fields may affect the NS heating and cooling pro-
cesses during the accretion episodes and between them. In contrast
to low magnetic field NSs in LMXBs, the accretion in X-ray pulsars
proceeds to a fraction of the NS surface as small as ∼0.01 per cent
(Mushtukov et al. 2015a). It is currently unclear how the heating
of the NS is affected by such inhomogeneous accretion process.
Furthermore, the original NS crust in BeXRPs might not have been
fully replaced yet with accreted matter (a so-called hybrid crust) that
could cause some of the deep crustal heating reactions to be altered
or not even to occur (see e.g. Wijnands et al. 2013). In addition, the
presence of a strong magnetic field could cause an anisotropy of the
thermal conductivity in the crust and therefore likely an anisotropic
surface temperature distribution, that affects the cooling history of
the NS (see e.g. Shibanov & Yakovlev 1996; Geppert, Küker & Page
2006; Aguilera, Pons & Miralles 2008). At the moment, no system-
atic studies of the cooling of NSs with strong magnetic fields has
been performed, and therefore only limited information is avail-
able (for a discussion see Campana et al. 2001, 2002; Wijnands,
Degenaar & Page 2013; Elshamouty, Heinke & Chouinard 2016).
BeXRPs are the best objects for such studies because they often
exhibit distinct outburst and quiescence episodes.

The aim of this work is to study systematically the timing and
spectral properties of X-ray pulsars with Be optical companions in
their quiescent states. The obtained results give insights into the
problem of the accretion on to magnetized NSs at very low mass
accretion rates and the possibility to study cooling of the NSs in
such systems.

2 DATA A NA LY SI S AND RESULTS

2.1 Observations

This work is based mainly on the data from the Chandra observa-
tory acquired in the frame of a specially dedicated observational
campaign to study quiescent BeXRPs (PI R. Wijnands, ObsIDs.
14635–14650). Additionally, we used the publicly available data
from the Chandra (ObsIDs. 1919, 10049) and XMM–Newton (Ob-
sIDs. 0505280101, 0506190101, 0302970201) observatories, ob-
tained for two sources – 4U 0115+63 and V 0332+53, as well
as the data from the XRT telescope onboard the Swift observatory,
obtained for 4U 0728−25 in the low state (ObsIDs. 00038005001–
00038005004). The sample of 16 sources investigated in this work is
presented in Table 1 and contains the information about their pulse
and orbital periods, distances, optical companions and cyclotron
line energies with the corresponding references. The magnetic field
of the NS can be estimated from the cyclotron energy using the sim-
ple equation B12 = (1 + z)Ecyc/11.6 G, where B12 the magnetic field
strength in units of 1012 G, z is the gravitational redshift and Ecyc is
the cyclotron line energy in keV. Note that there is a quite large un-
certainty for the distance estimations of several sources, especially
for 2S 1417−624. In such cases, we used the averaged values for
the luminosity calculations, i.e. 9 kpc for XTE 1946+274, 12.5 kpc
for GS 1843+00 and 6 kpc for 2S 1417−624.

The Chandra observations were performed with the ACIS instru-
ment with typical exposures of 5 ks and the XMM–Newton obser-
vations with the EPIC cameras, had exposures of about 25–30 ks.
The data collected by the ACIS instrument were reduced with the
standard software package CIAO 4.71 with CALDB v4.6.5. One data
set (ObsID. 1919) was taken very early in the Chandra mission,
and therefore we reprocessed it with the CHANDRA_REPRO tools. We
extracted spectra and light curves of the sources from circular re-
gions with 2.5–5 arcsec radii (depending on the source intensity).
Background events were obtained from circular regions (with ra-
dius of 30 arcsec) offset from the sources position. The source 4U
0728−25 was relatively bright during its observations with Chan-
dra, which led to pile-up in the data. It was taken into account in
the subsequent analysis according to the CIAO threads,2 namely, by
adding the PILEUP model.

To process the XMM–Newton data, we used version 14.0 of the
XMM–Newton Science Analysis System (SAS). After the standard
pipeline processing, we searched for possible intervals of high back-
ground and rejected them. This led to a decrease in the effective
exposure time by 50–60 per cent down to � 6–14 ks (see details
in Table 2). For the analysis of the EPIC data, we selected events
with patterns in the range 0–4 for the pn camera and 0–12 for the
two MOS cameras, using a circular region with a radius of 20 arc-
sec around the source positions. Similar to our Chandra analysis,
background events were selected from circular regions (with radius
of 30 arcsec) offset from the source positions.

The Swift/XRT telescope observed practically all our objects
many times, but the vast majority of these observations were per-
formed during outburst activity. We found that only observations of
4U 0728–25 are suitable for the purpose of this paper. This source
was observed four times in 2008 (three times at the end of July and
once in December). The source flux during the July observations
(ObsIDs. 00038005001, 00038005002, 00038005003; all done in

1 http://cxc.harvard.edu/ciao/
2 http://cxc.harvard.edu/ciao/download/doc/pileup_abc.pdf

MNRAS 470, 126–141 (2017)

http://cxc.harvard.edu/ciao/
http://cxc.harvard.edu/ciao/download/doc/pileup_abc.pdf


128 S. S. Tsygankov et al.

Table 1. Sample of the studied BeXRPs.

Source name Pulse period Orbital period Distance Cyclotron line Optical companion
(s) (d) (kpc) (keV)

4U 0115+63 3.6 24.31 7.02 11.53 B0.2Ve2

V 0332+53 4.375 34.254 7.05 286 O8–9Ve5

MXB 0656−072 160.4 101.27 3.98 369 O9.7Ve10

4U 0728−25 103 34.511 6.112 – O8–9Ve12

RX J0812.4−3114 31.9 81.313 9.214 – B0.5V-IIIe14

GS 0834−430 12.3 105.815 5.016 – B0–2 V–IIIe16

GRO J1008−57 93.8 249.517 5.818 8819, 75.520 B0e21

2S 1417−624 17.6 42.122 (1.4–11.1)23 – B1 Ve23

2S 1553−542 9.3 30.624 2025, 26 23.525 –
Swift J1626.6−5156 15.377 132.927 1028 1029 B0Ve28

GS 1843+00 29.5 – (10–15)30 2031 B0–B2IV–Ve30

XTE J1946+274 15.8 169.232 (8–10)33 3634 B0–B1 IV–Ve33

KS 1947+300 18.8 40.435 1036, 37 12.538 B0Ve36

SAX J2103.5+4545 351 12.739 6.540 – B0Ve40

Cep X-4 66.3 2141 3.842 3043 B1V–B2Ve42

SAX J2239.3+6116 1247 26244 4.444 – (B0–2 V–IIIe)44

(1) Cominsky et al. (1978), (2) Negueruela & Okazaki (2001), (3) White, Swank & Holt (1983), (4) Stella et al. (1985), (5) Negueruela et al. (1999), (6)
Makishima et al. (1990), (7) Yan et al. (2012), (8) McBride et al. (2006), (9) Heindl et al. (2003), (10) Pakull, Motch & Negueruela (2003), (11) Corbet &
Peele (1997), (12) Negueruela et al. (1996), (13) Corbet & Peele (2000), (14) Motch et al. (1997), (15) Wilson et al. (1997), (16) Israel et al. (2000), (17)
Kuehnel et al. (2012), (18) Riquelme, Torrejón & Negueruela (2012), (19) Shrader et al. (1999), (20) Yamamoto et al. (2013), (21) Coe et al. (1994), (22)
Finger, Wilson & Chakrabarty (1996), (23) Grindlay, Petro & McClintock (1984), (24) Kelley, Rappaport & Ayasli (1983), (25) Tsygankov et al. (2016a), (26)
Lutovinov et al. (2016), (27) Baykal et al. (2010), (28) Reig et al. (2011), (29) DeCesar et al. (2013), (30) Israel et al. (2001), (31) Mihara (1995), (32) Wilson
et al. (2003), (33) Verrecchia et al. (2002), (34) Heindl et al. (2001), (35) Galloway, Morgan & Levine (2004), (36) Negueruela et al. (2003), (37) Tsygankov
& Lutovinov (2005), (38) Fürst et al. (2014), (39) Baykal, Stark & Swank (2000), (40) Reig et al. (2004), (41) McBride et al. (2007), (42) Bonnet-Bidaud &
Mouchet (1998), (43) Mihara et al. (1991), (44) in’t Zand et al. (2000).

the Photon Counting mode) was approximately constant, therefore
we were able to combine them to get a source spectrum with better
statistics. The XRT spectra were prepared using the online tools
provided by the UK Swift Science Data Centre3 (Evans et al. 2007,
2009).

All observations were also inspected for the presence of coherent
signals – pulsations. Note that the time resolution for the Chan-
dra/ACIS data is about 3.2 s, which is insufficient to search for
pulsations of short-period pulsars. Moreover the measured count
rates from most of our sources are very low and the exposures quite
short, which also limits the possibility to detect the pulsations.

To trace the long-term history of our sources and to estimate
their average accretion rates, we used data from the RXTE/ASM
(Bradt, Rothschild & Swank 1993, the 2–10 keV energy band) and
Swift/BAT monitors (Krimm et al. 2013, the 15–50 keV energy
band). For illustration purposes in Fig. 1, we present light curves
obtained using the Swift/BAT all-sky monitor for all sources ex-
cept RX J0812.4−3114 and SAX J2239.3+6116, which were not
detected in the past 20 yr. The raw light curves were downloaded
from the Swift/BAT Hard X-ray Transient Monitor webpage4 and
converted to mCrab units assuming a constant count rate from the
Crab nebula of 0.22 cts cm−2 s−1 in the 15–50 keV energy range.
Depending on the typical count rate from each source, an averag-
ing interval of 1 or 5 d was chosen. In Fig. 1, the times of the
observations used in this work are indicated by a horizontal line
with the name of the corresponding observatory. In the cases of 4U
0115+63, V 0332+53, GS 0834−43 and KS 1947+300, the data
from RXTE/ASM5 are also shown with grey points to illustrate the

3 http://www.swift.ac.uk/user_objects/
4 http://swift.gsfc.nasa.gov/results/transients/
5 http://xte.mit.edu/ASM_lc.html

sources behaviour prior to the Swift/BAT observations. Flux mea-
surements were converted to mCrab units similar to the Swift/BAT
data assuming a constant count rate from the Crab nebula of
75 cts s−1.

The final spectral and timing analysis for all X-ray instruments
was done using the standard tools of the FTOOLS/LHEASOFT 6.17 pack-
age. In particular, the spectral data were fitted in the 0.5–10 keV
energy band using XSPEC package v.12.7.

For fitting the spectra of each source, we used two models: a
power-law model (POWERLAW in XSPEC, PL) and a blackbody one
(BBODYRAD in XSPEC, BB). The normalization of the latter gives the
size of the emission region for the known distance to a source. In
both models, absorption by the interstellar medium was included by
using the PHABS model. Due to the low count rates (and hence low
statistics) for the majority of sources, it was impossible to constrain
the absorption columns in our fits. Therefore, we fixed these at the
Galactic interstellar values from Kalberla et al. (2005). We note
that for several relatively bright sources, we could determine the
absorption values with reasonable accuracy and in all these cases
they agreed well with the Galactic interstellar values. To keep our
analysis uniform, we fixed the absorption columns for these sources
to the Galactic values as well. Finally, taking into account that the
vast majority of the spectra had small number of photons we binned
them to have at least 1 count per energy bin and fitted them using W-
statistic (Wachter, Leach & Kellogg 1979).6 This is a modification
of the C-statistic (Cash 1979) valid if a background spectrum with
Poisson statistics has been read in. In spite of application of W-
statistics, below we use ‘C-value’ notation following the common
practice.

6 see XSPEC manual; https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual
/XSappendixStatistics.html
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The X-ray properties of Be/XRPs in quiescence 131

Figure 1. Swift/BAT light curves in the 15–50 keV energy range. The times of the Chandra, XMM–Newton and Swift/XRT observations utilized in this work
are indicated by the vertical bars. RXTE/ASM light curves (grey points) in the 2–10 energy range are shown also for several sources.
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Figure 1 – continued

2.2 Spectral analysis

The results of our spectral analysis are summarized in Table 2. The
table includes: source name; observation ID (ObsID); start time of
the observation (in MJD); effective exposure of the observation;
hydrogen column density NH, fixed at interstellar one; the black-
body temperature Tbb and the radius Rbb of the emitting area for the
BBODYRAD model and photon index � for the POWERLAW model; ob-
served flux in the 0.5–10 keV energy band (note, that it is calculated
from the best-fitting model and, therefore is model-dependent); un-
absorbed flux in the 0.5–10 keV energy band, calculated using the
CFLUX model from the XSPEC package; unabsorbed luminosity in
the same energy band; C-statistic value for both models and corre-
sponding degrees of freedom (dof). The spectra of our sources are
presented in Fig. 2.

Before proceeding to the discussion of the spectral properties of
the different sources and groups of them, it is necessary to note that
for 4U 0728–25 (ObsID 0003800500N, representing the average
of three Swift/XRT observations) the start time (Date column) cor-
responds to the beginning of the observation 00038005001, and
the total exposure is the sum of the exposures of observations
00038005001, 00038005002 and 00038005003, which were per-
formed on 2008 July 18, 23 and 25, respectively. Additionally, 4U
0728–25 was observed with the Chandra observatory within the
framework of our programme (ObsID 14636). In this observation,
the source had an unabsorbed luminosity of about 1036 erg s−1 and a
relatively hard X-ray spectrum with a photon index of � � 0.5. Tak-
ing into account that this paper is dedicated to the study of BeXRPs
at very low luminosities, we excluded this bright observation from
our subsequent analysis.

It can be seen from Fig. 3 and Table 2 that for most sources,
both spectral models provide a more or less satisfactory fit. To get a
quantitative conclusion about the preference of one of the models for
a particular source, we used the Akaike information criterion (AIC;
Akaike 1974; Burnham, Anderson & Huyvaert 2011) used both in
the cosmological tasks (see e.g. Liddle 2007) and to discriminate
between different spectral models (see e.g. Sazonov & Khabibullin

2017). In our case, AIC = 2k + C, where C is the value from the
W-statistics, k is number of model parameters and k = 2 for both
considered spectral models. The difference �C = CPL − CBB = 10
between C-values yielding from two models implies that one of
them is exp (10/2) ≈ 150 times less probable than the other.

The difference in the C-values for the PL and BB models as a
function of the best-fitting power-law index is shown in Fig. 3. It
is clearly seen from the figure that �C = 10 is reached only for
five pulsars where one of the spectral models can be statistically
justified over the other one. However, based on the spectral pa-
rameters and AIC value, we can roughly divide all sources from
our sample into several groups. The first one consists of sources
with spectra that are preferentially described by the power-law
model: 4U 0728−25, GRO J1008−57, Swift J1626.6−5156,
XTE J1946+274, KS 1947+300, and possibly GS 0834−43,
Cep X-4 and SAX J2239.3+6116. This group harbours the brightest
objects from our sample with a luminosity around 1034 erg s−1, as
well as several fainter systems (down to a few times 1033 erg s−1).
The typical value of the photon index for these sources is around
� ∼ 1. The second group includes sources with thermal spectra: 4U
0115+63, V 0332+53 (for both sources the �C value is just slightly
below 10), and probably RX J0812.4−3114, MXB 0656−072. The
temperature of the emission in these systems (using the blackbody
model) is kT � 0.1–0.4 keV, and the luminosity is very low, a few
1032–1033 erg s−1. Note that radii of the emission regions for 4U
0115+63 and V 0332+53 are several hundred metres, which agree
well with expected sizes of polar caps of the NS (see e.g. Mushtukov
et al. 2015a). Due to very limited statistics, we could not restrict the
size of the emission region for RX J0812.4−3114, which has the
softest spectrum. A third group includes two sources with a mod-
erate luminosity (2–5) × 1033 erg s−1, for which it is difficult to
unambiguously determine their spectral shape: 2S 1417−624 and
SAX J2103.5+4545.

We note that SAX J2103.5+4545 was observed with the Chan-
dra observatory in 2013 Sep (MJD 56544) with a very long expo-
sure (∼45 ks) in a slightly lower intensity state in comparison to
our observations. The source spectrum was well described with an
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Figure 2. Unfolded X-ray spectra for all the sources in our sample. Solid and dashed lines represent the power-law and blackbody best-fitting models (both
modified by absorption), respectively. Data obtained with Chandra, XMM–Newton and Swift/XRT are shown by red circles, blue crosses and magenta squares,
respectively, unless stated otherwise.

absorbed blackbody model with a temperature of kT � 1 keV and
radius of R = 0.11 km (Reig et al. 2014), which agrees well with
the results of our measurements (Table 2). Therefore, it is likely that
also during our observation this source had indeed a spectrum that
could be best described by the blackbody model. The count rates
for the last two sources – 2S 1553−542 and GS 1843+00 – are
extremely low and prevents us from performing detailed spectral
analysis inhibiting us from putting them in any of the abovemen-
tioned groups.

2.3 Timing analysis

Along with the spectral analysis, we also performed a timing
analysis to search for pulsations from all sources in our sample.
As a first step all light curves were corrected to the Solar sys-
tem barycentre. The corrected light curves in the 0.5–10 keV en-
ergy range were investigated with the EFSEARCH tool for the pres-
ence of a coherent signal. As a result, we detected pulsations
from five sources: Swift J1626.6−5156, XTE J1946+274, KS
1946+300, SAX J2103.5+4545 and Cep X-4. For four of them
(except SAX J2103.5+4545), pulsations at such low luminosities

are detected for the first time. Corresponding pulse profiles are
shown in Fig. 4 (zero phase is arbitrary). It is interesting to note
that all sources show quite a high pulsed fraction7 – between 50
and 70 per cent with a characteristic uncertainty of ∼15 per cent.
Such high pulsed fraction values are typical for X-ray pulsars both
at low accretion rate (see e.g. Lutovinov & Tsygankov 2009) and
in the quiescent state (see e.g. Negueruela et al. 2000; Reig et al.
2014). Therefore, it is difficult to make any final conclusions about
the origin of the emission in the low state based only on the pulsed
fraction value. Very low count statistics and small exposure times
did not allow us to put meaningful upper limits on the pulsations
presence in the other sources.

3 IN D I V I D UA L S O U R C E S

In this section, we describe the observational properties of
each source and compare them with predictions of the relevant

7 It was determined as PF = (Fmax − Fmin)/(Fmax + Fmin), where Fmax and
Fmin are the maximum and minimum flux in the pulse profile, respectively.
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Figure 3. Comparison of the fit quality for the PL and BB models for all
sources from our sample. Two horizontal dashed lines indicate the difference
�C =±10, which may be considered as statistically significant for favouring
one of the models over the other. For two sources GRO J1008−57 and
Swift J1626.6−5156, |�C| > 100, therefore they are indicated by the arrow.

Figure 4. Pulse profiles of five sources with detected pulsations in the
0.5–10 keV energy range.

models presented in Section 4 (the corresponding predictions for
the propeller limiting luminosity, averaged mass accretion rate and
expected quiescent luminosity are introduced in Section 4 and listed
in Table 3). References for the results of previous observations in
the quiescent state are presented as well (if available).

3.1 4U 0115+63

XMM–Newton observed 4U 0115+63 about 3 yr after a power-
ful type II outburst that occurred in 2004 September–October. The
source has a thermal spectrum (see Fig. 2) with the temperature of
about 0.3 keV and a luminosity around 6 × 1032 erg s−1. This lumi-
nosity is a factor of ∼10 lower than was observed by the Swift/XRT
telescope immediately after another giant outburst in 2015 and the
subsequent transition of the source to the propeller regime with
the typical temperature of 0.5–0.9 keV (Tsygankov et al. 2016c;
Wijnands & Degenaar 2016). Our quiescent luminosity is consis-
tent (within the uncertainties) with the one found by Campana et al.
(2002) during a BeppoSAX observation of the source.

Due to a long period of a quiescence before the XMM–Newton
observation, it is quite possible that the crust of the NS was in ther-
mal equilibrium with the core (Rutledge et al. 2002). However, as
seen from Fig. 1, the type II outbursts from this source are observed
every few years and it is not clear if equilibrium can be achieved on
this time-scale. Nevertheless, 4U 0115+63 was observed by XMM–
Newton with the lowest value of the blackbody temperature.

3.2 V 0332+53

Both Chandra and XMM–Newton observed V 0332+53 in the very
low state. The Chandra observation was performed at least 5 yr
after any strong outburst activity. However, the period of quiescence
could have been much longer, as the RXTE/ASM monitor started
to operate only in 1996 (before that a bright outburst was observed
in 1989). The source spectrum is well fitted with the blackbody
model with a temperature of ∼0.4 keV and a luminosity ∼3 × 1032

erg s−1. Similar to 4U 0115+63, this luminosity is a factor of ∼10
lower than observed from the heated surface of the NS right after its
transition to the propeller regime (Tsygankov et al. 2016c; Wijnands
& Degenaar 2016).

Note that during the XMM–Newton observation performed about
3 yr after the type II outburst in 2004 Dec to 2005 Jan, the source
luminosity and temperature of its blackbody emission were roughly
the same as during the Chandra observation. Spectral parameters
derived in our analysis are consistent within the uncertainties with
the results of an independent analysis by Elshamouty et al. (2016)
and previous results of Campana et al. (2002).

Our measurements can be used to estimate roughly the character-
istic time for the crust to reach thermal equilibrium again with the
core (assuming that indeed the accretion of matter during the preced-
ing type-II outburst lifted the crust out of equilibrium). Because the
luminosities and temperatures of the source during the Chandra and
XMM–Newton observations were consistent with being the same,
we can assume that indeed the NS crust was in equilibrium with the
core (else, it is quite likely that after the XMM–Newton observation
the source would have displayed a hotter crust). Note, that likely
the last outburst preceding the Chandra observation was detected
in 1989, i.e. ∼15 yr before. At the same time the XMM–Newton
observation was performed about 3 yr after the preceding type-II
outburst so this would then be an upper limit on the characteristic
equilibration time.

3.3 MXB 0656−072

The Chandra observation was performed about 4 yr after a se-
quence of outbursts that started in 2008 October. Based on the above
arguments outlined for V 0332+53 on the equilibration time-scale,
in MXB 0656−072 the crust may have been in equilibrium with the
core at the time of our Chandra observation (note this assumes that
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Table 3. Determined parameters of the studied BeXRPs.

Source Perioda Lprop(R)b 〈Ṁ〉c Lq
d Lbb

e Lpl
f

(s) (1033 erg s−1) (10−10 M� yr−1) (1033 erg s−1) (1033 erg s−1) (1033 erg s−1)

4U 0115+63 – 174 0.7 4.3 0.59+0.07
−0.06 1.14+0.20

−0.15

V 0332+53 – 991 1.0 5.5 0.26+0.07
−0.06 0.54+0.28

−0.16

V 0332+53 (XMM) – 991 1.0 5.5 0.34+0.04
−0.04 0.59+0.09

−0.08

MXB 0656−072 – 0.3 0.2 1.3 3.80+0.27
−0.25 5.62+0.40

−0.38

4U 0728−25 (XRT aver) – g 0.2 1.3 7.91+0.57
−0.36 11.2+0.5

−0.7

RX J0812.4−3114 – g 0.4 2.2 1.60+0.82
−0.62 2.54+1.58

−1.05

GS 0834−430 – g 0.3 1.9 0.27+0.29
−0.12 0.37+0.27

−0.16

GRO J1008−57 – 5.5 1.0 5.6 66.8+1.6
−1.5 94.3+2.2

−2.1

2S 1417−624 – g 0.3 2.1 2.01+0.46
−0.38 2.66+0.54

−0.40

2S 1553−542 – 119 1.5 8.8 1.05+0.65
−0.44 2.24+7.99

−1.09

Swift J1626.6−5156 (10049) 15.3360(6) 5.9 0.7 4.3 12.5+0.6
−0.6 17.3+0.8

−0.8

Swift J1626.6−5156 (14642) – 5.9 0.7 4.3 2.87+0.66
−0.48 4.15+0.84

−0.70

GS 1843+00 – 5.1 1.2 7.3 1.55+1.34
−0.66 2.00+1.32

−0.77

XTE J1946+274 15.760(3) 67 0.3 1.9 8.06+0.78
−0.71 11.6+1.1

−1.0

KS 1947+300 18.802(3) 3.7 1.8 10.5 32.9+2.4
−1.5 46.5+3.3

−2.1

SAX J21035+4545 350.7(1.1) g 0.5 3.2 1.49+0.22
−0.16 2.42+0.36

−0.31

Cep X-4 66.38(3) 1.7 0.05 0.3 1.22+0.15
−0.11 1.94+0.19

−0.21

SAX J2239.3+6116 – g 0.06 0.4 1.01+0.29
−0.23 1.46+0.34

−0.27

aPulse period, if detected. Uncertainties are quoted at the 1σ level and calculated using the bootstrap approach (for details see Boldin, Tsygankov & Lutovinov
2013).
bPropeller limiting luminosity.
cLong-term averaged mass accretion rate.
dExpected quiescent luminosity in the cooling scenario (using standard core cooling processes).
eUnabsorbed luminosity in 0.5–10 keV band assuming a blackbody model.
fUnabsorbed luminosity in 0.5–10 keV band assuming a power-law model.
gMagnetic field is unknown.

the equilibration time-scale does not vary significantly between the
sources). This is supported by the spectral analysis revealing a ther-
mal shape of the spectrum with the blackbody temperature about
1 keV and the luminosity 3.8 × 1033 erg s−1. At the same time, it
is about 10 times higher in comparison to the limiting luminosity
for the propeller regime onset (see Section 4.1 and Table 3). This
discrepancy can be understood in the frame of the cold accretion
disc paradigm (see Section 4.2; Tsygankov et al. 2017). Indeed,
assuming the same luminosity decline law as obtained in the quoted
paper L ∝ t−0.7, a transition to the cold accretion regime around 1035

erg s−1, and absence of transient activity after 2008 outburst, one
can expect a luminosity of MXB 0656−072 around a few times 1032

erg s−1 at the moment of our Chandra observation, which is below
the observed one. In this case the quiescent luminosity estimated
from the deep-crustal heating model (∼1.4 × 1033 erg s−1 for this
pulsar; see Section 4.3) should be the dominant source of emission
and naturally explains the soft shape of the energy spectrum.

3.4 4U 0728−25

This source did not exhibit strong outbursts neither in the
RXTE/ASM nor the Swift/BAT data. However, both Swift/XRT and
Chandra observations reveal a bright source with a hard spectrum
that is well described by a power-law model. Probably 4U 0728−25
belongs to the class of quasi-persistent sources that never reach a
true quiescent state. Also the long spin period of the pulsar makes
it a good candidate for accretion from the cold disc. The unknown
strength of the magnetic field of the NS in this system makes esti-

mates of the propeller limiting luminosity impossible, which should
be much less than the observed luminosity in the case of a standard
field.

3.5 RX J0812.4−3114

Bright type II outbursts were never observed from this source, how-
ever, a sequence of normal (type I) outbursts occurred in December
1997 (Corbet & Peele 2000). The RXTE/ASM and Swift/BAT did
not detect the source during the whole covered period. The Chandra
observation revealed a thermal spectrum with a very low temper-
ature of ∼0.1 keV, which is the lowest temperature among our
sources. However, the very low counting statistics does not allow
us to firmly constrain the spectral parameters of this source. The
observed luminosity ∼2 × 1033 erg s−1 agrees with the estimates
from the deep-crustal heating model.

3.6 GS 0834−430

The Chandra observation utilized in this work was performed
slightly less than 1 yr after the bright outburst of this source that
occurred in mid-2012. No other significant activity from the source
is seen in its light curve starting from 1996 (see Fig. 1). The low
number of counts detected from this source does not allow us to
discriminate unambiguously between the power-law or blackbody
spectral models. However, the quite high blackbody temperature
of about 2 keV and small radius of the emitting region hint to a
non-thermal origin of the spectrum. At the same time, the observed
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luminosity is very low (∼3 × 1032 erg s−1). That means that either
the crust is not heated at all or the crust cooling time is very short
(<1 yr).

3.7 GRO J1008−57

The source was observed with Chandra four months after a giant
type II outburst and only two weeks after the type I outburst in
mid-2013. Both the high source luminosity (∼1035 erg s−1) and
its spectral shape (power law) point to a non-thermal origin of the
emission. This conclusion is supported by our recent monitoring of
GRO J1008−57 with the Swift/XRT that points to the transition of
the source to the regime of quasi-stable accretion from the cold disc
(Tsygankov et al. 2017).

3.8 2S 1417−624

Chandra observed 2S 1417−624 about 3.3 yr after its bright out-
burst that occurred in 2009 November. The source spectrum can be
equally well fitted with either a power-law or blackbody model with
a quite high temperature around 1.5 keV. A long time gap between
the outburst and observation would suggests the crust of the NS
could have been in the equilibrium with the core. However, then
the high observed temperature (when using the blackbody model)
is unexpected (unless the cooling indeed originate from very small
hot spots of only 50 m in radius; Table 2), pointing to a possibility
of continuing accretion on to the NS at a low level. Similar to MXB
0656−072, this accretion can come from the cold disc depleted after
2009 outburst.

3.9 2S 1553−542

This source exhibited only three known outbursts in the history
of X-ray observations (in 1975, 2007 and 2015). The Chandra data
used in this paper were obtained approximately 5 yr after the second
outburst in 2007–2008. Taking into account that 2S 1553−542 is
the most distance source (20 kpc) in our sample (Lutovinov et al.
2016; Tsygankov et al. 2016a), its counting statistics is very low and
prevents us from distinguishing between power-law and blackbody
models. However, the temperature obtained using the latter model is
∼0.7 keV, and could point to the thermal origin of the emission that
can possibly be attributed to the NS surface emission. The observed
luminosity is much lower in comparison to the propeller limiting
luminosity supporting this conclusion.

3.10 Swift J1626.6−5156

The source was observed with the Chandra observatory twice: 3 and
7 yr after the only bright outburst known for this source (occurring at
the beginning of 2006). Both observations show likely a non-thermal
spectrum, and no direct crust emission is observed. Despite that the
luminosity has dropped by a factor of ∼4 between the two observa-
tions, the spectral parameters are very similar and consistent within
the uncertainties. It is worth mentioning that the expected limiting
luminosity for the transition to the propeller regime is roughly in the
middle between the luminosities of these two observations. Such
behaviour agrees with the continuous accretion from the cold disc.

Accretion during the brightest observation is supported by the de-
tection of the pulsations with a period of 15.3360(6) s and a pulsed
fraction of 54 ± 7 per cent. In the second observation, the pulsa-
tions could not be detected and only an upper limit on the pulsed
fraction ∼60 per cent was obtained. This limit is consistent with the

detected value during the first observation and this non-detection is
likely connected with the much shorter exposure of this observa-
tion. The pulse period and pulsed fraction values obtained for the
first Chandra observation are consistent with values published by
Içdem, Inam & Baykal (2011) and are typical for this source for
periods of its flaring activity (Reig et al. 2008).

3.11 GS 1843+00

The large distance to the source (10–15 kpc) and its low luminosity
resulted in very low counting statistics that does not allow us to
draw firm conclusions about the nature of the observed emission.
The Chandra observation was performed around 3 yr after the last
outburst detected in the Swift/BAT data. The observed luminosity is
slightly lower than the propeller limit because the source with such
a long spin period likely accretes from the cold disc.

3.12 XTE J1946+274

The source showed a series of strong outbursts in 2011 April. 2 yr
later we measured using our Chandra data a source luminosity of
about 1034 erg s−1, which is significantly lower than the expected
limiting luminosity for the propeller regime onset (see Table 3).
However, we detected a quite hard spectrum (photon index of � 1.1)
and pulsations suggesting that we observe ongoing accretion on to
the NS surface. The spin period was measured to be 15.760(3) s and
the pulsed fraction 55 ± 17 per cent typical for the low-luminosity
state (see Section 2.3). Our spectral and temporal parameters agree
with results of an independent analysis of the same data performed
by Özbey Arabacı et al. (2015). The most probable explanation of
the hard spectrum of XTE J1946+274 below the propeller line is
accretion from the cold disc.

3.13 KS 1947+300

Using Chandra, we observed KS 1947+300 about 6 yr after the
intense flaring activity seen in 2001–2006 and nine months before
another bright outburst in 2013 October (Fig. 1). The source was
about 10 times brighter than the expected threshold luminosity for
the propeller regime onset and exhibited pulsations with a high
pulsed fraction (45 ± 12 per cent). In combination with the hard
spectrum this indicates ongoing accretion on to the NS surface
probably from the cold disc.

3.14 SAX J2103.5+4545

The source was observed twice with Chandra during the same qui-
escent period (in the middle of 2013 May and September). The
results from the second observation were published by Reig et al.
(2014) and pointed to the source being in a deep X-ray quies-
cence. We found similar source flux and spectral parameters in both
observations. As mentioned above when describing the spectral fit-
ting, we fixed the absorption at the interstellar value, whereas Reig
et al. (2014) determined it from the spectral fitting as NH = (0.3
± 0.1) × 1022 cm−2. Fixing the absorption parameter in both ob-
servations at this value results in blackbody model parameters that
are similar within the errors. We also detected pulsations in the
X-ray flux with comparable pulsed fractions of 76 ± 25 and 55 ±
8 per cent for the first and second observations, respectively. It is
interesting that a similar high pulsed fraction (although with the
different pulse shape) was reported also for this source using an

MNRAS 470, 126–141 (2017)



The X-ray properties of Be/XRPs in quiescence 137

XMM–Newton observation when the luminosity was three orders of
magnitude larger (İnam et al. 2004).

There are at least two ways to explain the observed results: (1)
the crust did not heat up much during the previous outburst and the
NS crust was already in equilibrium with the core during the first
Chandra observation and therefore the temperature did not decrease
much further when second observation was taken. If indeed cooling
emission is observed, then the cooling in this system goes through
hot spots (such asymmetric cooling might be possible for the NSs in
BeXRPs, see discussion in Wijnands & Degenaar 2016); (2) in the
other scenario, we deal with a rather stable low mass accretion rate
on the NS surface. In this case, pulsations can be due to accretion
on to the magnetic poles, e.g. from the cold disc expected to exist
around the NS in this source.

3.15 Cep X-4

The Chandra observation was done almost 4 yr after the 2009 March
outburst. However, the source exhibited low level flux variability
even between major flares explaining the clearly non-thermal spec-
trum and significantly detected pulsations (pulsed fraction of 70
± 15 per cent). Most probably the observed power-law luminosity
originates from the accretion from the cold disc.

3.16 SAX J2239.3+6116

The source was discovered as a relatively faint transient source and
never exhibited strong type II outbursts. The quality of the avail-
able data does not allow us to discriminate between the power-law
or blackbody spectral models. However, the observed luminosity
around 1033 erg s−1 is typical for BeXRPs in a quiescence and the
crust of the NS is likely in the equilibrium with the core. Note that
we do not show in Fig. 1 its light curves because the source was not
detected in the Swift/BAT and RXTE/ASM data.

4 D ISCUSSION

The observed luminosity in the quiescent state of BeXRPs po-
tentially can be explained with several emission mechanisms or a
combination of them: (i) magnetospheric accretion in the propeller
regime, (ii) continuing accretion on to the NS from the cold disc,
(iii) cooling of the NS surface that is heated due to the accretion
of matter when the source was in outburst, (iv) coronal activity of
the companion star. Below we discuss those possible explanations
of the detected emission and speculate about the role of the NS
magnetic field.

4.1 Centrifugal inhibition of accretion

The matter from the accretion disc can be accreted by the NS only
if the velocity of the magnetic field lines at the magnetospheric
radius is lower than the local Keplerian velocity. Otherwise the
pulsar enters the propeller regime and accretion will be inhibited
(Illarionov & Sunyaev 1975). An abrupt drop of the luminosity
associated with the propeller regime onset was observed in a number
of accreting NSs with magnetic fields from 108 to 1014 G (see, e.g.
Revnivtsev & Mereghetti 2015; Tsygankov et al. 2016b; Lutovinov
et al. 2017, and references therein).

The threshold value of the accretion luminosity for the onset of
the propeller can be roughly estimated by equalising the co-rotation
radius Rc to the radius of the magnetosphere Rm (see e.g. Campana

et al. 2002)

Lprop(R) = GMṀprop

R

� 4 × 1037k7/2B2
12P

−7/3M
−2/3
1.4 R5

6 ergs−1 (1)

where P is pulse period in s, M1.4 is NS mass in units of 1.4 M�,
R6 is NS radius in units of 106 cm, B12 is magnetic field strength in
units of 1012 G and k is factor that accounts for the accretion flow
geometry (k ≈ 1 in the case of spherically symmetric accretion and
k ≈ 0.5 in the case of disc accretion; Ghosh & Lamb 1978).

The propeller effect does not permit the matter to penetrate into
the magnetosphere and to release its gravitational energy at the NS
surface. However, even under such circumstances one can expect
to detect an emission originating from the magnetosphere at the
radius of Rm (Corbet 1996). Therefore, the maximal luminosity in
the propeller regime could be achieved if Rm = Rc (e.g. Campana
et al. 2002):

Lprop(Rc) = GMṀprop

Rc

� 2.4 × 1035k7/2B2
12P

−3M−1
1.4 R6

6 ergs−1 (2)

A further increase of the mass accretion rate will shrink the mag-
netosphere inside the co-rotation radius, allowing accretion on to
the NS surface to proceed. This will cause a sharp increase of the
observed luminosity.

It should be noted that the luminosity estimations done using
equation (2) do not take into account the exact spectrum that would
arise from the magnetospheric accretion. It was shown by Stella
et al. (1994) and Tsygankov et al. (2016c) that for NSs with a
strong magnetic field (∼1012 G) the accretion disc is disrupted at
large distances and that for a typical mass accretion rate of 1016 g s−1

one can expect a disc temperature of ∼10 eV ≈ 105 K. At such a
temperature, the bulk of the radiation should be emitted in the UV
band but not in the X-rays.

In contrast to Lprop(Rc) the limiting luminosity Lprop(R) calcu-
lated from equation (1) is not expected to be strongly affected by
any systematic biases and can be compared to the observations. The
Lprop(R) for all sources in our sample that have known distances and
magnetic field strengths are listed in Table 3 (assuming disc accre-
tion so that k = 0.5). As can be seen, the majority of sources (with
exception of MXB 0656−072, GRO J1008−57 and KS 1947+300)
emits well below the threshold luminosity Lprop(R) for the propeller
regime onset. Moreover, for several sources we clearly detected the
pulsations (see Table 3) demonstrating the compactness of emitting
regions.

The fact that the observed emission level is below the critical one
for the propeller regime onset, but the pulsations are still detected,
illustrates our poor knowledge of what is going on in this regime.
One of possible explanations of the observed properties is a leakage
of the matter through the centrifugal barrier. For instance it may
happen via a so-called dead accretion disc (Syunyaev & Shakura
1977) as a natural reservoir of the matter around the NS under the
condition of the propeller state. If some low-level supply of the mat-
ter at the outer radius of the accretion disc continues in the quiescent
state, one can expect intermittent or even steady-state penetration
of the matter through the centrifugal barrier at the inner disc radius
(see e.g. D’Angelo & Spruit 2010, 2012; Zanni & Ferreira 2013).
Another explanation proposed recently is a concept of stable accre-
tion from the cold recombined disc around the NS (Tsygankov et al.
2017), which we further explore in the next section.
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4.2 Stable accretion from the cold disc

Until recently it was conventionally believed that all X-ray pulsars
transit to the propeller regime once their luminosity is dropped to
the value Lprop determined by equation (1). However, Tsygankov
et al. (2017) have shown that such transitions can be observed only
in the sources where NSs rotate faster than some critical value for
a given magnetic field strength. Otherwise a pulsar will start to
accrete stably from a cold recombined accretion disc.

The main idea of the model is that the centrifugal barrier caused
by the slowly rotating magnetosphere is strongly suppressed leading
to a very low limiting luminosity Lprop. For a certain combination
of the pulsar’s spin period and magnetic field strength, this limiting
luminosity could be below the one (due to the low-mass accretion
rate) that would maintain the temperature throughout the accretion
disc above the hydrogen recombination limit of ∼6500 K. There-
fore, the hydrogen in the disc would recombine and a cold accretion
disc would be formed.

According to the thermal-viscous instability model this would
happen in the case when the mass accretion rate drops below some
critical value (Lasota 1997):

Ṁ < Ṁcold � 3.5 × 1015 r2.65
10 M−0.88

1.4 g s−1, (3)

where r10 = r/1010 cm is the inner disc radius.
For a typical X-ray pulsar with a magnetic field around 2 × 1012 G

the corresponding critical luminosity is Lcold ∼ 3 × 1034 erg s−1

(Tsygankov et al. 2017). If during the outburst decay phase this
luminosity is reached before the propeller limiting luminosity Lprop,
which is the case for all pulsars with the spin period longer than
∼15 s, the source will stop its fading and will transit to stable
accretion from an entirely recombined cold disc.

It is very important to note here that X-ray pulsars that show this
transition to accretion from the cold disc will never switch to the
propeller regime because of the decrease of the inner radius of the
disc as the source fades in contrast to accretion from a standard
accretion disc where the inner radius is determined by the equation
for the magnetospheric radius, i.e. it increases as the source fades.
If no additional inflow is happening, which is probably true for
the BeXRPs in between periastron passages, the luminosity will
decrease with time as L ∝ t−0.7 (Tsygankov et al. 2017). Assuming
Lcold ∼ 1035 erg s−1 and absence of any mass inflow for a long
time (few orbital cycles) then the pulsar can be found at any (low)
luminosity.

Presence of the pulsations is expected in the cold disc model
because the inner disc radius has always local (effective) tem-
perature around 6500 K, that allows the matter to interact with
the magnetic field guiding it to the NS poles. It is worth not-
ing that even the spectral properties cannot give enough infor-
mation to unambiguously determine whether the emission is of
thermal origin or is generated by the low-level accretion. Indeed,
as it was discussed by Tsygankov et al. (2016c) the influence of
the Comptonization of the X-ray spectrum, originated from the
base of the accretion column, by electrons in the optically thin
atmosphere is negligible at the accretion luminosity below ∼1034–
1035 erg s−1 because the Thomson optical thickness across the ac-
cretion channel is well below unity (Mushtukov et al. 2015a).
However, the shape of the initial spectrum depends on the brak-
ing distance of the accretion flow, which might be affected by MHD
waves, and the opacity in the NS atmosphere. This problem is still
under investigation.

4.3 Deep-crustal heating

Another possible source of the emission from quiescent BeXRPs
is the surface of the NS that is cooling down after being heated up
in the outbursts by the accreted matter. This requires a substantial
amount of matter to be accumulated on the NS surface in the course
of an outburst. This settling matter compresses the original NS crust
and enriches it with low-Z elements (Haensel & Zdunik 1990b). It
gives rise to non-equilibrium reactions (electron captures, neutron
emissions and pycnonuclear reactions; see e.g. Haensel & Zdunik
1990a, 2003; Gupta et al. 2007; Haensel & Zdunik 2008; Steiner
2012), although the main source of heat generation are the pyc-
nonuclear reactions proceeding deep in the crust at high densities
(>1012 g cm−3). Most of this heat is conducted inwards to the core,
which loses its energy via neutrino emission, but a small part is
radiated from the NS surface as thermal photons. This ‘deep-crustal
heating’ (Brown et al. 1998) will slowly heat up the crust. Through
this process the long-term averaged mass accretion rate on to the
NS is connected to the surface thermal emission (which is a di-
rect probe for the NS core temperature). Particularly, an averaged
accretion rate of 〈Ṁ〉 = 10−11 M� yr−1 will provide an averaged
thermal NS luminosity at a level of about 6 × 1032 erg s−1.

We note that this assumes that only standard, slow, neutrino cool-
ing processes (e.g. modified Urca, bremsstrahlung) occurring in the
core. If fast neutrino cooling (e.g. direct Urca or the neutrino pro-
cesses that arise if exotic material like mesons, hyperons or unbound
quarks are present in the core) occur in the core, then the thermal
luminosities from the surface might be significantly reduced (see
Brown et al. 1998; Yakovlev & Pethick 2004; Heinke et al. 2009,
2010; Wijnands et al. 2013). However, we note that those enhanced
core neutrino processes mostly become active when the NSs are
relatively massive (Colpi et al. 2001). Since the NSs in BeXRPs
might not have accreted a large amount of matter yet (because of
the relatively young age of those systems), it is unclear if indeed
enhanced core neutrino processes can be activated in the NSs in
BeXRPs.

The averaged mass accretion rate is thus the crucial parameter to
estimate the luminosity of the cooling NS predicted by the deep-
crustal heating model. Most of the classical BeXRPs spend the ma-
jority of their life in quiescence, showing bright outbursts only from
time to time. Unfortunately, there is in general no strict recurrence
time (except for those that show recurrent type-I outburst every pe-
riastron passage) between periods of the activity of Be companions
and, hence, the only way to estimate an averaged mass accretion rate
is direct observations. In this paper, we used for these estimations
data from the RXTE/ASM and SWIFT/BAT monitors covering to-
gether an ∼19 yr time-span (1996–2015). To calculate an averaged
flux, we followed the procedure described by Elshamouty et al.
(2016). Namely, in the 2–10 keV energy range the averaged count
rate obtained from the RXTE/ASM data was converted to the flux
using the Crab spectrum with standard parameters (photon index of
2.1 and normalization of 10 ph keV−1 cm−2 s−1 at 1 keV), and above
15 keV the flux was derived the same way but using the Swift/BAT
data. Taking into account difference between spectra of the Crab
nebula and typical XRP (we adopted the cut-off power-law model
with photon index � = 1.0 and cut-off energy Ecut = 15 keV;
Filippova et al. 2005), the resultant flux must be reduced by
∼30 per cent. We translated it into a luminosity and, consequently, to
the mass accretion rate using the simple equation 〈Ṁ〉 = LR/G M

(see Table 3). The expected quiescent luminosities from the deep-
crustal heating were calculated as Lq = (〈Ṁ〉/10−11 M� yr−1) ×
6 × 1032 erg s−1 and are presented in the same table. It is worth
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noting that due to a very limited history of observations our estima-
tions should be considered as very rough ones with an accuracy not
better than an order of magnitude.

Another potential problem is that due to a relatively low sensitiv-
ity of the abovementioned all-sky monitors the calculated averaged
mass accretion rates are mainly defined by the source fluxes during
their outburst activity while the fluxes below the detection threshold
are ignored. In the case of the pulsars able to transit to the propeller
regime, one may not expect significant heating during quiescence
since accretion would be inhibited. However, as it follows from the
cold disc model and our analysis, the low-level accretion can still
proceed for the sources with relatively long spin periods. Thus, the
averaged mass accretion rate estimated using only outbursts activ-
ity periods should be treated as a lower limit. However, even if the
observed quiescent luminosity in all our sources is due to accretion
and always has the same level in quiescence, it will not shift our
estimations significantly. For instance, a luminosity of 1 × 1034

erg s−1 corresponds to a mass accretion rate of about 9 × 10−13

M� yr−1, which is at least two orders of magnitude lower than the
values obtained from the all-sky monitors data (see Table 3).

Some pulsars from our sample have observed luminosity L
well above predicted Lq (e.g. MXB 0656−072, 4U 0728−25,
GRO J1008−57, Swift J1626.6−5156, XTE J1946+274, KS
1947+300). Most of these have also hard X-ray spectra and
strong X-ray pulsations. Taken together, this suggests that accre-
tion is ongoing in these systems (most probably from the cold
disc). Other pulsars, on the other hand, have an observed lumi-
nosity that is comparable or lower than the quiescent thermal lu-
minosity predicted to arise from deep crustal heating based on
the observed outburst properties (e.g. 4U 0115+63, V 0332+53,
RX J0812.4−3114, GS 0834−430, 2S 1417−624, 2S 1553−542,
GS 1843+00, SAX J2103.5+4545). The first three of these also
exhibit soft thermal spectra. This may suggest that we observe ther-
mal emission from the NS in these objects. For some sources the
observed luminosity is significantly lower than predicted from the
deep crustal heating model. There could be several reasons for this
discrepancy (see also the discussion in Elshamouty et al. (2016)
with respect to V 0332+53). We could have significantly overes-
timated the long-term averaged mass accretion rates. This could
happen if the outburst histories of our sources over the past 19 yr
are not representative for their activity over the last few millen-
nia (the time-scale that governs the thermal evolution of the core;
Colpi et al. 2001; Wijnands et al. 2013). If in the past the sources
were less active the averaged accretion rates would be significantly
lower and the estimated quiescent luminosities would become more
comparable with those observed.

Alternatively, the NS cores could cool significantly faster than
assumed in the standard model, potentially indicating the possible
presence of enhanced cooling processes in the core. This would re-
quire relatively massive NSs (Yakovlev & Pethick 2004). Although
some NSs might have been born massive (see the discussion in
Elshamouty et al. 2016), it is unclear if this can be true for all of
our cooling candidates.

Another possibility is that the heating in the crusts of those
sources is less efficient than assumed. As it was discussed by
Wijnands et al. (2013) a substantial amount of matter has to be
accreted before the original NS crust would be replaced with the
new one, that would be enriched with low-Z element. In order to
accrete 10−4 M�, the estimated averaged mass accretion rates (see
Table 3) have to be constant during ∼105–107 yr, that is comparable
with the lifetime of HMXBs, and therefore some NSs in our sample
could have a crust that is not yet fully replaced. It is currently unclear
if/how the nuclear heating of such a ‘hybrid’ crust is different from

that of a fully accreted crust (which is assumed in standard heating
models, e.g. Haensel & Zdunik 2008). If some of our targets have
such a hybrid crust then the deep crustal reactions might be affected
and maybe in some sources even inhibited. Consequently, those
NSs might not have been heated significantly even if they would
accrete currently at a high averaged Ṁ . Since we do not know the
exact composition of the NS crust in any system, this adds another
uncertainty in our interpretation of the data.

Finally, when fitting the spectra of the thermal sources with a
blackbody model, the radii of the emitting regions are very small,
much smaller than the NS radius (this is also true if the spectra
are fitted with an NS atmosphere model; see Elshamouty et al.
2016). This could indicate that the cooling occurs via hotspots at the
magnetic poles (see the discussion in Wijnands & Degenaar 2016).
This would cause pulsations in the light curves but the quality
of our data does not allow to put constraints on that possibility
for those sources. However, as determined by Elshamouty et al.
(2016) for V 0332+53, the rest of the NS surface also emits some
radiation. Although the temperature of the rest of the surface should
be significantly lower than what is observed from the hotspots, the
emitting region is much larger and the total luminosity emitted
from the rest of the NS surface could be significantly larger than the
power emitted from the hotspots. Therefore, the sources could still
be consistent with the standard heating and cooling models (see e.g.
fig. 3 of Elshamouty et al. 2016). Unfortunately, our current data
sets do not allow us to put any constraints on the possible emission
from the rest of the surface. However, this potential contribution
has to be taken into account when modelling the cooling emission
from high-magnetic field NSs.

Besides that we might directly probe the NS cores for our cooling
candidates, it is possible that during some outbursts (i.e. the giant
outbursts) enough heat was generated in the crust so that the crust
departed from thermal equilibrium with the core. In such cases, the
thermal luminosity would represent the thermal state of the crust and
not that of the core and potentially we could observe (using multiple
observations of the same source) the crust cooling until equilibrium
is restored (see Wijnands & Degenaar 2016, for this possibility).
The source GS 0834−430 was observed within 1 yr after its type-II
outburst in 2012 at a rather low luminosity of 3 × 1032 erg s−1. This
low luminosity would indicate that the crust was already in thermal
equilibrium with the core during the time of our observation, unless
the core is very cold. If truly in equilibrium, this would constrain
the crust cooling time-scale to be less than 1 yr. This is consistent
with what is reported by Rouco Escorial et al. (2017) who found a
crust cooling time-scale of less than 250 d for 4U 0115+63. All the
other sources in our sample were observed much longer after their
last giant outbursts. Despite that it is not clear that the crust cooling
time-scales in all NSs should be of the same duration, it is plausible
that for all our cooling candidates, the crust was in equilibrium with
the core during the time of our observations.

4.4 Contamination from the optical counterpart

The majority of previous studies dedicated to the thermal emission
of NSs in the quiescent state were based on observations of LMXBs.
However, in contrast to LMXBs, BeXRPs harbour massive and hot
optical companions of O and B classes, which are known to emit
some non-negligible fraction of their bolometric luminosity in X-
rays (Cassinelli & Olson 1979; Seward et al. 1979).

Systematic studies of X-ray properties of O and B stars have
been done using different observatories (see e.g. Berghoefer et al.
1997 for the ROSAT data, Nazé 2009 for the XMM–Newton data,
Nazé et al. 2011 for the Chandra data, and references therein).
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Particularly, it was shown that spectra of O stars can be well fitted by
a blackbody model with a temperature between ∼0.2 and ∼0.6 keV
with additional absorption above the interstellar one. The B stars
have harder spectra with temperatures around 1 keV and usually do
not require additional local absorption.

The X-ray luminosity of O stars clearly correlates with the bolo-
metric one, whereas for B stars such a correlation is not obvious and
has a large scatter. Besides the intrinsic scatter, some additional one
can be introduced by the magnetic field of the star and its binary
nature (particularly, due to an interaction of the emission from the
compact object with the stellar wind).

Using fig. 3 from Nazé et al. (2011), we can roughly estimate the
expected X-ray luminosities for the optical companions of the pul-
sars in our sample. As can be seen from Table 1, the spectral types
of companions cover a relatively narrow range from O8 to B2. Ac-
cording to the abovementioned paper, such stars emit around 10−7

of their bolometric luminosity in the X-rays, which makes several
times 1031 erg s−1. This value is about two orders of magnitude
lower than the luminosity measured in our observations for the ma-
jority of sources. The lowest luminosities are demonstrated by 4U
0115+63 and V 0332+53 and, at the same time, those systems are
amongst the one with the hottest optical companions. Therefore,
these sources are the only objects from the sample where some con-
tribution from the optical star may be present but it is not expected
to be significant.

5 C O N C L U S I O N S

In this work, we presented results of the first systematic survey of
the sample of 16 X-ray pulsars with Be optical companions dur-
ing quiescent state. The observations were taken with the Chandra,
XMM–Newton and Swift observatories with different delays after
an outburst activity of the sources. This gave us a possibility to
study thermal evolution of highly magnetized NSs in details. Sur-
prisingly, a substantial fraction of the sources from our sample have
hard energy spectra even at low luminosities implying continuing
accretion. Five of them show strong pulsations with pulse fraction
of 50–70 per cent. Such behaviour can be explained in terms of
the recently proposed model of stable accretion from the cold disc
(Tsygankov et al. 2017). For the rapidly rotating pulsars that are
able to transit to the propeller regime much softer spectra were ob-
served. Measured blackbody temperature and very low luminosity
indicate cooling process of the NS heated up in the outbursts by
the accreted matter. The obtained results were discussed within the
framework of the ‘deep-crustal heating’ model (Brown et al. 1998).

To make more strict conclusions on the cooling processes in
the magnetized NSs, deeper multiple observations of the pulsars in
their quiescent state are needed. Additionally, to be able to robustly
discriminate thermal spectra from the non-thermal ones, very deep
observations should be performed with instruments possessing a
high sensitivity in a broad energy range, e.g. the NuSTAR obser-
vatory. Furthermore, such observations should be performed only
for the sources that are able to transit to the propeller regime, i.e.
rotating rapidly enough to centrifugally halt the accretion before the
disc transits to the fully recombined state (Tsygankov et al. 2017).
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Geppert U., Küker M., Page D., 2006, A&A, 457, 937
Ghosh P., Lamb F. K., 1978, ApJ, 223, L83
Grindlay J. E., Petro L. D., McClintock J. E., 1984, ApJ, 276, 621
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