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ABSTRACT
We search the literature for reports on the spectral properties of neutron-star low-
mass X-ray binaries when they have accretion luminosities between 1034 and 1036

ergs s−1, corresponding to roughly 0.01% - 1% of the Eddington accretion rate for
a neutron star. We found that in this luminosity range the photon index (obtained
from fitting a simple absorbed power-law in the 0.5–10 keV range) increases with
decreasing 0.5–10 keV X-ray luminosity (i.e., the spectrum softens). Such behaviour
has been reported before for individual sources, but here we demonstrate that very
likely most (if not all) neutron-star systems behave in a similar manner and possibly
even follow a universal relation. When comparing the neutron-star systems with black-
hole systems, it is clear that most black-hole binaries have significantly harder spectra
at luminosities of 1034 − 1035 erg s−1. Despite a limited number of data points, there
are indications that these spectral differences also extend to the 1035 − 1036 erg s−1

range, but above a luminosity of 1035 erg s−1 the separation between neutron-star
and black-hole systems is not as clear as below. In addition, the black-hole spectra
only become softer below luminosities of 1034 erg s−1 compared to 1036 erg s−1 for
the neutron-star systems. This observed difference between the neutron-star binaries
and black-hole ones suggests that the spectral properties (between 0.5–10 keV) at
1034 − 1035 erg s−1 can be used to tentatively determine the nature of the accretor
in unclassified X-ray binaries. More observations in this luminosity range are needed
to determine how robust this diagnostic tool is and whether or not there are (many)
systems that do not follow the general trend. We discuss our results in the context of
properties of the accretion flow at low luminosities and we suggest that the observed
spectral differences likely arise from the neutron-star surface becoming dominantly
visible in the X-ray spectra. We also suggest that both the thermal component and

the non-thermal component might be caused by low-level accretion onto the neutron-
star surface for luminosities below a few times 1034 erg s−1.

Key words: X-rays: binaries - binaries: close - accretion, accretion disc

1 INTRODUCTION

In low-mass X-ray binaries (LMXBs), a compact object (a
black hole or a neutron star) is accreting matter from a com-
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panion star which typically has a mass (often significantly)
lower than that of the accretor. The matter is transferred
because the donor fills its Roche lobe. Most LMXBs are
so-called X-ray transients: they exhibit sporadic outbursts
during which the X-ray luminosity (0.5-10 keV; from here on
we use this energy range when quoting luminosities, unless
otherwise mentioned) increases up to a few times 1038−1039

erg s−1, although many systems do not become this bright
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and some only reach very faint luminosities of 1034 − 1036

erg s−1 (the so-called very-faint X-ray transients; see, e.g.,
the discussion in Wijnands et al. 2006)1. However, most of
the time these X-ray transients are in their quiescent state
during which no or hardly any accretion occurs and conse-
quently their X-ray luminosities are extremely low (typically
1030 − 1033 erg s−1).

Ever since LMXBs were first discovered in the late
1960’s, they have been studied intensively using all available
X-ray instruments. Therefore, their observational properties
are well characterized, at least at X-ray luminosities above
∼ 1036 erg s−1. This is mainly due to the limited sensitivity
of most X-ray instruments in orbit in combination with the
limited amount of observing time which can be obtained
with high sensitivity instruments when those X-ray bina-
ries are at very faint luminosities. Consequently, despite the
increasing amount of data over the last decade, the X-ray
behaviour of LMXBs at luminosities of 1034−36 erg s−1 is
not yet understood. We note that for the purpose of this pa-
per we define systems which are below an X-ray luminosity
of 1034 erg s−1 as quiescent X-ray transients.

The spectral behaviour of LMXBs above 1036 erg
s−1 is relatively well understood (see, e.g., discussions in
Remillard & McClintock 2006; Lin et al. 2007). At lower
accretion luminosities, the phenomenological behaviour is
significantly less clear. Over the last few years, a growing
number of very-faint X-ray binaries have been spectrally
studied and the general conclusion is that the sources can
often be satisfactorily described with a simple power-law
model, although more complex models cannot be excluded
because of the limitations imposed by the data quality. How-
ever, irrespectively of what model is fitted to the spectra,
they become softer with decreasing luminosity. This appears
to be true for both black-hole and neutron-star systems
(see, e.g., Armas Padilla et al. 2011, 2013a; Plotkin et al.
2013; Reynolds et al. 2014; Yang et al. 2015, and references
therein).

For black-hole systems, this softening is typically
explained in the context of a radiative inefficient ac-
cretion flow (e.g., see the discussion in Plotkin et al.
2013; Reynolds et al. 2014). Similar explanations have
been proposed for the neutron-star systems (see, e.g.,
Armas Padilla et al. 2011, 2013b). However, when high
quality data are obtained from the neutron-star systems,
the spectrum cannot easily be described with a simple
power-law model anymore, but requires an additional soft
component (e.g., Degenaar et al. 2013; Armas Padilla et al.
2013b,c). Likely this soft emission originates from the sur-
face of the neutron star, e.g., due to low-level accretion
onto the surface which might produce such type of spec-
tra (e.g., Zampieri et al. 1995; Deufel et al. 2001). This
additional spectral component complicates the interpreta-
tion of the softening. It is currently unclear if the soften-
ing seen in neutron star systems is due to this soft ther-
mal component becoming dominant with no change in the
power-law component, or if also the power-law component

1 Although Wijnands et al. (2006) used the 2–10 keV energy
range to classify the sources, we use in this paper the 0.5–10 keV
energy range in order to study the spectral evolution also below
2 keV.

evolves with decreasing luminosity (see the discussions in
Armas Padilla et al. 2013b,c).

To obtain more insight into these topics, we performed
a detailed literature study about what is currently known
about the spectra of neutron-star X-ray binaries when they
have accretion luminosities between 1034 and 1036 erg s−1.
We will also compare those systems with the black-hole tran-
sients at similar luminosities. We do not use the symbiotic
neutron-star LMXBs (see Lü et al. 2012, for a compilation
of known systems) in our analysis since in those systems the
neutron star accretes from a stellar wind and not from a disk.
In addition, most symbiotic systems harbour a neutron star
with a strong magnetic field (typically > 1012 Gauss). Such
a strong field will significantly alter the emerging spectra
and therefore those systems cannot be directly compared
with the systems which have a weak or absent magnetic
field (< 1010 Gauss). For the same reason we also do not in-
clude the high-magnetic field (also typically > 1012 Gauss)
neutron-star systems in which the mass transfer does occur
through Roche-lobe overflow and in which an accretion disk
is present (e.g., 4U 1626–67, 4U 1822–37, GRO J1744–28).

2 DATA SELECTION AND RESULTS

We searched the literature for publications that describe
spectral results on neutron-star LMXBs (both transients
as well as persistent systems) which are not in quiescence
(thus above 1034 erg s−1; see section 2.3 for the justification
of this lower luminosity boundary), but below a X-ray lu-
minosity of a few times 1036 erg s−1. Since it is unclear if
a dynamically important neutron-star magnetic field could
alter the observed X-ray spectra, we initially only use the
non-pulsating systems2. In section 2.2 we compare the non-
pulsating systems with the accreting millisecond X-ray pul-
sars to investigate if indeed magnetic field effects could be
observed in the X-ray spectra in neutron-star LMXBs.

We limited ourselves to those publications which re-
ported on observations that covered the 0.5–10 keV en-
ergy range, so that accurate measurements could be ob-
tained for the spectral shape below ∼2 keV. In addition,
those systems that have a column density of NH > 5 ×

1022 cm−2 were excluded from our source selection be-
cause their spectra below 2 keV cannot be accurately mod-
elled. Extrapolation from the 2–10 keV fit results down
to 0.5 keV can result in significant systematic errors.
This criterion excludes most sources close to the Galac-
tic centre (e.g., those reported on by Wijnands et al. 2002;
Muno et al. 2003, 2005; Sakano et al. 2005; Porquet et al.
2005; Del Santo et al. 2007; Degenaar & Wijnands 2009,
2010, 2013; Degenaar et al. 2011, 2012b). In section 3.3 we
will briefly discuss those sources and how including them in
our source sample would affect our conclusions.

In most publications the spectral results were reported

2 Aql X-1 has shown a very brief episode during which it exhib-
ited X-ray pulsations (Casella et al. 2008), but the vast majority
of its time it does not exhibit such oscillations and its general X-
ray spectral and timing behaviour resembles other non-pulsating
LMXBs. Therefore, we included this source in our non-pulsating
sample.

c© 0000 RAS, MNRAS 000, 1–20
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Figure 1. The photon index versus the 0.5-10 keV X-ray luminosity for the neutron-star X-ray binaries used in this paper (Tab. 1) as well
as for the black-hole system Swift J1357.2-0933 (Armas Padilla et al. 2013a) and the average of the black-hole points from Plotkin et al.
(2013). (A colour version of this figure is available in the online version of this paper.)

when using a simple absorbed power-law model, but of-
ten also a two-component model was used: a thermal com-
ponent at low energies and a power-law component at
high energies (e.g., Jonker et al. 2004b; Fridriksson et al.
2010; Degenaar et al. 2013; Armas Padilla et al. 2013b;
Campana et al. 2008, 2014). Sadly, no uniform model was
used (e.g., for the thermal component either a black-body
model or a neutron-star atmosphere model was used; e.g.,
Jonker et al. 2004b; Armas Padilla et al. 2013b,c) making
global comparisons between sources difficult. Since for most
sources the results of a single power-law model were reported
(which typically resulted in acceptable fits), we will focus
on that model in this paper. When a two-component model
was used and no results were reported on a single power-law
model (e.g., in Fridriksson et al. 2010, 2011; Campana et al.
2008, 2014), we did not include those points in our selection.
Photon indices (Γ) obtained from fitting a two-component
model are typically very different from those obtained with a
single power-law model. This is clear from the papers where

both types of fits are reported (e.g., Armas Padilla et al.
2013b).

In some publications where the sources were fitted with
a single power-law model, the errors on the obtained pho-
ton indices were so large that no significant conclusions can
be obtained from those data points. Therefore, we do not
use those data points for which the photon indices had an
error larger than 0.5. This excludes the results in several
publications such as those reported for SAX J1750.8–2900
(Lowell et al. 2012; Wijnands & Degenaar 2013; Allen et al.
2015), SAX J1828.5–1037 (Degenaar & Wijnands 2008;
Campana 2009), or Swift J1749.4-2807 (Wijnands et al.
2009; Campana 2009). In addition, this excludes some of
the data points for some of the sources we do use in this
paper (e.g., some data points of Swift J174805.3–244637;
Bahramian et al. 2014).

Degenaar et al. (2012d) reported on monitoring obser-
vations using Swift of two newly discovered neutron-star X-
ray transients: Swift J185003.2–005627 and Swift J1922.7–
1716. Also in that paper the reported results were based

c© 0000 RAS, MNRAS 000, 1–20
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Figure 2. Adapted from Figure 1. The red points are the
neutron-star systems and the black points the black-hole tran-
sients. In addition, the figure now includes several additional
black-hole X-ray transients with luminosities in the range 1034

to 1036 erg s−1 (the green points). (A colour version of this figure
is available in the online version of this paper.)

mostly on a two component model to fit the source spectra
(see also Falanga et al. 2006, for Swift J1922.7–1716) but
they also listed the results obtained using a single power-law
model. However, those results were obtained from a spectral
fit to the combined data set including a range of X-ray lumi-
nosities so that any possible evolution of the X-ray spectral
shape with luminosity is averaged out. Therefore, we also
do not include these results in our analysis. We note that
for Swift J18500.3–005627, Degenaar et al. (2012d) found
that (when studying the X-ray colours) the source softened
when the X-ray luminosity decreases. This would be consis-
tent with the general trend for neutron-star X-ray binaries
we report on below.

Our resulting sample of neutron-star X-ray binaries is
listed in Table 1. We have included all sources in our sam-
ple for which we found results in the published literature.
However, it is conceivable that we did not find all the rel-
evant publications and that therefore some sources could
have been missed. However, we feel that that would only be
a very low number of sources and therefore the sources used
in our paper should serve as a representative sample of the
whole population. Among our eleven sources, three are per-
sistently accreting at 1034−10−35 erg s−1 and eight are X-ray
transients (see Tab. 1). Nine sources are confirmed neutron-
star binaries since type-I X-ray bursts have been seen, and
two are strong neutron-star candidates (see section 4.4). In
Figure 1 we plot the photon indices of those eleven sources
versus their 0.5-10 keV X-ray luminosities. Although there is
a large scatter in the points, the neutron-star systems follow
a clear trend: on average the photon index is between 1.5 and
2 for X-ray luminosities of ∼1036 erg s−1, but it increases
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Figure 3. Adapted from Figure 2 but scaled to the Eddington
X-ray luminosity (the black points are the black-hole systems; the
red points the neutron-star ones; a colour version of this figure is
available in the online version of this paper).

to 2–3 (i.e., the overall X-ray spectrum becomes softer)
when the X-ray luminosity decreases. This was observed
already from some individual sources that showed a large
dynamic range in luminosity (see, e.g., Armas Padilla et al.
2011; Bahramian et al. 2014; Linares et al. 2014) but from
Figure 1 it can now be seen that all neutron-star systems in
our sample follow in general a similar behaviour.

We performed several correlation tests to determine if
indeed the photon index is correlated with the luminosity. A
Pearson test, Spearman test, and a Kendall test resulted in
correlation indices of −0.81, −0.77, and −0.60, respectively,
corresponding to a probability of 1.78×10−11 , 4.83×10−10 ,
and 6.84× 10−9, respectively, that both parameters are un-
correlated. Therefore, we consider these results a support
for our conclusions that the photon index is indeed anti-
correlated with the luminosity. We fitted a power law of the
shape Γ = a logLX + b to the data and we obtained the
following parameters: a = −0.42 ± 0.03 and b = 17.3 ± 1.1
(90% confidence levels). To quantify the scatter around this
correlation we calculated the root-mean-square of deviations
from the corrlation and found a value of 0.28.

2.1 Comparison with black-hole X-ray binaries

To compare our result obtained for the neutron-star LMXBs
with black-hole systems, we used the data reported by
Plotkin et al. (2013) who discussed the behaviour of black-
hole X-ray transients as they decayed down to quiescence.
We applied the same selection criteria as we used for our
neutron-star sample to the invidual black-hole points re-
ported by Plotkin et al. (2013, their Table 3 and 5). We
averaged the photon indices and calculated the correspond-
ing errors. We averaged the luminosities and as errors we

c© 0000 RAS, MNRAS 000, 1–20
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used the standard deviation on those luminosity points. In
addition, we used the points of Swift J1357.2-0933 from
Armas Padilla et al. (2013a, we used the averaged points
used to create their Figure 1, right panels; the values of
those points are not listed in this reference, so we list them
in Table 2). Clearly, the black-hole points are significantly
offset from the neutron-star points in Figure 1.

We searched the literature for more black-hole tran-
sients with luminosities between 1035 and 1037 erg s−1 but
not many could be found. The ones we found are listed in Ta-
ble 2 and shown in Figure. 2. Even though in the luminosity
range of 1035−1036 erg s−1 the black-hole systems appear to
be on average harder than the neutron-star binaries, there
is a significant overlap of the data points (especially above
∼ 5 × 1035 erg s−1). We only have a few black-hole sys-
tems in this luminosity range making final conclusions on
the average hardness of those systems in this range difficult.
In any case, it seems that above 1035 erg s−1 the neutron-
star binaries are not as clearly separated from the black-hole
transients as at luminosities below 1035 erg s−1 (even more
so when also including the accreting millisecond X-ray pul-
sars, which are discussed in section 2.2).

We used a 2D Kolmogorov-Smirnov (KS) test (see
Fasano & Franceschini 1987) on the neutron-star and black-
hole data points to quantify the probability that the two
samples are drawn from two different distributions, there-
fore confirming that they behave differently. However, the
KS test does not account directly for the errors in the mea-
surements of photon index and luminosity. In order to ac-
count for such errors we generated 105 synthetic samples
randomly shifting each source around the reported values.
We assumed a Gaussian distribution with standard devia-
tions conservatively given by the reported errors on the mea-
surements. First, we compared the full data sets of neutron
stars and black hole; the black hole sample included the (not
averaged) values of Plotkin et al. (2013), as well as the other
black hole data (see Fig. 4 and section 2.1.1). Assuming a
null hypothesis that the two distributions are the same, we
obtained a 90 % confidence interval for the probability of
2.4× 10−14 - 3.3× 10−11. This result strongly supports our
idea that the two data sets are drawn from different distri-
butions. However, many black-hole data points have lumi-
nosities below 1034 erg s−1; that may influence the results
of the test, since no neutron-star systems were include be-
low that threshold. To avoid biasing the results, we repeated
the test keeping only the black-hole data points with lumi-
nosities above 1034 erg/s. In this case the 90 % confidence
interval for the probability that the two sets come from the
same distribution is higher, but still it is very low, being
only 2.8×10−7 - 2.7×10−5 . Despite the low number of data
points, we conclude that the 2D KS test supports our idea
that the two kind of systems behave markedly differently.

Plotkin et al. (2013) used the luminosities scaled to
the Eddington luminosity when discussing the black-hole
systems. For quiescent X-ray transients there are physical
reasons for doing this (see, e.g., Menou et al. 1999) but
it is unclear if those reasons also apply when the sources
are not in quiescence. However, for completeness, in Fig-
ure 3 we replotted our data set with the X-ray luminos-
ity in Eddington units. We used the Eddington scaled val-
ues from Plotkin et al. (2013) as presented in their Fig-
ure 4b. We converted the points of Swift J1357.2–09333

(from Armas Padilla et al. 2013a) using a black-hole mass
of 9 M⊙, and we used the same black-hole masses used by
Plotkin et al. (2013) for the other black holes (except for
Swift J1753.5–0127 for which we assumed 10 M⊙ since this
source was not included in the study of Plotkin et al. 2013).
We converted the neutron-star values using a neutron-star
mass of 1.4 M⊙ (resulting in an Eddington luminosity of
1.8 × 1038 erg s−1). It is clear that when using Eddington
scaled luminosities, the difference between the neutron-star
systems and the black-hole systems becomes even more pro-
nounced. We note that when using the Eddington scaled lu-
minosities, an additional uncertainty is introduced because
of the uncertainties in the mass of the accretors. Most black-
hole masses are poorly constrained and also the neutron-star
masses could display a range (e.g., from 1.2 up to 2 M⊙).
Therefore, from here on, we only show the X-ray luminosi-
ties in our figures and not the Eddington scaled one since
this allows for direct comparison of different source types
without assuming anything about the nature and mass of
the accretor.

2.1.1 Individual black-hole systems of Plotkin et al.
(2013)

In Figure 2 we showed the average data for the black-hole
X-ray transients from Plotkin et al. (2013). Such averaging
might make potential outliers in the black-hole sample in-
visible. It could be possible that some systems have X-ray
spectra considerably softer than the average (and thus pos-
sibly more consistent with the neutron-star systems than
on average). Therefore, in Figure 4 we show the invididual
black-hole systems. Clearly this figure shows that, despite
the larger errors and the scatter in the data points, none of
the black-hole systems lies significantly above the average
track. Therefore, we are convinced that using the average
data points does not introduce biases.

2.2 Comparison with accreting millisecond X-ray
pulsars

In Figure 5 we compare the three accreting millisecond X-
ray pulsars for which we found appropriate data points in
the literature with the non-pulsating systems. From this fig-
ure it appears that the pulsating sytems are harder (at the
same luminosities) than the non-pulsating systems. In par-
ticular the X-ray transient IGR J18245–2452 located in the
globular cluster M28 is very hard (i.e., above 1036 erg s−1;
Linares et al. 2014), even harder than the black-hole sys-
tems3. This is contrary to the generally believed idea that
black-hole systems are typically harder than the neutron-
star ones. However, this source is on of the very few neutron-
star X-ray transient that transits between an accreting mil-
lisecond X-ray pulsar when in outburst and a millisecond
radio pulsar when in quiescence (Papitto et al. 2013). It is

3 The small errors on the column densities for this source, as
reported in Table 3, strongly indicated that an underestimation
of the column density could not have resulted in the very low
photon indices measured. In addition, for the quoted luminosities
the unresolved faint-source background in M28 does not affect
the obtained spectral parameters (Linares et al. 2014)

c© 0000 RAS, MNRAS 000, 1–20
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Figure 4. Similar to Figure 2 but with the black-hole systems
from Plotkin et al. (2013) plotted as individual points. (A colour
version of this figure is available in the online version of this pa-
per.)

quite possible that its very hard spectra might be related to
this unique character (although this would not remove the
fact that some neutron-star X-ray transients can be harder
than the black-hole systems). Moreover, the other AMXPs
do not have such hard spectra when in outburst, although
maybe the spectra might still be (slightly) harder than the
non-pulsating systems.

We used again a 2D KS test to check whether the
AMXP data were consistent with the data from the non-
pulsating neutron-star systems applying the same method of
section 2.1. We found a 90 % confidence interval for the prob-
ability that they are the same of 1.2×10−6 - 3.5×10−4. How-
ever, since we only have three systems and IGR J18245–2452
might dominate the distribution for the AMXPs, we redid
the KS test but now with this source removed. In that case,
we found a probability interval of 4.8×10−3 - 3.6×10−1 that
the AMXPs have the same distribution as the non-pulsating
systems. This implies that we cannot draw any strong con-
clusions, especially given the fact that our AMXP sample
is very limited. Therefore we cannot state conclusively that
the presence of a dynamically important magnetic field al-
ters the X-ray spectra of neutron-star LMXBs.

2.3 Below 1034 erg s−1: quiescence

The black-hole systems we consider go to significantly lower
luminosities than the neutron-star systems because for the
black holes we did not apply the 1034 erg s−1 cut-off crite-
rion as we did for the neutron-star systems. When we include
similarly low luminosities for the neutron-star systems, the
situation becomes very complex: some systems are totally
thermally dominated resulting in very large photon indices
(3–5; e.g., Rutledge et al. 2001b, 2002b; Tomsick et al. 2004)
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Figure 5. Adapted from Figure 1. The red points are the
neutron-star systems and the black ones the black-hole bina-
ries. Also included are the data points (green) for the transient
and AMXP IGR J18245–2452 which is located in the globular
cluster M28 and two other AMXPs (NGC 6440 X-2: blue; IGR
J00291+5934: purple; a colour version of this figure is available
in the online version of this paper).

but others are power-law dominated with photon indices as
low as ∼1.0-1.8 (e.g., Campana et al. 2002; Wijnands et al.
2005; Heinke et al. 2007, 2009; Degenaar et al. 2012e). The
strong thermal emission could be due to residual accre-
tion on the surface, but likely in many systems it is due
to the cooling emission from the neutron star that has
been heated during the outburst (e.g., Brown et al. 1998;
Rutledge et al. 1999, 2001a,b; Campana et al. 2000). The
power-law dominated spectra for quiescent neutron-star
transients are not understood (see, e.g., the discussion in
Campana et al. 1998) but the power-law component could
be related to the fact that the neutron star has a magneto-
sphere (see Degenaar et al. 2012e, for a recent discussion).
Because of these complications and the large range of pho-
ton indices in the neutron-star systems, we do not plot the
neutron-star data for luminosities below 1034 erg s−1. For
black-hole systems, the situation is much cleaner since any
effect on the spectra by a solid surface or a magnetic field
is absent and all the X-rays should be due to some form of
low-level accretion. This is reflected in the rather homoge-
nous behaviour of the black-hole systems in their quiescent
state (see Plotkin et al. 2013, for a detailed discussion). It
is interesting to note that at quiescent luminosities some
neutron-star systems have significantly harder X-ray spec-
tra than the black-hole transients (e.g., SAX J1808.4–3658,
EXO 1745–248 Campana et al. 2002; Heinke et al. 2009;
Degenaar & Wijnands 2012), although most of these hard
systems (except EXO 1745–248) are accreting millisecond
X-ray pulsars and their hard quiescent spectra might be re-
lated to the presence of a dynamically important magnetic
field (see discussion in Degenaar et al. 2012e).
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3 UNCERTAINTIES

The neutron-star points in Figure 1 display significant scat-
ter, which could be intrinsic due to source differences. If true,
then this would imply that although all sources become sig-
nificantly softer at low luminosities, they might not all follow
exactly the same uniform relation with decreasing luminos-
ity. However, several types of systematic uncertainties are
likely to be present in the data which would also give rise to
significant scatter. Therefore a uniform relationship for all
sources cannot be excluded at present. The main possible
contributors to the scatter are discussed below. However,
despite those uncertainties, we are convinced that the dif-
ference between the neutron-star systems and the black-hole
ones in the luminosity range between 1034 and 1035 erg s−1

is robust.

3.1 The distance

For the neutron-star systems the distance is usually deter-
mined from the observation of type-I X-ray bursts, except
for XTE J1719-291 and IGR J17494-3030 which so far have
not displayed type-I X-ray bursts (we used for both sources
a distance of 8 kpc because of their proximity to the Galactic
centre; Table 1). Depending on the assumed burst proper-
ties (e.g., what type of fuel is burning on the surface and in
which type of environment such as Hydrogen rich or Hydro-
gen poor) the obtained distances can vary by 50% or more.
E.g., for AX J1754.2-2754 a distance of 6.6 or 9.2 kpc was
obtained by Chelovekov & Grebenev (2007). In Figure 1 we
used a distance of 9.2 kpc, but if the distance would be
6.6 kpc, the X-ray luminosity would decrease by a factor
of ∼2. This would shift the source more in line with the
other sources because now it has relatively soft photon in-
dices for its luminosity compared to the majority of sources
(Fig. 1). However, similar uncertainties exist in the distance
measurements of the other sources, leading up to uncertain-
ties in the X-ray luminosity of a factor 2 or 3. However, even
if all neutron-star sources would shift down by this factor,
they would still not be consistent with the black-hole ones.
Moreover, for several sources we might have actually un-
derestimated the distances instead of overestimating them,
which would move some sources to higher luminosities and
not lower luminosities, strengthening the difference between
black-hole and neutron-star LMXBs.

We note that similar distance uncertainties exist in the
black-hole data used by Plotkin et al. (2013). In addition, for
Swift J1357.2–0933 we used a distance of 1.5 kpc. However,
recently it has been argued that the distance for this source
could range from 0.5 kpc up to 6.3 kpc (Shahbaz et al. 2013).
Using this distance range would move the data down by
a factor of up to 9, making the source exceptionally faint
in outburst as well as in quiescence (Armas Padilla et al.
2014b), or up by a factor of up to 18, which still would make
the system not consistent with the neutron-star systems.

3.2 Pile-up effects

Despite the low X-ray luminosities, the source fluxes can be
still high enough to produce significant pile-up during some
of the observations, especially if taken with Chandra in imag-
ing mode (e.g., in ’t Zand et al. 2005). The effect would

!"

!#$"

%"

%#$"

&"

&#$"

!'(&)" !'(&!" !'(&%" !'(&&" !'(&*" !'(&$" !'(&+" !'(&,"

-
.
/
0/
1
"2
1
3
4
5"

6789:";<=21/>20:"?)#$7!)"@4AB"48CD>E"

FGH"!,*!7%I$&"

J6"K!,*$#+7%L)!"

HJ6"K!,*,#)7%I$&"

MH"!,*!7%L&"

6NNO"K!,*,!+!7%I!)*I"

Figure 6. Adapted from Figure 1 but with the black holes dis-
played as the black points and the neutron stars as the red points.
Also shown are several neutron-star transients which have very
high column densities (the green points). (A colour version of this
figure is available in the online version of this paper.)

be that the spectra would appear artificially harder than
they really are. Since we found that the brightest sources
have the hardest spectra, the question arises whether this
could be due to pile-up effects. However, in our selection we
did not include data points which are significantly affected
by pile-up. Additionally, a lot of data were obtained using
XMM-Newton or Swift which are less sensitive to pile-up
and often the high-time resolution mode was used when the
sources were relatively bright. Although we cannot exclude
that some data points are still affected by a small amount of
pile-up, most sources did not show evidence for pile-up (see,
e.g., Armas Padilla et al. 2013b) so likely the effect of pile-
up will be small and cannot explain the overall correlation
we found.

3.3 Column density

Despite the fact that we do not use the neutron-star systems
which have a NH > 5 × 1022 cm−2, the range in NH is still
large (ranging from 0.2 × 1022 cm−2 to ∼ 3 × 1022 cm−2;
Tab. 1). This range might still produce a systematic effect
on the photon indices since it is well known that when fitting
a power-law model to relatively poor quality data, a strong
correlation will be found between the photon index and the
column density (see, e.g., the detailed study performed on
faint black-hole systems by Plotkin et al. 2013). However, we
would like to stress here that for the few sources in our sam-
ple that have a high dynamic range in luminosities, that they
individually showed this softening with decreasing luminosi-
ties (see, e.g., Armas Padilla et al. 2011; Bahramian et al.
2014; Linares et al. 2014). For those sources the systematic
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effects of using an incorrect column density should be mini-
mal.

For the complete sample, any systematic effect from
obtaining an incorrect column density should be reflected
in the errors on the photon indices. However, on several
occasions the column density was frozen to an assumed
value (e.g., the expected Galactic column density towards
the source or the value obtained during higher quality data
sets from the sources). If the wrong value is assumed, this
would skew the photon index to higher or lower values than
the true one and introduce scatter in the diagram, although
it is currently not clear how much scatter this would pro-
duce. A detailed study of this is beyond the scope of this
paper.

When including those sources that have very high col-
umn densities (> 5 × 1022 cm−2), most of those sources
are consistent with the other neutron-star data points (Fig-
ure 6) although there seems to be some indications that at
the same luminosity (below 1036 erg s−1) the highly ab-
sorbed sources have a smaller photon index compared with
that observed for the low-NH sources. We performed a 2D
KS test between the data points for systems with a low col-
umn density and those that have a high column density. The
result is a 90 % confidence interval for the probability that
they are drawn from the same distribution of 8.7 × 10−4

- 6.4× 10−2. Although this result might indicate that their
distributions could be different, the low column density data
set goes to significantly lower luminosities than the high col-
umn density data set. Therefore, we performed also a 2D
KS test between the two data sets but limiting the low col-
umn density data points to the same luminosity range as the
high column density ones (i.e., from luminosities > 7× 1034

erg s−1). The resulting 90% confidence interval increases to
4.5× 10−3

− 1.7× 10−1, indicating that it is less likely that
the two data sets are drawn from different distributions.
However, given the limited amount of data points, we can-
not make a strong conclusion. Moreover, as we will argue
in section 4.1, the softening is likely due to the neutron-
star surface becoming prominently visible at low energies.
Therefore the softening concentrates at low energies in the
X-ray spectra where also the absorption effects the spectra
the most. As a consequence the highly absorbed sources will
show less apparent softening than the less absorbed systems
and any possible difference is therefore likely not physical.

3.4 Calculating the 0.5-10 keV luminosities and
its errors

Not all publications we used quoted the luminosities or un-
absorbed fluxes in the 0.5–10 keV band. Some publications
quoted only the 2-10 keV or the 0.3-10 keV luminosities. We
used WebPIMMS4 to calculate the luminosities in the 0.5-10
keV energy range, but this introduces additional uncertain-
ties since extrapolation outside the specified energy range
may not be valid. In addition, in some publications the lu-
minosities or fluxes are reported but not their uncertainties
(see Tab. 1); in such cases we assumed an error of 10% on
the fluxes, although this is likely an underestimation of the
true errors. However, both types of uncertainties will likely

4 Available at http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html

have only a small effect on the observed correlation seen in
Figure 1 because the scatter in X-ray luminosity is domi-
nated by the uncertainties in the distances which typically
result in luminosity uncertainties of a factor of a few (see
discussion in section 3.1).

3.5 Complex spectral shape

When the data have low statistics, a single power-law model
can adequately fit the X-ray spectra, but for high quality
data a single power-law model often does not provide a good
fit. Adding a second (often assumed to be thermal) compo-
nent is required. Moreover, in the discussion section we will
argue that in most, if not all, neutron-star systems, a soft
thermal component might be present at the lowest lumi-
nosities even if it cannot be detected due to the limitation
of the data. To obtain a homogenous data sample, we have
still included the results obtained using a single power-law
model of those sources for which indeed such a soft compo-
nent is clearly needed to fit the spectra accurately. By doing
so possible systematic effects might have been introduced.
However, likely they are not very significant because when
low (e.g., Swift) and high (e.g., XMM-Newton) quality data
are available for the same source at roughly the same X-ray
luminosities, the photon indices (when fitting a single power-
law model) obtained from the different data sets are fully
consistent with each other (see, e.g., Armas Padilla et al.
2011).

3.6 The effect of individual sources

Since we are interested in the average behaviour of our sam-
ple, it is possible that individual sources might not follow
exactly the correlation found for the total sample of sources.
For example, the black-hole point in Figure 2 that has lu-
minosity of ∼ 5 × 1035 ergs −1 but a relatively large pho-
ton index of ∼ 1.88 is the only available point of XTE
J1118+480 (Reis et al. 2010). Excluding this point would
cause the black-hole points in Figure 2 to overlap less with
the neutron-star data for luminosities > 1035 erg s−1. There-
fore, excluding this point would strengthen the conclusion
that neutron-star systems are softer than black-hole tran-
sients. And indeed arguments can be put forward to exclude
this point because it was obtained from high quality data
taken with the Chandra/LETG instrument which is par-
ticularly sensitive at low energies. Furthermore, the X-ray
spectra were only fitted up to ∼7 keV (due to the instru-
ment response) making the lower energies more dominant
in the spectral fits. This, in combination with the very low
column density of this source and the clear presence of a soft
component in the spectrum (likely due to the accretion disc,
see Reis et al. 2009), might have artificially skewed the pho-
ton index to high values. However, since it is unclear what
photon index would have been obtained for the source if the
data quality was lower and the absorption higher, we still
include this data point in our figure. Although in this work
we aim to describe the general behaviour rather than ex-
plaining individual sources, it is clear that individual sources
might behave (slightly) differently compared to the majority
of sources.
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4 DISCUSSION

We searched the literature for reports on the spectral prop-
erties of neutron-star LMXBs when they have accretion lu-
minosities between 1034 and 1036 ergs s−1, corresponding to
roughly 0.01% to 1% of the Eddington mass accretion rate
(ṀEdd). Despite the variety of models fitted to the X-ray
spectra, for many systems the results were reported from fits
that used a simple absorbed power-law model. When plot-
ting the photon index versus the luminosity (Fig. 1) a clear
trend is visible: the photon index increases (thus the spectra
become softer) with decreasing luminosities. Such behaviour
has been reported before for individual neutron-star LMXBs
(e.g., see Degenaar et al. 2013; Armas Padilla et al. 2011,
2013b,c, and references therein), but here we demonstrate
that very likely most neutron-star systems behave in a sim-
ilar manner and they might even follow a universal relation.

When comparing the neutron-star systems with the
averaged points reported by Plotkin et al. (2013) for
a collection of black hole systems (10 sources) and
with the specific black-hole transient Swift J1357.2–0933
(Armas Padilla et al. 2013a), it is clear that the black holes
are significantly harder at luminosities below 1035 erg s−1.
Not enough black-hole systems are available in the luminos-
ity range 1035 to 1036 erg s−1 to make conclusive statements
for this range. Although the black-hole transients observed
in this luminosity range are on average harder than the
neutron-star systems, there is significant overlap between
the two source classes and the hardest source (IGR J18245–
2452; Linares et al. 2014) in our sample is in fact a neutron-
star LMXB and not a black-hole system.

Similar to the neutron-star systems, at low luminosities
the black-hole binaries also become softer, but this softening
occurs at significantly lower luminosities (around 1034 erg
s−1; see also the discussions in Armas Padilla et al. 2013a;
Plotkin et al. 2013) than what we observe for the neutron-
star systems for which the softening already starts at 1036

erg s−1. In addition, the black holes seem to level off at a
photon index ∼2, but the neutron-star systems reach photon
indices of 2.5–3. Neutron-star systems at even lower lumi-
nosities (below 1034 erg s−1; i.e., when they are in quies-
cence) display a large variety of behaviour (see section 2.3)
and are therefore not studied in this work.

4.1 Origin of the softening of the neutron-star
systems

When high quality data is available of the neutron-star
systems at X-ray luminosities in the range 1034 to 1035

erg s−1, typically a soft component needs to be added
to the power-law model to obtain an acceptable fit (e.g.,
Armas Padilla et al. 2013b; Degenaar et al. 2013). It also
has been found that when the X-ray luminosity decreases
for certain sources, the temperature of this soft compo-
nent decreases. The soft component and the decrease in
temperature have been interpreted (Degenaar et al. 2013;
Armas Padilla et al. 2013c; Bahramian et al. 2014) as the
neutron-star surface becoming clearly visible in the X-
ray spectra originating from low-level accretion onto the
neutron-star surface. The decrease in luminosity is then due
to a decrease in accretion rate onto the surface causing the
surface temperature to go down.

Interestingly, when a soft component is added to the
spectral model, the power-law component suddenly be-
comes significantly harder with a photon index well below
2 (e.g., Degenaar et al. 2012d; Armas Padilla et al. 2013b;
Degenaar et al. 2013, we note that the errors on the pho-
ton indices are typically large but the general trend is that
the power-law component is rather hard). This might sug-
gest that the softening of the overall spectrum is due to the
neutron-star surface becoming more and more dominant in
the X-ray spectra. However, at luminosities above 1035 erg
s−1, a soft component is not always needed to fit the spec-
tra adequately (Armas Padilla et al. 2013b). In addition, the
photon indices are relatively high already irrespectively of
whether or not a soft component is included in the spectral
fits.

Taking the above observational facts into account, we
propose two possible phenomological scenarios (see also the
discussion in Armas Padilla et al. 2013b) that might be able
to explain the softening of the neutron-star spectra when
the luminosity decreases from 1036 erg s−1 to 1034 erg s−1.
These different scenarios are illustrated in Figure 7. In sce-
nario 1, the power-law component (assumed to be due to
the accretion process) starts out with a relatively hard in-
dex (<2; the source is in the so-called hard state or extreme
island state for neutron-star LMXBs) for luminosities above
1036 erg s−1 (note that this luminosity range is not shown
in Fig 7, which starts at 1036 erg s−1). When the luminos-
ity decreases to ∼ 1035 erg s−1, the photon index becomes
larger (increasing to a value of >2; left panel of scenario 1
in Fig. 7) resulting in an overall softening of the spectrum.
The thermal component (assumed to be due to low-level ac-
cretion onto the neutron-star surface) is either still absent
or only weakly detectable in the X-ray spectra and does not
contribute to the softening of the overall spectrum. Then,
at luminosities below 1035 erg s−1 the power-law compo-
nent becomes suddenly harder again (with a photon index
well below 2 again; two right panels of scenario 1 in Fig. 7).
At the same time the thermal component becomes a major
component in the X-ray spectra and since its temperature is
going down with decreasing luminosity, the resulting overall
spectrum softens further.

In scenario 2, the source started out in a similar state
as in scenario 1, with a hard power-law component at a
luminosity of 1036 erg s−1. Also in this scenario the power-
law component (labelled a) softens when the luminosity de-
creases to 1035 erg s−1 but around this luminosity the soft
component might become visible in the spectra together with
an extra harder power-law component (with a photon index
well below 2; labelled b in Fig. 7, left panel) whose origin
is not known at the moment. Due to the usually poor qual-
ity of the obtained data, the components are typically diffi-
cult to separate from each other and when fitting the data
with a single power-law model, the overall spectrum is rather
soft with a high photon index (> 2). When the luminosity
decreases further, the power-law component (power law a)
due to the accretion flow decreases in strength. Although
this component could possibly soften further, at this time
the thermal emission from the neutron-star surface and the
second, harder power-law component (power law b) domi-
nate the spectrum. At the lowest luminosities of ∼ 1034 erg
s−1, the original power-law component (power law a) has
decayed to very low flux levels and cannot be detected any-
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more in the spectra. Only the thermal component and the
hard power-law component (power law b) are detected. The
softening of the X-ray spectra is mostly due to a decrease of
the temperature of the thermal component.

Although it is currently unclear which scenario is the
correct one (or that it could be a combination of both scenar-
ios), we currently consider scenario 2 as the most promising
one. In black-hole systems the power-law component must
come from the accretion process and it is now well estab-
lished that at the lowest accretion luminosities this compo-
nent becomes softer (see discussion in Plotkin et al. 2013).
Considering the many similarities in the accretion process
between neutron-star systems and the black-hole ones, it
is reasonable to assume that the power-law component will
behave similarly in both types of systems. The softening
can be explained in context of radiatively inefficient accre-
tion flows (see the discussions in Armas Padilla et al. 2013a;
Plotkin et al. 2013, and references therein). In this model,
it is difficult to understand why in the neutron-star systems
the spectra should be harder than in the black-hole binaries
when both systems are in quiescence. We consider it more
plausible that not one but two processes are active at low
accretion rates in the neutron-star systems which both pro-
duce a power-law component in the spectrum. One process
is tied to the accretion flow at large distances and one is due
to an unknown origin (in section 4.2 we discuss the possible
nature of this component further). High signal-to-noise ratio
observations at the right X-ray luminosity are needed to be
able to distinguish between the two scenarios.

When the luminosity decreases even further (to quies-
cent luminosities) for the neutron-star systems, three differ-
ent possibilities can be observed (see Fig. 7). First, some
systems are totally dominated by a power-law component
(Fig. 7 right bottom). It is currently still unclear what causes
this component (it has been postulated that it might be
related to the magnetic field of the neutron star; see the
discussions in Campana et al. 1998; Rutledge et al. 2001b;
Degenaar et al. 2012e) and if it is related to the power-
law component (scenario 1) or components (scenario 2)
seen at higher luminosities. Second, some quiescent X-ray
spectra could be totally dominated by a thermal compo-
nent (Fig. 7 right middle). Typically it is assumed that
this is due to cooling emission from the neutron star which
has been heated during outburst (e.g., Brown et al. 1998;
Rutledge et al. 1999, 2001a,b; Campana et al. 2000), al-
though very low level accretion onto the neutron-star surface
cannot be excluded either. Third, in some quiescent sources
both spectral components are still clearly detectable. Usu-
ally, the power-law component is hard with photon indices
well below 2 (and sometimes even below 1, although the
errors are typically very large). Although the soft compo-
nent could be due to cooling of the neutron star, variabil-
ity in this component in some neutron-star X-ray transients
in quiescence (e.g., Cen X-4, Aql X-1 Campana et al. 1997,
2004; Rutledge et al. 2002a; Cackett et al. 2010, 2011, 2013;
Bernardini et al. 2013) suggests that very low-level accretion
onto the neutron-star surface is more likely in those systems.
Since the spectral shape (i.e., a two component model with a
hard power-law component) of these quiescent neutron stars
is very similar to that of the neutron-star LMXBs at ∼ 1034

erg s−1, we tentatively suggest that the underlying physical
mechanism is the same. The lower temperature of neutron-

star surfaces in the quiescent systems compared to those at
higher luminosities can be explained because of the lower
accretion rate onto the surface of the neutron stars. The
hard component still remains an enigma, but in the next
section we suggest that it might be directly connected with
the accretion process onto the surface as well.

This suggestion is further supported by the very recent
paper by D’Angelo et al. (2015) which studied the quies-
cent spectrum of the neutron-star X-ray transient Cen X-4.
They also reached the conclusion that in this source both
the thermal as well as the non-thermal component are due
to low level accretion onto the neutron-star surface. This
conclusion is consistent with our conclusions, although we
suggest that this is true not only for the quiescent systems
but also for the sources that have X-ray luminosities up to
a few times 1034 erg s−1.

4.2 A roughly equal contribution of the soft and
hard component to the 0.5–10 keV
luminosity?

When both the soft and the hard component are clearly
distinguished in the X-ray spectrum, one can calculate
the relative contribution of both components to the 0.5–
10 keV luminosity. This has been done for several sources,
both actively accreting sources (Armas Padilla et al. 2013b;
Campana et al. 2014) and quiescent systems (Cackett et al.
2010; Fridriksson et al. 2011; Homan et al. 2014). When
looking at those references, it becomes strikingly apparent
that when there are good indications that the source is ac-
tively accreting onto the surface of the neutron star5 in many
occasions both components contribute about half6 the flux
in the 0.5–10 keV energy range (within the, often large, er-
rors).

Moreover, for Cen X-4 there are many quiescent ob-
servations at different flux levels and both components in-
crease and decrease in a similar fashion, ensuring that
the contribution of both components to the 0.5-10 keV
flux remains about equal (Cackett et al. 2010). In addition,
Campana et al. (2014) reported for Aql X-1 that the frac-
tional contribution of both components remained roughly
constant (for luminosities below 1035 erg s−1; above that
the power-law component dominated fully the X-ray spec-
tra) when it was decaying after a main outburst. Only at
the lowest luminosities (a few times 1033 erg s−1) the ther-
mal component dominated (although the power-law contri-
bution was still of order 30%; at these luminosities it was
proposed by Campana et al. (2014) that the source was in
the cooling regime and that the neutron star was not accret-
ing anymore). Finally, Bahramian et al. (2014) found that
during the rise of the third discovered X-ray transient in
the globular cluster Terzan 5, the soft component and the
hard component also increased together in such a way that
their fractional contributions to the 0.5–10 keV luminosity

5 This would be because type-I X-ray bursts are observed or
strong variability is observed either during the observation or be-
tween different observations (e.g., accretion flares on top of a crust
cooling curve Fridriksson et al. 2011; Homan et al. 2014)
6 With ’about half’ we mean that the contribution of the different
components always lay within 40% to 60% of the total flux.
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Figure 7. Two possible scenarios explaining the observed softening of the neutron-star spectra when the X-ray luminosity decreases
from 1036 erg s−1 down to 1034 erg s−1 (see main text for full details). In quiescence (right panels) three different type of quiescence
spectra are observed: the spectrum is fully dominated by the power-law component (bottom), the spectrum is fully dominated by the
thermal component (middle) or in the spectrum both components are clearly detected (top).

remained approximately 50%. Only above a luminosity of
∼ 1035 erg s−1 this broke down and the power-law compo-
nent became much more dominant than the thermal com-
ponent (see their Table 4).

This all indicates that some fundamental physical pro-
cess is occurring at low accretion rates in neutron-star sys-
tems that causes the physical mechanism behind the hard
component to be connected with that behind the soft com-
ponent. Only above a luminosity of ∼ 1035 erg s−1 this
might not be true anymore since the power-law component
then dominates the X-ray spectra. At quiescent luminosi-
ties (< 1034 erg s−1) it depends on the contribution of the
thermal component due to the cooling of the neutron star,
which physical process dominates the X-ray emission. It is
interesting to note that in the most basic disc theory for
accretion onto neutron stars (Frank et al. 2002), half the lu-
minosity is generated in the accretion disc and the other half
when the matter hits the surface. Although it is likely that
no disc is present close to the neutron stars when they are
at very low luminosities, it is possible that the energy stored
in the accretion flow is released in such a way that half of it

is emitted very close to the neutron star and the remainder
when the matter hits the star.

Only a few authors have modelled low level ac-
cretion onto neutron stars (see for example the discus-
sions in Rutledge et al. 2002b; Bahramian et al. 2014).
Zampieri et al. (1995) found that the resulting X-ray spec-
trum would be harder than a simple black-body spectrum,
but no significant hard tail would be present. Similar con-
clusions were reached by other authors although some stud-
ies found that a (relatively weak) power-law component was
also present (e.g., Deufel et al. 2001). More detailed theoret-
ical investigations are needed to determine the exact emerg-
ing spectra of low-level accretion onto neutron stars, but
if our hypothesis is correct the hard power-law component
also have to be explained by such models and that it should
contribute about half to the 0.5–10 keV luminosity.

4.3 Comparing with Jonker et al. (2004a,b)

Jonker et al. (2004a,b) found that for quiescent neutron-star
systems there appears to be an anticorrelation between the

c© 0000 RAS, MNRAS 000, 1–20
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fractional power-law contribution and the total 0.5–10 keV
luminosity for systems that are fainter than ∼ 2 × 1033 erg
s−1 and a correlation between those contributions for sys-
tems that are brighter than this luminosity. From Figure 5
in Jonker et al. (2004b) it can be seen that they have data
points for only one source that has luminosities above 1034

erg s−1 (i.e., XTE J1706–267). Consistent with what we dis-
cussed in section 4.2, that source has a fractional contribu-
tion of the power-law component of ∼50%. The reason why,
when the luminosity decreases below 1034 erg s−1, the frac-
tional contribution of the power-law component decreases is
likely that the thermal emission will be dominated by cool-
ing emission from the neutron-star surface and not by the
accretion emission. If true, then the exact relation might be
different for different sources since the temperature of the
neutron-star surface is likely not the same for all sources
because of their different accretion histories. The emergence
of a dominating power-law component below 2 × 1033 erg
s−1 might suggest that at the lowest luminosity a different
power-law component appears (as suggested as one of the
possibilities in section 4.2), whose origin is still unclear.

4.4 A diagnostic tool to separate the neutron-star
systems from the black-hole ones?

The strong indication that most neutron-star LMXBs are
significantly softer than black-hole systems below an X-ray
luminosity of 1035 erg s−1 (and possibly 1036 erg s−1, but at
this luminosity the source classes overlap) suggests that we
can use the rough spectral shape between 0.5 and 10 keV as
a diagnostic tool to separate the neutron-star LMXBs from
the black-hole systems. For example, for both IGR J17494-
3030 and XTE J1719-291 it has not conclusively been de-
termined that they are neutron-star systems since no type-I
X-ray bursts or X-ray pulsations were observed. However,
it has been argued that they are strong candidate neutron-
star LMXBs (Armas Padilla et al. 2011, 2013c). Indeed, the
spectral index obtained when fiting their spectra with a sim-
ple power-law model falls right in the regime of the con-
firmed neutron-star LMXBs7.

Similarly, Sidoli et al. (2011) reported on the X-ray
spectral properties of the unclassified X-ray transient IGR
J17285–2922 (also called XTE J1728–295). From the low X-
ray upper limit on the quiescent luminosity of the source,
they suggested it likely harbours a black hole as compact
primary, but they could not be conclusive. However, they
also reported that the photon index was 1.61±0.01 when
the source had a X-ray luminosity of ∼ 6.1 × 1035 erg s−1

(0.5–10 keV; converted from the listed 0.3–10 keV flux us-
ing WebPIMSS, and assuming a distance of 8 kpc). This
would place the source just below the neutron-star points in
Figure 1 but fully consistent with the black-hole points. Al-
though the neutron-star transient IGR J18245–2452 in the
globular cluster M28 has similar hard spectra at this lu-
minosity (Linares et al. 2014), this behaviour is more com-
monly observed for black-hole systems. So, although we can-
not conclusively determine the nature of the compact object

7 We note that if we remove both sources from our plots, the
correlation we found does not change so the effect of those sources
on our correlation is minimal.

in this system, this would add evidence to the suggestion by
Sidoli et al. (2011) that this source harbours a black hole.

Another interesting source is AX J1548.3–5541.
Degenaar et al. (2012a) suggested that it is likely a LMXB.
Its X-ray spectrum is too soft (with a photon index of
2.3±0.1) for it to be a high-mass X-ray binary. These au-
thors could not say anything about the nature of the ac-
cretor if the source is truly a LMXB. In their paper, they
reported the luminosity in the 0.3–10 keV band and when
we convert that (using WebPIMMS) to 0.5–10 keV we get a
luminosity of ∼ 3×1035 erg s−1. These luminosity and pho-
ton index would place the source right on the neutron-star
track in Figure 1 and therefore, we tentatively classify this
source as a neutron-star LMXB.

Another unclassified source is the X-ray transient
XMMSL1 J171900.4-353217 (see Read et al. 2010a,b;
Markwardt et al. 2010). Armas Padilla et al. (2010) and
Read et al. (2010b) reported on the spectral properties of
this source and they found a relatively soft X-ray spectrum
(with photon index >2). If we assume a fiducial distance
of 8 kpc for this source, its X-ray luminosity is typically
around 1035 erg s−1 (Read et al. 2010b; Armas Padilla et al.
2010). This would put the source right on the neutron-star
track and well above that observed for the black-hole sys-
tems. Therefore, we also tentatively identify this source as
a neutron-star LMXB.

A very peculiar source is the X-ray transient IGR
J17361–4441 located in the globular cluster NGC 6388
(Gibaud et al. 2011; Ferrigno et al. 2011). The nature of this
source remains an enigma. Its transient behaviour, and lo-
cation in a globular cluster would suggest the source being
a LMXB. However, its very hard X-ray spectra (with pho-
ton indices ∼1; Ferrigno et al. 2011; Wijnands et al. 2011;
Bozzo et al. 2011) are not consistent with the typically ob-
served spectra of LMXBs at the luminosities observed for
the source (peak luminosities of 6 to 9 ×1035 erg s−1;
Wijnands et al. 2011). Alternative explanations have been
put forward (Wijnands et al. 2011; Del Santo et al. 2014),
but in the appendix we argue that the source is indeed a
LMXB harbouring either a black hole or a low-magnetic
field neutron star. However, comparing IGR J17361–4441
with the other sources shown in Figure 1 demonstrates that
it is not consistent with either the neutron-star systems or
with the black-hole transients. Therefore, some unusual sys-
tems behave differently than the average population and are
not classifiable using Figure 1.

To conclude, we propose that comparing the spectral
index obtained from fits with a simple power-law model at
a 0.5–10 keV luminosity of 1034 − 1035 erg s−1 (Fig. 1) can
be used to suggest in most circumstances (but not all, as
we demonstrated above using IGR J173611–4441) the na-
ture of the compact object in an unclassified X-ray binary,
if this source exhibits accretion luminosities between 1034

and 1035 erg s−1. More systems need to be studied in this
luminosity range to confirm that Figure 1 can indeed be
used as a diagnostic tool. In addtion, more systems have to
be studied between 1035 and 1036 erg s−1 to determine if
also in this luminosity range neutron-star LMXBs have (on
average) softer spectra than the black-hole systems.
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Table 1. Neutron-star X-ray transients which have low NH

Source References Distance Nh
H

Γ LX

(kpc) (1022 cm−2) (1035 erg s−1)

AX J1754.2–2754 Armas Padilla et al. (2013b) 9.2 2.93±0.06 2.51±0.03 2.74±0.08
Degenaar et al. (2012a)a 2.1±0.3 2.8±0.2 2.1±0.2

1RXS J171824.2–402934 Armas Padilla et al. (2013b) 9.0 1.78±0.04 2.33±0.04 0.78±0.01
in ’t Zand et al. (2009) 1.3 2.44±0.1 0.63±0.03

2.37±0.11 0.54±0.03
Campana (2009)b,c 1.2±0.1 2.3±0.3 0.88

1.9±0.1 3.6
2.1±0.1 2.1
2.4±0.1 0.97
2.4±0.2 0.56

1RXH J173523.7–354013 Armas Padilla et al. (2013b) 9.5 1.43±0.07 2.45±0.07 0.56±0.03
XTE J1709–267 Degenaar et al. (2013) 8.5 0.34±0.03 2.0±0.1 29±2

2.4±0.1 15±2
2.6±0.3 0.7±0.1

0.49±0.01 2.90±0.04 0.201±0.001e

IGR J17062-6143 Degenaar et al. (2012c)c 5.0 0.20±0.01 2.1±0.1 6
1RXS J170854.4–321857 in ’t Zand et al. (2005) 13.0 0.40±0.01 1.9±0.2 15±1

Campana (2009)c 0.43±0.02 1.98±0.05 33
2.4±0.1 3.6

SAX J1753.5-2349 Campana (2009)c 8.8 1.9+0.5
−0.6 2.0±0.4 7.7

Swift J174805.3-24463f Bahramian et al. (2014)g 5.9 1.74 2.5±0.4 1.0+0.3
−0.2

2.3±0.3 1.5±0.2
1.9±0.4 3.7±0.5
1.4±0.1 27.3±1.3

2.07±0.07 21.3±0.8
1.7±0.1 12.2±0.7
1.8±0.1 10.8±0.7
1.9±0.2 11.0±1.2
1.8±0.1 9.1±0.5
1.9±0.2 8.9±0.7
2.0±0.1 6.2±0.5
1.8±0.3 4.6±0.5
2.0±0.2 1.9±0.2

Aql X-1 Gandhi et al. (2014) 5.0 0.95±0.2 2.6±0.3 0.60±0.15

IGR J17494–3030d Armas Padilla et al. (2013c) 8.0 1.87 1.8±0.2 10.7±0.08
1.9±0.1 13.4±0.08
1.8±0.3 8.7±0.08
2.0±0.3 2.6±0.08

XTE J1719–291d Armas Padilla et al. (2011) 8.0 0.53 2.02±0.08 13.3±0.8
2.74±0.05 0.475±0.007

2.83±0.25 0.36+0.03
−0.02

2.6±0.4 0.30+0.06
−0.03

2.32±0.11 2.8±0.2

2.15±0.09 4.4±0.3

2.7±0.4 0.38+0.07
−0.03

a 0.3–10 keV fluxes converted to 0.5–10 keV fluxes using WebPIMMS
b Luminosities converted to 9 kpc
c No errors on luminosities (see section 3.4)
d NS nature not yet confirmed
e Luminosity calculated from a power-law plus a neutron-star atmosphere model fit to the same spectrum
f Also know as Terzan 5 X-3; the third bright X-ray transient in the globular cluster Terzan 5
g Data taken from their Table 9; excluding the data with X-ray luminosities > 5× 1036 erg s−1 and with errors on the photon index >0.5
h The column density as obtained in the quoted papers. If no errors are given, the column density was fixed to the value quoted (i.e., for
1RXS J171824.2–402934 the NH used was obtained by in ’t Zand et al. (2005) using a higher quality Chandra observation of the source;
for Swift J174805.3–24463 the NH used was obtained from quiescent spectra also reported by Bahramian et al. (2014); for IGR J17494–3030 and
XTE J1719–291 the reported NH was deteremined from high quality XMM-Newton data reported in Armas Padilla et al. (2013c) and
Armas Padilla et al. (2011), respectively).
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Table 2. Black-hole X-ray transients

Source References Distance Nf
H

Γ LX

(kpc) (1022 cm−2) (1035 erg s−1)

Swift J1357.2–0933a,b Armas Padilla et al. (2013a) 1.5 0.012 1.53±0.02 1.13±0.02
1.58±0.02 1.01±0.01
1.56±0.01 0.941±0.007
1.55±0.02 0.708±0.008

1.57+0.05
−0.06 0.56±0.02

1.59±0.02 0.445±0.005
1.58±0.02 0.346±0.004
1.61±0.03 0.203±0.004
1.65±0.05 0.110±0.003
1.78±0.06 0.059±0.002
1.9±0.2 0.012±0.001

Plotkin black-hole samplec,d Plotkin et al. (2013) – – 2.05+0.21
−0.17 (4.1 ± 2.5) × 10−5

2.15+0.19
−0.18 (3.3 ± 1.8) × 10−4

1.98+0.10
−0.11 (4.4 ± 1.7) × 10−3

2.02±0.06 (3.7 ± 2.1) × 10−2

1.67±0.08 0.43± 0.09

Swift J1753.5–0217 Reis et al. (2010)e 8.5 0.175±0.001 1.666±0.003 35.44±0.09
GRO J1655–40 Reis et al. (2010)e 3.2 0.525±0.003 1.660±0.005 11.6±0.2
XTE J1118+480 Reis et al. (2010)e 1.72 0.0080±0.0001 1.877±0.005 4.60±0.04
MAXI J1659–152 Jonker et al. (2012) 6 0.27±0.01 1.48±0.03 0.82±0.09
H 1743–322 Jonker et al. (2010) 8.5 2.3 1.74±0.05 25.3±0.5

1.59±0.08 9.2±0.3
1.70±0.08 3.29±0.09
1.6±0.1 1.82±0.09
1.9±0.2 0.66±0.05

a Strong BH candidate
b Using the averaged data; data points not tabulated in Armas Padilla et al. (2013a)
c Using the averaged data as caculated from their Table 3 and 5
d The luminosity errors correspond to the standard deviation on the luminosity points use to calcualte the average
e 0.5-10 keV fluxes obtained using a more complex model.
f The column density as obtained in the quoted papers. If no errors are given, the column density was fixed to the value quoted (i.e., for
Swift J1357.2–0933 the NH used was obtained by Armas Padilla et al. (2014a) using a high quality XMM-Newton observation of the source;
for H 1743–322 the NH used was obtained from high quality outburst spectra reported by Miller et al. (2006).)
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Table 3. Neutron-star X-ray transients which are also AMXPs

Source References Distance Ne
H

Γ LX

(kpc) (1022 cm−2) (1035 erg s−1)

NGC 6440 X-2 Heinke et al. (2010)a 8.5 0.59 2.4±0.5 0.33±0.08
2.3±0.4 0.31±0.06
1.8±0.2 5.9±0.6

1.9±0.3 1.0+0.2
−0.1

1.7±0.1 5.5±0.3

2.3+0.3
−0.4 0.9±0.1

0.69±0.06 1.8±0.1 15.5±0.6
IGR J00291+5934 Lewis et al. (2010)b 3 0.6±0.1 1.7±0.1 5.2±0.2

0.5±0.1 1.6±0.1 2.1±0.2
IGR J18245–2452 Linares et al. (2014)c 5.5 0.32±0.02 1.34±0.04 18.7±0.9

0.44±0.02 1.37±0.02 36.9±1.1
0.33±0.02 1.31±0.04 40.2±2.0
0.38±0.02 1.26±0.03 48.1±2.2
0.38±0.04 1.23±0.05 28.7±2.1
0.43±0.04 1.47±0.05 15.5±1.1
0.30±0.08 1.50±0.14 1.9±0.3
0.51±0.06 1.30±0.08 7.6±0.8
0.46±0.02 1.50±0.03 32.8±1.1
0.42±0.04 1.53±0.07 6.9±0.6
0.37±0.04 1.41±0.07 12.7±1.1
0.51±0.07 1.66±0.10 7.8±0.9
0.41±0.02 1.46±0.03 17.5±0.8
0.39±0.02 1.37±0.02 27.0±0.9
0.34±0.02 1.51±0.03 12.2±0.5
0.44±0.04 1.56±0.05 5.4±0.4
0.4±0.1d 2.4±0.2 0.4±0.2

a Data points taken from their Table 1 using the same criteria as for the non-pulsating sources.
b Data points taken from their Table 6; 2–10 keV fluxes converted to 0.5–10 keV fluxes using WebPIMMS.
c Data points not tabulated by Linares et al. (2014).
d We used the average data for the observations taken between April 15-17, 2013.
e The column density as obtained in the quoted papers. If no errors are given, the column density was fixed to the value quoted (i.e., for
NGC 6440 X-2 the NH used was fixed to the cluster value.)
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Table 4. Neutron-star X-ray transients which have high NH

Source References Distance Nc
H

Γ LX

(kpc) (1022 cm−2) (1035 erg s−1)

GRS 1741–2853 Degenaar et al. (2012b)a 7.2 11.4±1.1 2.0±0.3 2.8±0.3
1.5±0.2 3.3±0.2
1.6±0.4 0.76±0.04

AX J1745.6–2901 Degenaar et al. (2012b)a 8 21.8±0.3 1.9±0.1 8.0±0.3
1.6±0.1 39.8±0.9
1.8±0.1 32.4±0.9
1.6±0.1 42.2±0.9
1.8±0.1 39.0±1.0
1.6±0.1 17.3±0.5

SAX J1747.0–2853 Degenaar et al. (2012b)a 6.7 9.5±0.2 2.0±0.1 39.1±0.5
2.6±0.1 18.6±0.2

KS 1741–293 Degenaar et al. (2012b)a 8 16.6±1.8 1.8±0.3 2.2±0.2
XMMU J1747161–281048 Del Santo et al. (2007)a 8.4 8.9±0.5 2.1±0.1 1.15±0.07

Degenaar et al. (2011)a,b 8.4 8.6±2.3 2.2±0.5 1.2

a 2–10 keV fluxes converted to 0.5–10 keV fluxes using WebPIMMS
b No errors on the flux (see section 3.4)
c The column density as obtained in the quoted papers
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APPENDIX A: THE TRANSIENT IN NGC 6388

The transient IGR J17361–4441 was discovered using IN-
TEGRAL in August 2011 (Gibaud et al. 2011). The source
position is consistent with that of the globular cluster
NGC 6388 (Ferrigno et al. 2011). Its location in a globu-
lar cluster suggests that if the source is an X-ray binary,
the accretor is accreting matter from a low-mass compan-
ion star. Swift/XRT follow-up observations showed a very
hard source with a photon index ∼1 (Ferrigno et al. 2011;
Wijnands et al. 2011; Bozzo et al. 2011). Such a hard index
is atypical for neutron-star or black-hole X-ray transients.
It has been suggested it could be a X-ray transient harbour-
ing a strong magnetic field neutron star (Wijnands et al.
2011) since such systems have typically similarly hard
spectra (e.g., Becker et al. 1977; Giles et al. 1996). Al-
ternatively it could be an intermediate mass black hole
(Wijnands et al. 2011) but the source position is not ex-
actly in the center of the cluster and therefore this scenario
is unlikely (Pooley et al. 2011). Recently, it was suggested
(Del Santo et al. 2014) that the transient could be a tidal
disruption event, in which a planetary sized body was dis-
rupted by an heavy white dwarf (with a mass close to the
Chandrasekhar limit).

At the time when the transient was discovered with
INTEGRAL, we requested a DDT observation on XMM-
Newton to study the X-ray spectrum of this source in de-
tail. This request was approved and the observation was
performed on 23 September 2011 for an on-source exposure
time of ∼ 43 ksec. The spectral results of this observation
will be reported elsewhere (Armas Padilla et al. 2015 in
prepration) but also during the XMM-Newton observation
the source displayed a very hard spectrum (consistent with
the Swift/XRT results). During the XMM-Newton observa-
tion we used the EPIC-pn camera in timing mode to avoid
pile-up and to be able to search for X-ray pulsations and
aperiodic rapid X-ray variability. We find no evidence for
coherent pulsations, however, we do detect strong aperiodic
variability (including a quasi-periodic oscillation or QPO).

We applied the standard reduction on the pn data. Since
the pn was used in timing mode, one of the spatial dimen-
sions was collapsed and the normal practice of extracting the
source data using a circle around the source position cannot
be applied. Therefore, as source and backround events we ex-
tracted the data using the RAWX columns [36:39] and [9:12],
respectively. Both the source and the background were ex-
tracted in the energy range 0.5–10 keV. We rebinned the
pn data to a time-resolution of 1 msec and then used a fast
fourier transform to create ∼4300 s long power density spec-
tra of the source. All data were added to create one spec-
trum. The spectrum was renormalized using the background
count rate obtained from the background data. The Possion
level was estimated from frequencies above 15 Hz and then
subtracted from the power spectrum. The resulting power
spectrum is shown in Figure A1. Clearly strong band lim-
ited noise is seen together with a narrow QPO at around 0.01
Hz. We fit the QPO with a Lorentzian and the band-limited
noise with a broken power-law model. The errors were es-
timated using ∆χ2 = 1.0. For the QPO we obtained a fre-
quency of 0.1026±0.0009 Hz, a fractional rms amplitude of
17.2%±0.7% (0.5–10 keV), and a FWHM of 0.022±0.002 Hz.
For the band-limited noise we obtained a break frequency of

Figure A1. The power density spectrum obtained using the
XMM-Newton pn timing data of the transient in NGC 6388.

Figure A2. The break frequency versus the QPO frequency. The
black points are fromWijnands & van der Klis (1999) and the red
point is for the transient in NGC 6388. (A colour version of this
figure is available in the online version of this paper.)

0.037±0.004 Hz, an index of 0.01±0.06 below the break and
1.03±0.04 above the break and a fractional rms amplitude
(integrated over 0.001 to 100 Hz; 0.5–10 keV) of 37%±2 %.

The power spectrum of the source is a typical one seen
often from low-mass X-ray binaries (both neutron-star as
well as black-hole systems) accreting at relatively low lu-
minosities. The indices of the band-limited noise are very
typical: ∼0 before the break frequency and ∼1 above. The
strength of the noise is also very typical. The break fre-
quency and the QPO frequency are very low, but also what
has been seen before in X-ray binaries. To highlight this, we
plotted the QPO frequency versus the break frequency in
Figure A2 and compared it with the data points reported
by Wijnands & van der Klis (1999). Although the QPO fre-
quency seems a bit low compared to the other sources, the
source is still consistent with the Wijnands & van der Klis
relation when taking into account the scatter (see the dis-
cussion in Wijnands & van der Klis 1999).

In accreting high-magnetic field neutron-star sys-
tems, often low-frequency QPOs are also observed (e.g.,
Belloni & Hasinger 1990; Shinoda et al. 1990; Chakrabarty
1998; Raichur & Paul 2008; James et al. 2010, 2011). Al-
though also band-limited noise is often observed, it does
not have the typical broken power law shape we observe for
IGR J17361–4441. Therefore, we think it is unlikely that
the source is a high-magnetic field neutron-star system. The
aperiodic variability of the source shows that most likely the
source is an accreting neutron star or black hole in a low-
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mass X-ray binary. The unusually hard spectrum still needs
to be explained.

Bozzo et al. (2014) also reported the discovery of the
QPO in IGR J173611–4441. They argue that the charac-
teristics of the QPO are compatible with the tidel dis-
ruption event scenario proposed by Del Santo et al. (2014).
Bozzo et al. (2014) rejected a neutron-star X-ray binary
possibility based on the fact that such systems hardly
show QPOs as such low frequencies. However, we disagree
with this statement since such low frequency QPOs have
indeed been reported for neutron-star systems (see, e.g.,
Linares et al. 2007). Therefore, although we cannot exclude
the tidel disruption event hypothesis, we do consider it more
likely that this system is an unusual accreting neutron-star
or black-hole binary.
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