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Abstract. In a former publication, we have analyzed the transient neutron star X-ray
binary GRO J1008−57 using all available RXTE-, Swift-, and Suzaku-data. As we have
found, the source’s spectral components, i.e., a power-law with high exponential cutoff
and a black-body, are strongly correlated with the hard X-ray flux (15–50 keV). We update the analytical description of these dependence, including a change in the photon
index behaviour from a flat to a logarithmic function. The flux, where the change occurs,
is consistent with the onset of the black-body emission. Thus, a change of the accretion
state always occurs in GRO J1008−57 at a particular flux level.

1 Motivation
One of the remaining puzzles in our understanding of accreting neutron star binaries is the formation
of their X-ray spectra and lightcurves. One has to deal with extreme physical conditions, such as
high magnetic fields on the order of 1012 G, relativistic velocities, gravitational redshift and non-ideal
plasmas. In the past decade, improvements of our understanding of accretion columns have started to
reveal relations between observables and properties of the neutron star. It is of particular importance to
support our understanding with comparisons between observations and theoretical milestones. Some
examples are
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• the connection between the spin-change of the neutron star caused by the angular momentum transfer [1],
• the influence of thermal and bulk Comptonization in the accretion column on the X-ray spectrum[2],
• the spectral formation of cyclotron resonant scattering features (CRSF) in a static accretion column
[3, 4],
• the emission height of CRSF depending on the mass accretion rate [5].
All these theories predict that the observable quantities depend on the mass accretion rate, i.e., the Xray luminosity, of the neutron star. Thus, the best way to probe these theories is by studying sources
varying over a wide luminosity range, which is the case during X-ray outbursts of transient neutron
star X-ray binaries with a Be-type companion (BeXRB).
1.1 Observational background

Due to the complex physical processes, the observed X-ray spectra of accreting neutron stars cannot be
described self-consistently by currently existing models. Therefore, the models used to successfully fit
the data are, in most cases, of empirical nature (for a summary of commonly used models see [6] and
[7]). To analyze the correlation of the spectral components with the luminosity, many observations of
one particular source covering a wide flux range have to be analyzed. The strength and time properties
(e.g., date and duration) of an outburst of a BeXRB mainly depend on the activity of the Be-type
companion, i.e., on the size of its circumstellar disk [8, 9]. Because its formation and behaviour
are not understood in detail, the outburst dates of most BeXRBs are not predictable. Consequently,
observations covering a wide luminosity range and, especially, the rising part of an outburst to check
on hysteresis effects in the parameter evolution, are difficult to schedule.
The time-scale between outbursts of a source is either of the order of 10 to 100 days (around the
periastron passage of the neutron star, leading to so-called type I outbursts), or can be many years
(apparently not connected to any specific orbital phase, known as “giant” type II outbursts). As an
observational consequence different outbursts of the same BeXRB are often observed by different Xray missions, each with individual detector responses and data reduction methods. Due to these time
constraints detailed analyses of multi-outburst- and -mission-observations are rare. Fortunately, our
timing analysis of the BeXRB GRO J1008−57 showed that its outburst times can be predicted with
an accuray allowing to schedule observations during particular outburst phases [10].

2 GRO J1008−57
The neutron star in the transient high mass X-ray binary GRO J1008−57 orbits its Be-star companion
of type B0e [11] with an eccentricity of 0.68 [12]. By analyzing the arrival times of the 93.7 spulsations as detected during outbursts in 2005 and 2007 by RXTE, Swift, and Suzaku, we were able
to improve the time of the periastron passage and the orbital period to 249.48(4) d [10]. Using this
ephemeris we calculated the orbital phases of all detected outbursts of GRO J1008−57 in RXTE-ASM
and Swift-BAT, which usually last for 14 d. As a result almost all outbursts are consistent with the
same orbital phase range close to periastron, which allows us to predict the time of maximum flux
during outbursts of this source within 3 d [10].
Using this advantage, we asked for RXTE-observations during the rise of a predicted outburst of
GRO J1008−57 in 2011 April. In addition to the RXTE pointings during the decays of the 2005 and
2007 outbursts, these data allow to study the spectral evolution of this BeXRB depending on outburst
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phase and luminosity state in great detail. The spectrum of GRO J1008−57 above 10 keV can be well
described by a power-law with high exponential cutoff [10, 12–14]. Here, we use the form
CUTOFFPL(E) ∝ E −Γ e−E/Efold

(1)

where Γ is the photon index, and Efold the folding energy. To describe the spectra below 10 keV a
black-body spectrum as well as an iron Kα fluorescence line at 6.4 keV is added. Finally, all components are modified by interstellar absorption using the TBnew-model, a revised version of the absorption model of TBabs [15].
2.1 X-ray Observations

Recently, Reig & Nespoli (2013) [14] and ourselves [10] studied the evolution of spectral parameters of GRO J1008−57 depending on its luminosity. In contrast to the first work, which used the
2007 RXTE-data only, we use one simultaneous Suzaku-pointing and one quasi-simultaneous Swiftpointing during that outburst in addition as well as RXTE-monitoring during outbursts in 2005 and
2011. Because the RXTE-PCA had a field of view of ∼1◦ and no imaging capabilities [16], the
spectrum of a source near the Galactic plane, as is the case for GRO J1008−57, is contaminated by
Galactic ridge emission (GRE; see, e.g., [17] and references therein). Using data from an RXTEcampaing in 1996/97, where GRO J1008−57 was in a quiescence state, we are able to remove the
influence of the GRE from the source spectra using a model by [18, 19]. In this way we are able to
compare the spectral parameters between different outbursts and during the rise and decay. The log of
all observations can be found in the online material1 of [10].
2.2 Spectral Evolution

The results of Reig & Nespoli (2013) [14] show that the photon index Γ as well as the folding energy
Efold are correlated with source flux. However, they used data from RXTE-PCA only, covering the
3 to 60 keV energy range. Our spectral fits (see [10]) using the same dataset in combination with
Swift-XRT and Suzaku-XIS show that a black body component with a temperature of around kT =
1.8 keV is needed to successfully describe the spectrum below 3 keV. By investigating contour maps
of different flux levels, we found that this temperature stays constant over the 2007 outburst within
uncertainties. Further investigations show that the folding energy Efold stays constant over time as
well. This is in contrast to earlier findings [14] but can be explained by the often observed statistical
degeneracy between the photon index Γ and the folding energy when there is not a broad (up to
∼100 keV) energy coverage.
To constrain the time-independent parameters kT and Efold well, we performed a simultaneous fit
of all available data of the 2007 outburst of GRO J1008−57 applying the method we described in [20].
Please note that compared to the usual approach, where each spectrum is fitted individually, we analyzed all spectra of the source simultaneously using the Interactive Spectral Interpretation
System [ISIS, 21] and performed one combined fit. Thereby, a set of so-called group parameters,
which are still allowed to vary between all spectra, is assigned to each spectrum. On the other hand,
the time-independent global parameters are determined by all data during the χ2 -minimization. After
a successful fit of all spectra during the GRO J1008−57’s 2007 outburst, we added the 2005 and 2011
spectra to the simultaneous fit to check if the global parameters have the same values during different
outbursts and between rise and decay of an outburst.
1 http : //www.aanda.org/articles/aa/full_html/2013/
07/aa21203-13/T9.html
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Figure 1. The photon index Γ (top) and the black-body flux FBB (bottom) as function of the power-law flux FPL
(15–50 keV) as measured during outbursts of GRO J1008−57 in 2005, 2007, and 2011. The best-fit of empirical
functions to the black data-points as described in the text is shown in red, while the dotted vertical line is the
fitted flux level, where a change in the parameter correlations occurs.

As a remarkable result, the spectrum of GRO J1008−57, at any time, can be described by only
three free parameters : the power-law flux FPL , the black-body flux FBB , and the photon index Γ [22].
Their correlations are shown in Fig. 1 for each of the 68 analyzed observations. The photon index Γ
and black-body flux FBB clearly correlate with the power-law flux FPL (15–50 keV). Just as the global
parameters, these correlations do not depend on a specific outburst or on the rise or decay. In [10],
we fitted a logarithmic and a linear function to the Γ- and FBB -correlation, respectively. Knowing the
global parameters and the latter correlations, leads to the following result :
the spectrum of GRO J1008−57 can be described knowing only one parameter, which is the
power-law flux.
To the authors’ knowledge this is the first neutron star of which the spectrum can be predicted by
using only the flux measured by an all-sky-monitor, e.g., by the Swift-BAT.
The simple fit to the correlations (Fig. 1) we performed in our previous analysis [10] lead to a
good description of the data (χ2red = 1.28 with 76 d.o.f.). The linear equation describing the blackbody flux shows that the black-body significantly contributes once the power-law flux reaches 10(4) ×
10−11 erg s−1 cm−2 . If we interpret this flux level as caused by a change in the accretion process
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onto the neutron star, the question arises whether there is evidence for a change in the photon index
behaviour at the same flux level as well. Indeed, modifying its correlation with the source’s flux
(upper panel of Fig. 1), such that below a certain flux value the photon index is independent of the
power-law flux, leads to a better description of the data than we obtained before. Furthermore, the flux
level where that change appears is consistent with the onset of the black-body component. Thus, we
performed a combined fit of both correlations with only one flux level, F0 , among the fit parameters,
which results in a perfect description of the data (χ2red = 1.02 with 76 d.o.f., see red line of Fig. 1).
The improved parameter correlations compared to our previous analysis [10] are



, FPL < F0
Γ0


Γ=
(2)

0
Γ0 − b ln −9 FPL −F
, FPL ≥ F0
10 erg s−1 cm−2
and
FBB




, FPL < F0
0
=

d(FPL − F0 ) , FPL ≥ F0

(3)

−10
+0.010
with F0 = 0.96+0.20
erg s−1 cm, Γ0 = 1.31 ± 0.04, b = 0.197+0.008
−0.22 × 10
−0.009 , and d = 0.190−0.010 .

3 Conclusions
The unexpected result of our analysis of three outbursts of GRO J1008−57 using different X-ray
satellites, is that its spectrum can be predicted just knowing its 15–50 keV flux. Above a certain flux
36
−1
level, which corresponds to an unabsorbed luminosity of 1.54+0.22
−0.26 × 10 erg s cm between 0.01 and
100 keV as predicted by our spectral model, the power-law as well as the black-body dependency on
the source flux changes. That is in agreement with observational findings by [14], who discovered a
change in parameter correlations in several BeXRB, and it confirms that some observable quantities of
neutron stars, which is the spectral shape in case of GRO J1008−57, depend on the X-ray luminosity
(compare Section 1). In particular, our findings can be interpreted in the context of accretion state
changes as proposed by Becker et al. (2012) [5]. These authors investigated the X-ray emission
height in accretion columns as a function of luminosity. They calculated luminosity levels, where
in each case different forces are balanced. In particular, at a certain level the infalling material can
be stopped by Coulomb interactions rather than by striking the surface of the neutron star. With
increasing luminosity the height where the Coulomb interactions will decelerate the material to rest
will increase as well. That might explain why the power-law index Γ changes above the flux level
we reported here. On the other hand, once the source is below that value the matter hits the surface
directly and the spectral shape will not change with decreasing luminosity. However, this explanation
must be treated with causion, because no physical model based on these theoretical hypotheses are
implemented yet which could be fitted to observational data. Furthermore, other neutron star transients
should show a similar behaviour in case the above picture turns out valid. Thus, further observations
and thorough analysis are needed.
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