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Abstract. We estimate the wind speeds with a Bayesian inference and a Markov Chain Monte
Carlo (MCMC) tool for the high resolution X-ray spectra of Vela X-1, to understand the effect of
satellite lines on spectral analysis. After modelling continua and He-like triplets of the spectra
with a parameterized two-component power-law model and a mullti-Gaussian model, respec-
tively, we estimate the contamination from satellite lines, and improve the self-consistency of
wind speeds derived from the He-like triplet lines of different elements. Moreover, our fitting
shows that the column density of scatter component varies from phase to phase.
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1. Introduction
To understand the X-ray binary (e.g. Vela X-1), much information is derived from the

X-ray spectral observations, such as the wind speed, the element abundance and tem-
peratures. The derivation depends on fitting the observed spectra with χ2 and Bayesian
inference. The advantages of Bayesian analysis over χ2 (Sako et al. 1999; Goldstein et al.
2004) are the inclusion of prior information of data, providing possible values and confi-
dence intervals for each parameter (e.g., Reichart et al. 1999; Benítez 2000; Buchner et al.
2014; Walker et al. 2015).

Using the Bayesian analysis, it is possible to study the effect of satellite lines to He-
like triplets on the derived physical information. He-like triplets are commonly used to
diagnose the temperature and density (Porquet & Dubau 2000). And close to the triplets,
there are some robust satellite lines. Due to the limited resolution, they overlap with their
parent lines, which shift the triplets center and distort the line profile significantly (Wang
et al. 2017).

In the present work, we take a well-studied X-ray binary, Vela X-1, as an example,
to study this effect on the derived wind speeds. The satellite lines have been taken
into account when we fit the observed He-like triplets with Bayesian analysis. The wind
speeds, from the difference between the line at rest and fitted wavelength, show a good
self-consistency among various lines. In addition, the error ranges are given from the
fitted line profiles, which would be passed to the diagnosed temperature from the line
ratio.
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2. Method
For each parameter of a model fitted to a high resolution X-ray spectrum, we aim to

marginalize the posterior probability density function (hearafter PDF) to derive the best
fitted value and its corresponded uncertainty. In the Bayesian approach, the posterior
PDFs of the model parameters for a given observed spectra, Fobs(E), is

P (p, b | Fobs(E)) =
L(Fobs(E) | p, b)× p(p, b)

L(Fobs(E))
(2.1)

(MacKay 2003). Where p is a vector of parameters of a spectral model, b represents the
background noise of a X-ray spectrum and L(Fobs(E)) is the normalization independent
of all the parameters.
L(Fobs(E) | p, b) is the likelihood function of Fobs(E) given the parameters [p, b], whose

logarithm form can be written as

lnL(Fobs(E) | p, b) =−
M∑

m=1

ln(2πδ2m)−
M∑

m=1

1

2

[
Fmod(Em | p)− Fobs(Em)

δm

]2
(2.2)

where,

δm =
√

εobs(Em)2 + b2, (2.3)

M is the total data number used in spectral fitting, and εobs(Em) is the error of the
observed spectrum. In this analysis, the dataset of Fobs(E) were observed with the
Chandra HETG/ACIS-S – the High-Energy Transmission Grating/Advanced Imaging
Spectrometer, during three different orbital phases centered on Eclipse, φ= 0.25, and
φ= 0.5 in 2001, with Chandra ObsIDs 1926, 1928, and 1927, respectively. The observa-
tion and instrument details can be found in Paul et al. (2002); Sako et al. (2003) and
Goldstein et al. (2004). Fmod(Em | p) is a parameterized spectral model, which is com-
posed by a two component continuum emission model (Sako et al. 1999), having the
form

Fcont(E) =Ascat exp
[−σ(E)N scat

H

]
E−Γscat

keV +Adir exp
[−σ(E)Ndir

H

]
E−Γdir

keV , (2.4)

and a multi-Gaussian line model (Fline(E)), having the form

Fline(E) =

n∑
i=1

Aj exp

[
− (E −Ej)

2

2ε2j

]
. (2.5)

Where n is the total number of lines fitted in each set of He-like line emission. Both Fcont

and Fline(E) are the energy-resolved photon flux.
p(p, b) is the prior function. Here we use a step function over each parameter

p(p) =

{
1

pupper−plower
, if p∈ [plower, pupper]

0, otherwise
,

p(b) =

{
1

bupper
, if b∈ (0., bupper)

0, otherwise
.

(2.6)

Selecting the [plower, pupper] and bupper is different from case to case.
In this work, we adopt a stable, well-tested MCMC algorithm, emcee proposed by

Foreman-Mackey et al. (2013) to the spectral study of Vela X-1. The algorithm of emcee
is based on the Metropolis-Hasting method (Section 15.8 of Press 2007) and an affine-
invariant ensemble sampling algorithm called the “stretch move” (Goodman & Weare
2010).
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Figure 1. The best fitted continua and corresponding error ranges are shown in thick black
lines and hatched areas. Observed spectra for Eclipse, φ= 0.25, and φ= 0.5 are represented by
red, green, and blue steps, respectively.

(a) (b)

Figure 2. The best fitted He-like triplets, using spectra of φ= 0.5 as examples.

3. Results
The best fitted Fcont are shown in Figure 1. For the column density of scatter com-

ponent in the model (Sako et al. 1999), N scat
H are derived as 0.24+0.26

−0.16, 7.75
+0.88
−0.92, and

0.22+0.13
−0.10 in 1022cm−2 for φ= 0, 0.25, and 0.5, respectively. This variation from phase

to phase might imply a non-spherical structure of the stellar wind, which is in agreement
with the simulation of Blondin et al. (1991).

Figure 2 gives the best fitting of the observed He-like triplets of silicon and magnesium.
From the difference between the fitted wavelength and that at rest, we derived the wind
speeds in km/s as 153+32

−33 and 132+27
−25 from resonance (r) and forbidden (f) lines, as well

as 230+74
−91 and 153+96

−86 from intercombination (i) lines of Si. Compared with the previous
results, this shows that considering the distribution of the satellites around would be
helpful to improve the self-consistency within 1− σ error region (Zhang et al. 2019).

In addition, due to the inclusion of satellite lines, the line flux derived is systematically
lower. Also the continua and background effect would affect the line intensity determina-
tion, which are used to derive the abundance and the temperature with line ratios (i.e.
G(Te) = (f + i)/r).
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4. Summary
In this work, we applied a Bayesian approach to the archive spectra of Vela X-1

with three different phases, φ= 0, φ= 0.25, and φ= 0.5. We adopt a parameterized two-
component power-law model and a multi-Gaussian model to predict the continua and
He-like triplets, respectively, for all three phases, by setting all parameters as free. Then
we fit the observed continua and He-like triplets of Mg 11 and Si 13, by using an MCMC
algorithm, emcee to recover the posterior PDFs of all parameters of Fcont, Fline, and
the background. In our results, the column density of scatter component N scat

H varies
from phase to phase, which implies a non-spherical structure of stellar wind. Moreover,
our measured wind velocities show very good self-consistency, which provide a reliable
approach for the diagnostics of photoionzied plasma in the future.
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