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Abstract
We present a parameter estimate for continua, and He-like triplets of the high resolution X-ray spectra with a Bayesian
inference and a Markov Chain Monte Carlo (MCMC) tool. The method is applied for Vela X-1 with three different
orbital phases (φ), Eclipse, φ = 0.25, and φ = 0.5, which are adopted from the Chandra High-Energy Transmission
Grating Spectrometer (HETGS). A parameterized two-component power-law model [Sako et al., Astrophys. J. 525, 921
(1999)] and a multi-Gaussian model are applied to model these continua and He-like triplets, respectively. A uniform
distribution over each parameter is used as the prior belief. Posterior probability distribution functions of parameters and
the covariances among them are explored by using the MCMC method. The main advantages are (i) all model-based
parameters are set to be free instead of artificially fixing some of the parameters during the data-model fitting; (ii) the
contributions from satellite lines are considered; (iii) backgrounds are treated as a correction to the observation errors;
and (iv) the confidence interval of each parameter is given. The fitted results show that the column density of scatter
component (N scat

H ) varies from phase to phase, which imply a non-spherical structure of the stellar wind in Vela X-1.
Moreover, the wind velocities derived from main lines of each set of He-like triplets show better self-consistency than
those in previous publications, which could provide a reliable approach for the diagnostics of photoionized plasma in
astrophysical objects and the laboratory.
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1. Introduction

High-resolution X-ray spectra from stellar objects are an
important tool to infer their plasma structures[1], physical
conditions[2, 3], wind speed in X-ray binary systems[4] (here-
after W06), coronal abundances (e.g., Blondin et al. 1990[5])
and other important physical information about astrophysical
objects.

Conventionally, the fitting of X-ray spectra is based on
reduced χ2 method (e.g., Sako et al. 1999[6], Goldenstein
et al. 2004[7], hereafter S99 and G04) or maximum like-
lihood (e.g., W06). Among those studies, most continuum
models (e.g., power-law and black body) of X-ray spectra
are nonlinear with a large number of free parameters (>3).
As to the spectral lines, the effects of satellite lines have
not been considered during the fitting of He-like triplets.
For the fitting of both continua and lines, it includes many
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free parameters, which makes the fitting nonlinear and pa-
rameters degenerate. In order to decrease the number of
free parameters, some parameters were kept fixed during
the fitting process, e.g., G04, based on assumptions and
previous understanding. In such cases, pitfalls may exist in
the estimate of number of degrees of freedom as well as the
corresponding error estimates[8, 9]. In Figure 1, we show an
example of reduced χ2 fit for He-triplets. It can be seen that
the model can fit r and f lines (see Section 3.2.2) but hard to
find signals of i if a three-Gaussian model was used to fit the
three lines simultaneously. Besides, the error bars resulting
from the fit were rather large. If the satellite lines are taken
into account, i.e., a five/six-Gaussian model is taken to find
satellite lines, this method fails to find any line signals.

In recent years, modern Bayesian inference, a method of
statistical inference in which Bayes’ theorem is used to up-
date our knowledge of a physical parameter, was introduced
in astrophysical studies to fit complex models and to interpret
observations (e.g., Reichart et al. 1999[10], Benı́tez 2000[11],
Buchner et al. 2014[12], Walker et al. 2015[13]). Moreover,
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Figure 1. Reduced χ2 fit for He-triplets with a three-Gaussian model,
taking Si XIII of Vela X-1 with φ = 0.5 as an example. Best fitting result
and its error range are shown in red thick line and red shadow, respectively.
The observed spectrum and its error bars are shown in black steps.

Buchner et al.[12] adopted the Bayesian analysis for X-ray
spectra of deep field Active Galactic Nuclei (AGN), and
proved its efficiency. For a Bayesian parameter estimate,
Markov Chain Monte Carlo (MCMC) is commonly used in
numerical applications. In particular, the method is efficient
in probing model-based parameters, estimating uncertainties
and describing the nonlinear dependencies among the pa-
rameters in cases of a large number of model parameters
and low signal-to-noise observations[14]. The advantages
of Bayesian analysis over previously used methods are the
inclusion of prior information of data, providing possible
values and confidence intervals for each parameter. In the
present paper we apply an MCMC method to estimate the
physical parameters of X-ray spectra, taking the observations
of the X-ray binary Vela X-1 as an example.

This paper is organized as follows. Section 2 presents how
we determine the parameters of continuum and line emission
model through the Bayesian approach. In Section 3, we
apply this method to parameterized continuum and He-like
triplets’ models to the three different phases for Vela X-1,
in order to get the posterior probability density functions
(PDFs) of each parameter, to probe the degeneracies among
parameters, and hence to get continua and He-like triplets
with reasonable fitting error bars. The fitting results are
shown and discussed in Section 4, with a summary in Sec-
tion 5.

2. Bayesian inference for X-ray spectrum

In the present paper, we aim to marginalize the posterior
PDFs to derive the uncertainties for the parameters of a
model fitted to a high-resolution X-ray spectrum. In the
Bayesian approach, the posterior PDFs of the model param-
eters for a given observed spectra, Fobs(E), is[15]

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

L[Fobs(E)]
, (1)

where p is a vector of parameters of a spectral model,
b represents the background noise of an X-ray spectrum
and L[Fobs(E)] is the normalization independent of all the
parameters, which means that we could sample P[p, b |
Fobs(E)] without computing L[Fobs(E)][14].
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(2πδ2
m)

−

M∑
m=1

1
2

[
Fmod(Em | p)− Fobs(Em)

δm

]2

, (2)

where

δm =
√
εobs(Em)2 + b2, (3)

Fmod(Em | p) is parameterized spectral model, M is the total
data number used in spectral fitting, and εobs(Em) is the error
of the observed spectrum.

p(p, b) is the prior function. Normally, it represents
previous knowledge from other experiments and physical
limiting conditions, or any other prior beliefs. 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.

(4)

Selecting the [plower,pupper] and bupper is different from case
to case.

To approach our propose, we adopt a stable, well-tested
MCMC algorithm, emcee proposed by Foreman-Mackey
et al.[14]. The algorithm is based on the Metropolis–
Hasting method (Section 15.8 in Ref. [16]) and an affine-
invariant ensemble sampling algorithm called the ‘stretch
move’[17]. The key feature of emcee is that it makes an affine
transformation to probability density of parameter during the
sampling, which makes it insensitive to covariances among
parameters. Therefore, emcee requires hand-turning of only
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one or two parameters, while the tuning of parameters scales
as N (N + 1)/2 in an N -dimensional space for traditional
algorithms. It thus reduces computational costs during the
fitting procedure. A complete discussion of the MCMC
methods and the algorithms can be found in Ref. [14] and
references therein.

3. Application to the spectra of Vela X-1

In this section, our method is applied to the spectral study
of Vela X-1. Vela X-1 is a well-studied X-ray binary, with
extensive astronomical simulations of observations[4, 6, 7],
several linked laboratory experiments[18] and related theo-
retical modeling[19, 20], which provides a chance to test the
performance of this method through a thorough comparison.
Vela X-1 is a pulsing, eclipsing high mass X-ray binary
(HMXB) system with highly ionized gases, which was
first identified by Ulmer et al.[21]. Previous observations
and theoretical studies have given a reasonably complete
description of the system properties. The global structure of
the stellar wind in the system was first modeled by S99 using
the spectra in the Eclipse phase observed by ASC A Solid-
State Image Spectrometer. Other physical properties of Vela
X-1 were provided by the high-resolution X-ray spectra
during different phases observed with the Chandra High-
Energy Transmission Grating Spectrometer (HETGS)[22, 23].
G04 first presented the variation of spectra in three orbital
phases: Eclipse, φ = 0.25, and φ = 0.5. In addition, W06
probed the stellar wind dynamics and ionization structures
by a quantitative analysis of Doppler shift and line intensities
with the same X-ray spectra. The previous literature studies
are considered to be sufficiently convincing to be used as
benchmarks. With the results of these studies, it is possible
for us to verify our analysis method.

3.1. Observations

The datasets of Vela X-1 used in our analysis were observed
with the Chandra HETG/ACIS-S – the High-Energy Trans-
mission 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 observation and instrument details
can be found in Ref. [24], Ref. [22] and G04. Table 1
summarizes the observation dates and exposure times. The
full datasets including counts spectra, ancillary response
files (ARFs), and redistribution matrix file (RMFs) are all
obtained from public archive Transmission Grating Catalog
and Archive (TGCat)1. Only the first-order events of the
high-energy grating (HEG) data are used in our analysis. The
data of positive and negative spectral orders are combined

1http://tgcat.mit.edu/.

Table 1. A summary of observation information taken from
Chandra data archivea.

ObsID Orbital phase Start date Exposure [s]

1926 Eclipse 2001-02-11 21:19:13 83.15
1927 0.5 2001-02-07 09:56:13 29.43
1928 0.25 2001-02-05 05:28:51 29.57

a http://cda.harvard.edu/chaser/dispatchOcat.do.

to decrease the error bars of observation. Flux correction
was done with the Interactive Spectral Interpretation System
(ISIS, version 1.6.2-30)2 for the observed data to have
the same dimensions as the models and to improve the
agreement with physical predictions. The background for the
observations is not measured independently, which is diffi-
cult to be resolved from the source of interest. Practically,
the background could be subtracted from the observation
signals, as was done in W06. But it is treated as a correction
of observation error in the present work because subtracting
the background could cause loss of useful signals.

3.2. Model

The spectra of Vela X-1 are considered to be composed
of continuum and line emission (W06). Therefore, in the
present work, for the likelihood function Equation (2), a
linear sum of parameterized continuum (Fcont) and line
(Fline), that is, Fmod = Fcont + Fline, is used to model the
spectra of Vela X-1. For Fline, we mainly focus on He-
like triplets which have relatively high S/N -ratio and are
commonly used in photoionization plasma diagnostics.

3.2.1. Continuum
As to the continuum emissions of Vela X-1, we adopt a two-
component model (S99), having the form

Fcont(E) = Ascat exp
[
−σ(E)N scat

H
]

E−Γ
scat

keV

+ Adir exp
[
−σ(E)N dir

H

]
E−Γ

dir

keV , (5)

where Fcont is the energy-resolved photon flux
(photon · cm−2

· s−1
· keV−1). Equation (5) indicates that the

intrinsic continuum radiation of Vela X-1 consisted of two
components: (1) the first term (labeled with ‘scat’) represents
the intrinsic continuum radiation, which is strongly absorbed
when the neutron star passes through the surrounding stellar
wind; (2) the second term (labeled with ‘dir’) is the direct
continuum which is blocked by the companion. Ascat and
Adir, (units: photon · cm−2

· s−1
· keV−1), are normaliza-

tions corresponding to the two components. σ(E) is the

2see http://space.mit.edu/asc/isis/.
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photoelectric absorption cross-sections taken from Morrison
and McCammon[25], which assumes solar abundances for the
absorbing medium. Γ scat and Γ dir are the photon indices of
each component. In previous literature studies, one power-
law model was also used (W06), but such a kind of model
could barely fit the continuum of φ = 0.5 below 3 keV. In the
present work, we are interested in the He-like triplets which
gather below 3 keV. Therefore, we take the two-component
model to get more accurate and precise continua.

3.2.2. Lines
Each set of He-like triplets is described by a multi-Gaussian
model, that is,

Fline(E) =
n∑

i=1

A j exp

[
−
(E − E j )

2

2ε2
j

]
, (6)

where Fline(E) is the energy-resolved photon flux, which
has the same dimensionality as Fcont(E), and n is the total
number of lines fitted in each set of He-like line emission.
As we know, photoionized plasma shows robust satellite
lines[26], so that in our fitting, satellite lines are also included
in order to derive accurate and reliable line ratios and
shifts. Commonly used diagnostic for photoionized plasma
is He-like triplets[2], including the resonance line (r : 1s2 1S0
– 1s2p 1P1), the intercombination lines (ix , iy : 1s2 1S0 –
1s2p 3P2,1, respectively) and the forbidden line ( f : 1s2 1S0
– 1s2s 3S1). A j , E j and ε j represent intensity, central
energy and line width of each line, respectively, which are
parameters we intend to marginalize simultaneously.

3.3. Parameters and prior functions

In the continuum fittings of S99 for the Eclipse phase, the
photon indices of the two components were set equal because
they assumed that photon scattering is elastic, so that it does
not alter the spectral shape. In G04, the photon index was
fixed to 1.7 in both power laws in the Eclipse phase, while
in other phases Γ scat

= 1.7 and Γ dir was varied. However,
the stellar wind is not strictly spherical because of the wake
structures including accretion and photoionized wake (see
Figure 8 of Ref. [27], a sketch of the different structures
in the stellar wind of Vela X-1). The works of Blondin
et al.[5, 28] showed that line-of-sight column density, NH of
the stellar wind, is a function of orbital phase (from phase
0.1 to 0.9). That means the indices Γ scat and Γ dir may
change in different phases. Thus, in our analysis we set
Γ scat and Γ dir as free parameters in the data-model fitting.
In Equation (1), we introduce a parameter b which could be
considered as an adjustment for the observation error to take
the background into account. Therefore, the predictions for
Fcont(E) are based on seven parameters [pcont, bcont] for each
phase, where pcont = [A

scat, Adir, N scat
H , N dir

H , Γ scat, Γ dir
].

He-like triplets can be detected in the phases of Eclipse
and φ = 0.5. Therefore, we only fit He-like triplets for the
two phases. Among these emission lines, Mg XI and Si XIII

with high S/N ratio are adopted as the fitting sample in the
present work. In our analysis, the main and satellite lines
are fitted simultaneously by multi-Gaussian components for
each set of He-like emission lines. Here we describe them as
follows.

• Mg XI From the observed spectra, two groups of
satellite lines can be seen around f and r lines. Two
Gaussians with different widths are used to represent
them. In principle, four Gaussians with the same
line width should be adopted to model the main
lines of Mg XI He-like triplets because the lines
correspond to transitions between the n = 2 shell
and the n = 1 ground state shell. However, the
theoretical central energies of ix and iy are closed,
i.e., |hνix − hνiy | < 0.5 eV, while the observed full
widths at half maximum of the two lines are larger
than 1 eV. In this situation, the two lines cannot
be resolved. Therefore, three Gaussians with two
different line widths are used to represent main lines,
that is, the line widths of f and r are equal. And the
line shifts of ix and iy lines will not be adopted in the
following stellar wind velocity calculation. Finally,
the predictions for Fline(E) (Mg XI) are based on 15
parameters [plineMg

, blineMg ].

• Si XIII Only one group of satellite lines which are
located around the main f line can be seen from the
observed spectra. For r , ix , iy , and f lines, they also
share the same line width. Finally, five Gaussians with
13 parameters [plineSi

, blineSi ] need to be marginalized
for Si XIII He-like lines.

Selecting suitable upper limits for each parameter in prior
functions is based on previous studies (e.g., S99, G04, W06)
and observations for Vela X-1. Considering the observed
flux and previous studies and experiments, the upper limits
of each parameter are listed in Table 2 for each phase. In the
estimate of W06, the background event contributions were
found to be ∼5% for the observed flux; thus, the upper limit
of b is set to 10−4 for the Eclipse phase and 10−2 for other
phases.

4. Results and discussion

The best-fit parameters and their uncertainties of Fcont and
Fline are listed in Tables 3–5. Figures 2, 3 and 4 show
Fcont and Fline implied by our fits using the models of
Equations (5) and (6), respectively. The black lines and
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Table 2. The range of each parameter which needs to be marginalized in prior functions.

Range

Parameters Eclipse φ = 0.25 φ = 0.5

Ascat
[0.00, 0.02] [0.00, 0.20] [0.00, 0.20]

(10−3 photon · cm−2
· s−1
· keV−1)

N scat
H [0.00, 10.00] [0.00, 10.00] [0.00, 10.00]

(1022 cm−2)
Γ scat [0.00, 3.00] [0.00, 3.00] [0.00, 3.00]
Adir

[0.00, 0.20] [0.00, 1.00] [0.00, 1.00]
(photon · cm−2

· s−1
· keV−1)

N dir
H [0.00,100.00] [0.00,100.00] [0.00,100.00]

(1022 cm−2)
Γ dir [0.00, 3.00] [0.00, 3.00] [0.00, 3.00]
A j [0.00, 0.01] · · · [0.00, 0.10]

(10−3 photon · cm−2
· s−1
· keV−1)

Mg XI, f [1.325, 1.340] · · · [1.325, 1.340]
Mg X, satell [1.330, 1.340] · · · [1.330, 1.340]
Mg XI, ix+y [1.335, 1.345] · · · [1.335, 1.350]
Mg X, satell [1.350, 1.360] · · · [1.345, 1.360]

Mg XI, r [1.345, 1.360] · · · [1.345, 1.360]
E j (keV) Si XIII, f [1.830, 1.850] · · · [1.835, 1.855]

Si XII, satell [1.840, 1.850] · · · [1.840, 1.855]
Si XIII, ix [1.850, 1.860] · · · [1.850, 1.860]
Si XIII, iy [1.850, 1.860] · · · [1.850, 1.860]
Si XIII, r [1.850, 1.875] · · · [1.855, 1.875]
ε j (keV) [0.00, 2.50] · · · [0.00, 2.50]

gray shadows are the observed flux-corrected spectra and
observation errors, respectively. The red thick lines show
Fcont and Fline for the most likely parameters, and the
band of light red lines shows a 1 − σ sampling of the
posterior PDFs returned by emcee for Fcont and Fline. For
Fcont, the contributions from scatter and direct components
are individually shown in blue and purple dashed lines,
respectively. Error regions of parameters are directly derived
from 68% confidence interval of the posterior PDFs of fitted
parameters. It can be seen that the residuals between models
and observations scatter around zero, which proves the fits
are unbiased.

4.1. Comparison with previous studies

The results of previous studies are listed in Table 6 and the
last two columns of Tables 4 and 5. We note that the errors
of the Eclipse phase are larger than those of the other two
phases, because the count of this phase is low and of the
same order of magnitude of the observation error.

4.1.1. Fcont
Our best-fit continua are systematically lower (∼5%–20%)
than those of G04 probably due to exclusion of emission
lines in our fitting and 28% larger than the ones of W06. For
the Eclipse phase, our derived flux is 8% higher than that of

Table 3. The best fitted continuum parameters in three different
phases.

Parameters Eclipse φ = 0.25 φ = 0.5

Ascat
0.39+0.27
−0.11 153.38+30

−30 3.24+0.93
−0.54(10−3 photon · cm−2

· s−1
· keV−1)

N scat
H 0.24+0.26

−0.16 7.75+0.88
−0.92 0.22+0.13

−0.10(1022 cm−2)
Γ scat 1.30+0.70

−0.46 1.56+0.18
−0.17 0.51+0.28

−0.23
Adir

0.01+0.008
−0.005 0.29+0.02

−0.02 0.19+0.01
−0.01(photon · cm−2

· s−1
· keV−1)

N dir
H 24.86+7.28

−5.70 1.19+0.04
−0.04 14.15+0.35

−0.35(1022 cm−2)
Γ dir 2.14+0.31

−0.33 1.22+0.08
−0.08 0.86+0.04

−0.04

〈b〉a 4.67+1.03
−3.04% 8.13+0.41

−2.64% 7.43+0.10
−0.10%

a It is an average relative value over the whole spectrum for each phase.

S02, but 132% lower than the one of S99. Figure 5 puts the
Fcont with the parameters from literatures into context.

Considering the confidence ranges of our fitting, our
Fcont results are in good agreements with previous literature
studies (i.e., S99, G04, and W06). For Eclipse, both the
results of S99 and G04 fall in our 1 − σ fitting error range
in which observed uncertainties are concluded, but our result
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Figure 2. The best model-predicted continuum shown in red thick lines for three phases. The scatter and direct components are shown separately. Shadows
are the 68.3% errors in the recovered value of parameters. The observed spectrum and its error bars are shown in black steps and gray shadow. The large
residual values are caused by emission lines.

Table 4. The best fitted parameters for Mg XI and Si XIII He-like lines in phase of Eclipse.
W06

Intensity Fluxa Fluxb

Energy ε (10−3 photon · (10−5 photon · Velocity (10−5 photon · Velocity
Elements (keV) (eV) cm−2

· s−1
· keV−1) cm−2

· s−1) (km · s−1) cm−2
· s−1) (km · s−1)

Mg XI, f 1.33063+0.00063
−0.00051 1.27+0.34

−0.33 2.68+0.94
−0.86 0.83+0.21

−0.19 −107+142
−116 2.03+0.37

−0.33 +25+110
−114

Mg X, satell 1.33498+0.00082
−0.00077 1.37+0.62

−0.52 1.28+0.45
−0.49 0.42+0.16

−0.10 · · · · · · · · ·

Mg XI, ix+y 1.33417+0.00080
−0.00073 1.15+0.59

−0.44 1.21+0.19
−0.15 0.29+0.11

−0.08 · · · 0.63+0.24
−0.20 −161+154

−152

Mg X, satell 1.35385+0.00114
−0.00078 1.51+0.68

−0.62 1.05+0.51
−0.39 0.22+0.12

−0.07 · · · · · · · · ·

Mg XI, r 1.35066+0.00058
−0.00066 1.27+0.34

−0.33 4.08+1.01
−0.77 1.17+0.28

−0.21 −352+127
−145 2.58+0.39

−0.35 −373± 69

Si XIII, f 1.83809+0.00033
−0.00041 1.43+0.24

−0.25 3.19+0.66
−0.60 1.10+0.18

−0.15 −217+53
−66 2.11+0.25

−0.23 −34+73
−75

Si XII, satell 1.84471+0.00127
−0.00054 1.69+0.50

−0.46 1.20+0.45
−0.42 0.45+0.14

−0.10 · · · · · · · · ·

Si XIII, ix 1.85297+0.00053
−0.00051 1.43+0.24

−0.25 0.76+0.46
−0.20 0.23+0.06

−0.05 −108+86
−82 0.28+0.13

−0.11 −173+139
−28

Si XIII, iy 1.85308+0.00052
−0.00043 1.43+0.24

−0.25 0.79+0.42
−0.22 0.23+0.07

−0.04 −271+84
−69

Si XIII, r 1.86383+0.00054
−0.00033 1.43+0.24

−0.25 3.63+0.72
−0.70 1.24+0.23

−0.16 −184+86
−53 2.34+0.28

−0.26 −323+50
−52

a Errors correspond to 68% confidence level.
b Errors correspond to 90% confidence level.

is systematically lower and the shapes of the continua are
different especially in the energy range of 2–4 keV where
some He-like triplets such as Si and Mg occur. Our lower
results are mainly caused by excluding emission lines during
the continuum fitting process. The shape of continuum is
determined by photon indices Γ scat and Γ dir which are both
set as free parameters in the present study. In S99, both of
Γ scat and Γ dir were fixed to 1.7, and G04 set Γ dir as free for
convenient reason. This is a main cause for such a difference.
We adopt Bayesian inference to probe all possible values
of photon indices, which help us well in understanding the
shape of continua and even the structure of the stellar wind of

the HMBX system. For φ = 0.25 and φ = 0.5, in the energy
range of 3–10 keV the continua are in very good agreements
with those of G04 and W06. But in the range below 3 keV
the results are much higher than that in W06. It may be
because they used a one-power-law model in their studies.
Similarly, excluding emission lines is the main reason why
the result of G04 is larger than ours in lower energy range
for φ = 0.5. The fitted continuum of G04 in φ = 0.25 is
lower than lower limit given by our analysis, and it may be
caused by fixing the photon-index value during the fitting
process. As we discuss in Section 4.2, when the photon index
and other parameters are degenerate, fixing one parameter
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Figure 3. The best model-predicted He-like Mg XI shown in red thick line for both (a) the Eclipse phase and (b) φ = 0.5. Red shadows are the 68.3% errors
in the recovered value of parameters list in Table 4. The observed spectrum and its error bars are shown in black steps.

Table 5. The best fitted parameters for Mg XI and Si XIII He-like lines for phase of φ = 0.5.

W06

Intensity Fluxa Fluxb

Energy ε (10−3 photon · (10−5 photon · Velocity (10−5 photon · Velocity
Elements (keV) (eV) cm−2

· s−1
· keV−1) cm−2

· s−1) (km · s−1) cm−2
· s−1) (km · s−1)

Mg XI, f 1.33220+0.00018
−0.00019 0.76+0.11

−0.12 30.15+6.72
−6.00 5.84+0.83

−0.91 +244+41
−43 9.1+1.4

−1.2 +230+51
−52

Mg X, satell 1.33589+0.00075
−0.00057 1.07+0.71

−0.44 6.46+2.51
−1.10 1.26+0.43

−0.61 · · · · · · · · ·

Mg XI, ix+y 1.34340+0.00020
−0.00019 0.88+0.21

−0.18 21.39+5.92
−5.26 4.54+0.84

−0.89 · · · 7.3+1.2
−1.0 +80+57

−49

Mg X, satell 1.35053+0.00075
−0.00102 1.11+0.62

−0.43 10.19+4.92
−3.37 2.25+1.00

−0.73 · · · · · · · · ·

Mg XI, r 1.35321+0.00023
−0.00024 0.76+0.11

−0.12 36.71+5.21
−4.41 6.99+0.87

−0.81 +214+51
−53 +14.7± 1.5 +120+37

−36

Si XIII, f 1.84023+0.00016
−0.00016 1.05+0.09

−0.09 27.39+3.75
−3.71 7.25+0.77

−0.69 +132+26
−25 14.1± 1.2 +183+36

−35

Si XII, satell 1.84574+0.00074
−0.00058 1.65+0.44

−0.43 8.20+2.53
−1.93 3.19+0.66

−0.62 · · · · · · · · ·

Si XIII, ix 1.85519+0.00046
−0.00057 1.05+0.09

−0.09 5.49+0.84
−0.37 1.41+0.09

−0.09 +232+75
−91 3.1+0.7

−0.8 +257+89
−87

Si XIII, iy 1.85558+0.00059
−0.00055 1.05+0.09

−0.09 5.48+0.82
−0.37 1.40+0.11

−0.09 +152+94
−89

Si XIII, r 1.86593+0.00020
−0.00020 1.05+0.09

−0.09 33.70+4.16
−3.96 8.76+0.78

−0.74 +154+31
−32 13.6+1.2

−1.1 +183+36
−35

a Errors correspond to 68% confidence level.
b Errors correspond to 90% confidence level.
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Figure 4. The best model-predicted He-like Si XIII shown in red thick line for both (a) the Eclipse phase and (b) φ = 0.5. Red shadows are the 68.3% errors
in the recovered value of parameters list in Table 4. The observed spectrum and its error bars are shown in black steps.

Figure 5. Comparisons with previous works. Red thick lines and their
shadows are our present best-fit results. Aqua, blue, and purple dash
lines are the results with parameters determined by S99, G04, and W06,
respectively.

may cause inaccuracy of parameters. For φ = 0.25, all
modeled continua cannot fit the observed ones in the range
of 8–10 keV. From Figure 2(b), one can see that in this
energy range the continuum should be dominated by F scat.
However, the models predict a larger contribution from Fdir.
That is why there is a gap between models and observation

Table 6. The flux comparison with previous studies for Fcont.

Fluxa [erg · cm−2
· s−1]

Eclipse φ = 0.25 φ = 0.5

Z17b 0.95+1.32
−0.82 × 10−11 2.99+0.56

−0.39 × 10−9 1.92+0.53
−0.49 × 10−9

S99 2.21× 10−11
· · · · · ·

S02 0.88× 10−11
· · · · · ·

G04 1.13× 10−11 3.16× 10−9 2.04× 10−9

W06 · · · 3.0× 10−9 1.5× 10−9

a Flux is calculated in the energy range of 0.5–10 keV.
b Z17 represents the results of the present work.

in the 8–10 keV range for φ = 0.25. Fortunately, as there are
no emission lines detected there, the gap would not affect our
final results.

N scat
H for the three phases are all equal to 0.5× 1022 cm−2

in G04 which implies a spherical stellar wind. In our present
fitting, N scat

H varies from phase to phase, e.g., 0.24+0.26
−0.16 ×

1022, 7.75+0.88
−0.92×1022 and 0.22+0.13

−0.10×1022 cm−2 for Eclipse,
φ = 0.25 and φ = 0.5, respectively. It implies a non-
spherical structure of the stellar wind, which agrees with the
simulation in Ref. [28].

4.1.2. Fline
As shown in Tables 4 and 5, line flux derived in the present
work is systematically lower than that in W06. This is
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Table 7. The comparison with previous studies for G-ratios.
G-ratio

Z17 W06

Eclipse
Mg XI 0.96+0.29

−0.23 1.03+0.18
−0.16

Si XIII 1.26+0.22
−0.16 1.02+0.13

−0.12

φ = 0.5
Mg XI 1.46+0.17

−0.18 1.12+0.12
−0.11

Si XIII 1.15+0.09
−0.08 1.26+0.10

−0.11

mainly due to two reasons. (1) W06 considered the correc-
tions of interstellar gas absorption in the flux calculation by
assuming a hydrogen column density of 6×1021 cm−2 which
corresponds to the density of 1 H cm−3 and the distance of
1.9 kpc. The flux values listed in W06 were compensated
by absorption values, which shower higher values. (2) The
contributions of satellite lines are subtracted during our flux
calculation. Although there is a systematic difference in
absolute line flux between the calculations of W06 and ours,
after calculating the G-ratio[2] which is used to estimate the
plasma temperature with

G(Te) =
f + (ix + iy)

r
, (7)

our values of G-ratio still have good agreements with the
ones of W06 in 90% confidence region, which proves the
validity of the present method. With the X-ray photoionized
plasma diagnostics[29], both of G-ratios of W06 and ours
derive the same plasma temperature.

Also shown in Tables 4 and 5, the velocity stellar wind
derived from the line shift shows better self-consistency, that
is, f , i and r lines of each set of He-like triplets show
consistent velocity results in 1 − σ error region, compared
with the calculations in W06. The main reason is the
inclusion of the satellites during our fitting process. Using Si
XIII as an example (see Figures 4(a) and 4(b)), satellite lines
gather around 1.845 keV and locate in the blue side of f line.
In this situation, the derived velocity would be reduced in the
Eclipse phase and increased in φ = 0.5 if satellite lines were
not separated from main He-like triplets during the fitting.

4.2. Backgrounds and posterior PDFs

Next we estimate the background effects. As we stated be-
fore, we did not subtract the background because their source
is not well understood. Any inaccuracy in their subtraction
would seriously affect the line intensity determination. We
treat it as a correction for the observation error.

Its effect, thereby, results in relatively larger uncertainties
of parameters compared with previous literature results.
From the posterior PDFs (Figure 6, which is made by Python

module corner[30]) of ln b, using the case of φ = 0.5 as
an example, it is possible for us to estimate the average
contributions of the backgrounds. The value is 7.41+0.50

−0.46%
for the φ = 0.5 and 8.13+0.41

−2.64% for the φ = 0.25, which
are larger than the estimates of 3% in W06. The value for
the Eclipse phase is 4.67+1.03

−3.04%. It is in agreement with the
maximum of 5% in W06, in which they derive this value
from the adjacent region to the dispersed event region of the
observed spectrum.

From Figure 6, one can see that all the parameters except
the background show degeneracy. It would lead to the
exclusion of some reasonable values for the free parameters
that are degenerate with the fixed parameters. For instance,
in the case of Vela X-1, as Figure 6 shows, the parameters
Γ scat and N scat

H are degenerate. Setting Γ scat to be same
for all the phases results in the same values of N scat

H for all
the phases, which consequently implies a spherical stellar
wind. In the present work, we set all parameters free and
find the most likely values in parameter space. The fitted
N scat

H varies from phase to phase due to setting Γ scat as free.
For the photoionized plasma in other astronomical objects,
non-fixing any parameters would provide a general approach
to deal with their X-ray observed spectra.

5. Summary

In this paper, we introduce the Bayesian approach, which
is applied to the archive spectra of Vela X-1 with three
different phases: Eclipse, φ = 0.25 and φ = 0.5. We adopt
a parameterized two-component power-law model of Fcont
and a multi-Gaussian model of Fline 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 XI and Si XIII, by using
an MCMC algorithm, emcee to recover the posterior PDFs
of all parameters of Fcont, Fline and the background. Then
we derive best-fit parameters and associated uncertainties for
which propagation from the observational errors, uncertainty
in the background and the errors from fitting process are
all considered. 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 provides a reliable approach for the diagnostics of
photoionized plasma in the future.
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Figure 6. Posterior PDFs of parameters and their correlations. Using the parameters of continuum for φ = 0.5 as an example. Red lines represent values

used in best-fit Fcont for φ = 0.5, and dashed lines correspond to 1-σ error. The plot is made by a Python module corner[30].
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