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ABSTRACT

The aim of this work is to study both light curve and orbital phase spec-
troscopy of Cen X-3 taking advantage of the MAXI/GSC observation strategy.
These studies allow delimiting the stellar wind properties and its interactions with
the compact object. From the analysis of the light curve, we have estimated the
orbital period of the binary system and also found possible QPOs around a super-
orbital period of Piyperorb = 220 £ 5 days. Both orbital phase-averaged and phase-
resolved spectra were extracted and analysed in the 2.0-20.0 keV energy range. Two
models have described spectra satisfactorily, a partial absorbed Comptonization of
cool photons on hot electrons plus a power law, and a partial absorbed blackbody
plus a power law, both modified by adding Gaussian lines. The high value of the
X-ray luminosity in the averaged spectrum indicates that the accretion mode is not
only due to the stellar wind.

RESUMEN

Se pretende estudiar la curva de luz y la espectroscopia en fase orbital de
Cen X-3 gracias a la estrategia de observacién de MAXI/GSC. Estos estudios per-
miten delimitar las propiedades del viento estelar y sus interacciones con el objeto
compacto. Por medio de este analisis hemos estimado el periodo orbital del sis-
tema y hemos encontrado posibles QPOs alrededor de un superperiodo orbital de
Pyuperorb = 220 £ 5 dias. Hemos extraido y analizado los espectros medio y en fase
orbital en el intervalo 2.0-20.0 keV por medio de dos modelos: una comptonizacién
parcialmente absorbida de fotones frios en electrones calientes méas una ley de po-
tencias y un cuerpo negro parcialmente absorbido méas una ley de potencias, ambos
modificados por lineas Gaussianas. El alto valor de la luminosidad del espectro
medio indica un modo de acrecién no debido solamente al viento estelar.
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1. INTRODUCTION

Cen X-3 is an eclipsing high-mass X-ray binary
system formed by an O-type donor star and a neu-
tron star. Its complex X-ray behaviour makes both
its temporal and spectral analysis extremely impor-
tant to better understand its properties. So far, it is
the only high-mass X-ray binary (HMXB) system in
the Milky Way where mass transfer onto a neutron
star occurs directly from the surface of the donor star
(via Roche lobe overflow). The source was discovered
in 1967 (Chodil et al. 1967) and Krzeminski (1974)
estimated the distance as &~ 8 kpc. The distance to
Cen X-3 obtained from the European Space Agency
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(ESA) mission Gaia® Early Data Release 3 (GEDR3)
is d(kpc) = 6.8705. Tt has been derived by using
the parallax measure, the source’s G-band magni-
tude and BP-RP colour (Bailer-Jones et al. 2021),
called by them “photogeometric” distance.

It consists of a neutron star (NS) and a giant
star O6-8 III companion called V779 Cen (Hutch-
ings et al. 1979) with mass ~20 Mg (van der Meer
et al. 2007) and radius ~12 Ry (Naik et al. 2011).
Rawls et al. (2011) calculated the NS mass by us-
ing a Monte Carlo method and assuming a Roche
lobe filling factor between 0.9 and 1.0, Mys =
(1.35£0.15) M. However, applying another tech-
nique based on eclipsing light curve analysis and in-
cluding an accretion disc around the NS, they de-

Shttps://www.cosmos.esa.int/gaia
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rived a final mass for this system of (1.4940.08) M.
The binary orbit is almost circular, eccentricity
e < 0.0016 (Bildsten et al. 1997), with an orbital pe-
riod of /2.1 days, determined from regular X-ray
eclipses (Schreier et al. 1972).

The observed average high X-ray emission
~ 1037 ergs~! compared to that observed in wind-
fed accreting systems a~ 1036 ergs™! (Martinez-
Nuiiez et al. 2017; Kretschmar et al. 2019) suggests
additional structures in the NS environment. Stud-
ies of the light curve of Cen X-3 (Tjemkes et al.
1986) and the observed overall NS spin-up trend of
1.135 ms yr—! with fluctuations on time scales of
years (Tsunemi et al. 1996), together with the de-
tection of quasi periodic oscillations (QPOs) from
the source (Takeshima et al. 1991; Raichur & Paul
2008b) showed evidences of an accretion disk, due to
Roche lobe overflow. Other structures such as an ad-
ditional gas stream or an accretion wake might also
be present in the accretion scenario in this source
(Stevens 1988; Suchy et al. 2008).

Thus, variability of model parameters along the
orbital phase allow us not only to investigate the
characteristics of the circumstellar matter around
the NS but also to trace permanent wind structures.
Many authors have reported on the iron emission
lines of Cen X-3 (Ebisawa et al. 1996; Iaria et al.
2005; Naik & Paul 2012; Rodes et al. 2017; Aftab
et al. 2019) around the orbital period. Although
MAXI was able to detect the Fe Ka, it cannot re-
solve it properly. However, changes in the central
energy of the iron line with the orbital phase pointed
to a coexistence of two iron lines at different energies
(Rodes et al. 2017). Therefore, by using ASCA de-
scription of the iron emission lines of Cen X-3 we fit-
ted three Gaussian profiles to the MAXI/GSC data,
fixing some of the line parameters to estimate their
equivalent widths.

In this paper we present the spectroscopic and
light curve analysis of Cen X-3 observed with MAXT.
MAXI/GSC data covers the entire orbit and extends
over more than six years. Orbital phase-averaged
and phase-resolved spectroscopy were performed ap-
plying several models in the 2-20 keV energy range.
Observations and data reduction are described in § 2,
timing analysis is presented in § 3, orbital phase-
averaged spectrum and orbital phase-resolved spec-
tra results are discussed in § 4, and § 5 contains the
summary of the main findings.

2. OBSERVATIONS AND DATA

MAXI is an X-ray monitor on board the Interna-
tional Space Station (ISS) since August 2009 (Mat-

TABLE 1

EPHEMERIS DATA USED FOR TIMING
CALCULATIONS

50506.788423 £+ 0.000007
2.08704106 =+ 0.00000003 *
—1.800 £ 0.001

To,ect (MJID)
Porb (d)
Porb/Porb (1076 yril)

*Falanga et al. 2015.

suoka et al. 2009). Every a~ 92 minutes it scans al-
most the entire sky in each ISS orbit, observing a
particular source for about 40 —150 s (Sugizaki et al.
2011) depending on the position of the object. It
consists of two types of X-ray slit cameras, the Gas
Slit Camera (GSC, Mihara et al. 2011) in the 2.0-
20.0 keV, and the Solid-state Slit Camera (SSC, To-
mida et al. 2011) operating in the 0.7-7.0 keV energy
range. The in-orbit performance of GSC and SSC is
presented in Sugizaki et al. (2011) and Tsunemi et al.
(2010), respectively.

3. TIMING ANALYSIS

Firstly, we have extracted the MAXI/GSC on-
demand light curves of Cen X-3 with a time reso-
lution of one ISS orbit in five energy bands, 2.0-
20.0, 2.0-4.0, 4.0-10.0, 10.0-20.0 and 5.7-7.5 keV.
To analyse the light curves we used Python and the
Starlink software package®.

Secondly, we have used the Lomb-Scargle
technique (Press & Rybicki 1989) to deter-
mine the orbital period from the original
light curve 2.0-20.0 keV and have obtained
P, = 2.0870 £ 0.0005 days (Figure 2), which is
comparable to that obtained by Nagase et al. (1992),
Raichur & Paul (2010), Falanga et al. (2015) or
Rodes et al. (2017). The errors in the periods were
estimated using the Peaks tool inside the time-series
analysis package Period in Starlink. The effect
of the barycentric correction on the light curves
was found to be negligible and did not need to
be taken into consideration. Then, we folded the
light curves with the best orbital period to produce
energy-resolved orbital intensity profiles using the
ephemeris from Falanga et al. (2015). In Table 1
we compiled the ephemeris data used for timing
calculations.

As a sample, the resulting orbital light curve be-
tween 10.0-20.0 keV is plotted in Figure 1 where
the strongest changes are observed as the NS in-
gresses and egresses from eclipse. We defined ten
orbital phase bins corresponding to phase intervals

“http://starlink.eao.hawaii.edu/starlink.
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Fig. 1. Background subtracted light curve in
10.0-20.0 keV energy range. The color figure can be
viewed online.
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Fig. 2. Lomb-Scargle periodogram of the 2.0-20.0 keV
light curve. The color figure can be viewed online.

[0.0-0.1] (post-egress), [0.1-0.2], [0.2-0.3], [0.3-0.4],
[0.4-0.5], [0.5-0.6], [0.6-0.73] (pre-ingress), [0.73—
0.77] (ingress), [0.77-0.96] (which corresponds to the
total eclipse) and [0.96-1.0] (egress).

Another two maximum peaks were present in
the Lomb-Scargle periodogram. The first one with
a power of 430.03 corresponds to a period of
220 &+ 5 days, which might be consistent with the
superorbital period of 93.3-435.1 days reported by
Sugimoto et al. (2014). The second one with a power
of 422.48 corresponds to a period of ~ 1.04 days,
which is a harmonic of the orbital period. In ad-
dition, around the superorbital period, there are a
few more peaks that can be interpreted as QPOs
(Figure 3), as also pointed out by Raichur & Paul
(2008a), Raichur & Paul (2008b), Takeshima et al.
(1991) and Priedhorsky & Terrell (1983).
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Fig. 3. Zoom of the QPOs in the original 2.0-20.0 keV

light curve. The color figure can be viewed online.

It is expected that HMXBs show strong absorp-
tion at low energies (below 4 keV), complex iron
emission lines between 6.4 keV and 7.2 keV and an
energy cutoff at high energies (greater than 10 keV).
In order to analyse the light curves variability the
MAXI/GSC energy range (2.0-20.0 keV) has been
divided into 2.0-4.0 keV (low energy), 4.0-10.0 keV
(medium energy), 5.7-7.5 keV (iron complex emis-
sion lines) and 10.0-20.0 keV (high energy) bands.
Therefore, we have calculated the hardness ratio de-
fined as H/S, where H are the net counts in the hard
band and S are those obtained in the soft band, be-
tween the light curves: (5.7-7.5keV) / (2.0-4.0 keV),
(4.0-10.0 keV) / (5.7-7.5 keV),

(10.0-20.0 keV) / (5.7-7.5 keV),

(10.0-20.0 keV) / (2.0-4.0 keV),

(10.0-20.0 keV) / (4.0-10.0 keV) and

(4.0-10.0 keV) / (2.04.0 keV).

From the folded light curve, the hardness ratio mea-
surements obtained for each pointing along the or-
bit had large error bars. Therefore, they were aver-
aged over 150 points and the uncertainties were es-
timated using error propagation. The overall profile
shape was quite similar and consistent with a con-
stant value, so we could not identify any morphology
or tendency (see Figure 4, top panel). Figure 4, bot-
tom panel, shows the hardness ratio using a weighted
average over 150 bins. The hardness ratio is consis-
tent with a constant (HR ~ 0.75) for the out of
eclipse indicating there is no significant change in
the spectral shape. On the other hand, during the
eclipse the brightness of Cen X-3 is also consistent
with a constant value (HR = 0.3) but 2.5 times lower
than out of eclipse. Both the drop in brightness at
eclipse ingress and the rise in brightness at eclipse
egress are quite sharp.
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Fig. 4. Hardness ratio H/S = (4.0 — 10.0 keV) /(2.0 — 4.0 keV).
weighted average. The color figure can be viewed online.
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Fig. 5. Hardness curve (H — S)/(H + S) using weighted
average, where H = 4.0—10.0 keV and S = 2.0—4.0 keV
energy bands. The color figure can be viewed online.

The process to obtain the hardness curves
(H — S)/(H + S) is the same used to calculate H/S,
where H = 4.0-10.0 keV and S = 2.0-4.0 keV (Fig-
ure 5). The general trend of the hardness curve is
very similar to that of the hardness ratio, although
the decrease and increase before and after the eclipse
is smoother. Moreover, as can be seen in Figures 14

Top panel: using simple average. Bottom panel: using

(equation 2) and 15 (equation 5) it is consistent with
the behaviour of the unabsorbed flux variation.

During an orbital period of Cen X-3, MAXI/GSC
can perform up to 33 observations of the object (an
example is shown in Figure 6). However, for indi-
vidual point X-ray sources, the MAXI/GSC detec-
tor has very short exposures of about 60 s fifteen
times a day which is not long enough to extract or-
bital phase-resolved spectra. As a consequence, it is
necessary to accumulate observations in each orbital
phase to obtain spectra with a good signal-to-noise
ratio.

4. SPECTRAL ANALYSIS
4.1. Orbital Phase Averaged Spectrum

We have extracted the orbital phase aver-
aged spectrum of Cen X-3 (see Figure 7) with
MAXI/GSC using the MAXI on-demand process-
ing®, carefully excluding any contamination by
nearby brighter sources. For spectral analysis we
used the XSPEC fitting package, released as a part
of XANADU in the HEASoft tools. We tested
both phenomenological and physical models com-
monly applied to accreting X-ray pulsars and re-
binned all extracted spectra to obtain spectral bins
by Gaussian distribution.

Shttp://maxi.riken.jp/mxondem
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Fig. 6. Light curve in 2.0-20.0 keV energy range for an
orbital period of Cen X-3. The color figure can be viewed
online.

Absorbed Comptonisation models have been suc-
cessfully applied to HMXBs in the 2.0-20.0 keV en-
ergy range covered by MAXI/GSC, such as Vela X-1
(Doroshenko et al. 2013), 4U 1538-52 (Rodes-Roca
et al. 2015) and Cen X-3 (Rodes et al. 2017). We
started to describe the orbital phase-averaged spec-
trum using a simple partial absorbed Comptonisa-
tion model modified by a Gaussian absorption line
at ~5 keV to compensate the incompleteness of the
MAXI/GSC response (Nakahira private communi-
cation). An iron fluorescence emission line present
in the spectrum is modelled with a Gaussian compo-
nent, Fe Ka at 6.4 keV. This model is described by
equation (1).

F(E) = pcfabsx gabsx compST+ Gaussian line (1)

where, in terms of XSPEC, pcfabs is a partial cov-
ering fraction absorption that affects only a fraction
f of the model component multiplied by it, gabs is
the Gaussian absorption line component, compST
is the Comptonisation of cool photons on hot elec-
trons (Sunyaev & Titarchuk 1980), and the Gaus-
sian line is added to describe the Fe Ka line. The
absorption cross sections were taken from Verner
& Yakovlev (1995) and the abundances were set to
those of Wilms et al. (2000).

Although this model describes the averaged spec-
tra between 2.0-20.0 keV well (x2 = 1.09), it cannot
offer a good statistical and/or physical solution for
all orbital phase-resolved spectra. For example, fit-
ting the eclipse spectrum, i.e. when the direct X-ray
emission is totally blocked by the companion, we ob-
tained that the covering fraction factor was f ~ 0.
Model parameters were also not well constrained. As
the aim was to satisfactorily describe both the aver-

0.02

=3
1=

5x107

normalized counts s~ keV~'

2x107

" Energy (keV)

Fig. 7. Orbital phase averaged spectrum of Cen X-3 in
the 2.0-20.0 keV band. Top panel: data and best-fit
model described by equation (2). Bottom panel: residu-
als between the spectrum and the model. The resulting
fit parameters are reported in Table 2. The color figure
can be viewed online.

aged spectrum and the orbital phase-resolved spec-
tra with the same model, it was decided to reject
it.

Recently, Aftab et al. (2019) and Sanjurjo-
Ferrin et al. (2021) carried out spectral analysis of
XMM-Newton data in the eclipse and out-of-eclipse
phases in the energy band (0.8-10.0 keV). They ob-
tained best fits by combining blackbody and power-
law components and used them to describe both
eclipse and out-of-eclipse spectra. In addition, Woj-
dowski et al. (2001) argued that the stellar wind in
the system is smooth and concluded that the wind
is most likely driven by X-ray heating of the illu-
minated surface of the companion star as proposed
by Day & Stevens (1993). Compared to previous
studies, thanks to MAXI/GSC’s observation strat-
egy, a large number of complete orbits have been
observed and divided into 10 orbital phase intervals.
According to the previous discussion, finally, models
including either a blackbody component (bbody in
XSPEC) or a Comptonisation component (compST
in XSPEC) have been combined to describe the av-
erage spectrum.

Interstellar medium (ISM) absorption and local
absorption components have been included by means
of a partial covering fraction defined through the
parameter C. The tbnew® component is a recent
version of the Tiibingen-Boulder absorption model
which updates the absorption cross sections and
abundances (Wilms et al. 2000); the gabs factor has
been described above; po is a simple photon power

Shttps://pulsar.sternwarte.uni-erlangen.de/wilms/
research/tbabs/
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TABLE 2

BEST-FIT MODEL PARAMETERS FOR THE
AVERAGED SPECTRUM*

Component Parameter Value
P.c.f. C 0.71 £ 0.08
tbnew N [10*? atoms cm 2] 1973
N7 [10* atoms cm ™ 2.5 108
gabs E[keV] 5.12 £ 0.05
o [keV] 0.02 (frozen)
line depth 0.7 733
Power law Photon index I 2.16£0.15
norm [keV™' 57! cm™?] 0.44 911
bbody kT [keV] 3.46 + 0.04
norm [Lsg/D3) 0.017119-002%
Fe Ka Line E [keV] 6.42 (frozen)
o [keV] 0.01 (frozen)
EW [keV] 0.023 £ 0.004
norm [107* ph s™* cm™2] 8.0£1.3
Fe XXV Line E [keV] 6.69 (frozen)
o [keV] 0.01 (frozen)
EW [keV] 0.025 £ 0.004
norm [107* ph s™* cm™2] 8.4%+1.3
Fe XXVI Line E [keV] 6.99 (frozen)
o [keV] 0.01 (frozen)
EW [keV] 0.017£0.004
norm [107* ph s™* ecm™2] 5.2+1.3

P x*/(d.o.f.) = 115/106 = 1.1

*Parameters for equation (2). P.c.f. is the partial cov-
ering fraction. EW represents the equivalent width of
the emission line. Uncertainties are given at the 90%
(Ax® = 2.71) confidence limit and d.o.f is degrees of
freedom.

law consisting of a dimensionless photon index (I")
and the normalisation constant (K), the spectral
photons keV~! ecm™2 s~! at 1 keV; bbody corre-
sponds to a blackbody model whose parameters in-
clude the temperature k71,1, in keV and the normal-
isation norm, defined as Lzg/D?%,, where L3g is the
source luminosity in units of 103 ergs™! and D%, is
the distance to the source in units of 10 kpc. This
model is given by equation (2).

F(F) = (C x thnew + (1 — C) x tbnew) [gabs x
(po + bbody + GL)], (2)

where GL represents the Gaussian functions added
to account for the emission lines. Here, parameters

derived from ASCA data by Ebisawa et al. (1996)
were used to describe the Fe Ka complex.

Fitted parameters for the continuum model are
listed in Table 2 where it is also included the equiva-
lent width (EW) of the Gaussian emission lines. Fig-
ure 7 shows the data, the best-fit model described by
equation (2), and residuals as the difference between
observed flux and model flux divided by the uncer-
tainty of the observed flux.

Since the surface luminosity of a blackbody only
depends on its temperature, it is possible to calculate
the radius of the emitting region, Ryp, by using the
expression:

10+ 2V e

Rpp(km) = 3.04 x —,
Tbb

3)

where D is the distance to the source in kpc, Fpp
is the unabsorbed flux in erg s~! cm™2 in the en-
ergy range 2.0-20.0 keV, Ty, the temperature in
keV. Taking into account the distance to the source
given by GAIA (E)DR3 d(kpc) = 6.879¢ and an
unabsorbed flux of (1.7704) x 107 ergs 'em™2 in
the MAXI/GSC energy band, from equation (3) we
found a radius of the emitting surface of Ry, =
0.71f8‘_%2 km. If we assume thermal emission from
the NS polar cap, this radius may be consistent with
the expected size (also compatible with Sanjurjo-
Ferrin et al. 2021).

The intrinsic bolometric X-ray luminosity is a
key parameter to infer the stellar wind parameters
and the details of the accretion processes. It is usu-
ally estimated from the measured X-ray flux of the
source by using equation (4). Although the accre-
tion flow is not expected to be as isotropic as the
stellar wind, here, it is assumed that the system
is emitting isotropically. A few cautions should be
kept in mind when using this assumption: in accret-
ing neutron stars, the bulk of the x-rays are pro-
duced in the accretion columns near the two mag-
netic poles; the emission profiles of these regions are
not well known; the bolometric flux is measured on
a small energy band and derived from phenomeno-
logical rather than physically justified models (see
Martinez-Nunez et al. (2017) for a review of stellar
winds from massive stars).

LX =47 D2 fno,absa (4)

where Lx is the X-ray luminosity, D is the dis-
tance to the source and fyo abs 1S the unab-
sorbed flux in the 2.0-20.0 keV energy band.
We obtained Lx = (1.9752) x 1057 ergs™!,
Suo_abs = (3.5f(1):é) x 1072 ergs~'em ™2, indicating
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Fig. 8. Orbital phase averaged spectra of Cen X-3 in the
2.0-20.0 keV band. Top panel: data and best-fit model
(equation (5)) Bottom panel: residuals between the
spectrum and the model. The resulting fit parameters
are reported in Table 3. The color figure can be viewed
online.

that the accretion mode is not only due to the stellar
wind (> 1036 erg s7!) but should also be enhanced
by disk accretion or gas stream accretion.

From the bbody normalization, Lsg/ D%O, a value
of 0.047059 is derived, which is consistent with the
experimental result if we take into account the un-
certainties of the parameters.

Another model has been also tested by replacing
the blackbody by a Comptonisation model, main-
taining the rest of the components unchanged. This
model is described by equation (5).

F(E) = (C x thnew + (1 — C) x tbnew) [gabs X
(po + compST + GL)). (5)

Best-fit model parameters are listed in Ta-
ble 3 and Figure 8 shows the averaged spectrum.
From the model, the inferred unabsorbed flux was
(37%) x 107 ergs~'em~2 in the MAXI/GSC en-
ergy band, corresponding to an X-ray luminosity of
Lx = (21“;) x 1037 ergs™! which agrees completely
with the previous result.

The Comptonisation parameter
y =kT712/(mec?), where k is the Boltzmann
constant, T is the temperature, 7 is the optical
depth, m. is the electron mass and c is the light
speed, determines the efficiency of the Comptonisa-
tion process (Titarchuk 1994; Prat et al. 2008), and
its value from the averaged spectrum y = 2.7702
indicates an efficient process that corresponds to a
moderate accretion rate.

The iron fluorescence emission line shows an in-
teresting evolution along the orbital phase: it is

TABLE 3

BEST-FIT MODEL PARAMETERS FOR THE
AVERAGED SPECTRUM*

Component Parameter Value
P.c.f. c 0.800 08
tbnew N [10*% atoms cm™?] 1573
N7 [10* atoms cm ™2 1.9%52
gabs E[keV] 5.12£0.05
o [keV] 0.02 (frozen)
line depth 0.579%
Power law r 26758
norm [keV™! s7! cm™?] 0.379%
compST kT [keV] 3.935+0.009
T 18.6 195
norm 0.08 *3:08
Fe Ka Line E [keV] 6.42 (frozen)
o [keV] 0.01 (frozen)
EW [keV] 0.035£0.004
norm [107® ph s™! cm™?) 1.0540.11
Fe XXV Line E [keV] 6.69 (frozen)
o [keV] 0.01 (frozen)
EW [keV] 0.016-£0.004
norm [10™* ph s™" em™?] 4.8+1.1
Fe XXVI Line E [keV] 6.99 (frozen)
o [keV] 0.01 (frozen)
EW [keV] 0.02140.004
norm [10™* ph s™! cm™?] 5.2+1.1

X2 x*/(d.o.f) =112/105 = 1.1

*Parameters for equation (5). P.c.f. is the partial cov-
ering fraction. EW represents the equivalent width of
the emission line. Uncertainties are given at the 90%
confidence limit and d.o.f is degrees of freedom.

centred at 6.4 keV out-of-eclipse but it is shifted
to 6.7 keV at the ingress suggesting the coexis-
tence of two iron lines at different energies (Rodes
et al. 2017). Sensitive X-ray observatories such
as ASCA and XMM-Newton have detected and re-
solved the Fe complex in Cen X-3 (Ebisawa et al.
1996; Sanjurjo-Ferrin et al. 2021, respectively). In
contrast, MAXI/GSC is not able to resolve it and
therefore the values obtained for these lines by Ebi-
sawa et al. (1996) have been used to fit them. For
this purpose, all their parameters except the line in-
tensities were fixed (see Tables 2 and 3). The line
flux ratio [Fe XXVI]/[Fe XXV] can be used to esti-
mate the ionisation state of the emitting plasma.
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Fig. 9. Orbital phase averaged, high states and low states
spectra of Cen X-3 in the 2.0-20.0 keV band. Top panel:
Data and best-fit models (deﬁned by equation (2)) Bot-
tom panel: residuals for the model. The resulting fit pa-
rameters are reported in Table 4. The color figure can
be viewed online.

The results obtained in the averaged spectrum for
both models were 0.6+0.3 (equation 2) and 1.1+0.5
(equation 5), respectively. Assuming that this pro-
cedure is an approximation of the ionisation state of
the system, these average values point to a highly
ionised plasma with log € a2 (3.4 — 3.8), according to
the ionisation parameter calculated by Ebisawa et al.
(1996, their Figure 8, upper panel).

Since the partial covering fraction modifies the
continuum at low energies, two hydrogen column
components were applied: one to describe the ISM
towards the system, N2, and the other to describe
the ISM plus local absorption, N};. The mean value
of the Galactic column density of hydrogen Ng +0t
in the direction of Cen X-3 is 1.16 x 10?2 cm™2
(Willingale et al. 2013). Valencic & Smith (2015)
reported an ISM absorption towards this source of
(1.6 = 0.3) x 10?2 cm~2. The column NZ derived
from both models are compatible taking into account
its uncertainties.

4.2. Orbital Phase Averaged, High and Low States
Spectra with MAXI/GSC

As a consequence of the large variability of the
light curve, high and low states have been defined.
Thus, the good time intervals (GTIs) of both states
have been identified in the energy range 2.0-20.0 keV
and their respective averaged spectra have been ex-
tracted. In this analysis, we fitted the high and low
states spectra with the same models as we used in the
orbital phase-averaged spectrum, except that only a
single Gaussian has been included here. The fits are
shown in Figures 9 and 10; meanwhile, the best-fit

4+ High states
0.01

¢ Low states

g Orbital phase averaged spectra
10+ L P gecsp 1

normalized counts s~' keV-!

Energy (keV)

Fig. 10. Orbital phase averaged, high states and low
states spectra of Cen X-3 in the 2.0-20.0 keV band.
Top panel: Data and best-fit models (deﬁned by equa-
tion (5)) Bottom panel: residuals for the model. The
resulting fit parameters are reported in Table 5. The
color figure can be viewed online.

model parameters are listed in Tables 4 (equation 2)
and 5 (equation 5).

To determine the periods of high and low ac-
tivity we established a number of counts greater
than ~ 0.5 photons s~!' cm™2 and less than
~ 0.3 photons s~! em™2, respectively. Then, more
than 100 bins (one bin ~ 0.1 MJD) were accu-
mulated to calculate the low-activity intervals and
grouped 10 bins by 10 bins for the high-activity
events.

The unabsorbed fluxes of the orbital phase-
averaged, high and low activity spectra in units of
ergstem ™2 are (1.72+0.03) x 1079, (4.17713)x 107
and (5.4715) x 10719, respectively. For such fluxes,
the radius of the blackbody emitting area is found
Ry, = 0.71f8:8£ km (averaged spectra), Rpp, =
1.6 + 0.5 km (high states) and Ry, = 0.3670 75 km
(low states). All values are on the order of 1 to 2 km
which is compatible with a hot spot on the NS sur-
face (Sanjurjo-Ferrin et al. 2021).

Using the definition of the bbody normalization,
Lsg/ D3, we have derived its value in the three spec-
tra: 0.047005 (averaged spectra), 0.1 + 0.3 (high
states) and 0.00970012 (low states). These values
are consistent with the experimental ones, taking the
uncertainties into account (see Table 4).

The Comptonisation parameter y (see Table 6)
shows an efficient process that corresponds to a mod-
erate accretion rate if we take into account the un-
certainties.
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TABLE 4

BEST-FIT MODEL PARAMETERS FOR THE
AVERAGED, HIGH STATES AND LOW STATES

SPECTRA®
Component Parameter Value
P.c.f. C 0.809 + 0.003
tbnew N [10*% atoms cm™?] 18.8 +£ 0.6
N% [10** atoms cm 2] 2.57 + 0.07
gabs E[keV] 5.12 (frozen)
o [keV] 0.02 (frozen)
line depth 0.7 (frozen)
Power law r 2.184+0.009
norm [keV™' 57! cm™?] 0.4054 0.006
bbody kT [keV] 3.4628+0.0023
norm [Lsoe /D3] 0.01527+0.00014
Fe Ka Line E [keV] 6.674+0.05
o [keV] 0.2810-07
EW [keV] 0.070+0.004
norm [107% ph s™* cm™2] 1.98 £+ 0.12
X2 x*/(d.o.f) =115/108 = 1.1
P.cf. C 0.800 % 0.003
tbnew N [10%? atoms cm™?] 63717
N7 [10?? atoms cm™?] 6.91+0.5
gabs E[keV] 5.12 (frozen)
o [keV] 0.02 (frozen)
line depth 0.7 (frozen)
Power law r 2.6570-22
norm [keV™' 57! cm™?] 3.8702
bbody kT [keV] 2.87109%
norm [Lz9/D3,] 0.033+0.004
X2 x?/(d.o.f.) = 452/351 = 1.3

During the high state, when Lx is close to
1038 erg s™1, the Fe Ka is not present in the spec-
trum. Moreover, the EW of the Fe K« is three times
higher during the low states than that in the aver-
aged spectra. These facts suggest that the strong
x-ray radiation may mask the possible presence of
iron emission lines.

The unabsorbed flux is found to vary with a sim-
ilar trend for both models. In fact, the X-ray lu-
minosity is the same, taking the uncertainties into
account (see Table 6, Column 2 corresponds to equa-
tion 2 and Column 3 corresponds to equation 5). On
the one hand, it indicates (for averaged spectra and
high states) that the accretion mode is not only due
to the stellar wind (> 103¢ erg s=1) but should also
be enhanced by disk accretion or gas stream accre-
tion. On the other hand, the luminosity indicates
that the accretion mode in low states spectra is due

TABLE 4 (CONTINUED)
BEST-FIT MODEL PARAMETERS FOR THE
AVERAGED, HIGH STATES AND LOW STATES

SPECTRA®
Component Parameter Value
P.cft. C 0.80£0.03
tbnew N [10%? atoms cm™?] 1877
N% [10*% atoms cm™?] 1.4752
gabs E[keV] 5.12 (frozen)
o [keV] 0.02 (frozen)
line depth 0.69 (frozen)
Power law r 2.5540.18
norm [keV~" 57! cm™?] 0.0711963%
bbody kT [keV] 3.67T018
norm [Ls9/D3%] 0.005070-002
Fe Ka Line E [keV] 6.31£0.10
o [keV] 0.2270-23
EW [keV] 0.22 + 0.04
norm [107% ph s™* em™?) 1.6+0.3
X2 x>/(d.o.f.) = 206/220 = 0.9

*Parameters for equation (2). P.c.f. is the partial cov-
ering fraction. EW represents the equivalent width of
the emission line. Uncertainties are given at the 90%
confidence limit and d.o.f is degrees of freedom.

to stellar wind. Therefore, the difference in X-ray
luminosity between the high and low states can be
attributed to a decrease in the accretion rate rather
than an overall rise in absorption.

Tables 7 and 8 show the unabsorbed flux and the
luminosity of each model component (equations 2
and 5, respectively) as well as the total unabsorbed
fluxes and luminosities whose values agree with those
given in Table 6.

4.3. Orbital Phase-Resolved Spectra with
MAXI/GSC

Previous studies following this direction of analy-
sis have been performed in one or two orbits (Nagase
et al. 1992; Suchy et al. 2008) or over shorter orbital
phases (Ebisawa et al. 1996; Audley et al. 1996; Woj-
dowski et al. 2001; Aftab et al. 2019; Sanjurjo-Ferrin
et al. 2021). We have obtained orbital phase-resolved
spectra of the HMXB pulsar Cen X-3, accumulating
the 60 s duration scans into ten orbital phase bins
covering entirely its orbit (Rodes-Roca et al. 2015).

Based on the results from § 4.1, we fitted the or-
bital phase-resolved spectra with the same two mod-
els as we used in the orbital phase-averaged spec-
trum. Both models gave acceptable fits to observa-
tional data and the results are shown in Figures 11
and 12 for selected orbital phase-resolved spectra.
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TABLE 5

BEST-FIT MODEL PARAMETERS FOR THE
AVERAGED, HIGH STATES AND LOW STATES

TABLE 5 (CONTINUED)

BEST-FIT MODEL PARAMETERS FOR THE
AVERAGED, HIGH STATES AND LOW STATES

SPECTRA®
Component Parameter Value
P.c.f. C 0.813£0.004
tbnew N [10** atoms cm 2] 15.9+0.5
N% [10*? atoms cm 2] 2.2240.08
gabs E[keV] 5.12 (frozen)
o [keV] 0.02 (frozen)
line depth 0.5 (frozen)
Power law r 2.612+0.023
norm [keV™'s7' em™2?]  0.32340.011
compST kT [keV] 3.90+0.04
T 19.267033
norm 0.070940.0013
Fe Ka Line E [keV] 6.65 £0.04
o [keV] 0.284+0.07
EW [keV] 0.074+0.004
norm [107% ph s™' cm™?] 2.04+0.12
Xz x*/(d.o.f) = 111/107 = 1.0
P.c.f. c 0.84010:01%
tbnew N [10*? atoms cm 2] 6613
N7 [10%* atoms cm™?] 6.871012
gabs E[keV] 5.12 (frozen)
o [keV] 0.02 (frozen)
line depth 0.5 (frozen)
Power law r 2.603£0.012
norm [keV™! s7! cm™?] 3.4240.07
compST kT [keV] 2.8540.05
T 48f2
norm 0.02370 608
X2 x*/(d.o.f.) = 452/350 = 1.3

The degeneracy between the properties of the ac-
cretion rate and the physical parameters of the NS
in all available models produces a certain degree of
degeneracy between fit parameters. The behaviour
of different parameters of the model described by
equation (5) towards eclipse suggests degeneracies
between them. To better explore the photon in-
dex variation, we constrained its value to the in-
terval obtained between orbital phase 0.0 to 0.6,
ie. 1.90 < I' < 2.85, and fitted the spectra of
pre-ingress, ingress, eclipse and egress orbital phases
again. The errors were obtained with the error task,
provided by XSPEC, and with propagation of un-
certainties. The new values obtained by this proce-
dure differed only slightly from the previous values
within errors. However, the photon index was not

SPECTRA®
Component Parameter Value
P.c.f. c 0.807053
tbnew N7 [10?? atoms cm™?] 1877
N% [10*? atoms cm 2] 11799
gabs E[keV] 5.12 (frozen)
o [keV] 0.02 (frozen)
line depth 0.5 (frozen)
Power law r 2.37£0.17
norm [keV™" s7! cm™?) 0.05570°515
compST kT [keV] 3.7+£0.3
T 43122
norm 0.002615-0012
Fe Ka Line E [keV] 6.311+0.10
o [keV] 0.2215-37
EW [keV] 0.22:£0.03
norm [107% ph s™' cm™?] 1.61+0.23
X2 x*/(d.o.f) =206/219 = 0.9

*Parameters for equation (5). P.c.f. is the partial cov-
ering fraction. EW represents the equivalent width of
the emission line. Uncertainties are given at the 90%
confidence limit and d.o.f is degrees of freedom.

+ ¢=[0.2-0.3]

¢ ¢=[0.0-0.1] (post—egress)

normalized counts s~ keV-!

Energy (keV)

Fig. 11. Orbital phase-resolved spectra of Cen X-3 in
the 2.0-20.0 keV band. Top panel: Selected spectra and
best-fit models (deﬁned by equation (2)) Bottom panel:
residuals for the model. The color figure can be viewed
online.

well constrained and exhibited relatively large er-
rors. Our results are marked with open blue circles
in Figures 14- 18 and 20, where filled red squares
represent the initial parameter values. The possible
degeneracy between the spectral photon index I and
absorption spectral parameters is known. Therefore,
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TABLE 6

1Y AND COMPTONISATION PARAMETER

Orbital phase

L, (equation 2)

L, (equation 5) y=kT7%/(mec?)

Averaged
High states
Low states

197973
6+3

0.18
0.407518

1.9703 2.83 +0.10
6.3713 135
0. 40*8 ii 13115

TABLE 7

UNABSORBED FLUX (10~ ERG S~ CM~2)
AND LUMINOSITY (103" ERG S—1)"

Component Unabs. flux L,
(equation 2) (equation 2)
Power law 1.7240.03 0.95%012
bbody 1.72+0.03 0.95701%
Fe Ka 0.0343+0.0005 0.01975:902
Total 3.4740.06 1.9704
Power law 7. 3J_r§ i 4.14+2.0
bbody 41133 2.2%54
Total 11+ 6+3
Power law 0.16+0.04 0.091052
bbody 0.541915 0.3079:11
Fe Ko 0.02679 507 0.01410507
Total 0.73+5:29 0.407912

“For the model components for the averaged, high states
and low states spectra.

TABLE 8

UNABSORBED FLUX (102 ERG S~! CM~2)
AND LUMINOSITY (10%7 ERG S~ 1)"

Component Unabs. flux L,
(equation 5) (equation 5)
Power law 0.67640.023 0.3770:05
compST 2.67+0.09 1.540.3
Fe Ka 0.0353+0.0012  0.020+5:994
Total 3.38+0.11 1.940.4
Power law 7.494+0.15 4.2f8:§
compST 3.944+0.08 2.24+0.4
Total 11.4340.23 6.41172
Power law 0. 17+8‘82 0. 09+8 gj;
compST 0.527011 0.2970-15
Fe Ka 0.02670 650% 0.01470 607
Total 0.721539 0.39101%

“For the model components for the averaged, high states
and low states spectra.

4 6=[0.2-0.3]

normalized counts s~ keV-!

——

. M
il W

o
=

L.
‘ﬁ

Energy (keV)

Fig. 12. Orbital phase-resolved spectra of Cen X-3 in
the 2.0-20.0 keV band. Top panel: Selected spectra and
best-fit models (deﬁned by equation (5)) Bottom panel:
residuals for the model. The color figure can be viewed
online.

we produced x? contour plots of I' and N}; for both
models (see Figure 13). It is clear from this figure
that the value of N}, is moderately correlated to that
of I' as expected. However, the narrow energy band
of MAXI/GSC as well as the observational mode
makes it extremely difficult to remove this degener-
acy through spectral fitting. In the following, we dis-
cuss the orbital phase spectral variation of the model
parameters described by equations (2) and (5).

In Figures 14-18 and 20-21, we show the evo-
lution of the relevant parameters of both models
throughout orbital phase. The temperature of the
blackbody is almost constant, decreasing drastically
in the eclipse and increasing in the eclipse-egress.
That implies that the emission zone of this compo-
nent should be large. The normalisation of the black-
body component shows a smooth decrease, which
could be compatible with a constant value, reach-
ing the minimum value at eclipse (Figure 14). The
radius of the emission zone is of the order of 1 to
3 km whereas in eclipse it is about 9 + 3 km (Fig-
ure 14). This fact could suggest soft X-ray reflection
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Fig. 13. The ellipses are x*-contours for two parameters (N7 and I'). The contours are 68%, 90% and 99% confidence
levels for two interesting parameters. Top panel: averaged spectrum fitted by equation (2). Bottom panel: averaged
spectrum fitted by equation (5). The color figure can be viewed online.

from the inner accretion disk region and agree with
that reported by Sanjurjo-Ferrin et al. (2021).

When the neutron star is embedded into the stel-
lar wind of the donor, the hydrogen column density
shows a modulation along the orbit. Therefore, be-
sides the interstellar medium absorption component
(consistent with a constant value), we also allowed
for the presence of a local absorber, modulated by
a partial covering fraction that acts as a proxy for
some features of the stellar wind of the donor star or
the surroundings of the compact object.

For the model defined by equation (2), the nor-
malisation of the power law decreases smoothly dur-
ing out-of-eclipse before reaching a minimum dur-
ing pre-eclipse, eclipse and eclipse-egress (Figure 14).
The power-law photon index is rather stable during
all orbital phases (I' & 2.1), but it drops to = 1.3 in
the eclipse-egress ([0.96-1.0]) (Figure 20, top panel).

For the model defined by equation (5), the nor-
malisation of the power law (Figure 15) shows a
similar pattern to that of the photon index (Fig-
ure 20, fourth panel), showing a flat behaviour out-
of-eclipse, increasing as ingress takes place and de-
creasing at egress. Apparently, the evolution along
the orbit of the power-law parameters seems to be

different. However, if the range of photon index is
constrained, the values obtained with the new fits be-
come consistent with each other taking into account
the uncertainties. This would suggest that there is
a certain degree of degeneracy between model pa-
rameters. The orbital variation of temperature and
Comptonisation normalisation have two local peaks
and the lowest value occurs at the eclipse.

The orbital evolution of unabsorbed flux for both
models shows a very similar trend. In fact, the corre-
sponding X-ray luminosities are the same taken into
account uncertainties (see in Table 9, Column 2 cor-
responds to equation 2 and Column 3 corresponds
to equation 5). The unabsorbed flux is consistent
with a constant value, except for eclipse and eclipse-
egress. Although for an almost circular orbit and
disc accretion no orbital modulation in the amount
of material to accrete is expected, variations of the
flux can be due to local absorption produced by an
emerging accretion stream (eclipse-egress), probably
corotating with the compact object, and/or a de-
crease in the accretion rate, most likely associated
to instabilities at the inner edge of the disc interact-
ing with the neutron star magnetosphere.



© Copyright 2022: Instituto de Astronomia, Universidad Nacional Auténoma de México
DOI: https://doi.org/10.22201/ia.01851101p.2022.58.02.15

CEN X-3 AS SEEN BY MAXI DURING SIX YEARS 367

Unabs. flux
2
T
&
b
4

Radius (km)
05 1 15
T
,}LH
T
&

‘ ‘ ‘ ‘
=
g 3¢ 1
=1
SN J [
g Sr —t 47 —en
.QO —
/m
‘ ‘ ‘
‘ ‘ ‘
s <f i
g ot : — o—% o
> S F E|
g E
m

Po norm
051152
T

==

Orbital phase

0.2 0.4

0.8

Fig. 14. Evolution of some parameters of the model
described by equation  (2). Unabsorbed flux is in units of
1072 ergem ™25, Bbody norm is in units of ng/D%O.
Power-law normalisation is expressed in units of
keV~!s7! ecm™2. Filled red squares: initial values. Open
blue circles: values obtained by constraining the range of
values of the photon index (pre-ingress, ingress, eclipse
and egress). The color figure can be viewed online.

The X-ray continuum is modified by a partial
covering fraction where the column N corresponds
to the ISM towards the source and N}, represents
the ISM plus the circumstellar environment absorp-
tion (Figure 20). We have depicted the variation of
the covering fraction measured from our models in
Figure 18. It is seen that the covering fraction tends
for most of the orbit to have values lower than 0.8,
0.4 < C < 0.9, which means that there are large in-
homogeneities in the stellar wind of the giant star.
Although both models seem to follow the same trend
in the covering fraction, the orbital variation of C,
given by equation (5), shows a certain modulation
while the error bars obtained in equation (2) prevent
us from confirming this orbital modulation. Never-
theless, taking into account uncertainties, most data
points are consistent with 0.8 in both models. The
covering factor variation from 0.76 to 0.9 is compati-
ble with the compact object being deeply embedded
into the stellar wind of the companion according to
Sanjurjo-Ferrin et al. (2021). From the long-term
observations used here C' > 0.8 at orbital phases
[0.2-0.3] and eclipse.
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Fig. 15. Evolution of some parameters of the model de-
scribed by equation (5). Unabsorbed flux is in units
of 107% erg cm™2 s7!'. Power-law normalisation is ex-
pressed in units of keV™! s7! cm™2. Filled red squares:
initial values. Open blue circles: values obtained by con-
straining the range of values of the photon index (pre-
ingress, ingress, eclipse and egress). The color figure can
be viewed online.

4.4. Iron Line Complex

The spectral resolution of MAXI/GSC is not
good enough to resolve the iron line complex, i.e.
fluorescence emission lines (Fe Ka at ~6.4 keV,
Fe K3 at ~7.1 keV) and recombination emission lines
(Fe XXV at =6.7 keV and Fe XXVI at ~6.9 keV).
From MAXI/GSC observations, the iron line fea-
ture is found to peak, in general, at ~6.5 keV in
the out-of-eclipse phase and peak at higher ener-
gies ~6.7 keV in the ingress phase. This suggests
the presence of both Fe Ko and recombination lines.
The high spectral resolution provided by other mis-
sions such as ASCA, XMM-Newton or Chandra,
proved to be instrumental in resolving these emission
lines, if present (Ebisawa et al. 1996; Aftab et al.
2019; Sanjurjo-Ferrin et al. 2021). Other sources
where this dichotomy has been reported are Vela
X—1 (Martinez-Nufiez et al. 2014; Doroshenko et al.
2013; Malacaria et al. 2016), 4U 1538—52 (Rodes-
Roca et al. 2011, 2015) and GX 301—2 (Fiirst et al.
2011; Islam & Paul 2014). Therefore, to describe
the Fe complex, values obtained from ASCA ob-
servations were adopted and used to fit our orbital
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TABLE 9
X-RAY LUMINOSITY (10%” ERG S~!) AND COMPTONISATION PARAMETER

Orbital phase Ly L. y=kT7%/(mec?)
(equation 2) (equation 5)

Post-egress 373! 29718 2.7+0.7

[0.1-0.2] 318 343 2.5+0.7

(0.2 —0.3] 2.9719 372 2.710%

[0.3 —0.4] 3t3 3.0723 1.8+0.8

[0.4 —0.5] 375 3.075% 2.4+0.7

[0.5 —0.6] 3t3 2.641.8 2.340.6

Pre-ingress 21 23702 1.6 £0.6

Ingress lfil lfz 3.2f8:g

Eclipse 0.1070:03 0.1040.03 3.7+0.7

Egress 1.2%03 1.2%03 3.98 +£0.16
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Fig. 16. Evolution of the Gaussian intensity of the Fe
emission lines with orbital phase. Top, second and third
panels: model described by equation (2). Fourth, fifth
and bottom panels: model described by equation (5). The
unit of the line flux I is 10~ photons s~ cm~2. Filled
red squares: initial values. Open blue circles: values ob-
tained by constraining the range of values of the photon
index (pre-ingress, ingress, eclipse and egress). The color
figure can be viewed online.

phase-resolved spectra (Ebisawa et al. 1996), where
the energies and line widths were fixed and the line
intensities were left as free parameters in the fit.

EW Fe XXVI
0.02 0.04

g3l L ]
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Fig. 17. Evolution of the equivalent width (EW) of the Fe
emission lines with orbital phase. Top, second and third
panels: model described by equation (2). Fourth, fifth
and bottom panels: model described by equation (5). EW
is in units of keV. Filled red squares: initial values. Open
blue circles: values obtained by constraining the range of
values of the photon index (pre-ingress, ingress, eclipse
and egress). The color figure can be viewed online.

Unfortunately, none of the iron emission lines
could be detected by MAXI/GSC, neither in the
eclipse nor in the egress phases (Figure 16).
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Fig. 18. Evolution of the partial covering fraction C' and
line intensity ratio Fe XXVI/Fe XXV. Top and second
panels: model described by equation (2). Third and bot-
tom panels: model described by equation (5). Filled red
squares: initial values. Open blue circles: values ob-
tained by constraining the range of values of the photon
index (pre-ingress, ingress, eclipse and egress). The color
figure can be viewed online.

All free parameters, line intensities, equivalent
widths and line intensity ratio Fe XXVI/Fe XXV
(Figures 16, 17 and 18, respectively) were found
consistent with constant values within errors out-of-
eclipse.

4.5. The Stellar Wind in Cen X-3

Thanks to our orbital phase-resolved spec-
troscopy, we can study the properties of the stel-
lar wind in Cen X-3 by analysing the variation of
the hydrogen column Nj, along the orbit. As a
first step, we have applied a simple spherically stel-
lar wind model to describe our observational data.
This simple model reproduced the observed shape
of the absorption curve along the entire orbit in the
wind-fed HMXB 4U 1538-52 (Rodes et al. 2008) and
it is consistent with the stellar wind description of
Cen X-3 reported by Wojdowski et al. (2001).

The radial flow velocity takes the form (Castor
et al. 1975; Abbott 1982):

Vo () = Ve (1 - R0>a , (6)

T

where v, is the terminal velocity of the wind, R, is
the radius of the companion star, r is the distance
from the centre of the companion star and « is the
velocity gradient.

¢=0.50

Fig. 19. Schematic view of the binary system. For sim-
plicity we have assumed a circular orbit whose parame-
ters r, s and 6 are shown. We note that in this sketch the
orbital phase 0 (1) is centred on the mid-time of eclipse.
The color figure can be viewed online.

Conservation of mass requires:
M,
4712 vy,

; (7)

ng

where M, is the mass loss rate from the primary and
ny is the wind density. Combining equations (6) and
(7) and integrating the wind density along the line
of sight to the X-ray source, it is possible to find
a model which properly describes the variation in
Npy with orbital phase. Defining s as the distance
through the stellar wind along the line from the com-
pact object toward the observer (see Figure 19), we
have:

S
NH:/ans:an:nH2rsin9. (8)
0

The angle 6 is related to the orbital phase and equa-
tion (8) can be rewritten as:

M(CI_RC)OC2T sin(%—ngf)) .
) (9)

As we have mentioned before, N}; represents the
ISM plus the environment that surrounds the star.
The stellar wind model is described by means of the
following equation:

Ng =
4772 v

XHMC . s
Npg= sm(——Qﬂ' ),
" mH27T’I”UDO(17i)a 2 ¢
(10)

T
where Xy, the hydrogen mass fraction which is equal
to 0.76, my is the hydrogen atom mass, M. the
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Fig. 20. Evolution of the photon index I' and absorp-
tion columns N and NZ. Top, second and third panels:
from equation (2). Fourth, fifth and bottom panels: from
equation (5). Filled red squares: initial values. Open
blue circles: values obtained by constraining the range of
values of the photon index (pre-ingress, ingress, eclipse
and egress). The color figure can be viewed online.

mass-loss rate, vo is the terminal velocity of the
wind in the range [1 000-3 000] kms~! (Falanga et al.
2015) and r represents the binary separation. At-
tempts were made to fit the local absorption N}, us-
ing equation (10). A smooth wind model could possi-
bly describe the behaviour of our data, although the
large uncertainties prevent us from drawing strong
conclusions from this result.

The evolution of the absorption column for both
models is shown in Figure 20, and it is consistent
with a constant value. The variation of the N}
columns have been plotted together against the or-
bital phase in Figure 21. As can be seen from
the graph, both values are consistent within er-
rors and the fit has been represented by a dotted
line. Suchy et al. (2008) studied Cen X-3 over two
consecutive orbits with observations taken by the
RXTE observatory. They found that Ny increased
near eclipse-ingress and egress during both orbits.
However, during the second orbit, Ny was rela-
tively constant prior to mid-orbit and rose contin-
uously afterward. They also interpreted the small
increase in Ny seen in the orbital phase [0.3-0.4] as
a bow shock in front of the accretion stream. The

Ny, (10%cm2)

b

e T

I I I I
0.2 0.4 0.6 0.8
Orbital phase

CO= 41.60 ,WV= 4755 , N= 10.00

Fig. 21. Evolution of the absorption column N} (ISM
plus local absorption). Red filled squares: from equa-
tion (2). Blue open circles: from equation (5). The
dotted line represents the fit to a constant. A better
fit could be obtained by applying equation (10), but the
large uncertainties prevent us from draw by firm conclu-
sions. The color figure can be viewed online.

two-dimensional numerical simulations performed by
Blondin et al. (1991) provided the variation of the
absorbing column of material, Ny, as a function
of orbital phase. The dependence on binary sepa-
ration showed a double-peaked structure, with one
peak occurring slightly before orbital phase 0.5 and
the second somewhat after (see their Figure 2). On
the other hand, the orbital phase dependence of Ny
taking the tidal stream and accretion wake into ac-
count showed small peaks associated with clumps in
the wind and a strong jump at orbital phase 0.6 (see
their Figure 8). They also plotted the column den-
sity of the undisturbed wind model showing a con-
cave shape below the full simulated models. Blondin
et al. (1990) also showed in their simulations that
the column density throughout the orbit changes be-
tween consecutive orbits due to variability in the ac-
cretion flow. We have not found this behaviour in
our long-term MAXI/GSC observations, although a
small enhanced in N}, could be present in the or-
bital phase [0.4-0.5] (see Figure 20). However, it
cannot be directly probed within the context of our
MAXTI/GSC analysis, which only allows inferring the
long-term properties of the source averaged over sev-
eral orbital phase bins. To sum up, the models car-
ried out by Blondin et al. (1991) do not describe well
the observed behaviour for Cen X—3.

5. SUMMARY AND CONCLUSIONS

We have investigated the long-term variation of
spectral parameters exploiting the continuous mon-
itoring of Cen X-3 with MAXI/GSC and its out-
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standing spectral capabilities. From the analysis of
the MAXI/GSC light curve, we estimated the orbital
period of the binary system, Py = 2.0870 £ 0.0005
days, which agrees with the value given by Na-
gase et al. (1992) and Rodes et al. (2017), and we
also noticed the presence of a superorbital period of
Pauperorb = 220 £ 5 days which is included in the in-
terval [93.3-435.1] days reported by Sugimoto et al.
(2014), who detected it by using a power spectrum
density technique.

We have described the X-ray spectra of Cen X-3
by two models consisting of a blackbody plus a power
law and a Comptonisation of cool photons on hot
electrons plus a power law, both modified by an ab-
sorption covering fraction factor and Gaussian func-
tions, and have performed detailed spectral analysis
(orbital phase-averaged and phase-resolved, in the
2.0-20.0 keV range). Our results can be summarised
as follows:

— The blackbody emitting area has an averaged
radius of 0.71f8:12 km and its size varies from 1 or
3 km out-of-eclipse, which is consistent with a hot
spot on the NS surface, to 9 + 3 km in eclipse, cov-
ering a much larger area.

— From the unabsorbed flux, the total X-ray
luminosities in the 2.0-20.0 keV were found to
be (1.975%) x 10%7 ergs™' (equation 2) and
(273) x 10%7 ergs™! (equation 5) on average. This
high luminosity in the long term, one order of mag-
nitude larger than that for wind-fed X-ray binaries,
indicates that accretion must be enhanced by other
mechanisms. In the case of Cen X-3, this should be
due to an accretion disc, matter co-rotating with the
compact object and/or soft X-ray reflection from the
inner accretion disc region. In addition, the out-of-
eclipse X-ray luminosity was 10-30 times higher than
in eclipse.

— From the comparison of the high-state, low-
state and averaged spectra, it has been deduced that
the emission region is compatible in size and consis-
tent with thermal emission produced at the NS polar
cap. The values obtained for the high and low state
luminosities suggest that the difference can be at-
tributed to a drop in the accretion rate rather than
an overall enhancement of absorption.

— The column density of absorbing matter has
two components: N% =~ (2 —7) x 10*2 cm~2
which represents the ISM towards the system and
N} ~ (2 —8) x 10% cm™2, and both models yield
similar column densities estimates within errors.

— The spectra show the iron fluorescence line at
~6.4 keV which is detected by MAXI/GSC but it

cannot resolve recombination iron lines. The de-

scription of the iron line complex adopted in this
work suggests the presence of both near neutral iron
line (Fe Kar) and highly ionised species (Fe XXV and
Fe XXVI) except in the eclipse and egress spectra,
where none of the emission lines are detected. No
modulation along the orbit is seen in the line inten-
sities.

— The orbital dependence of the column den-
sity was compatible with a constant value within
errors. The large value of the column density
N} ~ 4 x10% cm™2 strongly favours a highly in-
homogeneous surrounding environment. To better
constrain the Cen X-3 stellar wind properties it is
necessary to improve uncertainties of the parame-
ters, especially the column density and EW of iron
emission lines, for probing the geometry and distri-
bution of circumstellar matter around the compact
object. Numerical simulations performed by Blondin
et al. (1991) were not able to well describe the ob-
served behaviour for Cen X—3.
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