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ABSTRACT
We report spectral and temporal analysis of the X-ray pulsar Centaurus X-3 out of eclipse observed

by BeppoSAX. The broadband spectrum (0.12È100 keV) is well described by an absorbed power law
modiÐed by a high-energy rollover at D14 keV (e-folding energy D8 keV) plus an iron emission line at
D6.7 keV. A soft excess below 1 keV is also present. Interpreted as a blackbody (kT ^ 0.1 keV), it corre-
sponds to 58% of the total unabsorbed Ñux. This component seems to originate from reprocessing of the
primary radiation by an opaque shell located at the magnetosphere. An absorption feature at D30 keV
is also present. Interpreted as a cyclotron line, after correction for gravitational redshift, this corresponds
to a surface magnetic Ðeld of D3.5] 1012 G. Phase-resolved spectroscopy reveals a variation by about 8
keV of the cyclotron resonance energy along the pulse proÐle. In particular, the line energy decreases
from D36 to D28 keV along the peak, starting from the ascent. The asymmetric variations of the cyclo-
tron line energy can be explained by assuming an o†set of the dipolar magnetic Ðeld with respect to the
neutron star center. The spectral results are discussed in terms of emission from magnetic caps, where
Comptonization of soft photons occurs. The soft photons could come from either magnetically resonant
double Compton scattering or from illumination of the polar cap by the primary radiation reprocessed
at the magnetospheric surface, a feedback mechanism similar to that proposed for the formation of black
hole spectra.
Subject headings : stars : individual (Centaurus X-3) È stars : magnetic Ðelds È stars : neutron È

X-rays : stars

1. INTRODUCTION

The X-ray source Centaurus X-3 is a high-mass X-ray
binary with a spin period of D4.8 s and an orbital period of
D2.1 days (see Nagase 1989 for a review). Spectroscopic
observations in the optical band allowed the determination
of the orbital parameters and indicate that the companion
is an O6ÈO8 type supergiant (V779 Cen) of radius R

c
D 12

and mass (Hutchings et al. 1979). TheR
_

M
c
D 17È19 M

_distance of the system is estimated to be D8 kpc
1974). The X-ray data show eclipses for D20%(Krzemin� ski

of the orbit (see Nagase 1989). The intensity of this source is
variable : adopting a distance of 8 kpc, the Ginga 1989 data
showed that the luminosity of this source was 5 ] 1037 ergs
s~1 (Nagase et al. 1992), which is about half of the pre-
viously observed average luminosity (White, Swank, & Holt
1983). The Broad Band X-Ray Telescope (BBXRT) 1990
observation (Audley et al. 1996) has shown an increase of
the luminosity by a factor of D1.4 with respect to the
previous Ginga (1989) observation. In general, variations
of up to a factor of 8 between ““ high ÏÏ and ““ low ÏÏ states
have been observed. Priedhorsky & Terrell (1983) found
that this behavior has a characteristic timescale of 120È165
days, although they found no evidence for periodicity.

The time variability of this source is one of the most com-
plex among the massive X-ray binaries. The spin period
has been monitored by various X-ray missions over the past
20 yr, revealing a trend of secular spin-up of msP0 \ [1.135
yr~1, with wavy Ñuctuations on a timescale of few years
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(see, e.g., Hiroshi, Kitamoto, & Tamura 1996). Among the
massive X-ray binaries, only a few show variations in the
orbital period. Cen X-3 shows a secular decay of the orbital
period, probably due to tidal dissipation. The orbital
ephemeris has recently been improved by Nagase et al.
(1992). The pulse proÐle is also variable in shape. At high
energies (roughly above 10 keV) the pulse proÐle is clearly
single-peaked. At lower energy its shape is more complex
and variable, although several authors (e.g. Van der Klis,
Bonnet-Bidaud, & Robba 1980 ; White et al. 1983) have
reported a single-peaked structure in the range 1È50 keV. A
more recent Ginga observation has shown a double-peaked
structure in the 1È10 keV range (Nagase et al. 1992).

The 1È40 keV X-ray spectrum has been Ðtted by a power
law with a high-energy cuto†, iron line, and soft X-ray
absorption (White et al. 1983). The analysis of Ginga data
by Nagase et al. (1992) showed that the high-energy cuto† is
better modeled by a quasi-Lorentzian high-energy turnover
resembling the e†ects of a cyclotron resonant scattering,
rather than by the usual e-folding energy cuto†, although
their Ðt does not provide Ðrm evidence of the cyclotron
resonant scattering, because the energy of the line (D30
keV) is very close to the upper end of the Ginga LAC detec-
tors. The presence of a cyclotron line at D30 keV has been
conÐrmed by Santangelo et al. (1998). The emission feature
at D6.6 keV detected by Nagase et al. (1992) has been Ðtted
with two lines at the Ðxed energies of 6.4 and 6.7 keV, the
former arising from iron Ñuorescence from cold matter, the
latter arising from hot, helium-like iron ions. Based on an
analysis of data during the eclipse, the size of this ionized
region is º8 ] 1011 cm. On the other hand, the abrupt
eclipse of the 6.4 keV line indicates that this line originates
from reprocessing by matter orbiting around the neutron
star in an accretion disk. The size of this emitting region is
¹3 ] 108 cm. The luminosities of these lines during the
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high-luminosity post-eclipse phase are andL 6.4 D 5 ] 1035
ergs s~1, respectively (Nagase et al. 1992).L 6.7 D 1 ] 1035

In this paper we report temporal and broadband (0.1È100
keV) spectral analysis of Cen X-3 out of eclipse based on an
observation performed by the BeppoSAX narrow-Ðeld
instruments. We also analyzed ASCA and ROSAT data of
Cen X-3 out of eclipse. The results of this analysis are in line
with the BeppoSAX results.

2. OBSERVATIONS

BeppoSAX observed Cen X-3 with its narrow-Ðeld
instruments (NFI ; Boella et al. 1997a) from 1997 February
27 19 :45 to February 28 11 :00 (UT), covering the phase
interval 0.0È0.28 of the 2.1 day orbital period (phase 0.0 is
mid-eclipse).

The spectral coverage of BeppoSAX, extending over
more than three decades of energy (from 0.1 up to 200 keV),
is provided by four coaligned instruments : the Low-Energy
Concentrator Spectrometer (LECS), operating in the energy
range 0.1È10 keV (Parmar et al. 1997) ; the Medium-Energy
Concentrator Spectrometer (MECS), consisting of three
units operating in the range 1È10 keV (Boella et al. 1997b) ;
the High-Pressure Gas Scintillation Proportional Counter
(HPGSPC), operating in the range 4È120 keV (Manzo et al.
1997) ; and the Phoswich Detector System (PDS), with four
scintillation units operating in the range 15È300 keV
(Frontera et al. 1997). All the instruments have approx-
imately 1¡ Ðelds of view (FOV). LECS and MECS have
imaging capabilities ; therefore, we extracted the data from
circular regions in the LECS and MECS FOVs of 8@ and 4@,
respectively, centered on the maximum of the point-spread
function (PSF). The background subtraction is obtained

using blank-sky observations and extracting the back-
ground spectra from a circular region corresponding to the
one used for the source. The HPGSPC and PDS spectra do
not have imaging capabilities, and the subtraction of the
background is obtained using o†-source data resulting from
the rocking of the collimators.

Figure 1 shows the Cen X-3 light curve, binned at 107 s,
in two di†erent energy bands : 1È10 keV (MECS data, top)
and 15È100 keV (PDS data, bottom). This light curve shows
the source in its eclipse state during the Ðrst 15 ks and out of
eclipse in the last 30 ks.

The post-egress Ñux is 5.7 ] 10~9 ergs cm~2 s~1 in the
2È10 keV energy band and 1.3 ] 10~8 ergs cm~2 s~1 in the
0.12È100 keV band. Adopting a distance of 8 kpc

1974), the source luminosity is D4.4] 1037(Krzemin� ski
ergs s~1 in the energy range 2È10 keV and D1.0] 1038 ergs
s~1 in the whole range 0.12È100 keV. Following common
practice, we have not included any gravitational correction
to the reported luminosities.

In this paper we concentrate our analysis on data out of
eclipse. The exposure time during the post-egress phase is
D2 ks in the LECS (because it was not active for most of
the observation), D21 ks in the MECS, D11 ks in the
HPGSPC, and D8 ks in the PDS.

3. TEMPORAL ANALYSIS

Because of the better statistics, we used MECS data to
perform a temporal analysis. The arrival times of all the
events were reported to the solar system barycenter. We
divided the whole data set into 19 consecutive intervals of
D1640 s each. A folding search around the period reported
in the literature was performed in each interval. The corre-

FIG. 1.ÈLight curve binned at 107 s of the whole BeppoSAX observation of Cen X-3. T op : MECS data (1È10 keV). Bottom : PDS data (15È100 keV).
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sponding best periods were obtained by Ðtting the s2 versus
trial period curve with a Gaussian. The Doppler e†ect on
the spin period induced by the orbital motion was clearly
visible, although the time interval is too short to constrain
the orbital period. We Ðtted these periods with the function

P(t)\ P0] A sin
C2n(t [ T0)

Porb

D
,

Ðxing the orbital period to the value of 2.08704363Porbdays, calculated from the ephemeris reported by Nagase et
al. (1992), taking into account the orbital-period derivative.
From the Ðt we obtained the intrinsic pulse period P0\
4.8146^0.0005 s and the mid-eclipse time T0\50506.776
^ 0.007 MJD, consistent, within errors, with the value cal-
culated from Nagase et al. (1992). Using these ephemeris, we
corrected the arrival times of all the events for the orbital
modulation. Then we performed a folding search for the
best period on these corrected arrival times. The best period
obtained was 4.81423 ^ 0.00001 s, demonstrating that the
source is still in a spin-up state.

Figure 2 shows the pulse proÐles during the post-egress
phase in di†erent energy bands, namely, 0.1È1.8 keV (Fig.
2a), 1.8È10.5 keV (Fig. 2b), and 15È60 keV (Fig. 2c). A small
interpulse is evident in the soft energy range, progressively
disappearing at higher energies. We folded the MECS data
modulo the spin period in the energy intervals 1È4 keV

FIG. 2.È(a) Cen X-3 pulse proÐle in the energy range 0.1È1.8 keV. (b)
Same as (a), in the energy range 1.8È10.5 keV. (c) Same as (a), in the energy
range 15È60 keV. The four phase intervals used to extract the pulse-phaseÈ
resolved spectra are also shown. (d) Hardness ratio 4È11 keV/1È4 keV.

and 4È11 keV and computed the hardness ratio (4È11) keV/
(1È4) keV (Fig. 2d). This ratio conÐrms that the interpulse is
softer than the main pulse.

4. PULSE-PHASEÈAVERAGED SPECTRUM

Spectral analysis was performed on the post-egress
energy spectrum of Cen X-3 in the energy range 0.12È100
keV. The energy ranges used for each NFI are : 0.12È4 keV
for LECS, 1.8È10 keV for MECS, 10È20 keV for HPGSPC,
and 15È100 keV for PDS. Di†erent normalizing factors for
the four instruments were included, Ðxed to 1 for the MECS
and kept free for the other instruments.

Following the results of Nagase et al. (1992), we tried to
Ðt the spectrum with an absorbed power-law modiÐed by
an absorption cyclotron line of quasi-Lorentzian shape
(Mihara 1995) plus a Gaussian iron emission line at D6.4
keV. This model gave an unacceptable Ðt, with a reduced s2
of 2.8. In particular, the high-energy part of the spectrum
(above D10 keV) is not well Ðtted by an absorption feature
alone (as in the analysis of Ginga data by Nagase et al.
1992). The broader band of the BeppoSAX instruments
unambiguously demonstrate that both an absorption
feature and an exponential cuto† are needed to adequately
model the spectrum. Indeed, we obtained a very good Ðt
(reduced s2\ 1.0) by adopting a power law with a high-
energy cuto†, smoothed around the cuto† energy, given by

S(E) \

4

5

6

0
0

NE~a for E¹ Ecut [ *E ,
c3E3 ] c2E2] c1E] c0

for Ecut [ *E\ E\ Ecut ] *E ,
NE~a exp [[(E[ Ecut)/Efold]

for Eº Ecut ] *E ,

(1)

modiÐed at low energies for absorption by cold matter and
multiplied by an absorption cyclotron line of Gaussian
shape, plus a blackbody to model a soft excess and a Gauss-
ian to Ðt an iron emission line. The constants andc0, c1, c2,were calculated assuming the continuity of the functionc3S(E) and its derivatives in and respec-Ecut [ *E Ecut ] *E,
tively, where the width *E is a free parameter of the Ðt.

The best-Ðt parameters are shown in Table 1, and the
observed spectrum and the residuals are shown in Figure 3
(top and middle panels, respectively). The best-Ðt spectral
model is shown in Figure 4.

The function S(E) that we adopted to Ðt the continuum is
a modiÐed version of the widely used ““ power law with
high-energy cuto†, ÏÏ deÐned by

H(E) \ 4
5
6
0
0
NE~a for E¹ Ecut ,
NE~a ] exp [[(E[Ecut)/Efold] for E[ Ecut .

H(E) has a cusp (discontinuous derivative) in E\ Ecut.Using H(E) instead of S(E), we still found an acceptable Ðt
(reduced s2\ 1.2), but the residuals showed a wedge-
shaped feature around 15 keV (see Fig. 3, bottom), where
H(E) has its cusp. Because a cusp in the continuum has no
physical meaning, we believe that H(E) has been extensively
used in the past because its simple analytical form was ade-
quate for data of moderate statistical quality. However, as
the statistical signiÐcance of the data around the cuto†
region has improved (thanks to the present generation of
X-ray satellites), the use of H(E) generates features that
could even mimic absorption lines at the cuto† energy. This
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TABLE 1

RESULTS OF THE FIT IN THE ENERGY RANGE 0.1È100 keV

Parameter Value

NH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (1.95^ 0.03)] 1022 cm~2
kTBB . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.110^ 0.012 keV
Blackbody normalization . . . . 0.26~0.13`0.29
Photon index . . . . . . . . . . . . . . . . . 1.208^ 0.007
Smoothing width . . . . . . . . . . . . . 3.1 ^ 0.3 keV
Normalization . . . . . . . . . . . . . . . . 0.708^ 0.008
Ecut . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13.79^ 0.13 keV
Efold . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.39^ 0.19 keV
EFe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.666^ 0.025 keV
pFe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.302^ 0.035 keV
IFe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (7.7^ 0.5)] 10~3 photons cm~2 s~1
Fe equivalent width . . . . . . . . . . 107 eV
Ecyc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30.6^ 0.6 keV
pcyc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.9^ 0.7 keV
Eye equivalent width . . . . . . . . 11.4^ 2.0 keV
s2/dof . . . . . . . . . . . . . . . . . . . . . . . . . . 651/646

NOTE.ÈUncertainties are at the 90% conÐdence level for a single
parameter. Power-law normalization is in units of 10~2 photons keV~1
cm~2 s~1 at 1 keV. Blackbody normalization is the Ñux in units of 1039
ergs for a distance of 10 kpc.

is shown in Figure 5, where we plot S(E), H(E), and their
di†erence around the cusp.

We found an iron emission line at 6.67 keV with an
equivalent width of 107 eV and intrinsic width of 0.3 keV.

FIG. 3.ÈTop : Pulse-averaged spectrum of Cen X-3 in the whole energy
range of BeppoSAX (0.1È100 keV). Middle : Residuals in units of p with
respect to the best-Ðt model containing the smoothing around the cuto†
energy (see text). Bottom : Residuals in units of p with respect to the model
not containing the smoothing. In this case, a feature in the residuals is
visible at the cuto† energy (14 keV).

To test the hypothesis that this line results from a blending
of lines corresponding to di†erent ionization states, as pre-
viously suggested by some authors (e.g. Nagase et al. 1992),
we tried to Ðt the spectrum using two lines at Ðxed energies
of 6.4 and 6.7 keV, respectively. This modiÐcation did not
improve the Ðt, although the MECS does not have enough
energy resolution to exclude line blending.

5. PULSE-PHASEÈRESOLVED SPECTRAL ANALYSIS

To investigate the dependence of the cyclotron line
parameters on pulse phase, we extracted phase-resolved
spectra in the energy interval 1.8È100 keV according to the
four phase intervals : ascent (phases 0.1È0.25), maximum
(0.25È0.35), descent (0.35È0.6), and minimum (0.6È1.1), shown
in Figure 2c. The LECS data (0.12È4 keV) were excluded
because of their low statistics. The four spectra were Ðtted
with the same model used for the whole data set. The results
are shown in Table 2. The detection of the cyclotron line
was not statistically signiÐcant in the phase interval 0.6È1.1,
corresponding to the minimum of the pulse proÐle. In this
case, we Ðxed the energy and the width of the line to the
values obtained for the pulse-averaged spectrum to derive
an upper limit on the equivalent width. This upper limit
(8 keV) is comparable to the averaged equivalent width of
the cyclotron line. On the other hand, we clearly detected
the line in the remaining phase intervals. The centroid of the
line shows a strong asymmetric dependence on the pulse
phase, having its maximum in the ascent and decreasing
along the pulse proÐle. To show the variations of the cyclo-
tron line along the pulse proÐle, in Figure 6 we plot the
ratio in various phase intervals, whereR\Fdata(E)/Sfit(E)

is the total Ñux, as derived from the data, andFdata(E) Sfit(E)
is the continuum deÐned by equation (1) (that does not
include the cyclotron line) as derived from the best Ðt.

6. COMPARISON WITH PREVIOUS ASCA AND ROSAT
OBSERVATIONS

We have also analyzed archival ASCA and ROSAT
pointed observations of Cen X-3, in order to compare the
BeppoSAX measure of the soft X-ray thermal component
with the results obtained by other satellites. The ASCA
payload (Tanaka, Inoue, & Holt 1994 ; Makishima et al.
1996) nominally covers the energy band between 0.5 and 10
keV with a pair of charge-couple devices (the Solid Imaging
Spectrometers, SIS0 and SIS1) and a pair of gas scintillating
proportional counters (Gas Imaging Spectrometers, GIS2
and GIS3). The main di†erences from BeppoSAX are a ^2
higher total e†ective area in the intermediate (i.e. 1È10 keV)
X-rays and a much better energy resolution (^2% at 6 keV,
slowly degrading with time) provided by the SIS. On the
other hand, the ROSAT PSPC nominally covers the energy
band 0.1È2 keV, with energy resolution comparable to that
of the LECS, but an e†ective area about 1 order of magni-
tude higher (although sharply decreasing around the
carbon edge).

ASCA observed Cen X-3 from 1995 February 1 12 :39 :53
to February 2 16 :00 :07 (UTC). We analyze data corre-
sponding to orbital phases between 0.50 and 0.83. Source
spectra have been extracted from circular regions of 4@, 3@.25,
and 6@ around the centroid of the source for the SIS0, SIS1,
and GIS, respectively. Background spectra have been stan-
dardly extracted from blank-sky Ðelds in the same extrac-
tion region and detector coordinates as the source in the
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FIG. 4.ÈDeconvolved pulse-averaged spectrum of Cen X-3. The single components, namely, the power law with exponential cuto† multiplied by the
cyclotron absorption line, the blackbody at D0.1 keV, and the Gaussian iron line at D6.7 keV, are also shown.

SIS, and from circular, source-photonÈfree regions of the
Ðeld of view in the GIS. The spectra of all the instruments
have been Ðtted simultaneously, using the energy bands
0.5È9 keV and 0.7È10 keV for the SIS and the GIS, respec-
tively. Constant factors have been multiplied to all the
models discussed below to account for the residual absolute
Ñux miscalibration between the ASCA detectors and a pos-
sible unequal sampling of the strongly variable out-of-

eclipse Ñux (we remind the reader that the data-screening
criteria are di†erent among the instruments). We have Ðrst
tried a continuum constituted by a power-law, because the
exponential cuto† is out of the range of the ASCA detectors,
plus a system of Ñuorescent iron emission lines, correspond-
ing to various ionization stages. The quality of the Ðt is
marginally acceptable (s2\ 1713/1415 dof), and a signiÐ-
cant soft excess appears below 1 keV. The addition of a

TABLE 2

RESULTS OF THE FIT IN THE ENERGY RANGE 1.8È100 keV

PHASE INTERVAL

0.1È0.25 0.25È0.35 0.35È0.6 0.6È1.1
PARAMETER (ascent) (maximum) (descent) (minimum)

NH(]1022 cm~2) . . . . . . . . . . . . . . . . . 1.98^ 0.05 1.97^ 0.04 2.00^ 0.04 2.09^ 0.04
Photon index . . . . . . . . . . . . . . . . . . . . . 1.244^ 0.014 1.052^ 0.020 1.182^ 0.011 1.462^ 0.012
Ecut (keV) . . . . . . . . . . . . . . . . . . . . . . . . . . 14.3^ 0.5 11.35^ 0.18 14.08~0.15`0.08 15.11^ 0.20
Efold (keV) . . . . . . . . . . . . . . . . . . . . . . . . . 8.36^ 0.9 8.31^ 0.27 8.76^ 0.17 6.43^ 0.17
Smoothing width (keV) . . . . . . . . . . 3.9^ 0.6 4.63^ 0.17 2.3^ 0.6 3.7~4`5
Normalization . . . . . . . . . . . . . . . . . . . . 0.979^ 0.023 1.21^ 0.04 0.825^ 0.017 0.586^ 0.012
Ecyc (keV) . . . . . . . . . . . . . . . . . . . . . . . . . . 36.3~2.4`1.6 31.8^ 1.1 27.8^ 0.4 30.6 (Ðxed)
pcyc (keV) . . . . . . . . . . . . . . . . . . . . . . . . . . 7.4~2.4`1.7 9.8~1.9`2.7 4.8^ 0.6 5.9 (Ðxed)
Eye equivalent width (keV) . . . . . . 20^ 10 26~8`12 11.3^ 1.6 \8
EFe (keV) . . . . . . . . . . . . . . . . . . . . . . . . . . 6.56^ 0.07 6.50^ 0.12 6.64^ 0.06 6.659^ 0.023
pFe (keV) . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.34~0.05`0.10 \0.6 0.25^ 0.08 0.29^ 0.03
IFe (photons cm~2 s~1) . . . . . . . . . . 8.7~1.5`0.9 ] 10~3 7.0~1.9`2.8 ] 10~3 (6.4^ 1.1)] 10~3 (8.3^ 0.5)] 10~3
Fe equivalent width (eV) . . . . . . . . 92 41 73 226
s2/dof . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291/274 331/274 291/274 308/297

NOTE.ÈUncertainties are at the 90% conÐdence level for a single parameter. Power-law normalizations are in units of
10~2 photons keV~1 cm~2 s~1 at 1 keV.
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FIG. 5.ÈT op : Plot of the functions H(E) (with a discontinuity in the
derivative) and S(E) (smoothed at the cuto† energy). H(E) and S(E) are
deÐned in the text. Bottom : Di†erence S(E)[ H(E).

single-temperature blackbody is required at high level of
signiÐcance (*s2\ 81 for two more free parameters), with
kT ^ 130 eV, consistent with the BeppoSAX result. The
absorbtion column density is also consistent with the value
obtained by BeppoSAX. The spectra and residuals against
this best-Ðt model are shown in Figure 7, while the best-Ðt
parameters are listed in Table 3. The unabsorbed Ñux in the
0.5È10 keV band is ^9.0] 10~10 ergs cm~2 s~1.

The same model is consistent with the ROSAT PSPC
outcomes. ROSAT observed Cen X-3 on 1992 December

TABLE 3

BEST-FIT PARAMETERS AND RESULTS FOR CONTINUUM MODEL

WITH ABSORBED POWER-LAW PLUS THERMAL COMPONENT

APPLIED TO ASCA AND ROSAT DATA

Parameter ASCA ROSAT

NH(]1022 cm~2) . . . . . . . . . . . . . . 1.54~0.11`0.13 2.1^ 0.6
Photon index . . . . . . . . . . . . . . . . . . . 0.64~0.03`0.05 1.8~0.5`0.8
kTBB (eV) . . . . . . . . . . . . . . . . . . . . . . . . 133~12`10 90~30`20
Blackbody normalization . . . . . . 4.2~1.4`2.9 ] 10~3 0.98~0.96`5.21
EFe1 (keV) . . . . . . . . . . . . . . . . . . . . . . . 6.44~0.02`0.04 . . .
pFe1 (eV) . . . . . . . . . . . . . . . . . . . . . . . . . 220~40`80 . . .
L Fe1(]1035 ergs s~1) . . . . . . . . . . 2.2~0.2`0.4 . . .
EFe2 (keV) . . . . . . . . . . . . . . . . . . . . . . . 6.96 (Ðxed) . . .
pFe2 (eV) . . . . . . . . . . . . . . . . . . . . . . . . . 0.0 (Ðxed) . . .
L Fe2( ] 1034 ergs s~1) . . . . . . . . . 3.6~0.9`2.5 . . .
s2/dof . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1632/1413 219.3/186

NOTE.ÈASCA model also includes a pair of emission lines. The
Ðrst is broad and takes into account the Ka transitions from Fe I to
Fe XXIV. The second is narrow and its centroid energy has been
held Ðxed to 6.96 keV (corresponding to the Ka transition of
Fe XXVI).

FIG. 6.ÈRatio of the total Ñux over the Ñux of the continuum (the best-Ðt model without the cyclotron line) as a function of energy in the phase intervals
of ascent, maximum, and descent of the pulse proÐle (cf. Fig. 2). For each phase interval, the energy of the cyclotron line is also shown.
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FIG. 7.ÈSpectra from ASCA data and best-Ðt model (top) and residuals in units of standard deviations (bottom) with respect to the best-Ðt model. Only
SIS 1 and GIS 3 data are shown, for clarity.

31, from 04 :15 :20 to 21 :47 :54 (UTC). We analyzed data
corresponding to orbital phases between 0.15 and 0.34. The
source spectrum has been extracted from a circular area of
2@ radius around the source centroid, and the background

from a concentric annulus between and 4@ from the2@.7
common center. We considered the energy range 0.1È2 keV,
where the response matrix is best calibrated. Although a
single-component model does not Ðt the data (even if

FIG. 8.ÈSpectra from ROSAT PSPC data and best-Ðt model (top) and residuals in units of standard deviations (bottom) with respect to the best-Ðt model.
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photoelectric absorption is included), the spectral deconvo-
lution is not unique, and below we discuss only the out-
comes of the power-law plus single-temperature thermal
component scenario, to compare it with BeppoSAX and
ASCA results. The spectra and residuals against this best-Ðt
model are shown in Figure 8, while the best-Ðt parameters
are listed in Table 3. The quality of the Ðt is rather good
(s2\ 219.3/186 dof), the highest residuals being in the 0.2È
0.3 keV range, where the PSPC response matrix exhibits a
steep gradient and decreases by about 4 orders of
magnitude, and still residuals due to calibration uncer-
tainties remain. The absorption column density (NH ^ 2
] 1022 cm~2) and the temperature of the thermal com-
ponent (kT ^ 90 eV) are consistent with the results of
BeppoSAX, as is the poorly determined power-law index.
The observed Ñux in the 0.1È2 keV band is ^8.4] 10~11
ergs cm~2 s~1.

7. DISCUSSION

Here we discuss the main characteristics of the emission
of Cen X-3 in the 0.12È100 keV band in order of increasing
energy.

The region from 0.1 up to D1 keV is dominated by a
blackbody of kT D 0.1 keV. The unabsorbed Ñux of this
component is 2.2] 10~8 ergs cm~2 s~1, D58% of the total
unabsorbed Ñux. The corresponding luminosity can be
derived from the formula where isL 37 \ 0.12F~8 dkpc2 , L 37the luminosity in units of 1037 ergs s~1, is the Ñux inF~8units of 10~8 ergs cm~2 s~1, and is the distance in kpc.dkpcAdopting a distance of 8 kpc 1974), the black-(Krzemin� ski
body luminosity is ergs s~1. Since theL BB\ 1.69] 1038
surface luminosity of a blackbody depends only on its tem-
perature, it is possible to derive the geometrical size of the
emitting region, A\ 1.17] 1012 cm2, whereF~8 dkpc2 T keV~4

is the blackbody temperature in keV. With the aboveTkeVestimates, AD 1.6] 1018 cm2, which corresponds to a
spherical surface of radius r D 3.6] 108 cm, comparable to
the radius. In fact, for an accreting magnetizedAlfve� n
neutron star, the radius, is (see, e.g., Burderi et al.Alfve� n RA,
1998)

RA \ 4.3] 108 k304@7 R6~2@7L 37~2@7v2@7m1@7 cm , (2)

where is the magnetic moment in units of 1030 G cm3,k30is the neutron star radius in units of 106 cm, v is theR6 (RNS)ratio between the observed luminosity and the total gravita-
tional potential energy released per second by the accreting
matter, and m is the neutron star massv\ L /(GMM0 /RNS),in units of Adopting (as deduced from theM

_
. k30\ 3.47

cyclotron line energy in the hard part of the spectrum; see
below), m\ 1.4 (typical of a neutron star), vD 1,R6\ 1,
and (unabsorbed luminosity), one getsL 37 \ 28 RA \ 3.5
] 108 cm. The fact that suggests that ther DRA Alfve� n
surface is the blackbody emission region. We stress that the
estimate of r is based on the blackbody temperature, while
the estimate of is based on the magnetic momentRAstrength ; therefore, these two quantities are independently
estimated. Actually, intense soft emission from X-ray pulsa-
tors has been reported for several sources, such as Her X-1
and SMC X-1 (e.g., Holt & McCray 1982 ; McCray et al.
1982 ; McCray & Lamb 1976). In particular, McCray &
Lamb (1976) suggested that an opaque ringlike shell at
the radius could surround Her X-1, absorbing a sub-Alfve� n
stantial fraction of the hard X-ray luminosity and(Z10%)
reradiating it as soft X-rays. McCray et al. (1982) estimated

that this reprocessor emits as a blackbody with a tem-
perature of D0.1 keV. The fact that and kT D 0.1r D RAkeV for the soft excess of Cen X-3 suggests a similar inter-
pretation. In more detail, the shell has the shape of a spher-
ical ring (i.e., the surface of a sphere minus two opposite
spherical caps of equal opening half-angle h) surrounding
the neutron star at the magnetosphere (of radius r

m
\ /RA,

with /¹ 1 ; see below) and lying symmetrically with respect
to the accretion disk plane. Therefore, the area of the ring is

We adopted and h D 65¡, consis-A\ 4nr
m
2 cos h. r

m
DRAtent with the estimate of the orbital inclination (i\

Nagase 1989), in order to have a reprocessor inter-75¡~13]`12] ;
cepting D50% of the primary Ñux that is reemitted as a
blackbody (see Fig. 9). In this case, the distance of the repro-
cessor from the neutron star center is increased by 30%
compared to the previous estimate based on a spherical
reprocessing surface. We want to stress that reprocessing is
a simple way in which a luminosity comparable to the
Eddington value can be emitted by a region that is far away
from the neutron star surface, where almost all the accretion
energy is released.

The region from D1 up to D100 keV is dominated by a
powerÈlaw continuum with a high-energy cuto† (smoothed
at the cuto† energy). This kind of spectrum is typical of
X-ray pulsators (White, Nagase, & Parmar 1995) and is
interpreted in terms of Comptonization of soft photons by
hot electrons of the infalling plasma stopped at the mag-
netic caps by Coulomb collisions in a strong magnetic Ðeld
(D1012 G; see, e.g., Bulik et al. 1992). In the case of unsatu-
rated Comptonization, the temperature of the electrons can
be deduced by the e-fold energy (see, e.g., Rybicki & Light-
man 1979). In our case, we have kT D 8 keV. &Me� sza� ros
Nagel (1985a, 1985b) calculated pulse shapes and spectra of
X-ray pulsar models adopting slab and column geometry
for the emission region (pencil and fan emission,
respectively), taking into account self-emitting atmospheres
as well as external illumination of the emission region. In
the case of self-emitting atmospheres, a low-energy thermal
turnover is expected below the electron temperature (D8
keV). On the other hand, when an external illumination by
soft photons (kT D 0.1 keV) is considered, there is no
thermal turnover at low energies. Indeed, our analysis
clearly shows that the spectrum of Cen X-3 matches this
second model. In this latter case, the luminosity in X-rays is
generated by hot electrons (kT D 8 keV) heated by the acc-
retion process, upscattering seed soft photons (kT D 0.1
keV) that are provided by a di†erent source. The calcu-
lations show that, for this model to work, the Ñux of soft
photons incident on the hot electrons must be enhanced (up
to 104 times) with respect to the number of photons
expected from a blackbody of 0.1 keV and an emitting
surface of 10 km2, typical for a polar cap. A possible pro-
duction mechanism for such a copious quantity of soft
photons is the resonant (at cyclotron energy) double photon
scattering, as originally proposed by Bussard, &Me� sza� ros,
Alexander (1985), although their calculations gave a pro-
duction rate of soft photons a factor of 5 less than the
number needed. Alternatively, based on the soft excess dis-
cussed above, we suggest that the soft photons could come
from the reprocessor at the magnetosphere, which has the
correct blackbody temperature and an emitting area larger
than the neutron star surface, capable of furnishing a higher
quantity of photons. In the Ðrst approximation, the fraction
of soft photons intercepted by the neutron star is (RNS/rm)2.
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FIG. 9.ÈSchematic model of the emission region of Cen X-3. The inclination angle of the line of sight is 65¡, within the range given by Nagase (1989). The
inclination of the magnetic dipole is 20¡, in order to have a single-peaked pulse proÐle. The Comptonized emission (hard component) comes from the pencil
beam. The fan beam intercepts the opaque shell at the magnetosphere originating the soft component. The fraction of the fan beam not intercepted by the
opaque shell might be responsible for the secondary peak of the pulse proÐle.

Therefore, the energy per unit time incident on the polar
cap is ergs s~1. This is an order ofL BB] (RNS/rm)2D 1034
magnitude below the luminosity of the soft component
adopted by & Nagel (1985a, 1985b). This discrep-Me� sza� ros
ancy can be reduced if, as shown in Figure 9, the accretion
disk signiÐcantly distorts the shape of the magnetosphere
(Ghosh & Lamb 1991), reducing the magnetospheric radius

to the value where / is in the range 0.1È0.5 (see,r
m
, /RA,

e.g., Ghosh & Lamb 1991 ; Burderi et al. 1998). This raises
the luminosity of the soft component up to 4 ] 1034È1036
ergs s~1.

Since in our model the soft photons originate from a
reprocessing of the primary radiation, which in turn results
from upscattering of the soft photons (namely, the cooling
of the electrons of the accreting plasma), a feedback mecha-
nism is driving the whole process. This feedback process is
similar to the model proposed to explain the power-law
spectra of accreting black holes (e.g. Dove et al. 1997).
However, in the black hole case, the mechanism that keeps
the temperature of the corona at D100 keV is not clear,
while electron temperatures of D10 keV are expected for a
plasma decelerated by Coulomb collisions on the surface of
a neutron star. If this interpretation is correct, we expect
that the spectrum of this kind of source is a power law
extending down to the soft X-ray range plus a thermal com-
ponent, when the feedback cooling mechanism proposed

above is active through a reprocessing process. On the
other hand, when the reprocessor is absent or the geometry
of the emission region is such that the beam does not inter-
cept it, a low-energy turnover is expected in the power law
below the electron temperature (a few keV).

An absorption feature at energies D30.6 keV is clearly
detected on this continuum. The feature is well Ðtted by a
Gaussian proÐle of p D 5.9 keV. We interpreted this line as
due to resonant absorption at the cyclotron energy. To
obtain the strength of the magnetic Ðeld, we considered the
relation between the cyclotron energy and the magnetic
Ðeld, keV)\ 11.6B/(1012 G). We also consideredEcycl/(1that the gravitational redshift at the neutron star surface
a†ects the observed energy, whereEcycl \Eobs(1] z),

is the redshift factor.(1] z) \ (1[ 2GMNS/Rc2)~1@2
Adopting a standard neutron star mass of 1.4 we foundM

_
,

keV and a magnetic Ðeld strength ofEc \ 40.3
B\ 3.47] 1012 G. This is in excellent agreement with the
estimate of B\ 3.4] 1012 G derived by Audley et al. (1996)
assuming that during the QPO episode observed by
BBXRT the neutron star was spinning up.

An estimate of the temperature of the region in which the
cyclotron line is formed can be deduced from the width of
the line itself. If the electrons have a temperature kT , the
Doppler broadening of the line is given by *E/Ec \

(see, e.g., Rybicki & Lightman 1979).(2kT /me c2)1@2
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FIG. 10.ÈSolid line represents the magnetic Ðeld strength as a function of the pulse phase for a magnetic dipole o†set by 0.1 with respect to the centerRNSof the neutron star. The data points are the measured magnetic Ðeld strength as derived from pulse-phaseÈresolved spectral analysis. Typical errors on the
estimate of the magnetic Ðeld strength are ^0.15] 1012 G. The intervals refers to the pulse shape shown in Fig. 2c.

Adopting the values of the detected absorption feature, we
obtained kT \ 9.5 keV. This important result provides a
self consistency check for the interpretation of the whole
spectrum. In fact, the temperature of the plasma derived
from the high-energy rollover is, within the errors, perfectly
consistent with that derived from the thermal broadening of
the line.

We used a Gaussian proÐle to describe the cyclotron
absorption line instead of the widely used pseudo-
Lorentzian shape (Mihara 1995). We believe that a Gauss-
ian proÐle should be used whenever thermal Doppler
broadening is dominant. Actually, the Compton cross
section in a magnetized cold plasma for the scattering 1] 1
(from extraordinary mode to extraordinary mode) has the
shape where is thep(E)\pTE2/[(E [ Ecycl)2] W 2], pTThomson cross section and W is the width of the resonance
(Ventura 1979). The natural width of the resonance is D10
eV (Nagel 1980). The line proÐle results from the convolu-
tion of the above cross section with a relativistic Maxwel-
lian distribution of velocities (Synge 1957). Performing the
convolution, because the gas temperature (D8 keV) is much
greater than the natural width, one Ðnds that a Gaussian is
an excellent approximation of the line proÐle.

As discussed above, the phase-resolved spectra show a
strong dependence of the energy of the absorption feature at
D30 keV along the pulse proÐle. In principle, small varia-
tions (\1 keV) of the line energy with the angle between the
magnetic axis and the line of sight are expected (Me� sza� ros

& Nagel 1985a, 1985b). In this case, the expected variations
of the cyclotron line energy are symmetric with respect to
the peak of the pulse proÐle. On the other hand, we found
variations in the line energy up to 8 keV that are asym-
metric along the pulse proÐle. In particular, the line energy
decreases along the peak starting from the ascent. Because
of the dependence of the dipolar magnetic Ðeld on the angle
between the magnetic axis and the line of sight (s) and on
the distance from the center, variations of the cyclotron
energy along with the pulse phase might be caused by the
variation of s and/or of the height of the accretion column
over the polar cap. However, these e†ects can hardly
explain the asymmetric variation of the cyclotron energy
with the pulse phase. In principle, a wide polar cap (with an
opening angle of about 50¡È60¡) could give variations of the
cyclotron energy of the order of magnitude of those
observed (D30%), but we expect these to be symmetric with
respect the magnetic axis (and therefore the pulse proÐle).
Similar variations can also be produced by a gradient in the
height of the line formation region along the accretion
column. In this case, we should have a di†erence in the
height of the formation region of D10%È15% of the
neutron star radius from one side of the accretion column
to the other. However, it is unlikely to have variations of
the physical parameters capable of giving a di†erence of
about 1 km in the height of the formation region from one
side of the accretion column to the other. This asymmetric
behavior can be more easily explained by assuming that
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FIG. 11.ÈGeometry of the magnetic moment with respect to the center
of the neutron star and the rotation axis. O is the neutron star center, the
z-axis is the rotation axis, R is the o†set vector of modulus 0.1 d \ 80¡RNS,is the angle of R with respect to the z-axis, k is the magnetic moment,
a \ 20¡ is the inclination angle of k with respect to the spin axis, and
b \ 130¡ is the angle between the plane of the magnetic moment and the
plane of the o†set vector.

the center of the magnetic dipole is o†set with respect to the
neutron star center. In this case, the strength of the surface
magnetic Ðeld decreases along the magnetic cap originating
the observed asymmetric line variations. O†set magnetic
moments are expected to be present in X-ray pulsators, as
proposed by Leahy (1991) from a geometrical analysis of
the pulse proÐle of several sources ; in particular, Cen X-3 is
expected to have a signiÐcant o†set of the magnetic dipole.
To demonstrate how this works, in Figure 10 we plot the
surface magnetic dipole strength at a Ðxed latitude
(corresponding to the expected inclination of the line of
sight with respect to the spin axis of the neutron star) along
the pulse phase for a magnetic dipole inclined (20¡) with
respect to the spin axis and displaced (by 0.1 withRNS)respect to the neutron star center. The location and orienta-
tion of the magnetic dipole are described in Figure 11. As it

is possible to observe in Figure 10, the agreement between
the Ðeld strength variations predicted by the o†set dipole
model and the results of the pulse-phaseÈresolved spectral
analysis (Table 2) is very good.

To summarize, the points discussed above suggest the
model sketched in Figure 9. The emission is probably a
mixture of fan and pencil. The fan beam intercepts the
opaque shell at the magnetosphere originating the repro-
cessed soft component. On the other hand, the pencil beam
is not blocked by the shell and is responsible for the Com-
ptonized emission (hard component). In this way, the hard
and soft components pulse in phase ; moreover, the fraction
of the fan beam not intercepted by the opaque shell orig-
inates the secondary peak of the pulse proÐle at 180¡ from
the main peak. The inclination angle of the line of sight is
65¡, in the range given by Nagase (1989), based on the
eclipse. The inclination of the magnetic dipole is 20¡, which
satisÐes the constraint given by Wang & Welter (1981) in
order to have a single peak, as observed.

8. CONCLUSIONS

We analyzed BeppoSAX data in the high post-egress
state of the X-ray pulsator Centaurus X-3. The BeppoSAX
broadband spectrum (0.1È100 keV) is well Ðtted by an
absorbed power-law continuum (photon index D1.2) modi-
Ðed by a high-energy rollover (cuto† energy D14 keV,
e-folding energy D8 keV) smoothed around the cuto†
energy. A soft feature at D1 keV is well Ðtted by a black-
body of kT D 0.1 keV, with a total unabsorbed Ñux that is
D50% of the total emission. Both the ASCA and the
ROSAT out-of-eclipse spectra conÐrm the presence of a soft
X-ray thermal component of kT D 0.1 keV. We interpret
this component in terms of the reprocessing of the primary
radiation by an opaque shell at the magnetosphere. The
fraction of the reprocessed Ñux intercepted by the polar cap
could be the source of soft photons needed to originate the
(Comptonized) primary radiation. This feedback mecha-
nism can efficiently cool the electrons of the accreting
matter, originating a power law extending to the soft
X-rays. On the other hand, for sources in which the repro-
cessing process is une†ective, we predict a low-energy turn-
over in the primary spectrum below the electron
temperature (a few keV). Further analyses of the soft region
of the spectrum of X-ray pulsators are needed to conÐrm
this model.

An absorption feature at D30 keV is well described by
cyclotron absorption from the surface magnetic Ðeld at the
polar cap. The derived magnetic Ðeld intensity of
3.47] 1012 G is consistent with previous independent esti-
mates. Phase-resolved spectroscopy shows that the line
energy is decreasing along the pulse peak from D36 keV at
the ascent down to D28 keV at the descent. This behavior
can be explained by an o†set of the magnetic dipole with
respect to the neutron star center.

This work was supported by the Italian Space Agency
(ASI), and by the Ministero della Ricerca ScientiÐca e Tec-
nologica (MURST).
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