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ABSTRACT

We present the results of timing and spectral analysis of the HMXB pulsar, Cen X-
3, with the help of observations carried out using the Large Area X-ray Proportional
Counter (LAXPC) on board AstroSat. As part of our analysis, we sampled the source
properties during 4 different observation epochs covering two widely different intensity
states. We obtain a timing solution and report precise measurements of the spin and
orbital parameters corresponding to these observational epochs. The pulse profiles during
the two intensity states reveal dramatically varying shapes within a time span of one
month. We report the detection of one of the lowest measured frequencies of quasi
periodic oscillations (QPO) at 0.026+£0.001 Hz for Cen X-3 during its low intensity
state. We also find correlated periodic and aperiodic noise components in the power
density spectra. We further carried out a phase averaged and a pulse phase resolved
spectral study, where we find that the best fit continuum spectrum is well described
by an absorbed comptonization model along with a blackbody. Cen X-3 exhibited the
presence of the ~28 keV CRSF absorption line and a ~6.6 keV Fe emission line in
both the intensity states. Significant variations in the line forming regions and mode of
accretion for Cen X-3 within time spans of a month make Cen X-3 a highly dynamic
persistent binary.
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1 INTRODUCTION profile variations mainly include the accretion rate, magnetic
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High Mass X-ray Binaries (HMXBs) are some of the brightest
X-ray emitters in the Milky Way galaxy. They comprise of a
Neutron Star (NS) in orbit with a massive O or B type su-
pergiant (see and references). A significant
fraction of HMXBs harbour highly magnetized (~10'? G)
neutron stars which capture stellar winds from the compan-
ion star. In rare cases, HMXB pulsars are observed to show
signatures of disk accretion from a Roche lobe filling com-
panion. Inside the NS’s strong magnetosphere, the accreted
matter falls on to the magnetic poles of the pulsar through
an accretion column, while releasing X-rays (see

for a recent review). The observed characteristic
pulsations are a result of the misalignment between the rota-
tion and magnetic axes. Factors that contribute to the pulse
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field geometry, beaming patterns, geometric configuration of
the accretion column and the pulsar’s orientation (

). Many transient and persistent HMXB pulsars also ex-
hibit variations in their pulse profiles, centroid line energy of
the Cyclotron Resonant Scattering Feature (CRSF) and even
Quasi Periodic Oscillations (QPOs) (see

; ; for reviews of
X-ray pulsars and their properties). Detailed studies of these
characteristics as a function of their luminosity state have
been undertaken in very few cases ( ;

; ). For this work, we
focus on these state dependent properties in one such well
profiled persistent galactic X-ray pulsars, Cen X-3.

Cen X-3 was the first ever discovered HMXB pulsar
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( ; ). Using follow-up
Uhuru observations, Cen X-3 was found to be an eclipsing
pulsar binary with an orbital period of ~2.1 d that exhibited
periodic pulsations every 4.8 s ( ). The opti-
cal companion was first identified as a giant O type star with
a source distance of ~8 kpc ( ). Using radial
velocity measurements from optical spectra, the neutron star
mass was measured to be 1.21£0.21 M and the optical com-
panion of Cen X-3 was determined to be an O 6-8 III super-
giant star (V779 Cen) with a mass of 20.5£0.7 Mg (
; ). More recently,

( ) estimated the distance to the source
as 5.7+1.5 kpc using energy-resolved dust scattered X-ray
halo studies using Chandra observations. Latest Gaia mea-
surements indicate a distance of 8.7 kpc ( ).
For the sake of this work we have considered the more reliable
Gaia measurement of 8.742.3 kpc obtained by parallax inver-
sion. The high source X-ray luminosity (107 ergs s™*,

), optical light curve ( ) and
the presence of QPOs ( ;

) in Cen X-3 are all strong factors that suggests that the
dominant mode of accretion is via an accretion disk fed by a
companion, probably at the onset of atmospheric Roche Lobe
overflow.

For Cen X-3, the broadband continuum spectrum (0.1—
100 keV) has been more or less effectively characterised using
an absorbed power law with a high energy cutoff at energies
between 10.0-20.0 keV ( ). Soft
X-ray excess below 1 keV was accounted for using blackbody
models with kT~0.1 keV ( ). Several stud-
ies have also reported the detection of Fe-K emission lines at
6.4 keV, 6.67 keV and 6.97 keV( ;

). The
presence of a CRSF at ~28 keV was ﬁrst reported by
( ), which implied a NS surface magnetic field
of ~ 3x10*? G. Several more CRSF measurements have been
reported (see for a compilation
of all measurements). Cen X-3 has also exhibited a range of
QPOs in the mHz (40-90 mHz: ) as well
as in the kHz regime ( ).

In this paper we explore the luminosity state dependent
timing and spectral properties of this disk accreting pulsar
system using publicly available AstroSat observations carried
out in late 2016 and early 2017. The paper is organized as fol-
lows: The observations and data reduction methods are out-
lined in Section 2, followed by the timing and spectroscopy
results in Sections 3.1 and 3.2, respectively. We then discuss
the implications of our long term study in Section 4 and sum-
marize our work in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

AstroSat is India’s first multi-wavelength astronomy satellite
launched in September, 2015. AstroSat consists of five dif-
ferent on board payloads spanning a wide electromagnetic
spectral range from the optical/UV all the way up to hard

X-rays ( ). The Large Area X-ray Propor-
tional Counter (LAXPC) instrument on board AstroSat com-
prises of 3 identical, co-aligned detectors (LXP10, LXP20 and
LXP30) with a field of view of 1°x1°. LAXPC has an effec-
tive area of about 6000 cm? and an absolute timing resolution
of 10 ps in the 3.0-80.0 keV energy range. Detailed descrip-
tion of the instrument and calibration can be found in

( ). Owing to its high time resolution and broad
band sensitivity, LAXPC is best suited to carry out spectro-
timing studies of X-ray pulsars. The Soft X-ray Telescope
(SXT) consists of a focusing telescope with a CCD detec-
tor. With an effective area of ~90 cm?, it is capable of per-
forming X-ray imaging and medium resolution spectroscopy
in the 0.3-8.0 keV energy range ( ). Cen X-
3 was observed using LAXPC and SXT simultaneously be-
tween Dec 2016 - Feb 2017 as part of the Announcement of
Opportunity observing cycle. We refer to the 4 data sets an-
alyzed in this work as A, B, C and D. Details of the Obs-IDs
and exposures are specified in Table 1. The LAXPC obser-
vations were carried out in the Event Analysis (EA) mode.
The Level 1 data from all the 4 data sets were reduced using
the LAXPC Data analysis pipeline version 3.1'. The pipeline
code combines data from multiple orbits and also filters out
overlapping segments between each orbit. Using the standard
pipeline laxpc_make_event, we then generate the event file.
A good time interval (GTI) window was applied during the
processing in order to exclude the time intervals correspond-
ing to the Earth occultation periods, SAA passage and stan-
dard elevation angle screening criteria. This was created us-
ing the laxpc_make_stdgti tool. During the years 20162017,
the gain of the LXP30 detector varied unpredictably due to
gas leakage. We, therefore, do not use LXP30 observations
for any analysis. Further, since the spectral response for the
LXP20 detector unit was not reliable during these observa-
tions, we discard spectral analysis studies using this detector
and use only the LXP10 detector unit. All spectral prod-
ucts for this LXP10 detector were extracted using the task
laxpc_make_spectra.

The SXT observations were carried out in the Photon
Counting (PC) mode, where the CCD camera takes succes-
sive 2.4 s exposures. The LEVEL 1 data were processed using
the SXT software pipeline version 1.4b and the SXT spec-
tral redistribution matrices in CALDB (v20160510). Orbit-
wise cleaned event files were merged and updated with the
corrected exposure time using the SXT merger tool called
sxt_merger_make. We selected all the events inside a circular
region of radius ~10’, centered on the source co-ordinates.
The image, light curves and spectra were extracted using Xs-
elect v 2.4 in Heasoft 6.26. We identified jitter in the SXT
images corresponding to Obs IDs B, C and D, which is why
we decided against including SXT for further analysis in this
paper.

I Data analysis software was obtained from http://astrosat-
ssc.iucaa.in/?q=laxpcData
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Observation ID Start Time Exposure | Average LAXPC Average SXT Average Swift-BAT
(UTC) (ks) count rate (c/s) | count rate® (c/s) count rate (c/s)
Obs A - G06-091T01-9000000880 | 2016-12-12 12:31:55.7 39.6 3170 7.2 0.058
Obs B - A02_111T01-9000000954 2016-12-19 11:21:56 15.0 3029 5.4 0.054
Obs C - A02.111T01-9000000954 | 2017-01-09 16:43:01.8 18.5 1432 3.5 0.02
Obs D - A02_111T01-9000000986 | 2017-01-27 16:30:43.2 17.8 1534 4.8 0.03

Table 1. Details of LAXPC observations of Cen X-3 used for this work. The trend seen in the average 3.0-80.0 keV LAXPC count rates
reflect the trend observed in the count rate average as measured by 15.0-50.0 keV Swift-BAT monitor.
@ Average SXT count rate has been estimated excluding the sudden data drops.
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Figure 1. The 15-150 keV Swift/BAT light curve of Cen X-3
indicating the location of each of the four AstroSat observations.
As the figure indicates, Obs A (blue) and Obs B (green) correspond
to a high source intensity state, while Obs C (red) and D (black)
correspond to a low intensity state. The source intensity states
were identified based on the average source count rate as well as
the source fluxes obtained from spectroscopy (see Section 3.2).

3 ANALYSIS AND RESULTS

We obtained the long term 15-150 keV Swift/BAT
(Barthelmy et al. 2005) light curve of Cen X-3 to identify
the intensity state during which the AstroSat observations
were carried out. Two of the observations, Obs A and Obs
B were obtained during a high intensity state whereas Obs C
and Obs D correspond to a low intensity state. Figure 1 shows
the location of these 4 AstroSat observations marked on the
Swift/BAT light curve. The 15-50 keV Swift-BAT count rate
at the time of the AstroSat observations is shown in Table 1.
A uniform timing analysis procedure was adopted for all
four observations mentioned in Table 1. We extract the light
curve and study the pulse profiles and power density spectra,
details of which are elaborated in the following subsections.

3.1 Timing analysis

The source and the background light
extracted using the tasks laxpc.make lightcurve and
laxpc_make_backlightcurve, respectively, with a time bin
size of 10 ms. The background was subtracted using the
FTOOLS task lcmath. We carried out barycenter correction us-
ing the asibary tool. The average source count in all the four
Obs-IDs is indicated in Table 1. The LAXPC source count

curves were
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Figure 2. Figure shows the power density spectrum for Obs ID D
showing the pulse peak at 0.12 Hz and several of the harmonics.
The RMS normalised power drops considerably beyond 10 Hz. We
detect a ~26 mHz QPO in the lower luminosity state observation
D, which has been modeled using a Lorenztian function (solid black
curve).

rate showed a steady modulation around a mean of ~3000
c/s for Obs A and Obs B, while the mean count rate de-
creased to ~1500 c/s for Obs C & Obs D. No eclipse is seen
during the observations.

We generated the power density spectrum (PDS) for
the four observations of Cen X-3 to identify pulsations and
search for QPOs. We carried out a fourier transform of the
10 ms light curve from all the LAXPC detectos using the
FTOOLS task — powspec. All ~200 interval segments, each with
8192 bins, were averaged in order to generate the final PDS.
The power spectrum was subtracted for white noise and nor-
malised such that the integral gives the square of RMS frac-
tional variability. The PDS for the Obs ID D is shown in
Figure 2.

The 0.01-100 Hz PDS shows a strong pulsation peak at
~0.2 Hz, corresponding to the NS spin frequency along with
multiple harmonics with decreasing peak amplitude. Interest-
ingly, the main pulse peak and the harmonics show a broad-
ened base, which is a feature reported for several other pul-
sars like GX 304-1 (Devasia et al. 2011), 4U 1901403 (James
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), etc, as well. Such wings in the HMXB pulsars
could arise due to the presence of correlated periodic and
aperiodic noise components in the PDS ( ;

). We searched for QPOs near the pre-
viously reported mHz ( ) and kHz (
) frequency ranges. We detected a
QPO feature in only one of the four observations - Obs ID
D. We fit the PDS in the frequency range 0.01-0.04 Hz with
a broad gaussian to account for the continuum around the
QPO. Chi-square statistics have been used to perform the
fit in QDP/PLT. We then introduce a lorentizan to describe
the broad QPO feature centered around 26 mHz. We obtain
a best fit for the QPO at 0.026+0.001 Hz with a Q factor
(=%5) of 10.2. The uncertainties are quoted at 90% level.
The RMS normalized power for the QPO is 3.1%40.1%. We
also examined the strength of the QPO feature in different
energy bands (same energy bands as used to examine the
pulse profiles). The measured rms normalized power, has val-
ues - 3.7%+0.1%, 2.4%+0.1%, 2.4%+0.1%, 2.4%+0.1% and
4.6%+0.1% in the 3.0-6.0 keV, 6.0-10.0 keV, 10.0-15.0 keV,
15.0-22.0 keV and 22.0-35.0 keV bands, respectively. Inter-
estingly, we find a tentative strengthening of the QPO RMS in
the 22.0-35.0 keV energy band which brackets the CRSF line
(~28 keV). However, due to limited statistics in some of the
energy bands, our fits were unable to constrain the width and
strength of the QPO. We therefore cannot robustly confirm
this behavior using these observations.

In order to constrain the pulsar’s spin period with high
precision in the four Obs IDs, we carried out a sensitive period
search analysis. The arrival time of the photons was corrected
to the solar system barycenter. Using existing ephemeris
( ; ; )
we corrected for the the photon arrival time delay due to the
orbital motion and extracted sensitive period measurements
from the resulting time series for each observation. Then we
folded the 10ms binned light curves using the FTOOL task
efold at the intrinsic spin period of each observation. The
average pulse profiles in the 3.0-80.0 keV energy band are
shown in Figure 3. Once again, the two intensity states show
clearly distinct pulse profile shapes. The high intensity obser-
vations (Obs A & Obs B) show a profile with a single narrow
peak at phase ~0.5 and a smaller amplitude ‘knee’ bump at
phase ~0.85. Within the lower intensity observations, Obs C
pulse profile shows a strong double peaked profile with peaks
at phases 0.3 and 0.6, whereas in the Obs D, the pulse pro-
file shows 3 narrow peaks at phases 0.2, 0.4 and 0.7. In order
to further examine the variations in the pulse profiles, we
generated energy resolved pulse profiles in the energy bands
3.0-6.0 keV, 6.0-10.0 keV, 10.0-15.0 keV, 15.0-22.0 keV and
22.0-40.0 keV. We estimate the pulsed fraction in the various
energy bands using the prescription (Imax—Imin)/(Imax=+Imin)-
We observe that the pulsed fraction increases as a function
of energy for Obs C & D as shown in Figure 4. At energies
below 30 keV, the trend is weak for Obs A & B. We also
do not observe any local enhancements of the pulsed fraction
around the CRSF energy.

3.2 Spectroscopy
3.2.1 Phase averaged spectroscopy

We extracted LAXPC spectra from all the detector layers.
Since LAXPC has a poor response below ~5 keV, we kept the
hydrogen column density (Ng) fixed to the galactic absorp-
tion value of 1.11 x 10*? atoms cm™2 (

) throughout our analysis®. Several previous works
on broadband spectral analysis of Cen X-3, have used a simple
power law ( ), the combination of a power
law and a blackbody ( ), a power
law with a high energy cutoff alongside a blackbody (

), or in some cases a power law model modulated
by partial covering ( ), (

). ( ) discuss various difficulties while
adopting more complicated models such as compmag (a hybrid
model that was developed to describe accretion onto a mag-
netized NS, ) for fitting broadband Cen
X-3 Suzaku , BeppoSAX and NuSTAR data.

In our current work, in order to describe the 3.0-50.0 keV
LXP10 continuum spectra, we started with a few standard
XSPEC models like i) a simple powerlaw model along with a
blackbody and ii) a powerlaw with highEcut (

). Our spectral results reflect the fact that a pow-
erlaw modulated by a highEcut does indeed offer a reasonable
fit, without the need for a blackbody or any partial covering.
Previous works such as ( ) have always re-
quired an additional blackbody component while using the
cutoff power law model. While trying to export this simple
phenomenological model to the pulse phase resolved spectra
(Section 3.2.2), we were unable to constrain any of the pa-
rameter values. This prompted us to explore other alternative
comptonization models as has been recently adopted for some
pulsars like IGR 1929441816, etc. ( ;

). We then proceeded to carry out spectral
fits using iii) the compTT model ( ) and iv) the
nthcomp model. The nthcomp model describes the thermal
comptonization of soft photons in a hot plasma (

; ). Rea-
sonable fits were obtained using the nthcomp model, while the
compTT model proved to be a poor choice. Since the nthcomp
model (Model I, from now) showed a residual at low ener-
gies, we added a black-body component which improved our
overall continuum fit. Moreover, since the blackbody model
was sufficient for the fit, we did not additionally consider any
partial covering for this work. We further assume that black-
body photons from the NS surface are comptonized, hence
we link the blackbody temperature and the seed photon tem-
perature parameter of the compton emission. We note that
powerlaw with highecut (Model II, from now) fits become
worse with addition of the blackbody component, and pro-
vides inconsistent fits in pulse phase resolved analysis (as we
describe in Section 3.2.2), while on the other hand, Model

2 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.
pl
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Figure 3. Energy resolved pulse profile from all four observations, Obs A (Upper left-blue), Obs B (Upper right-green), Obs C (Lower
left-red), and Obs D (Lower right-black) were folded at a pulse period of 4.80183 s, 4.80196 s, 4.80170 s, and 4.80323 s. The pulse profiles for
the different intensity state observations show distinctly different shapes. Each panel corresponds to different energy range and normalized
pulse profile is plotted for two consecutive phases. The vertical yellow lines in Obs A and Obs B represent phase boundaries used for phase
resolved analysis (Section 3.2.2). The data for the fainter observations (Obs C and Obs D) do not have high enough signal-to-noise ratio
for phase resolved analysis.
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Figure 4. Pulsed fraction for the 3.0-80.0 keV folded pulse profiles
for all the Obs IDs plotted as a function of energy for Cen X-3.
In the faint epochs (Obs C & Obs D) we see a strong trend of
increasing pulsed fraction with energy, while the variation is less
pronounced for the bright intensity state epochs (Obs A & Obs B).
Bottom panel indicates the CRSF depth with the Gaussian centre
at the line energy with the spread representing the line width.

I not only constrains the pulse phase averaged spectral pa-
rameters better, but also translates smoothly into the pulse
phase resolved analysis. Our spectral fits indicate that Model
I (nthcomp+bbody) is statistically preferred over Model II
(powerlawxhighEcut).

We observed narrow residuals near ~28 keV which we
modeled using a gaussian absorption line. We observe that the
CRSF absorption is strongest in the high luminosity states.
Residuals at ~6.6 keV were fit by adopting a broad gaussian
emission feature (op. ~0.4 keV). We allowed for a 1.5% sys-
tematics while fitting the spectra. The details of the best fit
spectra parameters for both models are shown in Table 2 and
the variation of the spectral parameters in all four intensity
states is indicated in Figure 6.

We further estimate the source flux (for the Model I
case) in the 3.0-50.0 keV energy range for all four Obs IDs
as 9.7 x 107° erg em™? s7', 8.96 x 107° erg cm™2 57!,
42 x107% erg em™? s7! and 4.6 x 107% erg ecm™2 571, re-
spectively. Assuming a source distance of 8.7 kpc (

), we obtain the X-ray luminosities as 9.0 x 1
8.2 x 10%7, 3.8 x 10%7 and 4.2 x 10%7 erg s~ ! for the four Obs
IDs, respectively.

0377

3.2.2 Pulse phase resolved spectroscopy

As discussed in the timing analysis, we observed a strong
dependence of pulse profile on energy, which motivated us
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Figure 5. Best fit LAXPC spectra accumulated over all the four
observations. These phase averaged spectra are fit with comp-
tonized continuunm, a blackbody component and a Gaussian line
mimicking the Fe emission line near 6 keV. Fit residuals are shown
in the lower panel.

to further carry out phase resolved analysis of the source.
We assigned phase boundaries and identified 6 sections based
on various distinct features in the pulse profiles as shown
in Figure 3. We extracted the phase resolved spectra only
for the high intensity state observations - Obs IDs A and
B. This analysis was not carried out for the fainter states
(Obs IDs C and D) due to poor photon count rates and lim-
ited statistics. In order to eliminate the excess contribution
to the background from multiple anode layers, we use the
top layer spectra of LAXPC10 for phase resolved analysis. The
source spectra were extracted using the standard pipeline
laxpc_extract_spectra. The response files used were iden-
tical to that of the phase average analysis. The background
spectra were generated using the procedure indicated by the
faint source pipeline.

We restrict our spectral range to 50.0 keV, beyond which
the spectrum has very limited S/N ratio. The spectra of all
individual phases were fit with the same model used for phase
averaged analysis - a comptonization model along with a
blackbody emission (Model I). Fe line width were kept frozen
to their respective phase averaged spectral fit values. We in-
dicate the variation of the different spectral parameters for
both Obs IDs (A & B) as a function of pulse phase in Figure
7. The radius of the blackbody emitting region (indicated by
the norm) varies in line with the pulse intensity as a function
of pulse phase, indicating that during the peak pulse phase,
a larger fraction of the blackbody emitting region becomes
visible. The electron temperature (kT.) responsible for comp-
tonization shows an exceptionally large value at the declining
phase. The other continuum parameters remain more or less
uncorrelated with pulse phase. We also observe a variation of
the CRSF optical depth (ﬁ‘iifﬂ) with pulse phase, with
the declining phase showing the most depth compared to the
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Table 2. Best fit spectral parameters for phase averaged spectral analysis of the LXP10 detector for all four Obs IDs. Model I and Model

II are as described in Section 3.2. Errors quoted are for 90% confidence range.

@ photons keV~1 cm~2 s~1 at 1 keV.
b Flux is in units of 1079 ergs cm~2s~! and is in 90% confidence range.
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Figure 6. Variation of phase-averaged spectral parameters with
intensity state of the source. Blue, green, red and black represent
Obs A, Obs B, Obs C, and Obs D, respectively. The various model
components are as in Table 2.

rising phase. However, the Fe line strength varies inversely
with pulse peak intensities, showing the least strengths at
the peak phase. This picture of parameter variation and cor-
relations is consistent across both Obs IDs.

4 DISCUSSION

We have carried out a timing and spectral study of Cen X-
3 in two luminosity states using AstroSat observations from
2016 and 2017. We demonstrate variations in the pulse profile
from single to double peaked as the X-ray luminosity switched
from a high to low state. Results from our spectral analysis
indicate variation in continuum spectral parameters as well
as the CRSF energy as a function of luminosity state. Fur-
ther, we use measured CRSF energy to obtain the NS surface
magnetic field for further differentiating various QPO models.

Cen X-3 is an interesting source, as it is the only
known HMXB pulsar system that undergoes disk fed accre-

tion ( ); in fact, Cen X-3 is considered
to be at the onset of its Roche Lobe overflow evolutionary
stage. However, the reason for luminosity state changes in
this system is still poorly constrained. A study using RXTE
observations suggested that the different observed luminosity
states in Cen X-3 could be due to the changing view of a
warped accretion disk ( ;

).

4.1 Cyclotron line and QPO

X-ray pulsars present the ideal setting to study effects of
plasma in strongly magnetised environments. The energies
of electrons traveling perpendicular to the magnetic field axis
become quantized into Landau levels ( ).
The strongly peaked behavior of opacity at these discrete
energy levels leads to a resonant scattering process. A dis-
tinct CRSF absorption profile is detected in X-ray spectra at
energy values E, = nth (assuming non-relativistic case),
where n=1 corresponds to the transition between two con-
secutive levels. The detection of CRSF in X-ray pulsars is
the most reliable method to constrain the magnetic field in
X-ray pulsars. Using AstroSat results of spectral analysis of
Cen X-3, we compute an average magnetic field of ~2.3x10"?
G.

From a total of 36 X-ray pulsars with confirmed CRSF
detections, about a third exhibit either a positive or negative
correlation of the Ecrsr with luminosity (for details see Table
7 of ). This prompted the development of
an association between the mass accretion rate and the depth
at which the in-falling material is decelerated (

; ). Above a certain ‘critical
luminosity’ (Lerit), an anti-correlation between Ecrsr and
Lx is observed (for example SMC X-2, V0332+53). In this
regime, a radiatively-induced collisionless shock gets created
at a certain height above the NS surface (

) and therefore the CRSF forming region is higher up
the in the accretion column, enabling better visibility. Sev-
eral physical models attempt to explain the negative correla-
tion at higher luminosities (for example,

, ). As the J\A/[aCC increases, the radia-
tive shock is formed higher up in the column, sampling lower
magnetic field strengths and effectively leading to smaller
measurements of Ecyc.. On the other hand, a positive cor-
relation has been identified in low luminosity X-ray pulsars
like Vela X-1, A 0535+26 and GX 304-1 (

; ). This behavior
has been explained by models that assume these sources had
luminosities in the sub-critical regime ( ).
Here, the plasma reaches very close to the NS surface. The
CRSF is generated relatively deeper in the accretion column,
which reflects a stronger B field and consequently a higher
CRSF energy.

The critical luminosity (Lerit) serves as a boundary sep-
arating two regimes with opposite correlation patterns and
several works have attempted to characterize this function

(© 0000 RAS, MNRAS 000, 000-000
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Figure 7. Best-fit parameters of pulse phase resolved spectroscopy are plotted as a function of pulse phase (Section 3.2.2). The two panels
on the left with blue data points correspond to Obs A and the two panels to the right with green data points represent Obs B. The pulse
profile in the 3-80 keV range is shown as a grey dashed line for reference. The yellow vertical lines indicate the phase boundaries.

(Basko & Sunyaev 1975; Becker et al. 2012; Mushtukov
et al. 2015). Above L, matter is deccelarated via radiative
shocks from an accretion column (Basko & Sunyaev 1975;
Mushtukov et al. 2015) and below Leit, plasma decelerates
via Coulomb collisions and reaches close to the NS surface
(Zel'dovich & Shakura 1969). Recent studies by Mushtukov
et al. (2015) include a number of accretion flow geometry
effects. They demonstrate that the Leris is not a monotonic
function of the magnetic field. Their models are in good agree-
ment with observed trends for some of the pulsars like V
0332+53 (Doroshenko et al. 2016) and more recently, for IGR
J19294+41816 (Raman et al. 2021).

© 0000 RAS, MNRAS 000, 000-000

In the context of Cen X-3, there have been reports of
CRSF energies between 28-30 keV in different luminosity
states observed using NuSTAR and Suzaku (Tomar, Pradhan
& Paul 2021), GINGA (Nagase 1989), Beppo-SAX (Santan-
gelo et al. 1998; Burderi et al. 2000), RXTE (Suchy et al.
2008). Recent works using Suzaku and NuSTAR observations
(Tomar, Pradhan & Paul 2021) and using Swift-BAT (Ji
et al. 2019), have compiled and compared the CRSF prop-
erties of Cen X-3 and have claimed that the CRSF energy
in Cen X-3 has remained steady at ~31.6+0.2 keV for the
last 14 years. Their work covered an X-ray luminosity range
of 1.1-5.4x10%" ergs s~*. Our current study of Cen X-3 using
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Figure 8. Figure shows all the past measurements of CRSF ener-
gies including the current AstroSat observations, as a function of
luminosity state.

broadband AstroSat -LAXPC observations extends this study
to higher luminosity states and shows that the line energy
remains constant. In Figure 8, we indicate all the reported
FEcrsr measurements.

CRSF properties for Cen X-3 have also been examined as
a function of its pulse phase. In their work, ( )
show that the CRSF energy follows the pulse profile shape
with a variation ranging from 30-40 keV through an entire
pulse period. A similar variation in CRSF centroid energy was
reported using BeppoSAX data by ( ). Our
results indicate no such variation in the CRSF center and
width parameters, except for the optical depth. The CRSF
depth variation as a function of pulse phase has been observed
many times in the past for Cen X-3 ( ) as
well as in other pulsars like 1A 1118-61 (

). These optical depth variations can be attributed to the
fact that the dipole geometry is being viewed from different
angles at different pulse phases. Alternatively, this could also
be suggestive of a more complex magnetic field structure in
this source.

There are only a handful of HMXB pulsars that exhibit
simultaneous CRSFs and QPOs, and Cen X-3 is one of them
(see for details). The reason why these
sources are crucial is that the presence of a CRSF helps to
constrain the magnetic field strength and therefore, the mag-
netospheric radius. This would further be useful in obtaining
estimates of predicted QPO frequencies that enable differenti-
ation between various QPO models. QPOs are a common oc-
currence in X-ray pulsars and are understood to be related to
the motion of inhomogenously distributed matter in regions
close to the magnetospheric boundary and inner accretion
disk ( ). QPO frequencies found in HMXB
pulsars are typically in the range 1 mHz-40 Hz ( ).
Cen X-3 has demonstrated a wide range of QPO frequencies
between 40-90 mHz, with no apparent correlation of the cen-
troid frequencies or their RMS values with different luminos-
ity states ( ; ). The
~26 mHz QPO detected using AstroSat observations during
the faint luminosity state is probably one of the slowest QPOs
seen for this source. The measured source flux during the low
luminosity state (Obs D) is 4.46x107° ergs/cm?/s. Assum-
ing a source distance of 8.7 kpc, we obtain a luminosity of

4.1x10%7 erg/s. For a generic NS with mass 1.4 Mg and a
10 km radius, the inner disk radius can be expressed as:

v =3 x 10°Lg? T3l (1)

where Lz7 is the luminosity in units of 10%7 ergs/s and 3o is
the magnetic moment in units of 103° G cm? (

). By using the measured value of B (2.3x10'% G)
obtained from the detected CRSF, and assuming a 10 km
radius NS, we infer a magnetic moment of pso of ~2.3 G
cm?®, which gives a magnetospheric radius of ~3.2x10% cm.

Depending upon the relationship between the NS spin
frequency (Vspin) and the QPO frequency (Vgpo), several mod-
els have been traditionally invoked. The most common mod-
els include the Keplerian frequency model (KFM,

) and the magnetospheric beat frequency
model (BFM, ). The KFM predicts that
the inhomogenous matter is modulated at the keplerian fre-
quency corresponding to the inner accretion disk and there-
fore Vqpo = Vkeplerian. This model is applicable only when
Vgpo > Vspin and is therefore not applicable to the 26 mHz
QPO detected using current AstroSat observations. On the
other hand, BFM predicts that the rotating inhomogeneity is
further modulated by the rotating magnetic field and there-
fore shows up in the form of a QPO at the beat frequency
between the vieplerian at the inner disk and vgspin. The inner
accretion disk radius according to BFM is given as,

, _ G Mns v 2)
M,BFM 172 (e + Vaps)2

Using the rar obtained from before (3.2x10% cm), we can
calculate the BEFM-predicted QPO frequency which turns out
to be ~ 0.065 Hz, which is of a similar order, but higher, than
the measured vqpo of 0.026 Hz.

Previously, the very early set of mHz QPOs from Cen
X-3 were associated to modulations in the mass accretion
rate on the NS polar caps ( ). Later
studies using RXTE by ( ) note that since
the QPO frequency is uncorrelated to the luminosity state, it
cannot be the result of material inhomogeneity at the inner
accretion disk. Instead, they claim that the nearly constant
QPO frequency range (~40 mHz) is primarily due to varying
degree of obscuration by an aperiodically warped accretion
disk ( ; ). This is
one of the proposed explanations for the observed multiple
flux states in Cen X-3 as well.

A similar, more recent model that explains mHz QPOs in
HMXB pulsars is the precessing warped accretion disk model
by ( ). This model has been invoked
to explain the mHz QPOs observed in 4U 0115463 (

). They suggest that the observed QPO frequency
is a reflection of a misaligned disk angular momentum vector
and the magnetic field vector. The resulting precessional time
scale is given by

Toree = 776 x a*% x Lz0""'s (3)

where « is the accretion disk viscosity parameter (usually

(© 0000 RAS, MNRAS 000, 000-000
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<1), and Lg7 is the X-ray luminosity in units of 10%7 erg/s.
Observational constraints on the a parameter typically lie in
the rage 0.1-0.4, while numerical simulations predict a value

that is smaller by a factor of 10 ( ).
We assume an a=0.02 based on the model fits carried out
for another similar pulsar, 4U0115+63 ( ). For

the measured flux and corresponding luminosity in Obs D
(Ls7 ~1.7), we obtain a vqpo ~52 mHz, which is slightly more
than the AstroSat measured 26 mHz QPO. We figure that
this model, like the BFM, is also capable of explaining the
order of magnitude of the observed ~mHz QPO seen in Cen
X-3, although future observations would shed more light on
the various QPO models.

We also bring to note that not only is the QPO promi-
nently detected solely during one of the low luminosity states,
but its RMS exhibits a tentative increase near CRSF energies
(see Section 3.1). In contrast to our observations, a previously
reported 40 mHz QPO in Cen X-3 was found to be non-
varying with respect to energy as well as uncorrelated to lumi-
nosity state ( ). All the QPO models dis-
cussed above suggest an inner-disk magnetospheric-boundary
origin for the QPO; while the association to a CRSF opens
up the possibility of the accretion column as possibly being
another alternative region of origin for the QPO. Detailed ex-
ploration of such an association is out of scope for this work,
but is highly recommended for future studies.

4.2 Pulsed Fraction, spectral continuum
parameters and X-ray luminosity state

Distinct changes in the pulse profile for Cen X-3 observed in
our AstroSat study allowed us to examine some of the funda-
mental correlations between the pulsed fraction (PF) in dif-
ferent energy bands and in various luminosity states. The PF
represents the relation between the emission from the accre-
tion column (the pulsed component) and the emission from
the other portions of the accretion flow (unpulsed compo-
nent). It is computed by measuring the relative amplitude
of the neutron star’s pulse profile. Several studies have been
conducted to understand the trends observed in the pulse
profiles and pulsed fractions in various energy bands and also
in different luminosity states in HMXB pulsars (see for ex-
ample, ). For most sources, the
pulsed fraction in general shows an increasing trend with en-
ergy, for example, GX 1+4 ( ), OAO 1657-
415 ( ), EXO 2030437 (

), SMC X-3 ( ), etc. Some other sources
like 4U 0115463 exhibit changes in pulse profile and corre-
sponding PF close to the CRSF energy (and also near the
higher harmonics, ) owing to changes in
accreting plasma flow properties and correspondmg change in
beam pattern of emission (

). In contrast, many other HMXB pulsars
like A0535+262 and Cen X-3 ( ), etc.
show no distinct features in the PF near the CRSF energies.
As seen in the Figure 4, this is consistent from our current
AstroSat analysis of Cen X-3 as well.

© 0000 RAS, MNRAS 000, 000-000

( ) proposed a qualitative model (excluding gravitational
light bending effects, etc.) to explain the variation of PF with
energy. They propose that at higher energies, the contrast
between minimum and maximum visible surfaces of the ac-
cretion column is highest, hence an increased PF.

The behavior of PF as a function of luminosity state also
shows interesting correlations (see

, for a comprehensive study). For example, in Her X-1,
the PF is fairly low during its low luminosity state. On the
other hand, some pulsars like SXP 1323 ( )
and 251417-624 ( ) exhibit an
anti-correlation between the PF and Lx which is attributed
to an increase in the unpulsed component or a decrease in
the pulsed component, both of which can be attributed to
contributions from additional modes of accretion that would
eventually affect the beam configuration. Even more unusual
and much harder to explain is the case of the pulsar V0332452
that shows a positive PF-Lx correlation at low luminosities
and a negative correlation at higher luminosities.

For a persistent pulsar like Cen X-3, which has exhib-
ited a nearly constant Ecrsr over a wide range of fluxes in
over three decades ( ; ;

: ), it is interest-
ing to see such a wide spread in the PF at lower energies
(<20 keV) as compared to the energies above 20 keV. Based
on INTEGRAL observations, ( )
suggested that any variation in the PF with Lx could be
attributed to local inhomogeneities in the stellar wind or ac-
cretion flow. This picture is consistent with our claim that the
accretion flow inhomogeneities are responsible for generating
mHz QPOs as detected in one of low state AstroSat obser-
vations (Obs D). Detailed modeling of the energy dependent
and asymmetric pulse profiles of Cen X-3 that were carried
out on very early observations obtained from GINGA and
OSO-8 have indicated the presence of two emission regions at
the magnetic poles ( ). It also suggested that
the pulsed emission had contributions from a pencil beam as
well as a fan beam, which could directly result in variations
of the PF as seen by subsequent works including this paper.

In our current AstroSat analysis of Cen X-3 in two dis-
tinctly different luminosity states, we notice the following: i)
as we move from the high to the low state, the pulse pro-
file shape varies from single peaked to double peaked, ii)
the pulsed fraction shows an increasing trend with energy
although the soft band (3—-10 keV) PF is higher by a factor of
about 2 for the high state, and iii) the blackbody component
shows a lower temperature (kT~0.7 keV) at the high inten-
sity state, versus a kT~0.95 keV for the low intensity state;
a higher disk temperature indicates a larger disk contribu-
tion (unpulsed component) to the overall X-ray emission and
naturally explains the lower PF in the low state.

Using results obtained from this analysis we have ob-
served that Obs A and Obs B have large detector count rates
and broadband fluxes, making them brighter (or high) state
observations, compared to the low/faint Obs IDs C and D.
From the phase averaged spectral analysis, we further note
that the spectral index is correlated with the source flux. The
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high state observations (Obs A and Obs B) have spectral
indices >1.3 and >1.25, as seen using Model I and Model
II, respectively; while that of the low states are 1.1 and
1.2, for the same two models. The spectrum therefore softens
at higher flux states (See Figure 6) as has been observed in
other sources like EXO 2030+375 (
) and V03324053 ( ). Using

Model I, the brighter states also seem to prefer a slightly
higher plasma temperature (kT. ~4.4 keV) compared to
fainter states (with kT. ~3.8 keV). We also observe that the
fainter states prefer higher cutoff energies and lower power
law indices, compared to the brighter states, for the Model
II. Such trends have also been observed in other pulsars such
as 1A 0535+262, or GRO J1008-57, etc. as shown in

( ). This implies that, in the high state, the phase
averaged spectral emission has a larger contribution from the
soft photons from higher up in the accretion column, giving
rise to a softer spectrum. On the other hand, during the low
luminosity states, the radiation is emitted from a region that
samples a larger portion of the scattered comptonized hard
emission, resulting in an overall harder spectrum.
We also discuss some previous results that have explored spec-
tral parameter variations across pulse phase. For RXTFE ob-
servations, ( ) model the continuum using
a power law modified by a high energy cutoff at a source
luminosity of ~4x10%7 erg s~'. Their results indicate dra-
matic variations in power law index as well as the cutoff and
fold energy parameters as a function of pulse phase. The pa-
rameters are lower during the rise of the pulse profile and
become prominent at the declining phase. This behavior is
somewhat similar to what we found in AstroSat observations,
in terms of the power law index and electron temperature
at the declining pulse phase. We further note that the elec-
tron temperature seems to peak during the declining phase
of the main pulse, while the spectrum hardens (see Figure
7) . We believe this declining flux could represent the pulse
phase where the pulsed component is moving out of view.
This could then expose the observer to the portion of the
accretion column where hot electrons upscatter the seed pho-
tons into comptonized hard photons. This behavior is seen
quite consistently in both the high state observations, Obs A
and Obs B.
With these AstroSat observations, we note that the differ-
ent luminosity states and the varying pulse phases together
govern the changes in the spectral emission from different
segments of the accretion column. The different luminosity
states in Cen X-3 have been discussed in the literature to be
due to varying levels of obscuration of the X-ray emitting re-
gion, although, varying mass accretion rates is not ruled out
entirely ( ; ).
Since there exists a wealth of data for Cen X-3, future studies
aimed at establishing a comprehensive theoretical framework
will help understand disk accreting pulsars better.

5 SUMMARY AND CONCLUSIONS

Since its discovery, Cen X-3 has been repeatedly examined
using various high energy instruments. Here we summarize
the key results and new insights that we have obtained using
AstroSat observations:

i) Cen X-3 has exhibited the presence of a weak 26 mHz QPO
at an rms of 3%, at a luminosity of Lx ~4x10%" ergs s~
ii) The detection of a CRSF has allowed us to measure
the magnetic field to about 2.3x10*? G, consistent with
previous measurements. However, since this observation also
exhibits the presence of a mHz QPO, we utilize the B field
measurement obtained using the CRSF to further examine
various different QPO models.

iii) AstroSat sampled this source during two different lu-
minosity states for which we have carried out pulse profile
timing studies. The high luminosity states exhibit a broad
single peaked profile, while the low states exhibit complex
and double-peaking profiles, indicating changes in the beam
pattern within a span of a few months.
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