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ABSTRACT

The orbits of X-ray binaries evolve due to mass transfer, mass loss and tidal interaction between

the two stars. In the case of close X-ray binaries, the tidal interaction is likely to be very important in

determining the orbital evolution time scale. Long term X-ray light curves and eclipse observations is

a way to study the orbital evolution of X-ray binaries. But pulse timing studies of binary X-ray pulsars

provide us with the most accurate orbital ephemeris and is the best way to investigate orbital period

evolution of the X-ray binaries. Using archival data from X-ray timing and imaging missions we have

made significant progress in study of several X-ray binary pulsars. In this paper we summarise results

from our investigations of the orbital period evolution measurements of five close binary X-ray pulsars

LMC X-4, Her X-1, 4U 1538–52, Cen X-3 and SMC X-1. Due to the good time resolution and high

signal to noise ratio timing signal provided by RXTE, we could also measure the small eccentricity of

Cen X-3 and SMC X-1 orbits. With the exception of 4U 1538–52, the orbital period is found to be

decreasing with time for all these sources and we have made more precise measurements of the orbital

period and rate of change of orbtial period for these systems. In Her X-1 we have detected an unusual

orbital evolution.

Subject headings: Stars: neutron – X-rays: stars – (Stars:) binaries: general – X-rays: binaries

1. Introduction

Binary X-ray pulsars contain highly magnetised neutron stars (B≥1012G) accreting matter from its com-

panion star. The orbit of the neutron star evolves due to mass transfer/mass loss from the system and the tidal

interaction between the two stars. The orbital evolution can be measured by comparing the orbital parameters

at different epochs. X-ray eclipse (Wolff et al. 2002), orbital modulation of the X-ray light curve (Singh et al.

2002) or X-ray pulse timing (Levine et al 1998) can be used for such studies. Here we present the X-ray pulse

timing analysis that we have carried out for four persistent HMXB pulsars LMC X-4, Cen X-3, SMC X-1, 4U

1538–52 and an LMXB pulsar Her X-1.

2. Timing Analysis and Results

For each of the sources, lightcurves were extracted with time resolution depending on the spin period of the

neutron star. The intrinsic pulse periods of the pulsars were determined by pulse folding and χ2 maximization

method. The light curves were then folded with the respective pulse periods to get pulse profile templates at

different orbital phases. In the case of Her X-1, a triangular function was fitted to obtain the pulse arrival times.

For the three pulsars Cen X-3, SMC X-1 and 4U 1539–52, Fourier series representation for every pulse profile

was derived. The arrival time delay of the pulses was determined by product of the phase of the first Fourier

component and spin of the pulsar. The arrival time delay curve thus obtained was then fitted by a delay curve
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due to circular or eccentric orbit giving the orbital parameters. In the case of LMC X-4, a different method

(described in the next paragraph) was used to determine the mid-eclipse time.

2.1. LMC X-4

LMC X-4 is an X-ray Pulsar with a spin period of ∼13.5 s and orbital period of ∼1.4 d. We have used data

from GIS instrument of the ASCA observatory and MECS instrument of the BeppoSAX observatory to study

orbital evolution of this HMXB pulsar. Since these imaging telescopes have small photon collection area of a

few hundred cm2, we could not detect the pulse profile or measure the pulse arrival time from data collected in

small fractions of the orbit. On the other hand, the pulses loose coherence over a longer period. Therefore, to

detect the pulsations and also the mideclipse times during these observations, we first corrected the light curve

for the binary motion assuming different trial mid-eclipse times. A pulse-folding and χ2 maximization method

was applied to all the corrected light curves. The distribution of maximum χ2 against the trial mideclipse times

obtained from each pulse-folding analysis was used to determine the mid-eclipse time. Similar analysis was carried

out with two ASCA observations (Paul et al. 2002) and one Beppo-SAX observation (Naik & Paul 2004) and the

orbital evolution of LMC X-4 was measured which is shown in Figure 1a. In LMC X-4, we have derived a period

decay rate of Ṗorb/Porb = −9.9× 10−7 yr−1.

2.2. Her X-1

Her X-1 is an X-ray Pulsar with a spin period of ∼1.24 s and orbital period of ∼1.7 d. We have used data

from MECS instrument of the Beppo-SAX observatory and PCA instrument of the RXTE observatory to study

orbital evolution of this LMXB pulsar. A triangular function was fitted to each of the pulse profiles and position

of the peak (assumed to be the pulse arrival time) was determined. A total of about 5000 pulse arrival times

were determined from the five observations of Her X-1. From each of the Beppo-SAX and RXTE observations

we have determined the mid-eclipse times. Unlike other binary X-ray pulsars, the mid-eclipse time history of Her

X-1 shown in Figure 1b strongly deviates from a quadratic nature and also from two piecewise linear functions

reported earlier. The new measurements show occurrence of a new break in the mid-eclipse time history of Her

X-1 (Paul et al. 2004) coincident with an anomalous low X-ray state. The orbital period changes at the two

breaks in the mid-eclipse time history of Her X-1 has a magnitude of dP orb/Porb ∼ −2 × 10−7.

2.3. 4U 1538–52

4U 1538–52 is a slow pulsar with a B0 I companion star of mass 19.8 ± 3.3 M�. We have made observations

with the RXTE-PCA in August 2003 spanned over two binary orbits. The light curve for this analysis was derived

using data from only the top two layers of the PCAs with a time resolution of 0.125 s. Pulse profiles in different

orbital phases were formed by folding the light curve with the spin period averaging two pulses at a time. Each

pulse profile was Fourier decomposed to get the phase of the highest amplitude Fourier component and hence the

pulse arrival time delay. The delay curve obtained by this was then fitted by a function appropriate for eccentric

orbit to get the orbital parameters (axsini, e,Tπ/2). The new measurement of mid-eclipse time (Mukherjee et al.

2006) was compared with the older measurements Clark et al. (2000). Figure 1c shows the residue of a linear fit

to the plot of orbit number vs the mid-eclipse time. The solid line in the figure indicates the orbital evolution

reported based on an observation in 1997 (Clark et al. 2000) From the figure it is clear that no quadratic evolution

of the binary orbit is observed and we measured a formal Ṗorb/Porb of 2.5 ± 1.9 × 10−6 yr−1.
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Fig. 1.— Differences between measured mid-eclipse times and a linear fit to the same are shown here for LMC

X-4 (top-left), Her X-1 (top-right), 4U 1538–52 (middle-left), Cen X-3 (middle-right) and SMC X-1 (bottom.

Solid lines indicate the best quadratic fits of mid-eclipse times except for 4U 1538–52. In the case of 4U 1538–52,

the line indicates the period evolution reported earlier (Clark 2000).

2.4. Cen X-3

The HMXB pulsar Cen X-3 contains a neutron star with a spin period ∼4.8 s orbiting a O-type supergaint

companion star every ∼2.1 d. The source was observed for a long duration by RXTE in 1997 and we have used

the archival data for the analysis presented below. The analysis is similar to that of 4U 1538–52. The pulse

profiles were obtained by folding the light curve with the average spin period taking 10 pulses at a time. The

pulse arrival time delay curve obtained from this observation was fitted with a circular orbit to obtain a new

mid-eclipse time. The fits showed significant residuals which was intepreted as due to a small eccentricity of the

orbit. The newly measured mid-eclipse time was combined with the previous measurements giving an improved

measurement of the orbital decay rate of Cen X-3 (Raichur et al. 2007).
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2.5. SMC X-1

This system contains a neutron star with spin period ∼0.7 s orbiting a B0 I star with a period of ∼3.9 d. Light

curves were obtained from two long observation of this source with RXTE-PCA in 2000 and 2002 using event

mode data with a time resolution of 16 ms. The pulse arrival time delays determined from this observation were

fitted to a circular orbit. Similar to Cen X-3, we have found significant residuals which has been used to estimate

the small eccentricity of the binary orbit. The mid eclipse time history is shown in Figure 1e after subtracting

a linear component. With these two measurements of mid-eclipse time we have determined the orbital evolution

time scale of SMC X-1 with greater accuracy (Raichur et al. 2007).

3. Discussions

We have improved measurement of the orbital period evolution time scale of three close high mass X-ray

binary pulsars LMC X-4, Cen X-3 and SMC X-1 considerably. The good signal to noise ratio of timing data

from RXTE has allowed us to measure the very small eccentricity of Cen X-3 and SMC X-1 orbits. We have also

improved measurement of the orbital period evolution of Her X-1 considerably and found it to have an unusual

period evolution history. We have found that the new measurement of mid-eclipse time for 4U 1538–52 does

not support the reports of orbital evolution in this system. The interactions between the neutron star and the

companion star in a closed persistent HMXB circularises the binary orbit. But the orbit of 4U 1538–52 is still

eccentric suggesting that this system must still be quite young.
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