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ABSTRACT

We report on two ASCA observations of the high-mass X-ray binary pulsar OAO 1657−415.

A short observation near mid-eclipse caught the source in a low-intensity state, with a weak

continuum and iron emission dominated by the 6.4-keV fluorescent line. A later, longer obser-

vation found the source in a high-intensity state and covered the uneclipsed through mid-eclipse

phases. In the high-intensity state, the non-eclipse spectrum has an absorbed continuum com-

ponent due to scattering by material near the pulsar and 80 per cent of the fluorescent iron

emission comes from less than 19 light-second away from the pulsar. We find a dust-scattered

X-ray halo whose intensity decays through the eclipse. We use this halo to estimate the distance

to the source as 7.1 ± 1.3 kpc.

Key words: dust, extinction – X-rays: binaries – X-rays: individual: OAO 1657−415 –

X-rays: ISM.

1 I N T RO D U C T I O N

OAO 1657−415 is one of the most poorly studied eclipsing high-

mass X-ray binary (HMXRB) systems, and yet is potentially one

of the most interesting. The reason that this system is not so well

known is because it took 15 yr for its nature as an HMXRB to be re-

vealed. OAO 1657−415 was discovered with the Copernicus satel-

lite (Polidan et al. 1978). A subsequent observation with HEAO-1
revealed a pulse period of 38 s (White & Pravdo 1979). The 3–30 keV

Ginga spectrum (Kamata et al. 1990) is a typical X-ray pulsar spec-

trum with a power law (α ∼ 0.6), a high energy cut-off (E c ∼ 5 keV

and E f ∼ 17 keV) and an iron line at 6.6 keV (equivalent width

∼240 eV).

For many years, it was unclear whether OAO 1657−415 was a

low-mass or a high-mass system. The mystery was cleared up when

the Compton Gamma-ray Observatory (CGRO) BATSE discovered

a ∼10.4-d binary orbit based on the long-term monitoring of the

pulse period in the 20–40 keV band (Chakrabarty et al. 1993). A

∼1.7-d eclipse of the X-ray source by its companion was also seen.

This conclusively showed OAO 1657−415 to be a classic eclips-

ing massive X-ray binary system, probably similar to Vela X-1,

making it the seventh eclipsing X-ray pulsar system to be found.

Chakrabarty et al. (1993) used the orbital parameters to infer that

the companion is a supergiant of spectral class B0–B6. From the ob-

served value of the spin period and its derivative during the spin-up
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interval, they deduced an X-ray luminosity of �1.6 × 1037 erg s−1,

and thus a distance of �11 kpc. A more precise X-ray location ob-

tained with Chandra allowed Chakrabarty et al. (2002) to make an

infrared identification of the companion. The infrared properties of

the companion are consistent with a highly reddened B supergiant

at a distance of 6.4 ± 1.5 kpc, implying an X-ray luminosity of 3 ×
1036 erg s−1.

OAO 1657−415’s position on the Corbet diagram (Corbet 1986)

suggests that it may not be a typical system. The pulse periods of

HMXRBs are distributed between 0.069 and 835 s, with no evidence

for a clustering at any particular period. For the Be star systems,

there is a strong correlation between orbital period, Po, and spin

period, Ps. The supergiant systems have no strong dependence of

orbital period on spin period. OAO 1657−415’s 38-s pulsar with its

10.4-d orbital period lies between the Be and supergiant systems on

the Corbet diagram. The period measurements from RXTE, BATSE

and previous observations give a steady spin-up time-scale of 125 yr

(Baykal 1997) with short-term fluctuations (Baykal 2000). This sys-

tem may be in a short-lived phase where it is changing from a wind-

accreting system like Vela X-1 to a disc-accreting system like Cen

X-3. Thus, OAO 1657−415 provides an opportunity to test wind

and/or disc accretion theory on a system which is in a transition

between the two states.

2 T H E O B S E RVAT I O N S

OAO 1657−415 was observed near the middle of its eclipse in

1994 March 24, yielding 22 ks of data. This observation covered

orbital phases from −0.001 to 0.074. It was observed later (near
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1997 September 17) through its eclipse ingress for 200 ks. This

observation, covering orbital phases from −0.210 to 0.011, yielded

67 ks of Solid-state Imaging Spectrometer (SIS) data. The orbital

phases in this paper are calculated using the ephemeris of Bildsten

et al. (1997). For both of the observations, the SIS was operated

in one-CCD bright mode and the Gas Imaging Spectrometer (GIS)

in pulse height mode. The eclipse spectra were significantly differ-

ent between the two observations. We discuss these differences in

Section 4.1.

3 R E S U LT S

3.1 Timing analysis

3.1.1 The light curve

Energy-resolved SIS light curves and hardness ratios for the second

observation are shown in Fig. 1. The eclipse transition is extended,

with the high-energy band becoming fully obscured around orbital

phase −0.09. The flux in the low-energy bands decays gradually in

the eclipse, suggesting the presence of a persistent soft excess.

3.1.2 The pulse profile

We derived a barycentric pulse period of 37.39 ± 0.01 s from the

non-eclipse part of the 1997 observation. The pulse profile from

Figure 1. Top panel: energy-resolved SIS light curves observed during the

second ASCA observation. The slow decay of the intensity in the low-energy

bands through the eclipse is due to the decaying dust halo. Bottom panel:

SIS hardness ratios. Note that the light curves are plotted against orbital

phase, while the hardness ratios are plotted against time from the start of the

observation. Both are plotted over the same range to allow direct comparison.

Figure 2. Top panel: GIS2 and GIS3 energy-averaged pulse profile. The

dips in the profile labelled ‘A’ and ‘B’ are discussed in the text. Bottom

panel: GIS 2+3 energy-resolved pulse profiles.

the 1997 observation is qualitatively similar to the 1–20 keV pulse

profile observed by Kamata et al. (1990) with the Ginga Large Area

Counter. Most of the power is in the first harmonic. The pulsed frac-

tion also increases with energy, as would be expected for a source

with such a high-absorbing column density (∼5 × 1022 cm−2). The

dip which occurs after the main peak (labelled ‘A’ in Fig. 2) seems to

be sharper in the present data than in the Ginga data. When the 1–10

keV GIS2 and GIS3 data from the first 30 ks of the observation are

folded into 256 pulse-phase bins, dip A has a Gaussian width (σ ) in

pulse phase of 0.0256 ± 0.0054 at 90 per cent confidence. This cor-

responds to a duration of 0.96 ± 0.20 s. The main dip corresponding

to the pulse minimum (labelled ‘B’ in Fig. 2) has a width of 0.097 ±
0.019 in pulse phase, or a duration of 3.6 ± 0.7 s. Sharp dips in the

pulse profile have also been seen in Vela X-1 (e.g. Choi et al. 1996),

LMC X-4 (e.g. Levine et al. 1991) and GX 1+4 (e.g. Dotani et al.

1989). The pulsed fraction in the pulse profile of OAO 1657−415 in-

creases with energy, suggesting that the pulsating component of the

continuum is subjected to more absorption than the non-pulsating

component.

3.2 Spectroscopy

The standard screening criteria were applied to the data and GIS

spectra were extracted from circular regions with radii of 6 arcmin.

Because this source is near the Galactic plane, where contamina-

tion from the Galactic ridge can be significant (e.g. Koyama et al.

1989), the standard background spectra accumulated from blank-

sky observations could not be used. Thus, we extracted background
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ASCA observations of OAO 1657−415 1149

spectra from source-free regions of the detectors. To account for

the azimuthal dependence of the X-ray Telescope (XRT) spatial re-

sponse, background spectra for the GIS data were extracted from

circular regions whose centres were obtained by reflecting the source

coordinates through the optical axis. To avoid oversubtraction of the

source, only eclipse data were used for the background, and the part

of the background region less than 8 arcmin from the source was

excluded. SIS bright-mode spectra were extracted from 4-arcmin

circles around the source. Background spectra were extracted from

the part of the chip more than 6 arcmin away from the source, using

only eclipse data.

3.2.1 The non-eclipse spectrum

Referring to Fig. 1, the source is essentially uneclipsed for the first

30 ks of the observation, or orbital phases φ = −0.210 to −0.177.

We extracted spectra for this interval, added the two SIS and GIS

detectors, and fitted a model of the form

I (E) = e−σ E NHi
[

Id E−α + e−σ E NHl Is E−α + Ih E−(α+2)

+ Ifle−(E−Efl)2/2σ 2
fl + Irce

−(E−Erc)2/2σ 2
rc
] (1)

simultaneously to the SIS and GIS data. The continuum is repre-

sented by a power law plus a heavily absorbed power law with the

same photon index, α, and absorption column density N Hl. We in-

terpret these as representing direct and scattered emission from the

pulsar. As Thompson scattering is a colourless process the power

laws have the same index. To model the dust-scattered halo, we

included a power law with a photon index α + 2 and the same

absorption column density as the direct emission power law. We

included two Gaussian emission lines, due to fluorescence of cold

iron and recombination of H- and He-like iron, labelled with the

subscripts fl and rc, respectively. Id, Is and Ih are the intensities of

the direct, scattered and halo power laws, and NHi is the interstellar

column density.

The best-fitting model to the non-eclipse SIS and GIS data is

shown in Fig. 3. The fit is not formally acceptable, with Pν(χ2
ν) =

6.9 × 10−3. Most of the contributions to χ 2 come from the GIS data.

This model fits the SIS data well, with Pν(χ2
ν) = 0.34.

3.2.2 Orbital dependence of the spectrum
from the 1997 observation

In order to follow the evolution of the spectrum through the eclipse,

we divided the data into time intervals based on the inspection of

Fig. 1 and attempted to find a consistent model that could be used to

Figure 3. Non-eclipse SIS and GIS spectra fitted to the model of equation

(1).

Figure 4. SIS0 and SIS1 spectra at different orbital phases. The orbital

phases of the spectra correspond, from top to bottom of the figure, to those

in Table 1. The mid-eclipse spectrum from the 1994 observation is also

plotted at the bottom of the figure. For clarity, the intensity of each successive

spectrum has been multiplied by a factor of 0.1.

parametrize the orbital dependence. The data were divided into the

following five intervals: non-eclipse (φ = −0.210 to −0.177), pre-

eclipse (φ = −0.177 to −0.144), ingress (φ = −0.144 to −0.100),

early-eclipse (φ = −0.100 to −0.044) and mid-eclipse (φ = −0.044

to +0.011).

Fig. 4 shows the SIS spectra at different orbital phases. We see the

iron-line equivalent width increases as the eclipse ingress progresses

and the continuum decays, while the spectrum becomes harder due

to increased absorption. However, it is clear that there is a soft

component which remains, even as the hard part of the spectrum

continues to decrease. In Fig. 4, the 1994 mid-eclipse spectrum is

also plotted. The soft component is clearly much weaker in this

observation.

Table 1 shows the results of fits to a model of the form shown in

equation (1). In these fits, we froze the interstellar column density

N H and the photon index of the direct beam from the pulsar α

at the pre-eclipse values. Otherwise, we were not able to extract

meaningful confidence intervals from the fits to the early- and mid-

eclipse phases as parameters became degenerate. As the eclipse

progresses, the direct and Thomson-scattered emission components

are replaced in the best-fitting model by the halo component. We

thus conclude that the eclipse spectrum is dominated by the dust-

scattered halo.

In order to investigate the orbital dependence of the iron-line

complex, we again split up the data but this time into 19 finer time

intervals. The intervals were chosen to provide a compromise be-

tween counting statistics and time resolution. The exposures were

typically 4–6 ks in the early parts of the observation, rising to 16 ks

for the mid-eclipse phase. The lowest number of counts in any spec-

trum was 425. The spectra were rebinned so that each bin contained

at least 30 counts. Each spectrum was fitted to a model which had an

absorbed power-law continuum and the fitting range was restricted

to the 5–8 keV energy band. Because of the degeneracy between the

line and continuum parameters, the absorption column density was

fixed for the fits. The power-law photon index was allowed to vary.

Fig. 5 shows the results of these fits when the iron-line com-

plex was modelled by a single Gaussian. When the line width was
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Table 1. Best-fitting model parameters for fits to the orbital phase-resolved GIS and SIS data. The model is of the form shown in

equation (1). The interstellar absorption column and the photon index of the direct power law are fixed at the pre-eclipse values (N H =
7.61 ± 0.35 cm−2 and α = 1.361 ± 0.043). Note how the direct and scattered continuum components (Id and I s) are replaced by the

dust-scattered halo component (Ih) as the eclipse progresses.

Parameter Non-eclipse Pre-eclipse Ingress Early-eclipse Mid-eclipse

SIS exposure (ks) 20.8 24.8 16.0 40.5 29.0

SIS count rate (cts s−1) 3.30 ± 0.01 1.62 ± 0.01 0.451 ± 0.005 0.205 ± 0.002 0.142 ± 0.002

Id (10−3 cts cm−2 s−1 at 1 keV) 33.5 ± 2.2 8.8 ± 1.4 2.90 ± 0.61 0.39 ± 0.35 <47

N Hl cm−2 14.13 ± 0.71 30.0 ± 1.8 61.3 ± 6.0 87 ± 54 35 ± 12

I s (10−3 cts cm−2 s−1 at 1 keV) 92.9 ± 3.2 95.2 ± 3.3 30.9 ± 3.1 2.3 ± 1.3 2.07 ± 0.48

Ih (10−3 cts cm−2 s−1 at 1 keV) <13.1 53.3 ± 1.0 52.3 ± 5.6 35.8 ± 3.5 56.0 ± 2.8

Efl (keV) 6.398 ± 0.021 6.356 ± 0.056 6.361 ± 0.053 6.44 ± 0.47 6.366 ± 0.050

σ fl (eV) 195 ± 54 227 ± 88 <139 <131 <149

I fl(10−4 cts s−1) 15.1 ± 2.3 10.1 ± 5.3 2.54 ± 0.63 1.37 ± 0.48 1.94 ± 0.90

EW fl (eV)

E rc(keV) 7.15 ± 0.14 7.05 ± 0.45 6.638 ± 0.038 6.87 ± 0.19 6.76 ± 0.16

σ rc(eV) <322 <0.350 214 ± 135 233 ± 116 207 ± 77

I rc(10−4 cts s−1) 3.1 ± 1.8 <8.95 3.80 ± 0.78 1.04 ± 0.52 1.07 ± 0.73

EW rc(eV)

χ2
ν/degrees of freedom (d.o.f) 1.210/367 1.106/355 1.046/264 1.275/248 0.884/174

Pν (χ2
ν ) 3.52 × 10−3 0.0826 0.292 2.17 × 10−3 0.862

Figure 5. Orbital dependence of the iron-line energy and intensity. The

power-law photon index is α, I PL is the power-law intensity in cts s−1

cm−2 at 1 keV, E is the Gaussian line centroid energy and I is the line

intensity in cts cm−2 s−1.

allowed to vary, both the line width and the line energy contained

considerable scatter due to off-diagonal elements in the curvature

matrix linking them. Thus, the line width was fixed at 0.25 keV

(the observation-average value) for the fits. The line centroid en-

ergy increases from 6.45 keV in the pre-eclipse phase to 6.55 keV

at mid-eclipse. The line intensity drops by an order of magnitude as

the pulsar is eclipsed. To determine the time taken for this transition

to occur, we fitted a simple continuous model to the intensity which

assumes that the pre-eclipse and eclipse intensities are constant and

that the intensity varies linearly during the ingress. We find that the

transition occurs in 20 ± 9 ks, corresponding to a projected distance

of 12 ± 6 light-second.

We fitted the iron-line region of the orbitally resolved spectra with

two narrow lines at 6.4 and 6.97 keV. As shown in Fig. 6, each of the

two lines undergoes a partial eclipse. This means that the regions

emitting these lines are larger than the companion star.

By looking at how long it takes for the individual iron lines to

become eclipsed, we can estimate the size of the emission regions

Figure 6. Orbital dependence of the iron-line intensities for two narrow

lines at 6.4 and 6.97 keV. The power-law photon index is α, I PL is the

continuum power-law intensity in cts cm−2 s−1 keV−1 at 1 keV and the

line intensities are in cts cm−2 s−1.

for each of the ionic species (neutral and hydrogen-like iron). When

we fit our simple intensity model to the line intensities in Fig. 6,

we find that the line intensities decrease by factors of 4.5 ± 0.6 and

2.2 ± 1.2, in intervals of 30 ± 19 and >23 ks, for the 6.4- and

6.97-keV lines, respectively. These time intervals correspond to

projected distances of 19 ± 12 and >14 light-second, respectively.

Thus, the 6.4-keV line undergoes a deeper and more abrupt eclipse

than the 6.97-keV lines. 80 per cent of the 6.4-keV emission is

located within 19 light-second of the neutron star.

3.2.3 The mid-eclipse spectrum

For this orbital phase, we have data from both the 1997 and 1994

observations. We therefore discuss these together in this section.

For the 1994 observation, the intensity in the 2–10 keV band is

6.5 × 10−12 erg cm−2 s−1. The iron-line equivalent width is 5.68 keV.

The continuum is weak but a single power-law continuum is not

acceptable. A model which gives an acceptable fit has a continuum

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 367, 1147–1154
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ASCA observations of OAO 1657−415 1151

Table 2. Best-fitting model parameters for the mid-eclipse data of the 1994 and 1997 observations.

The model is of the form shown in equation (2) with two Gaussians representing iron fluorescence

and recombination emission lines. The data are for approximately the same orbital phases (−0.001

to +0.074 for the 1994 observation and −0.044 to +0.011 for the 1997 observation) and the same

spectral binning has been applied. Errors are for 90 per cent confidence in one interesting parameter.

Parameter 1994 value 1997 value

SIS exposure (ks) 29.0 40.9

SIS count rate (cts s−1) 0.142 ± 0.002 0.026 ± 0.001

N Hi (1022 cm−2) 10.0 ± 2.6 6.67 ± 0.66

Ih (cts cm−2 s−1 at 1 keV) (6.1 ± 2.0) × 10−3 0.028 ± 0.012

N Hl (1022 cm−2) 62 ± 16 <6.20

I s ( cts cm−2 s−1 at 1 keV) (4.4 ± 1.5) × 10−3 (1.57 ± 0.23) × 10−3

α 1.4 (fixed) 1.4 (fixed)

Efl (keV) 6.416 ± 0.018 6.474 ± 0.046

σ fl (eV) 41 ± 30 <118

Ifl (10−4 cts cm−2 s−1) 1.54 ± 0.27 1.96 ± 0.96

Erc (keV) 7.13 ± 0.15 6.83 ± 0.17

σ rc (eV) 260 ± 190 <380

I rc (10−4 cts cm−2 s−1) 0.92 ± 0.39 2.3 ± 1.1

χ2
ν/d.o.f 0.983/45 1.074/46

composed of an absorbed power law and a second power law whose

photon index is constrained to be equal to that of the first one plus

two with less absorption, and two Gaussian emission lines whose

centroid energy and width are free (see Fig. 7). Note that this model

has a simpler continuum than the model described by equation (1)

Figure 7. Top panel: SIS0 and SIS1 mid-eclipse spectrum and model for

1994 observation with fit residuals. Bottom panel: SIS0 and SIS1 mid-eclipse

spectrum and model for 1997 observation with fit residuals. The data are for

approximately the same orbital phases (−0.001 to +0.074 for the 1994

observation and −0.044 to +0.011 for the 1997 observation) and the same

spectral binning has been applied. The model parameters are as shown in

Table 2. Note the much stronger continuum in the 1997 observation.

and may be expressed as

I (E) = e−σ E NHi

[
Ih E−(α+2) + e−σ E NHl Is E−α

+
N∑

i=1

Ii e
−(E−Ei )2/2σ 2

i

] (2)

for the case where there are N Gaussian emission lines, represented

by the third term in the equation. Here N Hi is the interstellar column

density and Ih is the intensity of the power law due to the dust

halo. N Hl is the local column density for the absorbed power law,

due to scattering of the direct pulsar emission in the stellar wind.

The absorbed power-law intensity is I s. The photon index of the

absorbed, harder power law, α, was fixed at 1.4 as it was found to

be unconstrained by the data. The best-fitting parameters are shown

in Table 2. The 1994 observation appears to have caught the source

in a low-intensity state.

In contrast, the 1997 mid-eclipse spectrum has relatively strong

continuum emission. The 2–10 keV flux is 1.1 × 10−11 erg cm−2 s−1.

Again, a model with two Gaussians was required to adequately fit

the iron K-line region. The results are shown in Fig. 7 and Table 2.

3.3 Spatial analysis

From the slow decay of the soft-band light curves through the

eclipse, we suspected that an extended dust-scattered halo might

be present. In order to investigate this, we extracted SIS and GIS

images in various energy bands. Surface brightness profiles (SBPs)

were generated for the SIS and GIS data. The SIS was operated

in one-CCD mode which is not optimal for studying structures ex-

tended over more than a few arcmin. This means that if we try to

integrate an SBP over more than about 4 arcmin, we start including

areas off the chip. Combined with the considerable azimuthal and

energy dependence of the XRT, this complicates spatial analysis.

Thus, we used the ASCA-ANL software to generate ray-traced simu-

lated images which we could compare with the data. In each case, we

simulated the image expected from a point source at the centroid

coordinates of the observed source, and with the same spectrum.

We then integrated the data to produce a radial SBP. We integrated

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 367, 1147–1154
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Figure 8. SIS0 SBP for the mid-eclipse phase of the 1997 observation. The

data are fitted to the XRT PSF plus a constant for radii less than 1 arcmin

and between 6 and 7 arcmin. Top panel: 0.5–3 keV. Bottom panel: 5–10 keV.

the ray-traced image in exactly the same way, from exactly the

same region, to produce an SBP which represented the point spread

function (PSF) expected from a point source at the same position

with the same spectrum. We parametrized the PSF with three ex-

ponentials and fitted for the widths and relative normalizations. We

then fitted the resulting three-exponential model, along with a con-

stant background, to the SBP obtained from the data, keeping the

widths and relative normalizations fixed. The fits were performed

only for the innermost and outermost 1 arcmin of the SBP, where

the point source and the background should dominate, respectively.

Fig. 8 shows SBPs from SIS0 for the 0.5–3 and 5–10 keV en-

ergy bands fitted to the PSF and a constant background. Comparing

these, it is clear that the low-energy data require a spatially extended

source, while the high-energy data are consistent with a point source

and the XRT PSF. We interpret this as evidence for a dust-scattered

halo.

We can obtain a rough measure of the halo intensity from the

residuals of the fits but for a more quantitative analysis we decided

to fit the SBPs to model haloes, convolved with the ray-traced PSF.

We fitted the SBPs to a central point source, constant background

and dust-scattered halo. In the Rayleigh–Gans approximation, the

radial dependence of the model halo is [ j1(x)/x]2, where j1(x) is

the spherical Bessel function of the order of 1 and x = (4πa/λ)

sin(θ/2) (Hayakawa 1970). Here a is the grain radius, λ is the X-ray

wavelength and θ is the angle through which the dust grain scatters

the X-ray photon. The Rayleigh–Gans approximation is valid pro-

vided that 4πa/λ sin(θ/2) � 1, which means in practice that we

Figure 9. 3.0–4.5 keV SBP for OAO 1657−415 for the mid-eclipse phase

of the 1997 observation. The data have been fitted to a central point source,

constant background and dust-scattered halo.

should restrict our analysis to energies above 1 keV (e.g. Smith &

Dweck 1998). The observed angular distance of the detected X-ray

photon from the centre of the image is α = (1 − z)θ , where z is the

distance from the observer to the dust grain divided by the distance

from the observer to the source. The model was convolved with

the ray-traced PSF for the fit. To simplify computation, instead of

using the Bessel-function form above we used the Gaussian approx-

imation of Mauche & Gorenstein (1986) for the halo shape. Fig. 9

shows typical fit results for an SIS0 eclipse halo. We divided the SIS0

and SIS1 eclipse data into energy bins (1.5–2.5, 2.5–3.5, 3.5–4.5,

4.5–5.5 and 5.5–7.0 keV) and obtained the best-fitting value of

4πa/λ for each energy bin, assuming that the dust grains were dis-

tributed uniformly along the line of sight. We then plotted 4πa/λ

against energy and the slope yielded the value 0.095 ± 0.005 μm

for the size of the dust grains.

The size distribution of the grains may be found either from

the time dependence of the integrated halo spectrum (Xu, McCray

& Kelley 1986) or from the SBP at a given energy (Mauche &

Gorenstein 1986). Since we find it easier to separate the central

source from the halo in discrete energy bands by deconvolving the

SBP from the PSF, we adopt the latter approach. We do not have

good enough counting statistics for the former method.

We split the SIS0 and SIS1 eclipse data into 20-ks (gross) bins and

extracted SBPs for different energy ranges (1.5–2.5, 2.5–3.5, 3.5–

4.5, 4.5–5.5 and 5.5–7.0 keV). We obtained the halo intensity for

each time and energy bin. We then fitted these halo intensities with

an exponential function for each energy bin. The spatial resolution

of the GIS is such that the profiles are more smeared out. This means

that the GIS values for the decay time constant have larger error bars

and in some cases are not constrained by the data. Thus, although the

GIS results for the decay time constant are consistent with the SIS

results, we use only the SIS data to obtain the decay time constant. If

we assume the dust is uniformly distributed along the line of sight,

we expect the halo to decay exponentially with a time constant of

t d(E) = 13.6E−2 D8a−2
0.1 d, where E is the photon energy in keV, D8

is the distance to the source in units of 8 kpc and a0.1 is the dust-grain

radius in units of 0.1 μm. A fit of this form to the data is shown in

Fig. 10. This results in a distance of (7.9 ± 0.9)a2
0.1 kpc for OAO

1657−415. We have implicitly assumed here that the eclipse is a

step-function. The eclipse ingress is much shorter than the eclipse

duration and, as our measurements of the source intensity start just

before eclipse ingress, it seems reasonable to assume a constant

intensity prior to the eclipse ingress. However, this estimate of the
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Figure 10. Halo decay time constants plotted against the inverse square of

the energy. The SIS0, SIS1, GIS2 and GIS3 data are represented by open

circles, filled circles, open triangles and filled triangles, respectively. The

data have been fitted to a function of the form t d(E) = τ E−2 and the best-

fitting value is τ = 18.6 ± 2.3 d.

distance is sensitive to the distribution of the dust along the line of

sight. If the dust is all in a sheet half-way to the source, our estimate

for the distance becomes (12.7 ± 1.5)a2
0.1 kpc, while it is (4.56 ±

0.54)a2
0.1 kpc if the sheet is at either 10 or 90 per cent of the distance

to the source.

4 D I S C U S S I O N

4.1 Intensity states

We have observed OAO 1657−415 during the latter half of its eclipse

in two distinct intensity states and have found differences in the spec-

tra. The low-state spectrum is consistent with an absorbed power

law with photon index 0.36 ± 0.19 due to scattered and absorbed

emission from the pulsar, combined with a dust-scattered halo and

fluorescent emission from cold iron. The high-state spectrum has

a stronger continuum which is due to scattering of the direct pul-

sar emission in the stellar wind combined with the dust-scattered

halo. In the high state, the recombination line due to ionized iron

is stronger than the fluorescent line. In the low state, the fluores-

cent line is stronger. This difference between the two states is most

likely due to increased photoionization of the stellar wind in the

high-intensity state.

4.2 The spectra

The aim of the 1997 observation was to use the eclipse of OAO

1657−415 to study the outer atmosphere of the OB companion star

and its vicinity by mapping out the X-ray emission in the system.

As the eclipse ingress progresses, the X-ray emission must propa-

gate through the wind and outer atmosphere of the OB star. From

the progress of the partial eclipses of the iron emission lines, we

conclude that the 6.4-keV fluorescent emission originates near the

neutron star while the 6.9-keV recombination emission comes from

the extended wind of the companion.

We find that a single power law cannot describe the continuum

spectrum outside of eclipse. We obtained an acceptable fit using two

power laws with the same photon index, one of which has a larger

absorption column density than the other. This model is equivalent

to a partially covered power law. Similar two-component continua

have been observed in Cen X-3 (Ebisawa et al. 1996; Audley 1997),

Vela X-1 (Sako et al. 1999) and GX1+4 (Endo 2001). Sako et

al. (1999) claim that the more-absorbed component is the direct

beam which is absorbed by the stellar wind surrounding the neutron

star and that the less-absorbed component is due to scattering in

the stellar wind. Ebisawa et al. (1996) claim the opposite: that the

direct beam is the less-absorbed component. One way to distinguish

between these two pictures is by pulse-phase-resolved spectroscopy

of the continuum. We would expect the component that is due to the

direct beam to pulsate at the pulsar frequency. As long as the light

travel time over the extent of the stellar wind is at least a significant

fraction of the pulse period, pulsations in the scattered component

should be smeared out. Endo (2001) did this in the case of GX1+4

and found that both components originate near the neutron star.

Audley (1997) came to the same conclusion for Cen X-3. When

we fit the pulse-phase-resolved non-eclipse SIS data with the two

power-law models, we find that the intensities of the power laws have

essentially the same dependence. We therefore conclude that both

of these components must originate at the same place, significantly

less than 38 light-second away from the neutron star.

4.3 The dust-scattered halo

Scattering of X-rays by interstellar dust leads to the formation of

a halo whose intensity, shape and spectral properties depend on

the distance to the source, its intrinsic spectrum, the distribution

of dust grains and their size and composition (Hayakawa 1970).

Trümper & Schönfelder (1973) proposed that the time dependence

of a dust-scattered halo from a variable X-ray source could be used

to determine the distance to the source and the distribution of dust

along the line of sight. Xu et al. (1986) suggested that HMXRBs

with their abrupt total eclipses that occupy a large fraction of the

orbit would be good candidates for this kind of study. Mitsuda et al.

(1990) used lunar occultation observations with Ginga of two X-ray

sources to study the energy dependence of the dust halo and inferred

the presence of iron in the scattering grains. Day & Tennant (1991)

applied the model of Molnar & Mauche (1986) for the X-ray halo

of a time-varying source to the low-energy eclipse light curve of

Cen X-3 and obtained a distance of 5 kpc and a dust-grain radius of

0.33 μm. Woo et al. (1994) used the imaging capability of ASCA’s
SIS to measure the SBP of the dust-scattered halo in Cen X-3 and in-

fer some properties of the dust grains. Applying the Rayleigh–Gans

approximation, from the lower than expected relative intensity of

the halo they concluded that the dust grains were loose aggregates

rather than solid particles. However, Smith & Dweck (1998) later

pointed out that the Rayleigh–Gans approximation for the differen-

tial scattering cross-section overestimates the halo intensity below

1 keV and that when the more exact Mie solution is used the data

may be consistent with solid grains. Later, Draine (2003) pointed

out that the median scattering angle for the dust halo would be small

enough that most of the halo photons would be seen in the core of

the ASCA image which is dominated by the central point source.

This would have led Woo et al. (1994) to underestimate the halo in-

tensity and is likely to be a problem with the current observation of

OAO 1657−415. Predehl, Burwitz & Trümper (2000) demonstrated

that Chandra could be used to determine the distance to Cyg X-3 to

within 20 per cent by correlating the light curves at different radii

from the source. Cyg X-3 only undergoes a partial eclipse while

HMXRBs such as OAO 1657−415 undergo total eclipses for large

fractions of their orbital periods. This makes an HMXRB such as

OAO 1657−415, a promising candidate for this kind of study.

We have found a decaying dust-scattered halo in the eclipse of

OAO 1657−415 (see Fig. 1). The half-power radius of the halo is
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about 4 arcmin, which is not much larger than the XRT PSF that

smears out the halo and mixes in flux from the core (see Fig. 9). The

X-ray spectrum of OAO 1657−415 in eclipse has three components:

the dust halo, X-rays from the eclipsed pulsar scattered by the pri-

mary’s atmosphere and emission (mostly iron-line recombination)

from the primary’s atmosphere. Only the dust halo will appear to be

extended in an X-ray image. Because this source is heavily absorbed

(N H ∼ 5 × 1022 cm−2), the halo is mostly seen above the ROSAT
passband.

Chakrabarty et al. (1993) used the observed values of the pulse

period and its derivative during a steady spin-up interval to place

a lower limit of ∼11 kpc on the distance to OAO 1657−415.

Chakrabarty et al. (2002) found a distance of 6.4 ± 1.5 kpc from

the reddening of the optical counterpart. The distance, we estimated

from the decay of the halo, (7.9 ± 0.9)a2
0.1 kpc, lies between these

two values. It is interesting to compare the case of Cen X-3, where

Day & Tennant (1991) obtained a distance of 5.4 ± 0.3 kpc which is

a little lower than the lower limit derived from the relation between

temperature and luminosity for the BO star (6.2 kpc; Krzemiński

1974). The value that we obtained for the maximum dust-grain ra-

dius is 0.095 ± 0.005 μm which is smaller than the value obtained

by Day & Tennant (1991) (0.34 ± 0.01 μm). There may be system-

atic effects resulting from our simplistic assumptions which causes

us to underestimate the distance and overestimate the grain size.

We would like to point out, however, that the distance and grain

size estimates are independent; the measured halo intensity does

not depend on the assumed grain distribution. Our estimate of the

distance is sensitive to the exact distribution of the dust along the

line of sight, we have assumed that it is uniformly distributed. Our

results also depend on the assumption that the intrinsic intensity and

spectrum of the source were constant before eclipse.

5 C O N C L U S I O N S

The eclipse spectrum of the source in its high-intensity state is dom-

inated by the decaying dust-scattered halo. We estimate the radius

of the grains to be 0.095 ± 0.005 μm and the distance to the source

to be (7.9 ± 0.9)a2
0.1 kpc, where a0.1 is the grain radius in units of

0.1 μm. Using our estimate for the grain size, the distance to the

source becomes 7.1 ± 1.3 kpc. We find that the non-eclipse high-

state continuum spectrum cannot be modelled by a single power

law. A more-absorbed component due to scattering by material near

the pulsar is required. The iron lines underwent partial eclipses

during the 1997 observation. We estimate that 80 per cent of the

6.4-keV fluorescent emission originated less than 19 ± 12 light-

second away from the pulsar while the 6.9-keV recombination line

was mostly emitted by the extended, ionized stellar wind. During

the 1994 observation, the continuum emission was much lower and

the iron emission during eclipse was dominated by the 6.4-keV

flourescent line, which suggests that the source was in a low-

intensity state.
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