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ABSTRACT

The Medium Energy experiment on-board the EXOSAT satellite observed the X-ray binary system 4U
1538 —52 on four occasions during 1984 March and August. Observed pulsation periods of 529.97 + 0.16 s
(March 17) and 530.14 + 0.03 s (August 10) indicate that the neutron star in the 4U 1538 — 52 system contin-
ued to spin down with P, = +3.9 x 107° s s™* (P,/P, = +2.3 x 10”* yr™!) in the time period of 1976-1988.
In the first observation an absorbing episode was observed, which may be attributed to an inhomogeneity in
the stellar wind of QV Nor; the scale height of this blob is 2 x 10°-2 x 10*° cm, assuming a blob velocity of
100-1000 km s~ !, of the same kind of inhomogeneities observed in the Vela X-1 system. Using the eclipse
transition time of ~0.06 days we can confirm the scale height of ~1.5 x 10'! cm for the atmosphere of the
optical counterpart. The source shows prominent aperiodic time variability: the frequency spectra for the two
observations out of eclipse are well fitted by a power law (kf ~*) plus a constant, with slope «, = 1.63 + 0.09
and a, = 1.73 + 0.07 for the March 17 and August 10 observations, respectively. The rms’s are in agreement
with those observed in other high-mass X-ray pulsars: 26 + 5% for the March observation and 36 + 6% for
the August observation. The 1.5-12 keV phase-averaged X-ray spectrum is consistent with a power law of
photon spectral index of 1.49 4+ 0.04 (March 17) and 1.4 + 0.07 (August 10), and shows an iron line with an
EW of ~100 eV. The energy spectra show variations with pulse phase. A detailed study of these variations

with pulse phase is discussed.

Subject headings: binaries: close — pulsars: individual (4U 1538 —52) — X-rays: stars

1. INTRODUCTION

The X-ray source 4U 1538 — 52 (Forman et al. 1978) belongs
to that particular class of objects which show a pulsed emission
when observed in the X-ray energy band. It is a binary system
formed by a 14.5 mag BO supergiant, QV Nor (Cowley et al.
1977; Apparao et al. 1978; Schwartz et al. 1978), and a neutron
star which spins with a period of ~530 s (Davison 1977;
Becker et al. 1977). The X-ray luminosity of 4U 1538 —52,
assuming a distance of 6 kpc (Parkes et al. 1978; Crampton,
Hutchings, & Cowley 1978), is ~2 x 10%® ergs s~ !. This
system also exhibits a 0.51 day long X-ray eclipse, with an
orbital period of ~3.73 days, and a projected X-ray source
semimajor axis of 55 It-sec (Becker et al. 1977; Crampton et al.
1978; Davison et al. 1977; Makishima et al. 1987, hereafter
MKHN). From these values it is not possible to distinguish
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whether QV Nor fills or slightly underfills its Roche lobe, and
therefore if 4U 1538 —52 is a wind-fed or a disk-fed binary
system. However, as argued by MKHN, the lack of a secular
spin-up trend can be taken as a suggestion that 4U 1538 — 52 is
not a disk-fed system. From the value of the typical mass-loss
rate from a supergiant as QV Nor, of the order of 107¢ M
yr~!, one can infer only that the wind activity is of great
importance in the process of mass transfer from the primary to
the neutron star.

The pulse-phase averaged X-ray spectrum of 4U 1538 —52
has been well fitted by the canonical model for X-ray pulsars,
namely a power-law continuum modified by a high-energy
cutoff. A problem of contamination by the galactic ridge emis-
sion, as pointed out by MKHN, may exist. An iron Ko emis-
sion line at 6.3 KeV with an EW of ~50 eV has also been
detected by MKHN and with an EW of ~ 570 eV by White,
Swank, & Holt (1983). Recently, a cyclotron line feature at
~20 keV has been detected by the Ginga satellite observatory
(Clark et al. 1990).

In this paper we report results from a temporal and spectral
analysis performed on four EXOSAT observations, part of
which were taken from the EXOSAT archival, carried out
during 1984 March and August.
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2. OBSERVATIONS AND ANALYSIS

The X-ray satellite EXOSAT observed 4U 1538 — 52 on four
occasions on 1984 March 17 and August 7, 10, and 11. Details
for each observation are given in Table 1.

The present analysis is based on data from the argon cells of
the Medium Energy proportional counter (ME). The ME
detector was operated with two quadrants offset to provide a
background monitor and the other two quadrants aligned
pointing the source. Counts were accumulated into energy his-
tograms of 255 channels for each of the eight ME argon and
xenon counters with an integration time of 10 s. In parallel
various high time resolution modes were running. Background
measurements during the slew maneuver preceding and follow-
ing the observations were also available. A complete descrip-
tion of the EXOSAT mission and scientific instruments can be
found in Taylor et al. (1981); de Korte et al. (1981); Turner,
Smith, & Zimmermann (1981); and White & Peacock (1988).

Vol. 401
TABLE 1
JOURNAL OF OBSERVATIONS

Observation Date Start Time Duration Binary Half ME

Number (1984) U.T) (s) Phase*  on Source
1o Mar 17 09236™ 35,400  0.40-0.51 H2
2 s Aug 7 20 03 16400  0.87-0.92 H2
3 s Aug 10 02 48 22,500  0.48-0.54 H1
4 Aug 11 12 53 25,000  0.86-0.93 H2

2 Ephemeris were taken from MKHN.

In each observation the source was always pointed by one
half detector while the other half detector monitored the back-
ground. The background subtraction was made as follows:
first, a difference between the background in the two halves of
the detector was computed using data obtained during the slew
maneuver; then, the background to be subtracted was evalu-
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Fi1G. 1—The 1-11 keV background subtracted light curves of 4U 1538 — 52 of 1984 March 17 and August 10 observations
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F1G. 2—The 1-11 keV background subtracted light curves of 4U 1538 — 52
during its eclipse ingress. Open squares: August 7 observation; filled squares:
August 11 observation. Orbital ephemeris are taken from MKHN.

ated correcting by this difference the background measured by
the offset half detector during the observation of the source.

The 1-11 keV background subtracted light curves of the
March 17 and the August 10 observations are shown in Figure
1, with 10 s time resolution. In the first one we can distinguish
an episode of increasing luminosity ~2000 s long starting
24,000 s from the beginning of the observation, while an inten-
sity dip ~ 1000 s long is present at the beginning of the August
10 observation.

The intensity is highly variable, ranging from ~ 50 counts
s~ half ! during the flare to ~ 1 counts s~ ! half~! during the
dip, with a mean value of ~16 and ~ 14 counts s~ * half~! in
the two observations, respectively. The background-subtracted
X-ray light curves versus binary phase were derived by folding
the data with the orbital parameters given by MKHN. The
light curves obtained during the August 7 and August 11
observations in the 1-11 keV energy range, are shown in
Figure 2 with 530 s time resolution. A gradual entry into
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eclipse of the X-ray source, with a transition time of ~5000s, is
clearly visible in both observations. This time, consistent with
the value reported by MKHN, gives a scale height of
~1.5 x 10! cm for the atmosphere of QV Nor using the
orbital parameters given by MKHN.

2.1. Timing Analysis

In the first and third observations (see Table 1) the single 530
s X-ray pulses from 4U 1538 — 52 were well visible (see Fig. 1).
We have determined the arrival times of each individual pulse
as follows: we assumed the pulse minima as a fiducial point,
and we measured its arrival time, after smoothing the data to
reduce the effect of random fluctuations. The pulse arrival
times were corrected to the solar system barycenter and for the
orbital motion of the X-ray source using the ephemerides
obtained by MKHN. A least-squares analysis was used to
determine the best-fitting constant pulse period.

In the other two observations the single pulses were not
visible. We considered the part of observation in which the
source was not in eclipse and subdivided it into intervals of
length 2000—5000 s, and we folded the data with the previously
obtained period. Using the above procedure we determined the
arrival times of these pulses. A least-squares analysis was then
used again.

For the first observation the timing residuals were mini-
mized for a period of 529.97 + 0.16 s and a rms timing residual
of 18 s. For the third plus the available data from the second
and fourth observations, the timing residuals were minimized
for a period of 530.14 + 0.03 s with a rms timing residual of
15 s.

The results of this analysis are shown in Figure 3 together
with previous determinations. Our new values, together with
values from OSO 8 (Becker et al. 1977), Ariel 5 (Davison 1977;
Davison et al. 1977), Tenma (MKHN), and Ginga (Nagase
1989), indicate that 4U 1538 —52 was steadily spinning down
during 1983-1984 with P,/P, ~ 1.9 x 107'' s~*. The general
trend in the period 19761988 is a spin-down with P,/P, ~
7.3 x 10712 57! (dashed line in Fig. 3).

2.2. Aperiodic V ariability
In the study of the temporal behavior of 4U 1538 —52 we
investigated the aperiodic variability, in order to obtain infor-
mation about the time scales of the intensity variations which
are not associated to the pulsation. Our main tool to investi-
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F1G. 3.—Pulse period history of 4U 1538 — 52. Our measurements are indicated by arrows. .
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FI1G. 4—Estimates of the power spectral density of the X-ray intensity of
4U 1538 — 52. The Nyquist frequency is 50 mHz. The fundamental frequency of
pulsation, and its first nine harmonics are indicated by arrows.

gate this variability is the estimate of the power spectral
density (PSD) via Fast Fourier Transform (FFT). We studied
the PSDs of the count rate of 4U 1538 —52 for both the first
and third observations. For both observations we used count
rates obtained from the spectral data with 10 s time resolution.
In addition, for the third observation, count rates with 16 ms
time resolution in one energy band (1.2-6.1 keV) were avail-
able.

For the spectral data, the 1-8 keV energy band was chosen
to have an optimal signal-to-noise ratio. We performed our
analysis by dividing the first observation into six runs and the
third observation into four runs containing 512 data points
each. We computed the PSD for each run. Then for each obser-
vation we obtained the average PSD. For both the observa-
tions the results are shown in Figure 4a and 4b, where the
white noise level was subtracted (see below). The PSD function
so obtained gives the frequency dependence of the variance of
the data due to aperiodic variations in the flux of the source.
The peaks visible in the plots correspond to the fundamental
frequency of pulsation and to some of its harmonics: the fun-
damental frequency and all the detected harmonics are indi-
cated by arrows in Figure 4a and 4b. These figures show that
the source has aperiodic time variability with time scales down
to the Nyquist frequency of 0.05 Hz.

In order to investigate the continuum component of our
spectra the first step was to evaluate the contribution due to
the pulsation. We considered a general power spectrum of a

ent above 0.05 Hz. We computed the rms fractional variability
of the continuum component following Lewin, van Paradijs, &
van der Klis (1988). The results are shown in Table 2. They are
in agreement with those obtained for other massive X-ray
pulsars (Belloni & Hasinger 1990).

2.3. Pulse-Phase Averaged Spectrum

The energy spectral analysis has been performed using only
the data obtained from argon ME detectors in the energy
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FiG. 5—Estimate of the power spectral density of the X-ray intensity of 4U
1538 — 52 using data with 16 ms time resolution.
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range 1.5-12 keV. In previous observations, the X-ray spec-
trum of 4U 1538 —52 was fitted by a power law plus a low-
energy absorption and a high-energy cutoff (see, e.g., Nagase
1989). Given the limited energy range of our spectral analysis,
we used as spectral laws a thermal bremsstrahlung model and
a power law, both of them with low-energy photoelectric
absorption. Both a power law and a thin thermal bremsstrah-
lung law fit well to the data. In Table 3, we show the results of
the power-law fits for the first and the third observations. The
energy spectra appear to be slightly steeper than those mea-
sured by MKHN. An iron line at a fixed energy of 6.7 keV with
an EW =~ 100 eV is consistent with our data, but the insertion
of such a line does not improve significantly the x*. Inciden-
tally we note that these values are in agreement with the
Tenma measurement (MKHN), but a factor 5 smaller than the
HEAO I-A2 measurement (White, Swank, & Holt 1983). As
pointed out by MKHN, this discrepancy is probably due to a
contamination from the Galactic ridge, whose emission is
strong in the direction of 4U 1538 —52 (Warwick et al. 1985;
Koyama 1989). We expect that our results are not affected by
systematic errors. Indeed the field of view of the ME detectors
(45 FWHM) gives a solid angle at least 10 times smaller than
that of the Tenma detectors. Thus we expect a negligible con-
tamination from the galactic ridge. Moreover our background
subtraction procedure uses a background estimate from the
offset detectors, which also are pointing to the galactic ridge.
The hardness ratio R = F(4-10 keV)/F(1-4 keV) for the first
and the third observation, as a function of time is shown in the
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TABLE 3
EXOSAT SPECTRAL MEASUREMENTS OF 4U 1538 —52*
Observation Photon Ny
Number Index (1022Hcm™?)  Flux® 1
| S 1.25 + 0.03 1.65 + 0.13 30 1.12
3 e 1.40 + 0.05 2.69 + 0.25 2.2 1.34
1(hard) .............. 132+ 0.12 3.59 + 0.64 23 0.83
2 1 o error.

b Units of 10 % ergss™* cm™2.

bottom panels of Figure 6a and 6b. There is no appreciable
change of hardness ratio during the flare observed in the first
observation, confirming the general rule for X-ray pulsars that
the hardness ratio does not depend on intensity. During the
observation of day 84/223 a spectral softening is apparent at
the beginning of the observation, in correspondence of a very
low flux level. Very likely this softening is due to small system-
atic errors in the background subtraction. However, an
episode of significant variation of hardness ratio at approx-
imately constant intensity is present in the first observation.
This event may be due to an inhomogeneity in the stellar wind
of QV Nor, which passed through our line of sight and caused
the observed absorption in the 1-4 keV energy band. The scale
height of this inhomogeneity, assuming a blob velocity of the
order of 100-1000 km s~ 1, is 2 x 10°-2 x 10'° cm. This is in
agreement with the observation of inhomogeneities in the
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F1G. 6—Top panels: 1-11 keV count rate from 4U 1538 — 52 with 530 s integration time. Bottom panels: hardness ratio (4-11 keV)/(1-4 keV). (a) Observation of
1984 March 17; (b) observation of 1984 August 10. The statistical errors in the top panel are of the order of the thickness of the line of the plot.
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wind-fed X-ray pulsar Vela X-1 reported by Nagase et al.
(1986). To analyze what type of spectral variation occurred in
this episode, we compared the average spectrum obtained inte-
grating during the period with high hardness ratio with other
spectra obtained outside the episode. The spectral ratio in
Figure 7 shows remarkable variations in the 1-3 keV and 6-7
keV energy bands. The attenuation of the flux in the low-
energy band is typical of an increased absorption. The attenu-
ation of the intensity close to the iron line is more surprising,
taking also into account that the ratio above and below the
line is fairly constant. We can infer directly from this variability
that this line is really emitted from 4U 1538 —52, and itis not a
contamination from the galactic ridge, since we do not expect a
time variability of this contamination. The comparison among
various spectra taken outside this episode do not show any
feature in their ratios: all of them are statistically consistent
with each other, i.e., their ratios are constant with energy.

We performed a fit to the source spectrum obtained during
this episode. The results are reported in Table 3. It is evident
that the slope of the power law is still consistent with the slope
measured for the average spectrum of the entire observation,
while the Ny value clearly changed.

2.4. Pulse-Phase Spectroscopy

The time-averaged background subtracted pulse profiles in
different energy bands, obtained by folding the data at the
pulse period, are shown in Figures 8 and 9 for the first and the
third observation, respectively. The counts have been normal-
ized to the average count rate in each light curve. They show a
double-peak structure with the first peak brighter than the
second one, separated by two minima of about the same inten-
sity. The pulse profiles depend on energy, and a dip is present
in the 1-3 keV light curve at the maximum of intensity. This
feature was also observed by Ginga (Clark et al. 1990). At high
energies the main pulse is sharper, while the interpulse
becomes broader.
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F16. 7—Ratio between count-rate spectra obtained during and outside the
episode of increased absorption.

We folded the same data in the energy intervals 1-4 keV and
4-11 keV and computed the corresponding hardness ratio. The
result together with the pulse profile obtained folding the data
in the 1-11 keV energy range is shown in Figure 10. This
hardness ratio shows a very complex behavior with pulse
phase, reminiscent of those observed from other X-ray pulsars
(A0 535+26,GX 1+4,etc.).

We performed a pulse-phase resolved spectroscopy, by
dividing the light curve in 10 broad intervals each 0.1 wide in
pulse phase. For each interval we obtained a source spectrum,
and we fitted each spectrum with a power law plus low-energy
absorption model. We also used in our fits a power law plus
iron emission-line model, with no significant improvement of
x3.¢. The results from the fits with a power law are reported in
Figure 10. To allow a direct comparison of the results from our
observations and from the observation of Ginga (Clark et al.
1990), the pulse phase is tentatively aligned to pulse phase 0 of
the observation of Ginga. This alignment is only based on the
shape of the three measured pulse light curves.

As the August 10 observation was performed with the source
at a lower flux level (~20% less than in March 17) and for a
shorter time, the results of the pulse-phase spectroscopy have a
lower statistical quality. As can be seen the spectrum is harder
at phase ~0 and ~0.5, corresponding to part of the top of the
main peak and to the rise of the secondary peak, respectively.
The results from our two observations show similar behavior
with pulse phase of the power-law slope. Instead the Ny; values
as a function of pulse phase are much flatter in the August 10
observation compared with the March 17 observation.

We have also computed a modulation index, defined as

I min(E)
LB

where I, is the maximum intensity in the background-
subtracted light curve and I, is the minimum, at the given
energy E. This index gives information on the dependence on
energy of the process which determines the modulation
(Frontera & Dal Fiume 1989). The modulation index for the
first observation is almost constant with energy up to 8 keV
and shows an increase in the highest energy band. Instead, in
the third observation, it shows an almost linear increase with
energy from 3 to 12 keV. The results are shown in Figure 11,
together with the modulation indices observed by MKHN and
by Clark et al. (1990). The indices from the Tenma and Ginga
observations were calculated by us on the basis of the
published light curves. It is apparent a similar trend to rise
with energy up to 20 keV. The dependence on energy is much
flatter in Ginga data above 20 keV. In addition, our observa-
tion of March 17 shows a different behavior: the fact that the
modulation index is constant between 1 and 8 keV in the
March 17 observation suggests that the dependence of this
index on energy can vary with time.

D(E) =

3. DISCUSSION

3.1. Timing Measurements

The EXOSAT observations of the X-ray binary pulsar 4U
1538 — 52 confirm the general spin-down trend of the pulse
period. Indeed, the main theoretical problem about this pulsar
consists in the lack of secular spin-up. Classical theories of
both disk and wind accretion predict some occasional spin-
down episode but a net spin-up trend over long time scales
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FiG. 9
FiG. 8—Folded light curves as a function of pulse phase for different energy intervals, as observed on 1984 March 17. Amplitudes are normalized to the average count rate. Background is subtracted.

F1G. 9.—Folded light curves as a function of pulse phase for different energy intervals, as observed on 1984 August 10. Amplitudes are normalized to the average count rate. Background is subtracted.
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FiG. 10—Results of the pulse-phase resolved spectroscopy for (a) day 77 and )
keV)/(1-4 keV) as a function of pulse phase; slope o, of the power law as a function of pulse phase; values of Ny

fit with power law.

(Henrichs 1983). This discrepancy was already stressed by
MKHN, and our data strengthen their conclusions.

Our data also support a model in which P, randomly
reverses sign on time scales comparable to the orbital period
(Nagase et al. 1984; Boynton 1984). We repeat the calculation
of MKHN based on the random walk model. MKHN mea-
sured during the observation of 1983 July an “instantaneous”
spin-down rate P,/P, ~ 1.1 x 10~ 10 =1 They used this value
as a typical magnitude of the instantaneous rate of period
change and assumed that the pulse period polarity reversed at
random with a step of ~4 days (the binary period). During
1983-1984, using the EXOSAT and Tenma data, the spin-
down rate was P,/P, ~ 1.9 x 107 ' s71, i.e,, quite higher than
the 1976-1988 average (P,/P, ~ 7.3 x 107 '? s™ '), and a factor
only ~6 below the “instantaneous ” spin-down rate measured
by MKHN. With a typical step of £0.02 s and ~110 steps
from 1983 July to 1984 August we expect a rms period change
of (0.02)(110)2 ~ 0.21 s. The observed change is ~0.35 s. This
value is still consistent with the random walk model. The

Pulse Phase

day 223. From top to bottom: 1-10 keV light curve; hardness ratio (4-11
as a function of pulse phase; values ofy3,; from the

inconsistency with the wind-accretion theory, that predicts a
net spin-up on a long time scale, still persists.

We detected prominent aperiodic time variability from 4U
1538 — 52, between 0.5 and 50 mHz. This time variability does
not show any characteristic time scale, but the usual power-law
shape with frequency (kf ~*), with a slope «, between 1 and 2,
that is quite common in accreting X-ray binaries. No signifi-
cant feature that could be associated to quasi-periodic oscil-
lations is apparent in the PSDs of 4U 1538 —52. In spite of
that, features in the continuum power spectra of X-ray pulsars
have been observed (Angelini, Stella, & Parmar 1989; Tennant
1989, cited by van der Klis 1989; Angelini, Stella, & White
1990) and the power spectra of the pulsars can be interpreted
as signature of instabilities in the accretion of matter onto the
polar caps. Hlow these instabilities develop and what physical
process generates them is still debated. It can be safely con-
cluded that in any case this aperiodic variability seems to be a
rule between X-ray pulsars, and in accreting sources in general.
Therefore a general mechanism must act in order to produce a
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FiG. 11.—Modulation index of 4U 1538 —52: (@) EXOSAT observation of
March 17; (b) EXOSAT observation of August 10; (c) Tenma observation
(from MKHN); (d) Ginga observation (from Clark et al. 1990).

similar kind of variability in quite different kind of sources:
from cataclysmic variables to low-mass X-ray binaries to high-
mass X-ray binaries.

3.2. Spectral Measurements

The analysis of energy spectra has confirmed the spectral
shape, which is typical of this class of objects, while the Ka iron
emission line with an EW of 100 eV strengthens the results
obtained by Tenma (MKHN). The pulse-phase-averaged
hardness ratio, computed between the two energy bands 4-11
keV and 1-4 keV, does not show any correlation with the
intensity of the source (see Fig. 6). Indeed, during a flaring
episode, observed during the 1984 March 17 observation in
which the mean intensity increases by about a factor of 2, the
hardness ratio remained nearly constant. This is a confirma-
tion of the inherently stable processes that drive the formation
of X-ray spectra in X-ray pulsars (see, e.g., Dal Fiume, Front-
era, & Morelli 1988), both on short and on long time scales. In
fact, our measured phase-averaged energy spectra are very
consistent with all previous measurements of this source.

The episode of increased absorption visible in Figure 6a can
be interpreted as due to an inhomogeneity in the stellar wind of
QV Nor, this being supported by the increase in the low-
energy cutoff. In addition, a variation in the spectral ratio in
correspondence of the iron line energy is apparent in Figure 7.
A possible explanation for this evidence is that the same blob
responsible for the increased absorption, obscures part of the
region surrounding the pulsar that emits the iron line. The
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significance of the spectral variation was tested using various
spectra obtained outside this episode of increased absorption.
Our spectral fits, reported in Table 3, show unambiguously
that this increased hardness ratio is due to an increase in the
Ny value. Unfortunately, the statistical quality of our spectra
does not allow a direct estimate of the iron line intensity. In
any case, the spectral ratio and the spectral fits show unam-
biguously that there was a simultaneous change in the Ny
value and in the intensity near the iron line energy.

Our data can add some morphological detail to the descrip-
tion of the X-ray pulses from 4U 1538 —52, but, due to the
limited energy band, cannot give much improvement to our
knowledge of the beaming pattern of this pulsar.

The pulse-phase resolved spectroscopy showed that the top
of main peak and the rise of the secondary one have the
hardest spectra. This result is in good qualitative agreement
with the results obtained by Ginga (Clark et al. 1990), taking
into account the uncertainty in assuming a reference point for
phase O for different observations.

In fact, Clark et al. (1990) divide the pulse phase in eight
equispaced intervals, with the lowest values of o, in bins cen-
tered at phase 0.06 and 0.44, corresponding to the top of the
main peak and to the rise of the secondary one. The compari-
son must be made taking into account only a,,, given that the
energy band of EXOSAT ME is narrower than that of Ginga
LAC.

Also the values of a, are in fair agreement, the Ginga data
seemingly with a wider range of variation than the EXOSAT
ones.

The pulse shape of 4U 1538 —52 as observed by EXOSAT
shows clear microstructures and a complex hardness ratio as a
function of pulse phase, quite reminiscent of those observed in
Vela X-1 (McClintock et al. 1976) and A0 535+ 26 (Bradt et al.
1976). The complexity of the hardness ratio is one of the signa-
tures of the presence of a superstrong magnetic field, whose
intensity, on the basis of the cyclotron line measured by Ginga,
now we know to be ~1.7 x (1 + z) x 10*? G, where (1 + z) is
the gravitational redshift factor (Clark et al. 1990). This com-
plexity shows that the apparent simplicity of the two-peaked
pulse profile cannot be used to model the X-ray emission from
the polar caps.

A measure of the “effectiveness ” of the magnetic field in the
flux modulation (i.e., how sharp are the pulses), is the modula-
tion index, reported in Figure 11. In our first observation the
modulation index is almost constant from 1 to 8 keV, while in
the second one it continuously increases with energy from
~70% in the energy interval centered at 3.5 keV up to a value
near to 100% in the energy interval centered at ~10 keV.
Ginga and Tenma data confirm that the modulation index
approach 100% above 10 keV.

It is interesting to note that a suggestion was made (Kirk &
Triimper 1982; Frontera et al. 1985) that the pulsed fraction
and the modulation index can approach 100% in the vicinity of
the cyclotron line energy. In the case of 4U 1538 — 52 we know
that this energy is ~20 keV. Moreover, a suggestion was made
(Frontera & Dal Fiume 1989) that there is a trend to increase
with energy, with tendency to deviate from this trend in the
energy interval within which a cyclotron line feature has been
observed. Figure 11 shows that the modulation index seems to
reach some kind of “saturation” in the vicinity of the cyclo-
tron line energy, this being in agreement with the suggestion
before mentioned.

There is evidence that the modulation index slightly changes
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in different observations. On one hand, it is not surprising that
the modulation index varies from observation to observation:
most of X-ray pulsars show different pulse shapes in different
observations. On the other hand, the variation in the modula-
tion index is not only in its value, but also in the dependence
on energy, this being a challenge to the theoretical models.

A long-term monitoring of the source can clarify the
phenomenological scenario and bring better understanding of

the behavior of the modulation index and of its implications in
modeling the X-ray emission from this source.
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