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ABSTRACT

We have studied the iron line intensity variation of Her X-1 over its characteristic periodicities such as the
pulse period of 1.24 s, the orbital period of 1.7 days, and the long-term period of 35 days, with Ginga obser-
vations made from 1989 April to June. From an analysis of the pulse phase-resolved spectra obtained from
the MAIN HIGH state of Her X-1, we discover that the line flux modulates from (4.3 + 1.9) x 1073 to
(1.0 £+ 0.3) x 10~2 photons cm ™2 s~ ! (the average 7.5 x 10~ 3 cm ™2 s~ !) during the pulse period. We also find
that the line flux modulation is consistent with that of soft X-rays below 1 keV observed by previous authors.
From the study of the orbital phase and the 35 day cycle dependences, we see the following facts: (1) the line
flux observed during the high intensity state of Her X-1 does not depend significantly on the orbital phase of
0.2-0.9, while the flux is almost invisible during the eclipse, (2) the pattern of the iron line flux modulation
along the 35 day cycle is very similar to that of the continuum X-ray flux. With the line pulsations and the
solid angle required to explain the equivalent width of the line in the MAIN HIGH state, we deduce that the
extent of reprocessing site is less than 10!° cm. Based on the similarity of the modulation pattern between the
line flux and the continuum flux along the 35 day cycle, and the equivalent width change, we suggest that the
line flux variation is mainly due to occultation of the reprocessing site by an accretion disk rather than to a
change of reprocessing site; some line flux, very small compared with the MAIN HIGH line flux, from an
additional site may be responsible for the equivalent width change.

Subject headings: binaries: eclipsing — pulsars: individual (Hercules X-1) — stars: individual (Hercules X-1) —

X-rays: stars

1. INTRODUCTION

Iron emission lines, centered at around 6.4 keV, have been
observed in the spectra of most X-ray pulsars (White, Swank,
& Holt 1983; Nagase 1989). The general understanding of the
line is that it is produced from ions less ionized than Fe xvi in
a relatively cool circumstellar matter by fluorescent Ko tran-
sition. In low-mass X-ray binaries, a 6.7 keV iron line is promi-
nent (White et al. 1986; Hirano et al. 1987).

A correlation between the iron line flux and the continuum
intensity of 7.1-30 keV was revealed for several binary X-ray
pulsars such as Vela X-1 (Ohashi et al. 1984b) and GX 301 —2
(Leahy et al. 1989). Moreover, the line intensity modulations as
a function of the orbital phase for Vela X-1 (Nagase et al. 1986,
Sato et al. 1986) and over the pulse phase for GX 301—2
(Leahy & Matsuoka 1990) have also been detected. The inten-
sity variations have been interpreted as due to obscuration of
the line emission site by the companion star (during the
eclipse), or to asymmetry in the gas distribution around the
neutron star rather than to be the intrinsic variation in the
continuum X-ray intensity. Pulsed iron line emission, which
exhibits a phase difference, has most recently been discovered
from Cen X-3 by Day et al. (1993).

With respect to Her X-1, which is an eclipsing binary X-ray
pulsar with a pulse period of 1.24 s and an orbital period of 1.7
days as well as a quasi-periodic X-ray intensity variation of 35
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days (Tananbaum et al. 1972; Giacconi et al. 1973), the line
feature at ~6.4 keV was discovered by Pravdo et al. (1977a,
1978) from spectra of a high- and low-intensity states of the 35
day cycle. The 6.4 keV iron line was identified by the observa-
tion with the gas scintillation proportional counters aboard
Tenma and EXOSAT (Ohashi et al. 1984a; Gottwald & White
1990). Kahabka et al. (1985) have reported that the iron line of
Her X-1 is present during all phases of the 35 day cycle. Mihara
et al. (1991) suggested a co-existence of 6.4 and 6.7 keV lines
from recent Ginga observation of the low-state of Her X-1.
From detailed spectroscopic study of the pre-eclipse dip of Her
X-1, Choi et al. (1994b) found a correlation between hydrogen
column density of a material obscuring the line of sight and the
line intensity. Iron lines observed in the Her X-1 spectra exhibit
the following features; (1) the line center energy is at around 6.4
keV, (2) the line width is ~1 keV (FWHM), (3) the equivalent
width changes from 0.2 keV (MAIN HIGH state) to ~1 keV
(low state), and (4) the line intensity of the low-intensity state is
about one-tenth of that of the MAIN HIGH state.

For the reprocessing site of the iron line of Her X-1, the
following sites have been suspected: a vertically extended outer
edge of an accretion disk, atmosphere of the companion star,
an accretion disk corona, and an Alfvén surface where the
accretion flow is distorted and compelled to spread out verti-
cally to the disk plane (see Basko & Sunyaev 1976; Ghosh &
Lamb 1979). Among these, however, the companion star atmo-
sphere has been ruled out as a major line emission site, because
the expected solid angle subtended at the neutron star is too
small to explain the observed equivalent width of ~0.2 keV
during the MAIN HIGH state (Pravdo et al. 1977a; Basko
1978, 1980; Bai 1980b). In relation to the suggestions that the
origin is disk edge (Bai 1980a; Mihara et al. 1991) or the Alfven
surface (Pravdo et al. 1977a; Basko 1980; Bai 1980b), it is
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pointed that the difference may be due to the data sets they
included. For instance, the accretion disk edge suggestion is
based on the low-state observations, whereas the Alfvén
surface region has been proposed from the MAIN HIGH
observations.

The typical line intensity of the low-state is ~10% of that of
the MAIN HIGH. Two possibilities could be considered on
the line-intensity change. The first one is due to change of the
line-emission site with the phase of 35 day cycle. The other one
is due to occultation of the emission site by the accretion disk
like that the continuum X-ray variations. To examine such
possibilities, this study is concerned about the line intensity
variation, together with the equivalent width change, along the
35 day cycle. In addition, a line intensity modulation over the
pulse phase is studied.

2. OBSERVATIONS

Ginga observed Her X-1 16 times during the period of from
1989 April 26 to June 9 (see Deeter et al. 1994). Those observa-
tions were made with the Large Area Counter (LAC) which
consists of eight proportional counter modules with a total
effective area of 4000 cm? (Makino et al. 1987), and were
mostly allocated to the high-intensity states of Her X-1 (e.g.,
the MAIN HIGH and the SHORT HIGH state). The LAC
covers an energy range of 1-37 keV and has an energy
resolution of 18.0% at 6 keV (Turner et al. 1989). Among the
observations, we sample the data made with the MPC-2 high
bit-rate mode (48 energy channels at 62.5 ms time resolution),
which is listed in Table 1. The high intensity of the selected
data sets from April 27 to May 4 in the table indicate that the
observation period corresponds to a MAIN HIGH state
among the characteristic intensity states of the 35 day cycle.
We also use a low-state spectrum presented by Mihara et al.
(1991), as well as an eclipse spectrum obtained by Choi et al.
(1994a), to understand the iron line intensity variation over the
various continuum X-ray levels of Her X-1.

In order to search for a pulse-phase dependence of the line,
phase-resolved spectra are made with ephemeris and pulse
period determined by Deeter et al. (1991), in which the data
observed from April 27 to May 4 in 1989 have been accumu-
lated. Using those data sets we obtain a phase-averaged pulse
profile shown in Figure 1. Background was subtracted using
the blank sky observation of nearby Her X-1 (o = 246°,
& = 44°). The pulse is divided into 20 phases, and the spectrum
corresponding to each phase is analyzed in the following
section. For the SHORT HIGH state, however, we could not
make the phase-resolved spectrum have enough statistics
because of insufficient data made with MPC-2 mode during

TABLE 1
THE HERCULES X-1 OBSERVATIONS WITH Ginga LARGE AREA COUNTER

START (1989) END (1989)

(hr:minutes) (hr:minutes) ®@,,* W¥,s* Frux®
Apr 27 20:45 Apr 27 20:51 022 004 12845
Apr 30 17:42 Apr 30 17:50 091 0.12 13429
May 1 20:39 May 1 20:49 057 015 1266.1
May 3 15:31 May 3 15:37 062 020 875.8
May 4 15:30 May 4 15:36 020 023 590.1
May 18 11:42 May 18 11:52 035 063 352.5
May 20 10:01 May 20 10:06 048  0.68 2759

* The epoch from Deeter et al. 1991.

® The energy range is 1.7-37 keV and the units are in counts s 1.

Vol. 437

2400 — Vil —

2000 — —

1600 — —

1200 — X _

Continuum Flux (counts sec™)

800 — —

Xvi

XIX

400 — | | [xm

0 2 4 .6 .8 1
Pulse Phase

F1G. 1.—Phase-averaged pulse profile obtained from the observation from
April 27 to May 4 in 1989. It was folded at the pulse period of 1.237757973 s
determined by Deeter et al. (1991). The pulse phase is arbitrary.

the period. Hence we restrict our study on the pulse-phase
dependence to the MAIN HIGH state.

3. DATA ANALYSIS

Pulse-phase dependent changes of the Her X-1 spectrum was
observed by Pravdo et al. (1977b) and McCray et al. (1982). It
has been understood that an anisotropic radiative transfer
process in a strongly magnetized plasma is responsible for the
spectral variation and an asymmetry in pulse shapes (Mészaros
& Nagel 1985a, b; Kii et al. 1986; Leahy 1990). Thus, it is
expected that a conventional power-law model with a high-
energy cutoff plus an iron emission line is hard to describe the
phase-dependent spectra, even though a phase-averaged spec-
trum of Her X-1 has been reproduced successfully with the
model (see Kahabka 1987). In fact, we tried to fit the phase-
dependent spectra with the above model in the energy range of
Ginga observation. However, we could not obtain an accept-
able fit with the above simple model, especially around the
peak of main pulse, because of large deviations between the
model and the observation.

3.1. Method

To concentrate on the reduction of iron line feature, we
confine our analysis to the energy range of 3—11 keV, and we
adopt a mathematical model which will be shown later. In the
first step, we attempted to fit the phase-averaged spectrum with
the conventional power-law plus iron emission line model, to
form a reference continuum over the phase-resolved spectra, in
which a Lorentzian function is adopted for a high-energy
cutoff (see Makishima et al. 1990). The results are shown in
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[ T T TT] i TABLE 3
B ] BEST-FIT PARAMETERS FOR THE PHASE-RESOLVED IRON LINE®
100 = — Pulse Phase I® E.* EW° 12 (8)
- - | GUUTUROTUTPUURRR 129+ 021 659+008 055+028 136
N r N ) SOUTUTTURTN 1114019 663+009 044+022 175
> i ) 1| 128+022 663+009 045+0.21 0.68
g B IV . 1.05 £ 0.21 6.62+0.12 025+0.11 0.73
. - - Vo 086 +024 6.58 +0.22 0.13 +0.06 0.57
O L' USRI 1.00+£027 652+021 014+006 025
Q 10 A"/ § 094 + 023 638+0.17 0.13 +0.06 2.53
0 = ; = VHI.................. 085+022 640+020 0.15+0.07 041
u = . IX oo, 088 +021 6344017 015+006 041
ol L - X 058 +019 645+025 0.11 +0.07 0.50
g - - D ¢ 069+019 653+0.19 0.16 +0.07 0.61
L - — D¢ | B 082+016 6.61+0.11 0.35+0.18 1.00
5 L n D, € 1 | B 101 £ 016 659 +0.08 0.66 + 0.40 1.92
2 ! D € 1.13+0.18 6.65+0.07 0.67 + 0.40 2.37
7 XV o 105+ 0.18 6.58 +0.08 048 + 0.25 0.73
5 1= — XVI..oooiiiiiiiinnnn, 136 £ 022 658 +£007 0.53 +0.26 0.73
‘é - = D, 4" | B 1.05+019 660+0.10 0.38 +0.19 0.84
= - . XV ..o 097+018 654+011 037+018 073
L 1 _ D4 0. G 095+0.18 658+010 037 +0.19 148
| n D O G 1.07+0.19 652+009 044 +0.22 171
- ~ 2 Quoted errors are 90% confidence level.
® It is the normalized line flux by the phase-averaged line flux.
1 L ol aal | ¢ Iron line energy E and equivalent width EW are in units of keV.
5C I [T | ] sets included to probe a line intensity variation over the
™ = — various continuum X-ray levels. Figure 3 shows the obtained
= B H { ] iron line profiles. The roman numerals in the figure corre-
J - l — sponds to that of the pulse phase shown in Figure 1. We can
2 0 { [ PpoI ) p p! g
" - H 1 } ] see immediately that the continuum levels, before and after the
S B ] line profile, change drastically at around the peak of main
- | | | . pulse, and those spectra cannot be explained with the simple
-5 5 ’ ' c L 10 0 power-law model. We assume here that continuum levels

X-ray Energy (keV)

FiG. 2—Model fit to the phase-averaged spectrum of Her X-1 observed
from April 27 to May 4 in 1989. The dotted lines are each component of the
best-fit model function (power-law with a high-energy cutoff for X-ray contin-
uum and an iron emission line of Gaussian form), and the solid line is the sum.
In the fitting, we adopted a form of Lorentzian function for a high-energy
cutoff (Makishima et al. 1990). Lower panel of the figure indicates the residuals.

Figure 2 and Table 2. The best-fit parameters, i.e., the photon
index, the line energy, and the line flux of 7.5 x 10~ 3 photons
cm~2 571 are consistent with that of a typical MAIN HIGH
spectrum (see, e.g., Kahabka 1985; Mihara et al. 1991). We did
not find a significant iron K-absorption edge at around 7-10
keV in the fitting and obtained only an upper limit of Ny =
20.5 cm~2 at the 90% confidence level, where cosmic abun-
dance is assumed.

In order to extract an iron line profile, we divided each
phase-resolved spectrum by the power-law continuum
obtained from the above spectral fitting (see Day et al. 1993 for
the details). This method was applied consistently to the data

outside the line profile are smoothly connected in the phase-
resolved spectra.

3.2. Spectral Fitting and Systematic Error

Phase-resolved energy spectra of Her X-1 show large varia-
tions and there is no commonly accepted physical model which
can fit the phase-resolved spectra satisfactorily. We have been
chosen a model of a polynomial plus Gaussian to interpret the
normalized spectra as follow;

2

I(E) = Co + C,E + C,E* + C; exp [—@—Z—C%)—:l ()

5

where C, ; , represent the coefficients of the normalized con-
tinuum and C; 4 5 are the line parameters. The model fit has
been carried out with the QDP/PLT software package
(Tennant 1989). In the fitting, we fixed the line width as that of
the phase averaged one except the low-state spectrum. Thus
the spectral fitting has been performed with five free param-
eters using the above equation. In the case of the low-state
spectrum, we found that the line width was 1.01 + 0.31 keV

TABLE 2
THE FITTING RESULTS FOR THE PHASE-AVERAGED SPECTRUM

o Ir, Eq r EW
(photon index) (photons s 1) (keV) (keV) (keV) %2 (d.of)
090 + 001......... 29.6 + 3.2 6.52 + 0.07 1.08 + 0.26 0.28 + 0.03 0.61 (16)

* Intrinsic line width (FWHM).
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F1G. 3—Iron line profiles over the 20 pulse-phase bins. Each spectrum is normalized by the model continuum of phase-averaged spectrum illustrated in Fig. 2
and Table 2. The roman numerals in the figure corresponds to that of the pulse phase shown in Fig. 1.
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TABLE 4
THE LINE PARAMETERS FOR THE VARIOUS CONTINUUM LEVELS?

453

Iob W5 D,° Ig. Ex EwW X8
109 ............ 0.04 0.22 1.09 £ 0.21 6.63 +0.12 0.26 + 0.09 0.49
115 .. 0.12 091 099 + 0.18 6.43 +0.11 0.23 + 0.07 0.44
107 ... 0.15 0.57 1.09 +0.19 6.53 +0.09 0.27 + 0.09 0.74
077 coveennn.. 0.20 0.62 085 +0.15 6.64 + 0.09 0.34 + 0.11 1.13
(U5 T 0.23 0.20 0.69 + 0.12 6.55 + 0.08 0.36 + 0.13 0.20
028 ...l 0.63 0.35 0.43 + 0.08 6.60 + 0.12 0.37 £ 0.21 0.92
023 ............ 0.68 0.48 043 + 0.07 6.60 + 0.13 047 + 0.30 1.80
0044 ........... 0.56-0.60° 0.41-0.50° 0.12 + 0.02 6.51 + 0.03 1.02 + 0.65 0.94
0.008f .......... 0.12 0.93-1.02 <0.02 <0.44 1.84

* Designation and units of the parameters are the same as in Table 3.
® The observed continuum flux in the range of 7.1-37 keV, which is normalized by that of the phase-

averaged spectrum.
¢ The epoch from Deeter et al. 1991.

¢ The low-state spectrum adopted from Mihara et al. 1991. The calculated line width is 1.01 + 0.31 keV

FWHM.

¢ The 35 day and orbital phases are from Mihara et al. 1991.
f The eclipse spectrum adopted from Choi et al. 1994a.

(FWHM). The dotted lines of Figure 3 and Figures 6a and 6b
below represent the best-fit model, respectively. The fitting
results are summarized in Table 3 for the pulse phase-resolved
spectra and in Table 4 for the spectra taken from different
intensity states of Her X-1, respectively. The acceptable
reduced chi-square values explain that the above model
describes the observed data relatively well.

We cross-checked how the selection of the continuum spec-
trum affects the iron line parameters by taking the model of the
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F1G. 4—Comparison of the model continua obtained from two different
methods for the low-state spectrum. The dotted line in the figure indicates the
calculated spectrum using eq. (1), and the filled circles are sum of the two
scattered components suggested by Mihara et al. (1991). Both of the above
models were normalized by the model continuum of the phase-averaged
spectrum.

low-state spectrum presented by Mihara et al. (1991) as an
example. Figure 4 shows the two diffent continuum models
obtained, in which filled circles and dotted line, respectively,
correspond to the result of Mihara et al. and the present work.
With these models, the systematic error, which occurs when we
calculate the line flux using the continuum X-ray models, is
estimated to be about 8%. This value is within the statistical
error attached in Table 3 and Table 4.

4. RESULTS

4.1. Pulse-phase Dependence

We obtain the line parameters to the phase-resolved spectra
shown in Table 3. The weighted average of the normalized line
flux and the center energy are 1.00 + 0.20 which corresponding
to 29.6 + 6.0 photons s~ ! (see Table 2) and 6.55 + 0.13 keV,
respectively. These values are in good agreeement with the
results of the phase-averaged spectrum presented in Table 2.
Figure S displays the best-fit parameter values of the line flux
and equivalent width, as well as the continuum X-ray flux
against the pulse phase. The line flux is derived by integrating
the Gaussian profile mentioned in the previous section. From
this and the results of Table 3, we find the following facts; (1)
the line flux changes from (4.3 + 1.9) x 1073 to (1.0 + 0.3)
x 1072 photons cm~2 s~! (the average is 7.5 x 1073
photons cm~2 s~ 1) through one cycle of the pulse period, (2)
the equivalent width varies from 0.11 to 0.67 keV, and the
variation shows an inverse proportionality to that of the con-
tinuum flux, (3) there is a phase difference of Ay ~ 0.15
between the pulse peak and the line flux minimum.

4.2. Dependence on the Orbital Phase and on the 35 day Cycle

Further line flux variations have been investigated with the
spectra taken at the various intensity level of Her X-1. All those
spectra were normalized by the continuum model of phase-
averaged spectrum described in § 3.1, and the spectral fitting
carried out with equation (1). Figures 6a and 6b show the
examples. The calculated line flux and equivalent width are
plotted against the continuum intensity of 7.1-37 keV in
Figures 6c and 6d, respectively. The dependence on orbital
phase is shown in the left panel of Figure 7, and the 35 day
cycle dependence is in the right panel. From the results shown
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F1G. 5—Plot of the best-fit parameters obtained from the fits for the pulse-
dependent spectra against the pulse phase: (a) observed continuum flux
(counts s~ ') in the energy range 1.7-37 keV, (b) Normalized iron line flux
derived by integrating the Gaussian model of eq. (1), (c) the equivalent width of
the iron line in units of keV.

in Figures 6 and 7 and summarized in Table 4, we see the
following properties:

1. There is a correlation between the line flux and contin-
uum flux of 7.1-37 keV. However, the relation does not appear
to be linear (Fig. 6¢). This is apparent from the fact that when
the continuum flux of the low-state decreases to ~4% of the
flux of the MAIN HIGH state, the iron line flux shows a
decrease of ~10% (Table 4).

2. The line flux of the MAIN HIGH state does not depend
significantly on the orbital phase of ®,,, = 0.2-0.9, while the
flux is almost invisible during the eclipse phase. The upper
limit of the line flux of eclipse is about 2% of the MAIN HIGH
average.

3. The pattern of iron line flux modulation along the 35 day

CHOI ET AL.
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cycle is very similar to that of continuum flux variation. The
equivalent width varies from 0.23 to 1.02 keV depending on the
characteristic intensity state of Her X-1.

5. DISCUSSION

The fluorescent iron K line, which is a useful tool for investi-
gating the matter distribution in binary X-ray pulsars, can
arise from various regions illuminated by the continuum
X-rays from the central source. The measurable line param-
eters, i.e., the line center energy, the line width, and the equiva-
lent width provide valuable information on the physical
characteristics of the line emitting gases, and also constrain the
possible sites of the line emission.

Several regions introduced in § 1 can be considered as the
line reprocessing site of Her X-1. The observed equivalent
width of ~0.2 keV during the MAIN HIGH state requires a
matter distribution having a relatively large solid angle (Q/47)
~0.2, as seen from the neutron star (Inoue 1985; Makishima
1986). The line pulsations discovered in § 4.1 suggest a local-
ized emission site. Therefore, with these facts, we can derive a
conclusion reasonably that the companion star atmosphere
and the outer edge of the accretion disk of Her X-1 cannot be
responsible for the line emission of 7.5 x 10~ 3 photons cm ™2
s~ 1 during the MAIN HIGH state (see Basko 1978 and also
discussion on the possible line emission site of Her X-1 by Choi
et al. 1994b). No orbital phase dependence of the line flux
shown in the left panel of Figure 7 excludes also the compan-
ion star origin. If we assume that the line emission originates
from an accretion disk of the neutron star neighborhood, the
line pulsations constrain the emission region as follow;

cP

d< -~ 10'% cm )

2 cos i

where d, ¢, P,, and i are the extent of reprocessing site on the
disk, the light velocity, the pulse period of Her X-1, and the
inclination angle of an accretion disk with respect to an obser-
ver, respectively. This limit is an order of smaller than that of
an accretion disk corona (~ 10! cm). It appears plausible that
the Alfvén surface at distance r &~ 3 x 108 cm from the neutron
star is responsible for the line emission. If then, this region
should have an appropriate solid angle mentioned above with
respect to the neutron star. The equivalent width during the
pulse period varies 0.11 to 0.67 keV, which shows inversely
proportional to that the continuum flux (Fig. 5c). This may
imply a dramatic matter distribution around the neutron star.
The iron line flux changes by about 30% from
(43 +19) x 1073 to (1.0 + 0.3) x 10”2 photons cm ™% s~!
about the phase-averaged value of 7.5 x 10~3 photons cm ™2
s~ ! through one cycle of the pulse period, while the continuum
flux varies by a factor of 2 about an pulse-averaged mean
value. Hence, the equivalent width profile seems to be estab-
lished mainly by beaming effects of the neutron star rather
than the asymmetry of the matter distribution.

It is interesting to note that an intense soft X-ray emission,
interpreted as a consequence of the reprocessing of hard X-rays
by the matter near the Alfvén surface, has been observed from
Her X-1 at energies below 1 keV (Shulman et al. 1975; Catura
& Acton 1975; McCray et al. 1982; Mavromatakis 1993).
McCray et al. (1982) found a pulse phase difference (Ay ~ 0.68)
between hard (1-5 keV) and soft X-ray (<0.85 keV) peaks, and
they interpreted the soft X-rays as a consequence of the repro-
cessing of the hard X-rays by an inner accretion disk. The iron
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plotted against the observed continuum flux (in the energy range 7.1-3.7 keV) in (c) and (d), respectively. Dashed line in (c) represents an assumed linear correlation

between the line flux and the continuum flux.

line flux variations over the pulse phase obtained in § 4.1 are
consistent with the soft X-ray behavior presented by McCray
et al. (1982): i.e., the phase difference of Ay ~ 0.15 between the
pulse peak and the flux minimum of the iron line and the
variation pattern of the iron line. From these facts we conclude
that the reprocessed iron line and the soft X-ray emission orig-
inate from the same place as predicted by previous works. We
recognized that there is no significant iron K-absorption
feature from the fitting of phase-averaged spectrum described
in § 3. This fact may imply that the direct beam is not obscured
by the line reprocessing matter or the contribution of the
obscuring matter is very small. For the phase difference
between the pulse peak and the flux minimum of the iron line,
we do not yet have a clear answer. It may be due to misalign-
ment of the rotation axis of the neutron star and the symmetry
axis of the Alfvén surface material as discussed by McCray et
al. (1982).

We have observed a broadened iron line (the intrinsic line
width 1.08 + 0.26 keV at FWHM), which has a line center
energy of 6.52 £+ 0.07 keV, from the phase-averaged spectrum
of MAIN HIGH (see Table 2). In terms of the line broadening,
two possibilities, when we consider the expected line width
(Pozdnyakov, Sobol, & Sunyaev 1979; Kallman & White 1989,
and references therein), could be suggested reasonably such as
a mixture of multiple line originate from different degree of
ionization state of iron and Comptonization by hot and opti-
cally thick plasma. Unfortunately, our data do not have

enough energy resolution to distinguish which mechanism is
appropriate for the broadening line. The line center energy
which is in between that of cold matter and the highly ionized
matter, may indicate a mixture of lines.

We now discuss the line flux behavior along the 35 day cycle.
Figure 6¢ shows that the decrease of the line flux is correlate
with that of continuum X-ray of the energy range 7.1-37 keV.
Moreover, the line flux modulation shown in Figure 7 (right
panel) is almost similar to the behavior of the continuum
X-ray. According to Deeter et al. (1976), an optical flux varia-
tion of HZ Her due to X-ray heating of the companion star
atmosphere is stable during the 35 day period. This implies
that the intrinsic luminosity of Her X-1 does not change, even
though pulsed X-rays are invisible during the low-intensity
state of Her X-1. Hence the line flux variation cannot be
explained with a change of the intrinsic X-ray intensity of Her
X-1. In § 4.2 we revealed the correlation between the line flux
and the continuum flux of 7.1-37 keV is not linear. As an
example, when the continuum flux of the SHORT HIGH state
decreases to ~30% of the flux of the MAIN HIGH, the iron
line flux shows a decrease of ~40% (see Table 4 and the right
panel of Fig. 7). The equivalent width change from 0.23 to 1.02
keV shown in Figure 6d and in the right panel of Figure 7 are
consistent with this. The difference could be due to line flux
contributed from an additional site or to partial covering of the
line emission site. It is noteworthy that the soft X-ray flux
observed during the SHORT HIGH state (Mavromatakis
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1993) corresponds to ~30% of the MAIN HIGH flux
(McCray et al. 1982) in the same energy range of 0.1-0.7 keV.
Therefore, it may be reasonable that an additional line flux is
responsible for the equivalent width change. During the low-
state of Her X-1, we cannot see the pulsed direct beam but see
only scattered flux (see, e.g., Mihara et al. 1991). If we assume
an highly ionized accretion disk corona is responsible for the
scattering, the line flux generated from the Alfvén surface
should suffer from the same amount of scattering. With this
picture and electron column density of the accretion disk
corona suggested by Choi et al. (1994b), we calculate the
observed line flux of the low-state is to be ~4 x 10~ 4 photons
cm~2 s, This corresponds to half of the observed line flux
(~9 x 10™4 photons cm ~2 s~ 1!). Thus an additional amount

of ~5 x 10~* photons cm ™2 s~ ! should be emitted from other

places. The required amount is an order of smaller than that
the MAIN HIGH flux. The outer edge of the accretion disk
discussed by previous authors may be the additional emission
site.
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