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ABSTRACT

The X-ray binary pulsar Her X-1 was observed with Ginga on 1988 August 28 during the orbital phase of
0.76 to 0.85 in the main-on state of the 35 day cycle. During the observations the X-ray intensity varied by a
factor of S or more on a time scale as short as 30 s, due mostly to the soft X-ray absorption in the pre-eclipse
dip phase. From studies of pulse profiles and energy spectra, we find that there exists in the dip phase an
unpulsed component which is ~3% of the intensity of the nonabsorbed high level. We suggest that scattering
of the source continuum by the optically thin hot corona is responsible for the unpulsed component. In the
spectral analysis, we find that the high-state nonabsorbed spectra can be fitted by a power law without
absorption, and the spectra observed in the different absorption states can be fitted by two power-law com-
ponents with the same photon index. An iron-K emission line is required in both cases. The estimated equiva-
lent width of the iron line varies from 0.18 to 0.55 keV in correlation with the change in the absorption
column density along the line of sight. We suggest that the fluorescent iron line arises in a cool and relatively
small region, like the Alfvén surface, and may be partially intercepted by the optically thick gas cloud passing

across the line of sight.

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

1. INTRODUCTION

Hercules X-1 is an eclipsing binary X-ray pulsar with a low-
mass companion. Its 197 orbital period and 1524 X-ray pulsa-
tion were revealed with the Uhuru satellite (Tananbaum et al.
1972), as well as the 35¢ recurrence of the X-ray intensity
turn-on (Giacconi et al. 1973). Soon after the Uhuru dis-
coveries, the optical counterpart of Her X-1 was identified to
be HZ Herculis by detecting both the 197 orbital modulation
and the 1324 pulsations in the optical light curve (Bahcall &
Bahcall 1972; Davidsen et al. 1972; Forman, Jones, & Liller
1972). The orbital parameters derived by Tananbaum et al.
(1972) were improved by Deeter, Boynton, & Pravdo (1981) by
combining the pulse arrival time data of Uhuru observations
with those of the following observations with 0SO 8, HEAO 1,
and Einstein, thus yielding a precise mass function of
0.8510 + 0.0001 M. The pulse period history of Her X-1 over
the past 20 years shows on average a secular spin-up with
superposed irregular wavy fluctuations (see, e.g., Joss et al.
1977 and Nagase 1989). Long-term monitoring of Her X-1
from Uhuru to Ginga has revealed a decrease of orbital period
with a rate of P,,,/P,, = —1.32 x 1078 yr~! (Deeter et al.
1991). An episode of extended low state was recorded with the
EXOSAT observations (Parmar et al. 1985).

Many optical studies have been made for the Her X-1/HZ
Her system since the discovery of optical pulsations from the
system. From photometric observations, HZ Her is suggested
to fill its Roche lobe, and its spectral type varies from late A to
early B over the orbital period due to the X-ray heating of the
companion atmosphere (Bahcall & Bahcall 1972; Boynton et
al. 1973; Milgrom & Salpeter 1975a, b; Deeter et al. 1976;
Gerend & Boynton 1976). Optical pulsations have also been
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detected in the emission lines and the 1¢7 orbital modulation of
the velocity curve was measured (Crampton & Hutchings
1974; Hutchings et al. 1985). The analysis of the optical pulses,
together with the X-ray timing results, is used to determine the
stellar parameters in the Her X-1/HZ Her system: the compan-
ion mass M, = 2.0 Mo, the companion radius R,,, = 3.9 R,
and the stellar separation a = 8.6 Ry (Crampton 1974; Mid-
dleditch & Nelson 1976; Deeter et al. 1981; Hutchings et al.
1985). A detailed analysis of the optical data suggests a charac-
teristic 35¢ modulation of the optical pulsation amplitudes,
which is interpreted in the light of episodic mass transfer and
obscuration by a tilted accretion disk which undergoes one
cycle of retrograde progression every 35¢ (Middleditch &
Nelson 1976, Middleditch 1983). From IUE spectroscopy,
Howarth & Wilson (1983) suggested that the UV emission
lines originate in discrete blobs of material orbiting at the rim
of the accretion disk.

The 359 cycle variations of X-ray intensities in Her X-1 is
considered to be due to precession, although it is unclear what
is precessing and why (e.g., Priedhorsky & Holt 1987). Various
models have been proposed: a precessing, tilted accretion disk
in the tidal field by the companion star (Katz 1973); a disk
slaved to the companion star precession (Roberts 1974); a free
precessing neutron star (Triimper et al. 1986); precession of the
edge of the accretion disk due to mass transfer feedback
(Boynton et al. 1980).

In addition to the 35¢ recurrence cycle of the high state of
X-ray intensity, lasting ~ 10, it has been known since the early
observations with Uhuru (Giacconi et al. 1973) that Her X-1
exhibits a decrease of X-ray intensity at orbital phase, @, =
0.6-0.9 (the so-called “ pre-eclipse dip ”; hereafter the dip) prior
to the eclipse and at @, = 0.3-0.6 (“the anomalous dip”).
Giacconi et al. (1973) also found that the dips change their
phases with respect to the 197 eclipse within the main-on state.
Jones & Forman (1976) detected a small hump of X-ray inten-
sity with a duration of ~5¢ at phases 0.5-0.6 of the 359 cycle
(the so-called “short-on” state). From the progression of the
dips in successive orbits, Crosa & Boynton (1980) derived the
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recurrence period of P, ~ 1962. The five distinct states, the
main-on, the short-on, the low state, the eclipse, and the pre-
eclipse dip, has been confirmed with HEAO 1 experiment
(Gorecki et al. 1982).

Many spectral observations have been made mainly during
the high-on state and revealed some interesting features in Her
X-1. Pulse phase-dependent changes of spectra were observed
in the high-energy (> 20 keV) continuum of Her X-1 (Pravdo et
al. 1978b). Pravdo et al. (1977a, 1978a) discovered an emission
line feature at ~ 6.4 keV that is ascribed to the iron fluorescent
line during both the high-on state and the low state of Her X-1.
The 6.4 keV iron line emission was confirmed by observations
with the gas scintillation counters aboard Tenma (Ohashi et al.
1984). A cyclotron line feature was discovered by Triimper et
al. (1978) at around 35-45 keV and this feature was confirmed
by further balloon experiments (Gruber et al. 1980; Tueller et
al. 1984). Alternative interpretations of the ~35 keV absorp-
tion line features have been discussed by Voges et al. (1982) and
Soong (1990). Mihara et al. (1990) interpreted the 35 keV
absorption feature obtained with Ginga as due to cyclotron
resonant scattering. Energy spectra with good statistics during
the low state were obtained by Ginga observations and inter-
preted as the scattering by the accretion disk and corona
extended above the disk (Mihara et al. 1991).

It is noted that recurrent intensity dips are not unique to Her
X-1, but widely observed from many low-mass X-ray binaries
(see, e.g., Mason 1986 and references therein); some of them
show a clear correlation between the orbital period and the dip
recurrence period, such as EXO 0748 —676 (Parmar et al.
1986). Thus the investigation of intensity dips in the X-ray
pulsar Her X-1 might share same common physics with those
in the low-mass X-ray binaries and enable us to understand the
behavior of an accretion disk; the spectroscopic study of dips
in Her X-1 may provide a useful clue for the purpose. There is,
however, little spectral observations during the dips of Her
X-1. Ushimaru et al. (1989) observed a soft-excess spectrum
during the dips and interpreted the spectrum as leaky absorp-
tion from clumpy blobs. Mihara et al. (1991) analyzed the dip
spectrum in comparison with the low state data and found that
it can be reproduced by the sum of a soft component and the
absorbed direct beam of the pulsar.

In this paper we present the results of our detailed spectro-
scopic analysis of the data obtained with Ginga during the
pre-eclipse phase of Her X-1in 1988 August.

2. OBSERVATION AND RESULTS

We observed Her X-1 with the Large Area Counters (LAC)
aboard Ginga (Makino et al. 1987; Turner et al. 1989) four
times in 1988 August and September (see Mihara et al. 1991 for
the journal of the observations). The LAC consist of eight
modules of multicell proportional counters with a total effec-
tive area of 4000 cm?. The LAC cover the energy range from 1
to 37 keV with 48 pulse height channels in the data mode
MPCI1 and MPC2 and have an energy resolution of 18.0% at 6
keV.

We analyzed in detail the data obtained during the period
from 16:07 to 19:38 (UT) on 1988 August 28. These data were
obtained in the MPC2 mode with a time resolution of 62.5 ms
(high-bit rate telemetry). Background was subtracted using the
method described in Hayashida et al. (1989). Long-term moni-
toring of Her X-1 by the all-sky monitor (Tsunemi et al. 1989)
onboard Ginga showed that Her X-1 was in the main-on state
on August 28 (Mihara et al. 1991). The phase in the 35 day

cycle and the orbital phase of the present observations were
calculated to be ¥;5=0.1+003 and ®,, = 0.76-0.85,
respectively, using the ephemeris presented by Deeter et al.
(1991). We analyzed these data because pre-eclipse dips were
expected just at this orbital phase of the data.

2.1. Light Curve

X-ray light curves in four energy bands are shown in Figure
1 together with the softness ratio (uppermost panel); i.e., ratio
of the X-ray flux in 1.2-4.6 keV to that in 6.9-11.5 keV. The
X-ray flux observed is typically 7.5 x 107° ergs cm~2 s~ ! in
the energy range of 1.2-36.8 keV except for the period of dips.
This flux corresponds to an X-ray luminosity of 2.1 x 1037 ergs
s~ ! assuming the distance to Her X-1 to be 5 kpc (Bahcall
1978). This high luminosity, which is typical of the peak of the
main high-on state in the 35 day cycle, confirms that Her X-1 is
actually in the main-on state.

As expected from the orbital ephemeris of the current obser-
vation, we see drastic intensity variations, especially in the
lowest (1.2-4.6 keV) energy band as shown in Figure 1. It is
notable that the time scales of variations range widely from
30 s to more than 10 minutes. These variations are considered
to be a property of the pre-eclipse dips. The dip is deepest at
low energy and is basically consistent with the phenomena due
to X-ray absorption by cold matter, as already noticed by
many authors (Ohashi et al. 1984; Ushimaru et al. 1989;
Mihara et al. 1991).

2.2. Energy Spectrum

We classified the data shown in Figure 1 into six groups
(data sets I-VI) according to the flux level to see how the
energy spectrum changes. The pulse height spectra calculated
for each group are shown in Figure 2a in order of decreasing
flux level. The spectral change show strong energy dependence
as expected from the absorption by cold matter. However, data
sets I-VI have relatively flat spectra below 4 keV, which is
inconsistent with the absorption by homogeneous cold matter.
This feature of the soft excess flux is already reported in the
previous works (Ushimaru et al. 1989; Mihara et al. 1991).

This feature is visible more clearly in Figure 2b, in which the
count rate ratio (PHA ratio) in each pulse height channel is
taken between data sets II-VI and data set I. The solid lines in
Figure 2a and 2b show X-ray absorption feature due to matter
of column density 1 x 1024 H-atoms cm ~2. It is noticed from
Figure 2b that the PHA ratio of data sets V and VI is almost
flat at energies below 4 keV. Because the energy spectrum of
data sets V and VI below 4 keV is dominated by the soft excess
component, this means that the spectral shape of the soft
excess component below 4 keV is almost same as that of data
set I. In other words, this soft excess component is not sub-
jected by any additional absorption over that of direct com-
ponent. It is known that the spectrum of the main-on state,
such as data set I, suffer from little absorption (Mihara et al.
1991). Therefore, the soft excess component also seems to suffer
from little absorption. The soft excess flux correspond to ~3%
of the flux of data set 1.

It is also evident from Figure 2b that the intensity at ~20
keV decreases gradually to ~40% of the intensity of data set I,
with absorption increasing from data sets II to VI. The spectral
changes in data sets II-VI at energies 4-10 keV can be
explained by photoelectric absorption with increasing column
density. Whereas the decrease of intensity without energy
dependence at energies above ~ 18 keV cannot be explained by
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FiG. 2—(a) Pulse height spectra of Her X-1 observed with Ginga during the pre-eclipse dip phase in 1988 August. The six spectra (I-VI) are shown decreasing
order of intensity, which is the order of increasing absorption measure. (b) The ratio of count rate for each pulse height channel between the spectra II-VI and the
spectra I, which do not show significant absorption. Solid lines in the figures display X-ray absorption feature due to matter of column density 1 x 10%* H atoms
cm ™2, in which both the effects of photoelectric absorption and Thomson scattering are included.

the photoelectric absorption but can be explained by the
escape of photons due to electron scattering by intervening
matter in the line of sight. In fact, the solid curve in Figures 2a
and 2b (which include both the effects of photoelectric absorp-
tion and Thomson scattering) explain both the change of spec-
tral shape in 4-10 keV and the intensity decrease at energies
above ~ 18 keV.

2.3. Pulse Profile

Energy dependent pulse profiles are obtained for individual
data sets using the pulse folding technique. Examples are
shown in Figure 3 for the main-on data (I) and the dip data
(VI). Pulse shapes of data set I are typical in the main-on high
state characterized by a small interpulse and a double-peak in
the main pulse (Pravdo et al. 1977b; Soong et al. 1987; Ushi-
maru et al. 1989; Soong et al. 1990). The pulse profiles in the
dip are similar to those in data set I above ~5 keV, but the
pulse becomes almost invisible below ~5 keV. This confirms
the earlier results (Ohashi et al. 1984; Mihara et al. 1991).

We define the root-mean squared (rms) pulse amplitude

Apuise to get quantitative results for the pulse amplitude:
1 Zi [ — A — af1|'7
Apulse = ﬁ { N ] B (1)

where n;, i, 6;,, N are the count rate of ith bin, the phase-

averaged count rate, the statistical fluctuation of the count
rate, and the number of bins, respectively. The pulse fraction
calculated for each data set are shown in Figure 4. The increase
of pulse fraction with energy is clearly seen in the figure.

The pulse profiles in Figure 3, together with the pulse frac-
tion in Figure 4, reveal the following features of the profile
change in the dips: (1) no significant pulsations are seen below
~4 keV, (2) the pulse fraction above ~ 10 keV is almost the
same for all data sets, although the pulse amplitude itself is
different, and the pulse profile in the dip (e.g., right panel of Fig.
3) is same as that out of the dip (e.g., left panel of Fig. 3)
suggesting little smearing, (3) a reduced pulse fraction and a
little smearing are seen in the middle energy band of 4-10 keV.
Fact 1 suggests that the soft excess flux is not due to the
leakage of direct beam through inhomogeneous matter but due
to scattering by extended thin plasma.

3. SPECTRAL ANALYSIS

We have given an overview of the spectral changes, which
occurred during the dips, in the previous section and have
clarified qualitatively the properties of the dip spectra. To
investigate further and quantitatively the properties of the dips,
we constructed 43 time-sliced energy spectra. The accumula-
tion time of each spectrum was selected so that the intensity
and softness ratio (see Fig. 1) in an integration period were
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FiG. 3.—Pulse profiles in two intensity levels folded modulo the pulse period of 1.23776 s (for seven energy bands in the range 1.2-16.1 keV) after background
subtraction. The profiles on the left correspond to data set I, the highest intensity level, and the right to the lowest intensity level (data set VI).

approximately constant. The typical integration time for indi-
vidual spectrum ranges from 40 to 150 s.

A typical spectrum of Her X-1 in the high state has a shape
common to X-ray pulsars and can be represented by the con-
ventional model spectrum of a power law with a high-energy
cutoff (e.g., White et al. 1983). It was revealed from recent
studies with Tenma and Ginga (Makishima et al. 1990; Mihara
et al. 1990; Makishima & Mihara 1992) that the turnover
feature at high energies is related to cyclotron resonant scat-
tering, and the observed cyclotron resonance features can be
better fitted by a function with a form of resonant absorption.
In the following analysis, however, we adopt the conventional
representation of an exponential cutoff because the present
time-sliced spectra do not have enough statistics at high ener-

gies to resolve the difference of the resonant absorption feature
and the exponential cutoff.

3.1. Fitting of the Dip Spectra

Although a spectrum affected less by absorption (as shown
in data set I of Fig. 2a) can be fit by the above model, it is clear
from the analysis in the previous section that we need another
component to fit the soft component in the spectrum. We
assume that the soft excess component has the same spectral
shape with that of main-on state because the component may
originate from X-ray scattering. Therefore, we need to take
into account the following two components to model the spec-
trum; one is the direct component, which shows pulsations and
is sometimes heavily absorbed, and the other is the unabsorbed
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F1G. 4—Root-mean squared fractions of pulse in Her X-1 plotted against
energy. Different symbols correspond to the different data sets I-V1 in Figure
2. Upper limits (dashed line) and errors are in 1 o level.

component, which shows no pulsations and has the same spec-
tral shape as that of the nonabsorbed direct component. This
unabsorbed component corresponds to the soft component. In
fact, we found that the following model of two component
continua and an iron emission line can reproduce the observed
spectra in the dip phase for different degrees of absorption. The
function which we adopted in the fitting is

A{E ®exp (—0Ny) + A, E™* + I, (E<E),

I(E)= {[A,E *exp (—oNy) + A, E™*]
x exp [—(E — E)/E;] + Ig. (E>E),
@

where A, A,, E,, and E represent the normalization coeffi-
cient of the direct component, that of the unabsorbed com-
ponent, and the cutoff and e-folding energies, respectively. The
formula is the same as that of the partial covering model. Since
it was revealed in the previous section that the soft component
seems to suffer from little absorption (the amount is insignifi-
cant within the statistical accuracy of data), we did not apply
absorption for the second term (the interstellar column density
towards Her X-1 is negligible for the Ginga energy range). This
is the reason that we use an unabsorbed component there. The
parameters a, E,, and E, of the unabsorbed component are
assumed to have the same values as those of the direct com-
ponent; this assumption is based on the analysis in the pre-
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vious section. The parameters o(E) and Ny are the absorption
coefficient by cold interstellar matter and the hydrogen equiva-
lent column density, respectively. The iron line is represented
by a Gaussian form:

_ M] , 3)

AFe

Ig(E) = ex
Fe( ) \/—2_7'[r p[ 2r2
where Ag, is the iron line intensity, Ex the line center energy,
and I” the intrinsic line width. We assume that the width of the
iron line is far smaller than the resolution of the LAC counter
and fix I' = 0.1 keV in the fitting. In the present model, we set
the absorption for iron line to zero. It is, of course, expected
that some degree of absorption occurs for the iron line (at least
self-absorption of the reprocessing matter should be taken into
account), which is probably different from that of continuum
X-rays because the emission sites are different. However, it is
difficult to determine the absorption for the iron line from the
fitting, since it depends on the geometry of the reprocessing site
to be assumed. Therefore, we decided to set the absorption for
iron line to zero in the model and to consider it separately in
the next subsection. For the interstellar/circumstellar absorp-
tion, we apply in the present fitting the absorption coefficient
0(E) = oym(E) + o(E), involving both the photoelectric
absorption oyy(E) and the Thomson scattering o(E) for
attenutation of the X-rays from the source. The Thomson
scattering is dominant for the X-ray attenuation above
~15 keV and is consistent with the energy independent
decrease of X-rays as described in §§ 2.2 and 2.3. For the
photoelectric absorption coefficient, we adopt the cross section
compiled by Morrison & McCammon (1983). When the
absorption of the direct component is negligible, we did not
include the unabsorbed soft component in the model (4, was
set to zero) because the spectral shape of the direct component
and the unabsorbed component become identical and the two
components become indistinguishible.

Thus the spectral fitting has been carried out with seven (for
the high-state spectra) or eight (for the dip spectra) free param-
eters using the model described in equations (2) and (3). We
tried to fit all 43 energy spectra, but some of them did not give
useful results due mainly to poor statistics. This is caused by
time slices which are too short, during intervals of rapid inten-
sity variations. Hence we summarize the results in Table 1
for the 21 spectra which gave meaningful results. The equiv-
alent width of the iron line, designated as EW in Table 1, is
evaluated as

AFe

EW = — =
Ay Eg® exp [—a(Ex)Ny] + A, E¢*

keV. (4

Note that the cutoff energy E, is always higher than the line
center energy E¢. Examples of the fits are shown in Figure 5 for
four spectra with various flux level. Figure 6 shows the best-fit
parameters, relating to the iron line, plotted against the orbital
phase. The photon flux of the direct component in Figure 6a is
estimated by integrating the first term of equation (2) in the
energy range 7.1-35 keV, using the best-fit parameters without
absorption. The derived line center energy and the equivalent
width are also plotted in Figures 6d and 6e, respectively.

From the results shown in Figures 5 and 6 and summarized
in Table 1, we see the following properties of the dip spectrum
in Her X-1: (1) the direct component suffer from absorption
with column density ranging from Ny < 10?2 to Ny = 1.2
x 10*4 H-atoms cm~2 during the present observations
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TABLE 1
BEST-FiT PARAMETRES FOR TIME-SLICED ENERGY SPECTRA®

Number D, Al a log Ny*© E? Ej? Ay® Ay E¢ Ew¢ x% (d.of)
1o, 0.7639  483.3 +92.5 086 + 008 22.66+0.10 180+1.6 117433 166+ 75 653+026 0.19+0.09 097 (36)
2.0, 0.7643  514.5 + 32.2 0.88 + 003 22.03+008 189 +0.8 91+15 20.1 +46 648+0.14 0204005 1.16(38)
3ot 0.7649 484.7 +101.6 0.85+0.08 2293+0.07 184+ 13 9.8 +2.6 179+ 74 634+022 0224009 1.24 (36)
4......... 0.7652  580.1 + 57.3 091 +£0.04 2225+0.13 180+09 103+ 17 197+55 637+016 0.19+0.05 0.95(36)
Seeeieinns 0.7656  580.5 + 8.9 091 + 0.01 <215 193+ 05 8.14+09 199+36 650+012 0.19+0.03 0.98(38)
6.cunnn. 0.7664  590.7 + 27.5 0.92 + 0.02 <215 192+ 0.6 89+1.2 204 +4.1 6324013 0194004 1.29(38)
/S 0.7682  619.9 + 28.1 093 +£002 21244033 19.0+06 88+ 1.1 200+39 6.53+0.13 0.19+0.04 140 (38)
L J 0.7692 561.1 + 1288 093 +0.08 2336+ 005 204+ 09 77+16 454+73 124+42 645+0.17 0.19+006 09537
[ I 0.7696  360.7 + 49.2 076 £ 005 23.55+004 188+ 1.1 93+21 252+39 11.1+38 6324020 026+009 1.29(37)
10......... 07714 2440 + 14.1 0.65+002 2397+002 167+09 123+19 131411 35+12 625+022 0331011 1.05(37)
1m......... 0.7724 2577+ 17.3 067 +0.02 2408+0.02 19.0+038 79+16 114+09 40+10 6451016 055+014 1.13(37)
12......... 0.7733 2772 + 39.6 0.64 +0.05 24.00+0.02 185408 88+14 139+13 50+13 629+0.15 0461012 077 (37)
13......... 0.7751 4706 +320 080+0.02 2372+003 194+ 12 81+23 237437 123443 629+021 036+0.13 0.75(37)
14......... 0.8063 378.2 + 48.5 077 £ 0.04 2391+002 188+08 81+14 159+16 36+15 658+024 021+009 12737
15......... 0.8136 614.7 + 244 090 + 001 2391 +001 20.6 +0.6 62+11 139+15 83+15 651+011 0441008 1.10(37)
16......... 08159 566.7 + 162.2 0.89 +0.09 23.66 +0.04 194+ 0.7 88+13 17.7+3.1 76 +23 634+015 020+006 1.33(37)
17......... 0.8166 394.0 + 1306 0.76 +0.10 23.84+003 181+08 95+15 13.8+24 86+19 639+0.12 0424009 123(37)
18......... 0.8458  590.8 + 48.2 093 +0.03 2269 +004 199 +0.7 92+ 13 166 + 38 627 +0.13 0.18 +0.04 1.01(36)
19......... 0.8464 371.5 + 86.2 0.79 + 0.08 2330+ 005 189+09 94+16 281+60 11.8+40 629+0.18 0204007 1.31(37)
20......... 0.8474 607.3 +108.1 093 +0.06 2347+0.03 192+08 92415 207+38 139+32 6424012 025+006 1.10(37)
21, 0.8488 3752+ 2374 078 £0.19 2358 +0.09 206+ 1.8 81+31 150+66 116+52 6.13+024 0324+0.14 0.83(37)

* Quoted errors are 90% confidence limits for a single parameter.

® A, and A, are the coeficients of continuum spectra normalized at 1 keV in untis of photons s~ keV 1.

¢ Ny is an absorption column density in units of H atoms cm ™2,

4 Cutoff energy E_, folding energy E > iron line energy E and equivalent width EW are presented in units of keV.

© A, is the intensity of iron line in units of counts s ™.

(D, = 0.76-0.85); (2) the ratio of the unabsorbed flux to the
direct component ranges between 2.5% and 7.5%; (3) although
the apparent luminosity calculated using the best-fit param-
eters in 1.7-35 keV varies from 0.5 x 1037 ergs s™! to
2.1 x 1037 ergs s~ ! for the assumed distance d =5 kpc,
absorption-corrected intrinsic luminosity is found to be stable
at L, = 2.1 x 1037 ergs s ! during the observation.

3.2. Behavior of the Iron Line and the Unabsorbed Component

We found that the line center energies of iron are all consis-
tent with 6.4 keV (weighted average is Ex = 6.41 + 0.03 keV).
This means that the iron emission line is predominantly due to
fluorescence of cold matter. The line intensity and the flux of
the unabsorbed component are plotted against the absorption
column density (Ny) in Figure 7, together with that of contin-
uum flux above 7.1 keV corrected for the absorption using the
best-fit parameters. The continuum flux above 7.1 keV in
Figure 7a is almost constant around the value of 0.25 photons
cm~2s7! (or 5.8 x 107° ergs cm~2 s~ !) in spite of the change
in Ny over two orders of magnitude during the short period of
the pre-eclipse phase. On the other hand, the intensity of the
iron line is constant at ~20 counts s~! for Ny <1 x 1023
cm™2 and it decreases to 3.5 counts s~! as Ny increases to
1.2 x 10?* cm 2, as shown in Figure 7b. Of course, most of the
line intensity decrease is explained by the characteristics of the
model function, in which we set the absorption for iron line
emission artificially zero. If we assume that the intrinsic iron
line intensity is constant and the iron line suffer from the same
amount of absorption as the continuum flux, the line intensity
would be 2.6 counts s~ ! for Ny = 1.2 x 1024 cm ™~ 2. This value
is slightly smaller than the observed value. It may be more
appropriate to use the iron line equivalent width to investigate
the relation between the line intensity and the continuum
flux. The observed iron line equivalent widths are plotted in

Figure 8 against the column density Ny. It increases from 0.18
to 0.55 keV as the increase of the column density.

4. DISCUSSION AND CONCLUSION

We observed Her X-1 in 1988 August during the orbital
phase @, = 0.76-0.85 at the peak of main-on state of the 35
day cycle. This observation corresponds to the so-called pre-
eclipse phase (Crosa & Boynton 1980), and in fact we observed
drastic intensity variations on timescales from 30 s to more
than 10 minutes. From spectroscopic analysis, we have
revealed that the complex intensity variations can be explained
in terms of absorption and scattering out of the beamed X-rays
by gas clouds passing across the line of sight, plus an addi-
tional component which exhibits the same spectral shape as
absorption corrected main component and iron emission line
at 6.4 keV. Although the apparent luminosity spans L, = (0.5
2.1) x 10®7 ergs s~ !, in the energy range 1.2-36.8 keV, the
absorption-corrected intrinsic luminosity of the source is stable
at L, = 2.1 x 1037 ergs s~ ! during the observations.

4.1. Short Timescale Intensity Drop

Vertical structures of the outer disk rim are expected to
produce variations in the light curve because the inclination
angle of Her X-1 system is large (~85°). When gas inflowing
from the inner Lagrangian point falls onto the accretion disk, a
turbulent gas structure might be formed over the accretion
disk at the impact zone on the disk rim. It is plausible that such
a turbulent gas at the impact zone extents vertically at the rim
of disk and forms gas clouds of different size and different
density. If such gas clouds intersect the line of sight at this
special orbital phase of pre-eclipse, it may cause absorption
and scattering out of soft X-rays. Adopting the electron density
of the cloud n, ~ 2 x 10! cm ™3 as suggested by Howarth &
Wilson (1983), we obtain roughly the size of the cloud R, ~
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FiG. 5—Examples of spectral fits are shown for four spectra of different
degree of X-ray absorption. The dotted lines are each component of the best-fit
model function (two-component continua and an iron emission line; see text
for detail) and the solid lines are the sum. Figures (a), (b), (c), and (d) correspond
to Nos. 5,20, 13, and 11 of Table 1, respectively.

5 x 10'° cm from the observed maximum column density
Ny ~ 1 x 10** cm~2. This is about one-tenth of the radius of
the accretion disk in Her X-1. It is worth mentioning that
Hirose, Osaki, & Mineshige (1991) obtained, from the three-
dimensional simulations of an accretion disk, the result that
the disk rim is vertically enhanced with a ratio of the vertical
height to the disk radius of 0.15 at the orbital phase @, ~ 0.8.
Short timescale intensity drops seen at the beginning of
observation (see Fig. 1) may suggest the formation of blobs
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with smaller size at the boundary of the cloud region. It may be
caused by the vertical turbulence of the perturbations of the
outer edge of an accretion disk due to the impact by an inflow-
ing gas stream. It is necessary to resort to the smaller blobs
(r ~ 10° cm), suggested by Bochkarev & Karitskaya (1989), in
order to account for the smooth and short time variation of the
absorption profile in the light curve shown in Figure 1. They
proposed that small blobs can be formed at the impact zone
and survive for a time longer than a Keplerian orbit. If we take
the Keplerian velocity at the outer rim of an accretion disk to
be V, ~ 250 km s !, the diameter of the blobs is comparable to
the duration of the short timescale dips.

4.2. Soft X-Ray Excess

We have shown in section 2 that the soft excess component
is not due to the leakage of direct beam, as discussed by Ushi-
maru et al. (1989), but due to the scattering of X-rays from a
central source by a thin hot plasma on the basis of the absence
of pulsations in this component. Bochkarev (1989) investigated
possible existence of the coronal gas around the outer part
of the accretion disk, and showed the physical conditions; i.e.,
the coronal temperature and gas density would be T, ~ 2.5

x 10° K and n, &~ 5 x 10'! cm 3, respectively. If there is such
a corona region, it could be responsible for the scattered soft
X-ray component. It would be useful to estimate the electron
column density of such a corona along the line of sight. The
fraction of the scattered flux (~3%) described in § 3 requires
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FiG. 6—Several parameters obtained from the fits for the time-sliced
spectra are plotted against the orbital phase: (a) intrinsic photon flux in the
energy range 7.1-35 keV calculated numerically from eq. (2) without the
absorption, using the best-fit parameters obtained, (b) hydrogen equivalent
column density of the intervening gas in units of cm ™2, (c) intensity of the
observed iron-K line I, in units of counts s~ *, (d) the line center energy Ey in
keV, and (e) the equivalent width EW of the iron line in keV.
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the column density to satisfy the following equation:
N,o{Q./47) ~ 0.03 , 5

where N, is the electron column density, and Q. the solid angle
of the coronal gas subtended by the neutron star. Assuming
that the corona is distributed above and below the accretion
disk with a solid angle of about half of a sphere (Q, ~ 2x), an
electron column density N, ~ 9 x 10>2 cm™2 is required to
explain the observed scattered flux if the obscuration of the
scattered flux by the gas cloud is negligible. Using the esti-
mated electron density of n, & 5 x 10*! (Bochkarev 1989), we
obtain the size of such a corona to be R ~ 2 x 10'! cm. This
value is comparable with the height ( ~ 10! cm) to which the
corona rises, as suggested by Bochkarev (1989).

The low-state spectrum observed with Ginga 9 days before
this observation was interpreted in terms of two scattered com-
ponents (Mihara et al. 1991): a soft component due to scat-
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tering by thin hot plasma and a hard component due to
forward scattering by thick cold matter, both of which were
not pulsating. The flux of the soft component that Mihara et al.
(1991) has derived is comparable with the soft component we
derived from the pre-eclipse dip spectrum. Therefore, the scat-
tering of the soft component in the low state is also explained
in the scheme of the above model with the region of hot corona
extended over the accretion disk. Although an acceptable fit by
free-free emission is obtained for the unabsorbed component,
the free-free emission does not account for the emissivity of 3%
of total luminosity. The dependence of non-pulsating com-
ponent on the column density is not clear, because of uncertain
flux at low column density. The fluctuation of the flux shown in
Figure 7c may be due to partial covering of the scattering
region by absorbing blobs.

It is noteworthy that the soft excess phenomena have been
revealsed for many dipping sources; i.e., Vela X-1 (Haberl &
White 1990) and Cen X-3 (Nagase et al. 1992) among the
massive X-ray binaries, and EXO 0748 —676 (Parmar et al.
1986) and 4U 1254 — 690 (Courvoisier et al. 1986), etc., among
the low-mass X-ray binaries. A photoionized region of stellar
wind is considered to be responsible for the X-ray scattering in
massive wind-fed binaries, whereas an accretion disk corona
(ADC) region will be the site of scattering in the disk-fed low-
mass binaries. The soft excess flux revealed in this study from
Her X-1 will be due to the ADC scattering, sharing a common
feature with the dipping low-mass X-ray binaries.

4.3. Possible Site of the Line Emission

It was suggested by Pravdo et al. (1977a) and by Basko
(1980) that matter stagnated near the Alfvén surface is
responsible for reprocessing iron lines. In addition to this
region, an accretion disk surface, outer edge of the accretion
disk, and atmosphere of the companion star could be sus-
pected for the line emission. Mihara et al. (1991) observed a
broadened iron line together with a nonpulsating continuum
emission in the low state. They interpreted the broadening with
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F1G. 8—Iron line equivalent width versus absorption column density N,,.
The dashed curves are expected equivalent widths calculated from eq. (7) for
various covering factors n = 0, 0.6, 0.8, 0.9, and 1.0.
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a mixture of fluorescent lines from cold (6.4 keV line) and
ionized material (6.7 keV line). Although we are unable to
derive line width because of insufficient statistics, the iron line
flux observed at the bottom of the dip could have same origin
as those in low state. However, the iron line flux observed at
present for low absorbing column (20 counts s~ !) is 4 times
higher than that obtained by Mihara et al. (1991) in the low
state (3.8 counts s~ !). Such high flux cannot be interpreted by
stellar atmosphere nor accretion disk edge. For the case of Her
X-1 binary system, we can simply estimate the equivalent
width of iron line from the companion atmosphere to be
~20 eV (Basko 1978), and that from an accretion disk surface
to be ~ 30 eV (Basko 1978). Both of which are far smaller than
the observed equivalent width of ~200 eV. The X-ray absorb-
ing clouds at the disk rim are also not enough to explain the
observed line intensity, since the solid angle sustained by the
clouds is estimated to be (Q/47)oues < 0.06, and estimated
equivalent width is only ~20 eV even if the clouds have
average column density of a few times 1023 ¢cm ~2. The depen-
dence of iron line flux on absorbing column shown in Figure
7b imply that the size of the reprocessing region is comparable
to or smaller than those of the absorbing clouds. If the repro-
cessing region is far larger or far smaller than the absorbing
clouds, such a dependence of iron line intensity on Ny; as seen
in Figure 7b cannot be expected; it should show a large
increase with the increase of Ny or should be flat. This suggest
that iron lines observed in main-on state are generated on the
localized region near the neutron star, such as the Alfvén
surface.

The observed line energy of Ex = 6.4 keV requires that the
line emitter should be cold enough to stay in a low ionization
state (<Fe xvi). In this case the ionization parameter ¢
(Tarter, Tucker, & Salpeter 1969; Kallman & McCray 1982)
should satisfy the following condition:

L
2 <80, ©6)
nr

E=

N

where n is the number density of ambient gas and r the distance
from the neutron star. Therefore when we adopt the Alfvén
surface region (r, ~ 3 x 10® cm) as the reprocessing site, a gas
density n > 1 x 10° ¢cm 3 is required to produce the iron line
at Ex = 6.4 keV. It is noted that this reprocessing site should
not be intersect the line of sight, otherwise the region leads to
absorb soft X-rays of direct beam. The observed result shows a
slight increase in the equivalent width at large Ny (see Fig. 8).
Assuming the covering factor of the iron-line emission region
by the obscuring cloud to be 5, we can calculate the expected
equivalent width by

Ig[n exp (—a(Ex)Ny) + (1 — n)]
AEg*[exp (—o(Ex)Ny) + x] ~

where I, is the iron-line intensity, and x is the ratio of the
scattering flux to the direct component. In the calculation, we
assume x = 0.03 (although some dependence on the Ny value
is suspected as seen in Fig. 7c¢), the line-center energy Eyx =
6.4 keV, and the equivalent width to be 0.19 keV at N; = 0 (no

EW =

™
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intervening cloud), respectively. The results are shown in
Figure 8 for various values of #. From the scatter of data
points, the range of # is estimated to be 0.6 < n < 0.9 with a
most probable value of # = 0.8. Uniform and complete cover-
age of the iron-line emission region by an intervening cloud is
rejected.

This result indicates that ~20% of the iron line reprocessing
site is not occulted by the rim cloud even at the time of highest
Ny. This, in turn, suggests that even if the proposed Alfvén
shell is the major site of iron line emission that is not obscured
by the cloud, outer rim of accretion disk and the companion
star atmosphere may be responsible for the additional
emission.

4.4. Summary

In summary, from the spectroscopic studies of the pre-
eclipse dip of Her X-1, we have derived the following results.

1. In spite of the wide variations of intensity during the
pre-eclipse phase, which is predominantly due to absorption
and scattering, the source luminosity of Her X-1 is nearly con-
stant during the observation at the value L, = 2.1 x 1037 ergs
s ! ford = 5kpc.

2. The spectra observed during the dip can be explained by
the superposition of the highly absorbed direct (pulsating)
component and the nonpulsating unabsorbed component, in
addition to the reprocessed iron emission line.

3. We attribute the absorption of the direct beam to clouds
formed around the impact zone of the inflowing stream onto
the accretion disk. The vertical turbulence or the perturbation
of matter at the impact zone may be responsible for producing
the short-time intensity fluctuations at the beginning of the dip
and the column density variation during the dip.

4. The nonpulsating unabsorbed component with spectral
shape similar to the direct component, which is revealed both
from the residual counts seen in the pulse-height ratio and the
absence of the pulse shape below ~5 keV during the dip, can
be interpreted as the results of scattering of the direct beam. An
accretion disk corona, with size is ~2 x 10!'! cm, explains
satisfactorily the characteristics of the scattered component.

5. The iron line energy was predominantly 6.4 keV during
the present observation (there was no evidence of a 6.7 keV
line), suggesting that the emission arises in a cool region. The
correlation between the iron line intensity and absorption
column density suggests that the line emission originates
mainly from the Alfvén surface; the fluorescence emission is
partially obscured by the optically thick gas cloud passing
across the line of sight.
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