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ABSTRACT

Iron emission and absorption features from nine X-ray binaries are compared with a model that predicts
characteristics of iron K-shell features corresponding to different viewing angles for the accretion disk. In this
model, emission and absorption features arise from an accretion disk corona whose structure is computed
under the assumptions of ionization, thermal, and hydrostatic balance of gas illuminated by the central con-
tinuum source. Hence the equivalent widths of the emission and absorption features are predicted without the
introduction of any free parameters to control the physical conditions in the disk corona. Our data/model
comparison suggests an explanation for the equivalent widths of the iron Ka emission and the depth of the
absorption edge in terms of (1) the angle of inclination between the observer’s line of sight and the plane of
the accretion disk and (2) the shape of the incident source spectrum.

Subject headings: accretion, accretion disks — X-rays: stars

1. INTRODUCTION

As the sensitivity, spectral coverage, and spectral resolution
of satellite-borne instruments for X-ray astronomy have
increased, so have the number and complexity of models pro-
posed to fit the continuum spectra for binary systems. Unfor-
tunately, none of the proposed continuum models is unique, no
single model provides adequate fits to all the observations of
even a single source, and, disturbingly, analyses based on dif-
ferent instruments appear to favor different models (Ponman,
Foster, & Ross 1990, hereafter PFR90; Vacca et al. 1987;
Vrtilek et al. 1986). This lack of uniqueness in continuum
models that give satisfactory fits to X-ray spectra makes
physical interpretations of the model parameters difficult.
Vrtilek, Swank, & Kallman (1988, hereafter VSK88) have
shown that the difficulties in finding unique and physically
meaningful models for X-ray continuum spectra are exacer-
bated by the presence of strong, variable emission and absorp-
tion features that are not resolved by most of the instruments
observing them. There is no doubt that the addition of line
features leads to dramatic improvement in the quality of con-
tinuum spectra fits (Chiappetti et al. 1990; Kallman, Vrtilek, &
Kahn 1989; Makishima 1986, héreafter M86; White et al. 1986,
hereafter W86; Brinkman et al. 1985). Unfortunately, very few
instruments have had sufficient energy resolution and through-
put to detect most X-ray line features.

The iron K-shell features between 6 and 7 keV are the excep-
tion because their location in energy places them at the center
of the range most observed by X-ray instruments; they are the
only sharp spectral features strong enough to be detected by
the majority of the instruments flown to date. Since iron is the
most abundant heavy element in the universe, has a high fluo-
rescent yield, and appears to be common in the spectra of
many celestial objects, iron is a useful and widely observed
“tracer” of the matter distribution within both Galactic and
extragalactic X-ray sources. The depth and energy of the iron
K-edge feature and the equivalent width and energy of the iron
Ka line provide good diagnostics of the geometric structure
and elemental composition of the material surrounding X-ray
binary systems (M86; Inoue 1985, hereafter I85; Nagase et al.
1986, hereafter N86).
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We compare observations of the iron K-shell features from a
selection of X-ray binaries with a recently developed model
which calculates the radiative transfer through an acretion disk
corona (ADC). ADC models have generally been derived from
theoretical considerations of X-ray heating and hydrostatic
equilibrium (Fabian, Guilbert, & Ross 1982, hereafter FGR82;
Begelman, McKee, & Shields 1983, hereafter BMS83) or from
light-curve models based on bulges at the edge of the disk
(White & Holt 1982, hereafter WH82). We have extended the
theoretical models by including a more complete treatment of
heating and cooling in the X-ray-illuminated gas and by
making two-dimensional Monte Carlo calculations for the
radiative transfer. The model provides good fits to - the
observed iron K-shell features of many X-ray binaries, with
differences in the shape and intensity of the features attributed
to the angle of inclination of the source to the observer and to
the shape of the incident spectrum.

In § 2 we give brief descriptions of the observations and
observing instruments, in § 3 we describe the model, in § 4 we
present the results from a comparison of the data and models,
and in § 5 we discuss the implication of these results for our
current understanding of X-ray binaries.

2. OBSERVATIONS

Recent instrumental improvements and theoretical advances
have combined to allow use of the X-ray spectral features of
iron as diagnostic tools. The factor of 2 improvement in energy
resolution of the Gas Scintillation Proportional Counters
(GSPCs) on Tenma and EXOSAT over conventional pro-
portional counters has allowed detection of the iron K-shell
features in almost every class of X-ray source. The GSPCs on
Tenma, described in detail by Koyama et al. (1984), cover the
energy range 2-35 keV ; their peak effective area, 640 cm?, is at
6 keV, where the energy resolution is 9%. The GSPC on
EXOSAT is described in detail by Peacock et al. (1982); the
detector has a spectral resolution of 10% at 6 keV and a peak
effective area of 160 cm2. The EXOSAT GSPC could be oper-
ated in two gain modes which gave energy ranges of 2-16 keV
or 2-24 keV.

We have compiled observations of all X-ray binaries

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...404..696V

"6L61 SBumyoIny 79 ‘uoidures) ‘Asmo))
"7861 s3uyoiny 29 ‘wordurer)) ‘As[mo)) ,
‘1661 19q10D 2% S[ews |
9861 T8 1913q10D 4
'9L61 Te 19 uoyduwrer)
"L86T Te R YSI0
‘€861 UBUILIRH % SIAR(
"8861 1N % “01BUIN “YIe[D 5
6861 asedeN
'$861 JOJABL % “J005ad NMYM :SSLAM 0661 ¢ 19 OJOUWIBILY 106193 :L86T BYQBUE : L8] S86T ‘T8 10 BqRYE S8 /861 Ie 12 OUBNIH {/8H ‘9861 e 12 108uIsey
‘98H ‘9861 '[& 19 I9ISI0AINOD) :987) {1X9} U PIYD J0U SIOUAIY "aseq BIEP [SOXT 2y Jo soBed Ae[dsip ay3 woyy usye; sonfea o} SIojo1 g ‘eiep 33pa pue aur| 94 03 Ajdde ssousiopy ,
‘s I U0 DD Y3 YA U3Ye) SUONBAISSGO 01 19Ja sasayjuared ui sanjea ‘S[qe[ieAR USYM | [ 7SO X T UO DJSD oY1 Yim SUONBAIISQO UIOI] USYE) Sanfep |
'Spu09as ur potsad asind oy st 4 a19ym ‘ern(® A/ W/ (Wo) 801 X §°'T Aq uaAI3 sniper susydsojouseyy |,
'PAIOU SSIMISYIO SSA[UN £86] JOOIUWI[DO 79 IPeIg WOy a1e spouad asjnd pue Areug

"2INJRISN] Y3 WIOIJ USYE] SIE | S[qE] UI PAISI] SIN[BA [[Y ,

(L8H) 98H a3po oN (0£) 09-02 (9) 6999 uSLS9 .. +8'6 T (¢-X 860) 8s +Tv1T Nt
ad a8po oN 191 99 o08-0L . . o e RUTIO i Tt LE—7281 Nb
0644d a3pa oN 0Z1-09 99 0201 - B ] | Yr—SELT NP
(98IN) L8 ‘8 @Les (002-001) 00Z-0S (L9) L'9-v9 15708 s0T X T'T ¥l LT ©* (I-X 19H) € + 9591 Ny
(L8H) S8LdM (e3po ou) a8ps oN (0v-8) 050 L9 L9 0€-$T e 6L0 e (1-X 098) ST—L19T Np
98D a3ps oN 08-St $9 10859 : 910 e 69—vSTI N
saureurg Aey-X SSEN-MO]
(98I 061°3) s8dME ('L ¢98po ou) aSpo oN (¥8-02) 0¥1-06 99-t9) t'9-0'9 aLl9-9€ : 09 e (1-X 8£D) 5€ + 9561 N
(s840 ‘sg1) g (e3pa ou) a8ps oN (002-001) 881 (99-+'9) 99 3€9< §0T X I'T 8P 60z vt T (€X UsD) 09— 6111 N
aa a3ps oN €11 19 323359 80T X €1 L0 68°¢ e (I-X DINS) €L —ST10 N
soueulg Aey-X ssey-ySiy
2S30UdIJOY (AsY) (A9) (A?Y) (3ap) (o) ©) (skep) so1nog
»98PH-N 34 Jo A81ug  oury o Jo ypipm pUIT 9 Jo sBuy ¥ qPOLd pousg
judreamnbyg A310ug uoneurpuy asing A1reulg

£S30¥NOS 40 DO

1 4T19VL

1 Society « Provided by the NASA Astrophysics Data System

mica

© American Astrono


http://adsabs.harvard.edu/abs/1993ApJ...404..696V

698 VRTILEK, SOKER, & RAYMOND

thought to be predominantly disk-fed, and with known inclina-
tions, that were detected by the EXOSAT GSPC with suffi-
cient statistics to determine the strengths of spectral features.
These comprise three high-mass X-ray binaries (HMXBs) and
six low-mass X-ray binaries (LMXBs), of which three are
pulsing and six are nonpulsing systems. We do not include
long-period pulsing systems, since the neutron star magnetic
field may disrupt the disk at large radii (see § 3.2). Table 1 lists
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EXOSAT GSPC has difficulty determining the neutral hydro-
gen column density to the source. Where possible, we constrain
the column density to values we derived from simultaneous
low-energy observations taken with the EXOSAT low-energy
detector. Since we are primarily interested in measuring the
spectral features, any good fit to the continuum data suffices:
we used simple power laws, with only one adjustable param-
eter, to fit the continuum (excluding the regions where spectral

some characteristics of the sources, including the inclination
angle of the source and, where available, previously reported
values of the strength and position of the iron line and edge as
detected by EXOSAT and Tenma. In several cases, the report-
ed equivalent widths for a given source are very different in the
two instruments; we suggest that some of this variation can be
attributed to the fact that an iron edge has not been included in
the fits to the EXOSAT data. We have therefore reanalyzed the
EXOSAT archival spectra of all the sources.

Table 2 lists the parameters obtained from the best-fit
models as found for the data we extracted from the EXOSAT
archives. Sample spectra of the analyzed sources, arranged in
order of increasing inclination angle, are shown in Figure 1
along with the best-fit model with the parameters listed in
Table 2. The feature near 4.8 keV is an instrumental effect due
to the L-edge of the xenon detector gas that is not properly
dealt with by the response matrices provided by EXOSAT (F.
Haberl & T. Belloni 1992, private communication). Thus we
exclude the region between 4.2 and 5.3 keV. In addition, the

features are expected). Since power laws proved inadequate
over the full energy range for the brighter sources, we restricted
the range of the fit to the region between 3.0 and 10 keV. Once
we have determined a power-law index, we then fit the range
from 3.0 to 20 keV (or 3.0 to 10 keV for the strong sources), in
order to determine the parameters of the line and edge features.

3. ACCRETION DISK CORONA MODEL

Evidence for the presence of accretion disk coronae in X-ray
binaries is found in extended X-ray eclipses independent of
energy that have been observed in several LMXBs (WHS82;
McClintock et al. 1982; Mason 1986). Theoretical studies of
the effects of heating by a central X-ray source on the structure
of accretion disks also predict substantial amounts of material
above the disk plane that has been “evaporated ” from the disk
surface (FGR82; BMS83).

We assume that an X-ray binary system can be viewed as a
point source of X-rays propagating through the ADC. We
have developed and tested such an ADC model using simulta-

TABLE 2
SPECTRAL PARAMETERS®

Date of Binary® Fe-Line Fe Line- Fe K-Edge
Observation Phase Np.© log Ny Energy EW Energy )
Source (yr.day) Range  (cm2s~'keV~™!) « (cm™?) (keV) V) (keV) 1/dof
High-Mass X-Ray Binaries
4U 0115-73.......... 84.303 0.47-0.52¢ 14+ 06 14+ 0.1 222402 6.1 +0.2 90 + 18 No edge 117/107
4U 1119-60.......... 85.066 0.54-0.78¢ 216 +20 1.3+0.1 226+02 66+02 85+ 15 No edge 57/39
4U 1956 +35.......... 85.224 0.26-0.30° 219420 1.5+ 0.1 19.6 + 0.1 6.5+ 0.1 71+ 14 75+02 130/101
Low-Mass X-Ray Binaries
4U 1254—69.......... 84.036 0.26-0.758 132+ 05 26+ 0.1 225402 6.0 + 0.1 36 +6 95+02 92/80
4U 1617—15.......... 84.071 0.68-0.75" 3981.0 + 400.0 24+03 226+02 68 +03 4+9 No edge 120/36
4U 1656+35.......... 84.076 0.43-0.59™ 1.9 + 04 1.1+01 226+ 02 6.6 + 0.1 145 + 29 74402 125/115
4U 1656+35.......... 84.061 0.65-0.69"* 31+1.0 1.0+ 0.1 218+02 65401 156 + 30 74 +£02 131/112
4U 1735—44.......... 85.230 0.22-0.72! 372+ 20 22+01 223 +02 714+02 47+ 8 No edge 50/32
4U 1822—-37.......... 84.263 0.25-0.75™ 31+ 1.0 1.5+0.1 227401 6.7+ 02 71 + 14 93+02 103/74
4U 2142+38.......... 83.261 0.33-0.35" 110.0 + 10.0 29+02 226102 7.0+ 02 30+ 8 No edge 175/98

2 All values listed in Table 2 were determined by the authors using EXOSAT GSPC archive data.
® Binary phase range, where phase 0.0 refers to X-ray eclipse.
¢ Assumed photon flux has the form

N(EXem ™2 571 keV ™) = [Np(E)™® + Nyjpe 8(E — Ejp)](e™ Nuo®)ye ~NreorelBly |

where E is in keV, o(E) is the photoelectric absorption cross section obtained by considering the effect of all the heavy elements at their cosmic abundances as given
by Morrison & McCammon 1983, N, is the total hydrogen column density, og(E) is the photoelectric absorption cross section of Fe (assumed zero if E < E, 4, and
9.54E 4/ E)*** if E > E 4,.), and N, is the column density of absorbing iron atoms. The Fe-line feature, unresolved by EXOSAT and Tenma, is modeled as a delta
function of adjustable energy-integrated flux.

4 Bonnet-Bidaud & van der Klis 1981: T, = JD 2,443,116.9446 and P, = 3.89239 days.

¢ Kelly et al. 1983: T, = JD 2,440,958.8509 and P, = 2.087139 days.

f Bolton 1975: T, = JD 2,441,556.46 and P, = 5.599824 days.

& Motch et al. 1987: T, = JD 2,445,735.693 and P, = 0.163890 days.

" Crampton et al. 1976: T, = JD 2,442,565.741 and P, = 0.787313 days.

! Deeter, Boynton, & Pravdo 1981: T, = JD 2,441,329.57519 and P, = 1.70016773 days.

I Phase 0.67 of 35 day cycle: low-on state.

k¥ Phase 0.23 of 35 day cycle: high-on state.

! Corbet et al. 1986: T, = HID 2,446,290.351 and P,,,, = 4.654 hr.

™ Hellier et al. 1990: T, = JD 2,445,615.30961 and P, = 0.232108782 days.

" Cowley, Crampton, & Hutchings 1979: T, = JD 2,443,161.68 and P, = 9.843 days.
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FIG. 1.—Sample EXOSAT GSPC spectra of the objects listed in Table 1 arranged in order of increasing inclination angle. The solid line represents the best-fit
model with the parameter values noted in Table 2. Dashed lines at 10 keV indicate those bright sources for which the spectra were fitted in the 3—10 keV range only.
Short-dashed lines at 4.3 and 5.2 keV indicate region excluded from fit because of improper response function.

neous X-ray, optical, and UV observations of two objects, Cyg
X-2 and Sco X-1: taking the observed X-ray luminosities, we
could reproduce the observed optical and UV continua and
line fluxes through X-ray heating of an ADC (Vrtilek et al.
1990, 1991; Kallman, Raymond, & Vrtilek 1991). Cyg X-2 and
Sco X-1 are so-called “Z-sources,” sources which show three
distinct patterns of temporal and spectral behavior. Our pre-
vious work was able to identify the changes between these
three states with changes in the mass transfer rate: since the
continuum shape and the derived outer disk radius for a given

source did not vary with spectral state, the disk structure can
be considered invariant with X-ray spectral state (Vrtilek et al.
1990, 1991). The outer disk radius we have assumed here (10!*
cm) is intermediate between those required for Cyg X-2
(6 x 10'* cm) and Sco X-1 (6 x 10*° cm). As the larger disk
radii contribute mostly to the optical emission, the size we
adopt here should not affect the X-ray emission. A very large
disk may make the inclination at which the equivalent width of
Fe increases a little farther from 90°.

This paper is the first attempt to apply this model to our
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understanding of the iron K-shell features that are ubiquitous
in X-ray binaries. Although the line flux in the UV, optical, and
X-ray regions was shown to increase with increase in mass
accretion rate, the line equivalent widths remain constant
(Vrtilek et al. 1991; Hasinger et al. 1990). Hence, we use
observed line equivalent widths, which should be independent
of source state, to compare with our model predictions. We
make no attempt to address modulation due to orbital motion:
rather we use observations taken during binary phases 0.25—
0.75 (where 0.0 is the X-ray eclipse) to ensure that we are
looking directly at the X-ray source. Radiative transfer
through the ADC is calculated using a Monte Carlo code
described in § 3.2.

3.1. Disk Corona Structure

The density structure of the ADC is computed in two stages.
First the photospheric temperature of the disk is calculated as
a function of radius; then a series of one-dimensional vertical
models is computed.

The disk temperature as a function of radius is computed
from the local viscous dissipation (which depends on M), the
assumed neutron star mass (1.4 M), and heating by X-ray
illumination. For these models we assume direct, unattenuated
illumination from the central source. The effects of attenuation
will be considered in a subsequent paper; preliminary results
show that the current model does not differ much from the
self-consistent models (Soker & Raymond 1993). The heating
rate depends on the local slope of the disk surface, but because
this depends in turn on the temperature, iteration is required.
We assume an albedo of 0.5 (Basko, Sunyaev, & Titarchuk
1974). X-ray heating dominates in the outer part of the disk,
while local viscous dissipation dominates within about
10'° cm.

The one-dimensional (i.e., radius-dependent) models begin
with the disk temperature, the mass accretion rate, M, and a
viscosity parameter. These determine the vertical density struc-
ture of the disk below the photosphere. For a given X-ray
illumination, an initial guess at a hydrostatic corona is
matched to this disk by balancing Compton heating and
cooling against bremsstrahlung cooling (see FGR82). The ver-
tical structure code then takes the initial guess or the model
from the previous iteration and computes the ionization
balance, the photoabsorption heating, and the emission-line
cooling of the dozen most abundant elements. A temperature
structure is determined from the energy balance, and that tem-
perature structure is used to compute a new hydrostatic
density structure. Iteration produces self-consistent vertical
temperature and density profiles. The results resemble those of
FGRS2 fairly closely in the innermost parts of the disk, but a
lower coronal zone at a temperature around 102 K (where
photoionization heating balances recombination cooling, with
iron the dominant contributor to both) covers most of the disk.
The temperature of this zone determines the pressure and
density in the Compton-heated layers above it, and the par-
tially ionized iron in the lower coronal zone contributes signifi-
cantly to the Ka emission. The density contour map of the disk
in the radial distance—angle plane is given in Figure 2. Above
the outer regions of the disk, the ADC forms a thermally
driven wind instead of a hydrostatic structure (BMS83;
Ostriker, McKee, & Klien 1990). The density structure will
certainly be affected, but the flow should be subsonic in the
relatively high-density regions where the iron emission and
absorption occur. A nonhydrostatic ADC may have a density

VRTILEK, SOKER, & RAYMOND
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F1G. 2.—Electron density contours of the disk corona in the (R, f)-plane,
where R is the radial distance from the neutron star and g is the angle from the
equatorial plane. The corona is truncated at f = 20°. The contour levels are
equally spaced on a logarithmic scale from 10! to 1022 cm 3,

inversion (Melia, Zylstra, & Fryxell 1991) which could alter the
inclination dependence of equivalent width: high equivalent
widths might occur at somewhat lower inclination angles.

3.2. Two-dimensional Monte Carlo Computational Approach

The Monte Carlo scheme for Compton scattering is based
upon the work of Pozdnyakov, Sobol, & Syunyaev (1983, here-
after PSS83). Since we are dealing only with cool gas, we use
the approximation of low temperature to calculate the mean
free path for electron scattering. The radiation is represented
by a large number of particles which move inside a three-
dimensional grid. The particles, which represent photons, are
injected at the origin. The temperature, density, and ionization
level of iron in the accretion disk are given in each cell by the
10 ADC models described above. At each step a mean free path
is calculated for each particle according to the physical condi-
tions in the cell it resides in. From this, a random distance is
picked as described in PSS83, with the addition that here we
have absorption and scattering by iron ions. The total abun-
dance of iron atoms relative to hydrogen atoms is 3 x 1073
(appropriate for cosmic abundances taken from Morrison &
McCammon 1983). Once the L-shell is filled, the Ka energy
remains fairly constant. Thus we lump all the low-ionization
stages together as Fe xviil. This precludes a detailed prediction
of the line profile or energy centroid; here we concentrate on
equivalent width. In the inner disk, the ADC model predicts a
low-ionization disk, a thin (<0°1) zone of intermediate ioniza-
tion, and the highly ionized species Fe xxv, Fe xxvi, and
Fe xxv11 above. In the outer disk, beyond about 10!° c¢m, the
structure is similar except that the intermediate-ionization
zone is around 1° in thickness.

The particles are not allowed to move more than a distance
D,.... taken to be 50% of the cell size (in the direction of
propagation), in a single step. If the distance is less than D,
the particle is being absorbed by an iron ion or scattered by an
electron, according to the probability of each process. Each
particle is characterized by an energy and by a weight which is
proportional to the number of photons the particle represents.
The particles are injected with random energies in the interval

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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4-20 keV; the probabilities are adjusted as a function of energy
to result in a power-law spectrum.

NJ(E)cE™®, 1)

where N, is the number of photons. Each particle starts its
trajectory at the neutron star, which is at the center of the grid,
with a random direction (isotropic radiation).

Particles which leave the grid or which are well inside the
optically thick regions of the disk—George & Fabian (1991)
have shown that the removal from the simulations of particles
which are inside an optical depth of 5 is justified—are removed
from the simulation and their properties are recorded. The
K-edge energies are as in M86, and cross sections for processes
concerning iron are as in George & Fabian (1991). The yield
for the different ions, i.e., the probability that an absorption
will end with emission of a K line, are taken from Mertz,
Cowan, & Magee (1976). Each particle which is absorbed, by
either bound-free or bound-bound processes, is reemitted in a
random direction with the energy of the appropriate line and
its weight is the yield for this process times its weight before the
absorption.

The boundaries of the grid cells are

1°6—- 1)< pg<1% for

i=12...,20

and
0.1G — 1) <log (/10’5 ecm < 0.1j for j=1,2,...,40.

Here f is the angle from the equatorial plane which is defined
as the plane of the accretion disk. The geometry is shown in
Figure 3. The inclination angle, 6, is defined as the angle
between the perpendicular to the plane of the disk and the line
of sight to the observer. We truncate the disk above f = 20°,
where the density is taken to be zero, since several of the
assumptions entering the building of the disk break down.
Since the optical depth along a ray from the center is well
below 0.1 at 20°, the results near f = 20° should only be influ-
enced at a level of ~10%.

10"cm
w/

20

ADC

ﬁ o
0

10'cm Disk 10"'cm

F1G. 3—Geometry of the accretion disk corona: f is the angle above the
disk plane; the inclination angle, 6, is the angle between the perpendicular to
the disk plane and the line of sight to the observer.
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law of a =1 in eq. (1). The dashed horizontal line is the intensity of the
undisturbed isotropic emission from the neutron star.

4. RESULTS

4.1. General Considerations

The emerging energy as a function of inclination angle for a
power law of a =1 (eq. [1]) is given in Figure 4. Since the
number of injected particles per unit inclination angle 6 varies
as sin 6, the fluctuations close to the symmetry axis are large.
The sharp break at 6 = 70° results from truncation of the disk
corona at this angle (see Fig. 2).

In Figure 5 we present the spectra of the emerging radiation
showing photon flux as a function of energy at different incli-
nation angles for three of the four power laws calculated (with
photon indices a = 1, 2, 3). The photon flux is scaled so that the
maximum intensity in the lowest inclination angle bin is 100.
The model folded through a typical EXOSAT GSPC response
matrix is plotted in each figure as a dashed line. The predicted
values of the equivalent widths as calculated for the four power
laws are depicted as broken lines in Figure 6. The equivalent
widths measured from the observations are plotted on Figure 6
as crosses (simultaneous absorption edge detected) and open
squares (no absorption edge detected); the best-fit power-law
index for each observation is noted next to each point. As can
be seen from this figure, the observed values correspond closely
to the model predictions: for inclination angles greater than
70°, which in this geometry means that we are looking through
the accretion disk corona, and for photon indices less than 3,
both line emission and an absorption edge are present; for the
steeper indices the absorption edge does not become significant
until inclination angles exceed 75° (« = 3) and 80° (« = 4).
Lower inclination angles can show the iron emission feature
quite strongly with no indication of an absorption feature. The
equivalent width of the Ka feature at a given inclination angle
is always lower for the steeper power law. This is because there
are relatively fewer photons above the edge in the steeper
power law.

4.2. Individual Sources

The sources 4U 1735—44, and Sco X-1, with inclination
angles less than 30°, show weak iron-line emission with no
evidence for an absorption edge. Cen X-3 and SMC X-1, with
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inclination angles between 30° and 70°, show fairly strong line
emission without an absorption edge.

Although Cyg X-2 has an inclination angle of 73°, it has a
steep photon index (x = 2.9) and thus shows a weak emission
line with no perceptible absorption edge. Cyg X-1, which has
an ill-determined inclination angle (37°-67°), shows a weak
iron line in conjunction with a shallow edge, similar to those
from the model for an inclination angle in the range 70°-75°
and an incident spectrum of photon index 2.

The sources 4U 1254 — 64, 4U 1822 —37, and Her X-1, with
inclination angles greater than 70°, show both line emission
and absorption edges, again with the strength of the iron line
and depth of the edge dependent on the power-law index.!

! 1t has been suggested that the angle of the disk plane to the line of sight of
the observer changes as a function of the 36 day cycle, with the changes
attributed to disk precession (Corsa & Boynton 1980; Gerend & Boynton
1976). In Table 2 we list two Her X-1 observations, one from the low-on state
and one from the high-on state of the 35 day cycle: there is no substantial
change in the strength of the iron line (as measured by equivalent width): this
suggests that the angle of the disk plane to the line of sight of the observer stays
close to 0° throughout the 35 day cycle. A detailed analysis of the EXOSAT
GSPC data on Her X-1 will be presented elsewhere (Vrtilek et al. 1992).

VRTILEK, SOKER, & RAYMOND

Our ADC model makes no provision for disruption by the
neutron star magnetic field. Disruption of the disk is expected
to occur inside the radius where the Keplerian period equals
the neutron star spin period (Lamb & Ghosh 1991). Disruption
at radii below about 10° cm should have little effect on our
predictions, and we have restricted ourselves to such systems.

5. DISCUSSION AND CONCLUSIONS

A number of theoretical studies of iron-line emission from
LMXBs have appeared over the past few years. These include
one-dimensional Monte Carlo treatments in spherical
geometry (I85; Koyama 1985, hereafter Koy85; Leahy 1988,
hereafter L88; M86; PFR90) and detailed line profile calcu-
lations (Kallman & White 1989; Fabian et al. 1989). However,
no consistent picture has emerged.

The Monte Carlo techniques applied by 185, Koy85, L88,
and MS86 to calculate iron-line properties for various discrete
geometries were able to obtain spectra that closely resembled
some of the observations, but no coherent picture emerged that
could reconcile all the data: I85 suggested that pulsars and
LMXBs generate iron-line features through different mecha-
nisms, hence produce systematically different spectra (e.g.,
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pulsars show absorption edges and LMXBs do not). However,
there are counterexamples of both pulsars that do not show an
edge (4U 1626 —67, SMC X-1, Cen X-3) and LMXBs that do
(4U 1608 —52,4U 1254 —69, 4U 1822 —37). The homogeneous
scattering envelope model developed by PFR90 was able to
produce the observed strong iron emission only in conjunction
with a strong absorption feature, which was not detected in the
spectrum of the LMXBs that they were studying.

Kallman & White (1989) used a simplified model for an
accretion disk to determine iron-line properties (single-zone
models neglecting the dependence of ADC conditions on radial
position) with detailed treatment of the line profile. After
including the effects of multiple line blending and Comp-
tonization of the line profile, they concluded that Comptoniza-
tion of the ADC could explain the observed line broadening
only if the corona were confined to small radii and the incident
X-ray fluxes were very large. Fabian et al. (1989) modeled the
iron-line profile of Cyg X-1 assuming that the line originates
from a disk surrounding a black hole, and found that the line
profile is related to the disk inclination. However, at the
resolution of EXOSAT their line profiles are indistinguishable
from a Gaussian: such calculations must wait for future experi-
ments with very high spectral resolution to allow comparison
with data.

Our models differ from the others in that we compute an
ADC structure consistent with the X-ray luminosity and accre-
tion rate of the central X-ray source, and we use a two-
dimensional Monte Carlo treatment of the radiative transfer
within the two-dimensional ADC structure. This leads to a
clear prediction for the behavior of the iron equivalent widths
with inclination angle and the shape of the incident spectrum,
and this prediction agrees with the available data.

We suggest here that the differences attributed by 185 to
binary types may in fact be due to inclination angle: in examin-
ing the literature, we find that strong line emission and absorp-
tion edges are detected preferentially in sources with high

inclination angles. The extremely broad lines (FWHM > 1
keV) detected by W86 could be due to failure to include an iron
edge; as M86 points out, one can get false line broadening if
the continuum model is only slightly wrong. All the lines mea-
sured by us were consistent with FWHM < 0.5 keV, the limit-
ing resolution of the instrument. PFR90 were using EXOSAT
medium-energy data, which has a factor of 2 poorer resolution
than the GSPC and is therefore unable to give reliable mea-
surements of iron-line features. It is also possible that the
sources PFR90 considered were at low inclination angles:
LMXBs in general are noneclipsing systems, which implies
either a thick accretion disk or a face-on (i.e., low inclination
angle) viewing direction. Of the anomalous pulsars mentioned
by 185, 4U 1626 — 67 has an inclination angle of 18° (van Para-
dijs 1983), whereas the “normal ” pulsar Her X-1, has an incli-
nation angle greater than 70°.

The geometry we have considered is appropriate to pri-
marily disk-fed systems and incorporates a realistic scenario
for an accretion disk corona (we have tested the ADC scenario
successfully against simultaneous X-ray, UV, and optical
observations of Sco X-1 and Cyg X-2; Vrtilek et al. 1990, 1991).
Our model is able to reproduce the observed spectral behavior
of both pulsars and LMXBs in the 3-20 keV range, predicting
the equivalent widths of the emission and absorption features
without the introduction of any free parameters to control the
physical conditions in the disk corona. The presence or
absence of an iron K-edge in the observed spectra is related to
the angle between the plane of the disk and the line of sight to
the observer and to some extent to the shape of the incident
spectrum: the steeper the incident spectrum, the higher the
inclination angle at which the absorption edge appears for a
given source. The equivalent widths of the iron Ko emission
and the depth of the absorption edge are also functions both of
the angle of inclination and the shape of the incident source
spectrum. The Monte Carlo nature of the model simulations
makes direct fitting (in a least-squares sense) to observations
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difficult but has the potential to determine density and tem-
perature in the line-forming region, a determination not pos-
sible with earlier models that treated the continuum- and
line-forming regions separately.

Data used in this analysis were taken from the EXOSAT
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