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ABSTRACT

X-ray illumination of accretion disks is an invaluable diagnostic of the structure of these disks because
of the associated iron Ka emission. Here we point out that the resulting reflected spectra depend very
sensitively on the geometry of the X-ray source and that this fact can be efficiently used to test these
models observationally. In particular, we discuss three different accretion disk geometries: the “lamppost
model,” accretion disks with magnetic flares, and the model with a full corona overlaying a cold thin
disk. We show that in the case of the lamppost model, unless the X-ray luminosity of the central source
is larger than that of the cold disk by a factor of 10 or more, a significant fraction of iron in the ionized
skin of the disk is in the hydrogen and helium-like ions. Because these ions have large fluorescence
yields, the resulting reflected spectra look strongly ionized, with equivalent width (EW) of the line
increasing with X-ray luminosity Ly up to the maximum of ~ 500 eV. This situation contrasts to the
magnetic flare model, where the large X-ray flux near flares completely ionizes the skin of the disk and
thus the resulting spectra appear to be that from a neutral material. The line EW in this model anti-
correlates with X-ray luminosity and becomes arbitrarily small when Ly is a good fraction of the
Eddington luminosity. Finally, in the full corona case, due to the additional pressure and weight of the
corona, the gas pressure (and its density) below the corona is always large enough to make the gas very
cool and effectively neutral. No highly ionized skin forms in such a model. If the corona is Thomson
thin, then EW of the line does not depend on the accretion disk or corona luminosities for the full

corona model.

Subject headings: accretion, accretion disks — line: formation — radiation mechanisms: nonthermal —
radiative transfer — X-rays: general

On-line materials: color figures

1. INTRODUCTION

X-ray illumination of accretion disks in active galactic
nuclei (AGN) and galactic black hole candidates (GBHC) is
a phenomenon of a great observational importance with
implications for theories of accretion disks (AD). Since
X-rays often produce a nontrivial part of the overall bolo-
metric luminosity of AGN and GBHGCs, it is clear that
X-ray heating of the accretion disk surface may change the
energy and ionization balance there, causing corresponding
changes across the entire electromagnetic spectrum emitted
by these objects. In addition, detailed calculations predict
that spectra should contain many potentially observable
atomic lines, edges, recombination continua, etc. Therefore,
comparison of theoretical models (which are parameterized
by few parameters only) and observations presents an
invaluable opportunity to solve the inverse problem of
astrophysics of ADs—that is, to learn about the accretion
disk structure from observed spectra.

This is why so much theoretical effort has gone into
studies of the X-ray illumination problem in the last few
decades. A first detailed account of the problem can be
found in Basko, Sunyaev, & Titarchuk (1974).2 A further
important development was done by Lightman & White
(1988) and White, Lightman, & Zdziarski (1988), who pro-
vided fitting formulae to the results of their Monte-Carlo
simulations of reflection off neutral matter, which allowed

! National Research Council Associate; serg@milkyway.gsfc.nasa.gov.

2 These authors considered X-ray illumination of the surface of a
normal star in an X-ray binary, but this problem is almost identical to the
one of X-ray illuminated ADs.
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X-ray observers to use these formulae to make direct fits to
data. In addition, Fabian et al. (1989) have shown that the
relativistically smeared fluorescent Ka line emission of ADs
yields characteristic line profiles that can be used to con-
strain geometry of accretion disks. A number of authors
expanded on these studies since then (e.g., George & Fabian
1991; Done et al. 1992; Ross & Fabian 1993; Matt, Brandt,
& Fabian 1996; Zycki et al. 1994; Czerny & Zycki 1994;
Krolik, Madau, & Zycki 1994; Magdziarz & Zdziarski
1995; Ross, Fabian, & Brandt 1996; Matt, Fabian, & Ross
1993, 1996; Poutanen, Nagendra, & Svensson 1996; Black-
man 1999).

However, except for Basko et al. (1974), the authors of the
publications referenced above either studied a nonionized
reflection or assumed that the density of the illuminated gas
is constant with height for the more complicated ionized
reflection calculations. Raymond (1993) and Ko & Kallman
(1994) considered the problem of X-ray illumination of an
accretion disk in low-mass X-ray binaries (LMXB), relaxing
the assumption of the constant gas density and instead
solving for the density via hydrostatic balance. Rozanska &
Czerny (1996) also included hydrostatic balance in their
semianalytical study of X-ray illumination in AGN. Nayak-
shin, Kazanas, & Kallman (2000; hereafter NKK) extended
results of Rozanska & Czerny (1996) for the inner parts of
ADs in AGN and GBHCs by providing an accurate radi-
ation transfer in the optically thick illuminated slab. All
these authors found that the thermal ionization instability,
previously well known in the context of the AGN emission-
line regions (e.g., Krolik, McKee, & Tarter 1981), plays a
crucial role in the establishing of the equilibrium tem-
perature and density profiles of the X-ray illuminated gas.
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Through these profiles, the instability is directly involved in
the formation of the reflected continuum spectrum as well
as fluorescent line emission, such as that of iron Ka lines.

While the fixed density models are out of hydrostatic
balance (e.g., the gas pressure at the top of the illuminated
layer may be up to a few hundred times larger than that on
the bottom of the layer), one could still hope that the main
results of such calculations will apply to the more realistic
hydrostatic balance models. However, NKK compared
spectra obtained from these two classes of models and
found that the predictions of these two models for the
behavior of the iron Ka lines, edges, and all the other fea-
tures of the reflected spectrum are very different.

In this paper, we use the code of NKK to make a detailed
analysis of local reflected spectra in two physically distinct
limits.®> We will show that these two classes of models lead
to completely different reflection spectra unless the accre-
tion rate is very small (riz < 103, see below).

In one limit, the X-ray flux illuminating the disk, Fy, is
smaller than F,, the flux of the soft thermal emission intrin-
sically generated in the disk. Physically, the situation Fx <
F, occurs in the so-called lamppost model, where the X-rays
are produced high above the black hole so that they illumi-
nate a large portion of the innermost disk region. Roughly
speaking, the X-ray illuminating flux is Fy ~ Ly/4nR?,
where R ~ 10Rg, where Ry is Schwarzschild radius.

In the other case, we assume that the X-ray flux exceeds
the disk flux by a large factor. This situation may occur
when the X-ray luminosity is produced within magnetic
flares, such that most of the X-rays are reflected near the
flare locations. The physical distinction from the lamppost
model is that the same X-ray luminosity originates much
closer to the disk surface because magnetic loops are
expected to be of the order of a few disk height scales, which
is much smaller than the radius for thin disks. Hence, the
X-ray illumination will be spread over the disk surface very
unevenly. The covering fraction of magnetic flares, f,, may
be quite small (see estimates in Nayakshin 1998b, § 2.5.5).
Most of the disk will receive little X-ray illumination,
whereas near the flares Fy ~ Ly/4nf,R% > Ly/4nR? and
thus Fy is very likely to exceed F,.

In addition, we can come to the same conclusion via
another argument. Since the earliest works on the two-
phase patchy corona model (which is believed to be a sche-
matical representation of the magnetic flare model), it is
known that in order to reproduce the continuum broad-
band spectra of AGN and GBHCs, one needs to require the
heating rate of the active region to greatly exceed the
inverse Compton cooling rate caused by soft disk photons
intrinsically produced by the disk (see Haardt, Maraschi, &
Ghisellini 1994; Stern et al. 1995; Poutanen & Svensson
1996; Svensson 1996; Nayakshin 1998a). Since the observed
spectra require Thomson depth of order unity or so (e.g.,
Svensson 1996), this condition is roughly equivalent to
Fxo > F,, where Fy, is the X-ray flux as measured on the
surface of the flare (e.g., see Fig. 1 in Nayakshin & Dove
2000). The X-ray illuminating flux Fy that will figure in our
calculations below is smaller by a factor of order ~1-10
than Fy, (this depends on how high the flare is above the
disk, and it also changes with distance from the flare).

3 We specifically limit our attention to single-radius unsmeared spectra
to expose the physics of the problem more clearly. Full-disk spectra with
relativistic energy shifts are presented in Nayakshin 2000b.

Therefore, Fx > F,; is a condition that is similar but is
somewhat stronger than the basic assumption of the two-
phase patchy corona model.

We also discuss ionization equilibria in the geometry of a
full corona overlaying a cold accretion disk. We consider
coronae heated from below and also coronae heated by
internal viscous dissipation (as those thought to exist in the
transition region of the advection-dominated accretion
flows—e.g., Esin, McClintok, & Narayan 1997). In both of
these cases, we show that the ionization equilibria permit
only cold solutions for the material below the corona.
Therefore, reflected spectra from such a material should
look “neutral” (similar results were also recently obtained
by Rozanska et al. 1999). We believe that the predictions of
these three models are sufficiently different to allow these
models to be meaningfully tested against observations with
existing and future data.

The structure of the paper is as follows. In § 2 we describe
the way in which several parameters important for the
X-ray illumination calculations can be deduced for any acc-
retion disk theory once broadband spectrum of an accreting
source is known. In §§ 3 and 4 we present our calculations
for the lamppost and magnetic flare models, respectively. In
§ 5 we consider the X-ray illumination for the full corona
case. We give an extended discussion of our results in § 6; in
§ 7 we present our conclusions.

2. ON THE PREDICTIVE POWER OF X-RAY
ILLUMINATION CALCULATIONS

Comparison of theoretical and observed X-ray reflected
spectra is a very powerful tool with which to infer the struc-
ture of ADs around compact objects. However, the power
of these calculations has not been exposed clearly in the
context of the conventional constant density models. In
these models, the gas density in the midplane of the disk, ny,
is the primary parameter that determines the reflected
spectra since it enters the definition of the ionization param-
eter & = dnFy/ny (see, e.g., Zycki et al. 1994). Because ny oc
o~ ! for radiation-dominated ADs, where « is the Shakura-
Sunyaev viscosity parameter (see Shakura & Sunyaev 1973),
ionization parameter scales as ¢ oc a. For gas-dominated
disks, recent MHD simulations give o ~ 0.01 (e.g., Miller &
Stone 2000). Observations of disks in cataclysmic variables
seem to imply a ~ 0.1 (Smak 1984; 1999), but it is also not
unusual to invoke values of o = 0.3 (e.g., Esin et al. 1997) or
even closer to unity. For radiation-dominated disks, the
value of « is even less certain, because it is not clear whether
the viscosity in such disks will scale with total or only the
gas pressure (see, e.g., Stella & Rosner 1984; Nayakshin,
Rappaport, & Melia 2000), so in principle the value of the
“effective” a can be as small as ~ 107 6. Therefore, the
results of the constant-density models may be uncertain by
a factor of 10%-106!

Our calculations avoid this problem because the value of
the gas density (or total pressure) in the midplane has very
little influence on the final result. The important parameter
is the height, z,, at which the bottom of the ionized skin is
located because that defines the value of the gravitational
force #,. The pressure at z, is very small compared with the
disk midplane pressure. Since at z ~ z, the pressure declines
very quickly with height (exponentially—see, e.g., Shakura
& Sunyaev 1973), a large change in « will lead only to a
logarithmic change in z, (see also Nayakshin 2000a on
that). In other words, the most important parameter of our
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calculations—the gravity parameter A4, see below—depends
on « only logarithmically.*

Let us assume that we have a well resolved broadband
spectrum of an AGN with the total luminosity L., and that
the integrated optical-UV luminosity is L,,, whereas that of
the entire X-ray range is Ly (so that L,,, = L, + Lx). If we
can guess the value for the black hole mass, M, we can then
investigate a particular accretion disk theory. Of course,
any theory should be complete as to geometry of the X-ray
source(s) and whether the X-ray emission is isotropic or not
(see Beloborodov 1998, 1999 for examples of an anisotropic
X-ray illumination and its astrophysical implications). For
example, if the disk structure is given by the Shakura-
Sunyaev theory, we can (1) find the dimensionless accretion
rate m = L,/Lg4q, Where Lgq4 is the Eddington luminosity
for the mass M ; (2) determine the disk flux, F,;, and the disk
height scale, H, for every radius. The next step is to use the
geometry of the X-ray source appropriate for the given
model to infer how the X-ray illuminating flux is distributed
over the disk surface. With this, there are no uncertainties in
the resulting reflected spectra beyond geometry and value of
M. This is because the gravity parameter 4, defined by
NKK, is none other than the ratio of the vertical com-
ponent of the gravitational force, #,, at the height of one
disk height scale to the radiation pressure force, &4 =
o,n, Fx/c, that the X-ray flux would provide if the cross
section were given by the Thomson value (n, = 1.2ny is the
electron density assuming that H and He are completely
ionized):

Rsu,H> m,c> GMpH ¢ _ 7,

A = S (|
2R3m, o,FxH R3 @

=z
O.tneFvX e/fracl

Hence, once the accretion disk structure is prescribed, and
Fy(r) is known, the reflection calculations will provide a
definite outcome that can be compared with observations.
Finally, one does not have to assume that the structure of
the illuminated AD is given by the Shakura-Sunyaev (SS)
theory. Any other AD theory may be used to prescribe the
vertical disk structure and then calculations proceed in
exactly the same way as they would for an SS disk.

One complication we do not resolve fully in the present
paper is the gas evaporation and its outflow from the X-ray
production site that becomes important for the magnetic
flares. We model this effect via a simplified manner (see
§ 4.1) and defer solution of the full problem (which involves
a multidimensional gas dynamics, ionization, and energy
balances for the gas and radiation continuum and line
transfer through a moving medium) to the future.

3. LAMPPOST MODEL: THE “WARM-SKIN” LIMIT

3.1. Physical Setup and Method of Calculation

In this section we will assume that all the X-rays are
produced within a pointlike source located hy = 6Rg above
the black hole on the symmetry axis. Although there is no
solid physical justification for the location of the X-ray
source directly above the black hole, this geometry can be
used as a testing ground for studying complex phenomena,
such as iron line reverberation (e.g., Reynolds & Begelman
1997; Reynolds et al. 1999; Young & Reynolds 2000). We

“ This is similar to stellar atmospheres—clearly, it is the gravity and the
star’s radius that are important, not the gas density in the center of the star.
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will neglect special and general relativistic effects as we con-
centrate on the physics of the local (i.e., at a given disk
radius R) ionization balance. We restrict our attention here
to R = 6R;.

We use the code of NKK to solve the X-ray illumination
problem. Several input parameters are (1) the disk accretion
rate, m, measured in the Eddington units such that m =1
corresponds to the disk luminosity equal to the Eddington
luminosity; (2) the luminosity of the X-ray source, param-
eterized in terms of the ratio of the latter to the disk-
integrated luminosity, nx (see Nayakshin 2000a); (3) the
cosine of the X-ray incidence angle that is fixed by values of
hxand R (u; =1 /ﬁ). For most tests in this paper, we fixed
nx at a value of 0.2.

3.2. Temperature Profiles

Figure 1 shows the resulting temperature profiles for the
X-ray illuminated upper layer of the disk for #x = 0.2 and
the accretion rate m1 scanning a range of values from the low
value of 1072 to high of 0.512. The case with in = 1073 is
the least ionized one, and it corresponds to the leftmost
curve in Figure 1 (only the first zone is highly ionized, and
all the rest are at the temperature kT ~ 8 eV). The next
curve to the right was computed for 7z = 4 x 1073, and all
the subsequent curves are computed with 71 increasing by a
factor of 2 from a previous value. We will refer to these runs
by their number, such that the least-ionized case is referred
to as wl and the most-ionized as w9 (w stands for “ warm ”).

The temperature of the ionized skin will later be shown to
be decisive in establishing the nature of the reflected spectra.
It is important to note that the maximum gas temperature
is almost the same in all of these cases and that it is far
below Ty, the Compton temperature corresponding to the
X-ray flux only. This is why we refer to the given limit as the
“warm-skin” limit to distinguish it from the “hot-skin”
limit studied in § 4 below. In the Eddington approximation,
one can easily show that the value of the Compton tem-
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F1G. 1.—Gas temperature as a function of Thomson depth for the
“lamppost ” model for accretion rates covering a range from i = 1073 to
0.512. Starting from the second least ionized curve, the accretion rate is
increasing by a factor of 2 for each consecutive curve. Note that the
maximum gas temperature is far below the X-ray Compton temperature
kTx ~ 7 keV because of the very large disk intrinsic flux. This fact is the
main reason why the spectrum looks “ highly ionized ” (see Fig. 3 below).
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perature at the top of the skin is approximately given by

Jx’IX ]bb‘jbb lx ld -t
T,=—"""7—"~T] 14+ 2u, ——— .2
c Ix ’bb X i FX ()

From this equation it is apparent that the skin is much
cooler than the X-ray Compton temperature because of the
presence of the large intrinsic disk flux, F,. Therefore, physi-
cally, the warm-skin limit corresponds to the case F; > Fy,
whereas the hot skin results when F; € Fyx (and the X-ray
spectrum is hard such that T is high).

Note also that in all cases considered, except for the run
wl, there is a rather extended “shelf” with kT ~ 100 eV,
whereas this shelf is absent or weak in the hot-skin limit (see
Fig. 6 below). We give an explanation for this fact in § 6.1.

3.3. Reflected Spectra

Figure 2 shows angle-averaged reflected spectra in the
range from 10 to about 100 keV. The ionizing X-ray spec-
trum is drawn with the dash-dotted curve. All the spectra
are normalized in such a way that F;' [ E dE F(E) =1

+ F,/Fx for convenience. The least-ionized reflected spec-
trum corresponds to the run wl, and the subsequently more
ionized spectra are for the tests w3, w5, w7, and w9. The
coldest case (wl) is basically the usual neutral reflection
component that has almost no reflected flux below few keV
all the way down to E ~ few X kT, where the emission is
dominated by a quasi-blackbody reprocessed flux.

Figure 3 shows the same spectra in a narrower energy
range. The spectra are also shifted with respect to each
other to allow for a greater visibility of the individual
curves. It is immediately clear that except for the least-
ionized case on the bottom of the figure, all the other
spectra are strikingly different from the neutral reflection
spectrum. Note that the energy of the dominant line com-
ponent is around 6.7 keV and it comes from He-like iron
mainly (see § 3.4 below). The line equivalent width (EW) is
about 180 eV in the coldest case and it increases to about
500 eV in run w9, which is consistent with earlier findings of
Matt et al. (1996). Note also a very prominent ionized
absorption edge and the recombination continuum at ~9
keV. Other significant spectral features are labeled directly
in Figure 3.
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FI1G. 2—Angle-averaged reflected spectra for the lamppost model (solid
line) for runs w1, w3, w5, w7, and w9. Spectra are normalized such that the
X-ray illuminated continuum flux is equal to unity for all of them.
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F1G. 3.—Same spectra as in Fig. 2 but shifted to allow a better visibility
of different atomic features. Note that except for the least-ionized test wi,
all spectra are distinctly different from neutral reflection in the line emiss-
ivity, energy, iron photoabsorption edge, and many prominent features in
soft X-rays.

3.4. Ionization Structure of the Gas

The key to understanding the reflection spectra is the
ionization structure of the gas, shown in Figure 4 for iron
for run w3. Figure 4a shows ionic fractions of different ion-
ization stages of iron (Fe27 = completely ionized iron) as a
function of the Thomson depth. These fractions are defined
as the ratio n;/ng., where n; is the density of the ionization
stage i and np, is the total local density of iron. The most
important fact from the figure is that the skin is highly
ionized, but it is far from being completely ionized. Even in
the uppermost zone, more than 50% of iron is in the form of
Fe26 and Fe25, and this fraction quickly increases to almost
100% at deeper layers (and then goes to zero as less ionized
ions start to dominate). Figure 4b shows the Ko line emiss-
ivity as a function of Thomson depth. The line emissivity is
split into several components. In particular, the dashed line
shows the line emissivity in the energy bin that contains the
H-like iron line at E ~ 6.97 keV ; the dotted curve shows the
line emissivity in the bin that contains the He-like line at
E ~ 6.7 keV plus some lines from intermediate ionization
stages of ions Fel7-Fe23; and, finally, the solid curve shows
the line emissivity in the bin that includes the “neutral ”-like
line from ions Fel-Fel6 with E ~ 6.4 keV.

Note that the skin emits a strong He-like line. Moreover,
in the test w9, the ionization structure of which is shown in
Figure 5, the “6.7 keV line” bin dominates the line emiss-
ivity by far. In addition, other strong features from the soft
X-ray band to the iron recombination continuum allow us
to state the following general point: because the warm skin
is not completely ionized, it produces strong atomic emis-
sion and absorption features that should be observable in
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F1G. 4—(a) Ionic fractions for iron as a function of Thomson depth for
run w3. Note that the skin is far from being completely ionized. (b) Line
emissivity (arbitrary units) as a function of Thomson depth for 6.4, ~6.7,
and 6.9 keV iron line bins (solid, dotted, and dashed curves, respectively).
The gas temperature profile is also shown with filled boxes. Note that the
ionization structure and line emissivity change discontinuously at the tem-
perature discontinuities. [See the electronic edition of the Journal for a color
version of this figure.]

spectra of many bright AGN (if this model is the physically
correct one).

4. X-RAYS FROM MAGNETIC FLARES: HOT-SKIN LIMIT

4.1. Setup

We now will study the case in which the ionizing flux is
much larger than the disk soft flux, Fx > F,, which is prob-
ably appropriate for the two-phase patchy corona model of
Seyfert galaxies (e.g., Haardt et al. 1994 and Svensson 1996).
In that model, the X-rays are produced within magnetic
flares (Galeev, Rosner, & Vaiana 1979). The condition
Fx > F, is a necessary condition for the model to work (see
§ 1 on this point, also), since it comes from the requirement
that Compton cooling of the X-ray producing active regions
by the soft disk photons not be too strong; otherwise, the
continuum spectra are too steep to explain typical Seyfert 1
spectra and much less that of GBHCs in their hard state
(e.g., Gierlinski et al. 1997; Dove et al. 1997; Nayakshin
1998a). As we discussed in NKK, the X-rays induce evapo-
rative winds close to the flare location so that hydrostatic
balance does not apply in a direct sense. However, based on
earlier work on X-ray induced winds in stars (e.g., McCray
& Hatchett 1975; Basko et al. 1977; London, McCray, &
Auer 1981, and references therein) one expects to see the
same two-layer structure for the illuminated gas. In the
geometry of thin accretion disks, the winds will decrease
the value of the Thomson depth of the skin by pushing the

Thomson depth

F1G. 5—Same as Fig. 4 but for test w9. See on-line edition of Journal
for color version.

ionized material along the disk away from the flare location.
A careful multidimensional calculation including gas dyn-
amics, ionization, and radiation transfer is needed. Such
calculation is beyond the scope of this paper, but we
attempt to model the effects of the wind in a simple manner.

From the point of view of ionization calculations, the gas
density structure is of paramount importance for a self-
consistent solution. The gas density where the temperature
discontinuity sets in is expected to be the same or roughly
the same in both static and wind situations because this
density is set by the energy balance that is largely given
by radiation heating/cooling and thus is independent of
whether the gas is static or moving nonrelativistically. The
density gradient is then the quantity of the primary interest.
In the hydrostatic case, this gradient is given by the gravity
in the approximately isothermal skin (the gas temperature
in the skin varies by a factor of order of a few only, see
Nayakshin 2000a). In the case of the wind, the gas density
gradient is controlled by the radiation pressure, gravity, and
gas pressure forces. A simple estimate shows that the ratio
of the gravitational force to the radiation pressure force is of
the order of #,/#,,4 ~ F,/Fx, which is much less than unity
for magnetic flares. Hence, the gas density gradient is con-
trolled by the radiation pressure mainly and is (very
roughly!) Fx/F, times the one that is given by the gravity.

In the absence of a multidimensional radiation hydrody-
namics and radiation transfer approach, we resort to treat-
ing the complications caused by the wind by artificially
increasing the value of the local gravity in the atmosphere of
the disk, which, in some sense, leads to the same end
result—a lower value of , for a given Fy (as compared with
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the one that would have been obtained if there were no
winds). Mathematically, this is done by multiplying the
local gravity gradient (—GMz/R?) by a dimensionless
number ./ > 1. Note that this approach is similar to the
one we adopted in most of the calculations presented in
NKK, although the gravity parameter A defined there is
different from the parameter .o/ defined here.

In terms of the final results for the magnetic flare model,
the poorly constrained value of .« means that the Thomson
depth of the ionized skin is not calculated exactly and rep-
resents a current uncertainty of the model. However, we
believe that, for a given value of 7., the ionization structure
of the illuminated gas is calculated with a reasonable preci-
sion and thus this aspect of calculations is reliable. More-
over, it is encouraging that the uncertainties of the model
caused by the wind do not present an insurmountable ob-
stacle because X-ray induced winds from accretion disks
and stars have been treated by many different authors (e.g.,
Buff & McCray 1974; McCray & Hatchett 1975; Begelman,
McKee, & Shields 1983; Proga, Stone, & Drew 1999). We
plan to incorporate evaporative winds in our calculations in
the future.

Finally, we need to note that the calculations performed
below do not take into account the possibility of aniso-
tropic emission by either the lamppost or the flares. In the
former case, one may expect some collimation of the X-ray
emission if the lamppost is the base of a jet, for example. For
magnetic flares, on the other hand, the possibility of aniso-
tropic emission arises from possible bulk motions of the
emitting gas either toward the disk (as suggested by Field &
Rogers 1993) or outward (Beloborodov 1998, 1999). In fact,
Beloborodov (1998, 1999) suggest that the lack of the reflec-
tion component and iron line in some objects may be the
result of the X-rays being beamed away from the disk. This
possibility of anisotropic X-ray illumination is another
uncertainty of the models that will have to be explored in
the future.

4.2. Temperature Profiles

Figure 6 shows temperature profiles for the illuminated
gas. From these profiles, one can immediately see why we
refer to the limit Fy > F, as the hot-skin limit. The
Compton temperature of the gas is much higher than that
in the case Fyx < F,;, which can be understood from equa-
tion (2). Although the X-ray Compton temperature Ty is
the same in both cases, the local Compton temperature is
determined by the X-rays and the disk soft flux, so that in
the case F; > Fy, T, is a small fraction of Ty. Also note that
the middle branch of the S-curve (the region with kT ~ 90—
150 eV) does not appear in Figure 6 until the skin becomes
moderately thick. This is because the middle branch of the
S-curve is available only when the average photon energy in
the overall illuminating spectrum is low enough (see § 6.1).
The latter condition can be satisfied in the given case only
by Compton downscattering of the incident hard X-rays,
which becomes significant when 7, ~ 1.

4.3. Reflected Spectra

Figures 7 and 8 show the reflected spectra for the hot skin
limit. This is the limit previously discussed by NKK. The
strongest line component is at 6.4 keV, the iron absorption
edge is neutral-like and is weak, and only few of the spectra
exhibit some soft X-ray emission. The latter is because the
skin is more strongly ionized than it is in the warm-skin
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F1G. 6—Temperature of the illuminated gas as a function of Thomson
depth for the “strong illumination” limit. The ratio Fy/F, is fixed at a
value of 75 for all the tests; radius R = 6Rg; the incidence angle is the same
as in tests wl-w9 (n/4); the dimensionless parameter ./ = 20 for all the
tests. The accretion rate through the disk is varied from a low value of
11 = 10~ (test h1) to high of 0.0064 (h7). Note that with the chosen value of
F/F,;, the maximum value of the X-ray flux is about that which would
result from the lamppost if its luminosity were about L.

limit; thus, reflection in the soft X-ray range is dominated
by the Compton reflection in the skin. Below ~ 30 keV, the
highest ionization spectra can hardly be distinguished from
the illuminating power law, especially if one adds the addi-
tional smearing caused by relativistic effects in the vicinity
of the black hole. This might be the reason why GBHCs do
not show broad iron lines and a somewhat small reflection
covering fraction (see Gierlinski et al. 1997 and references
therein; also see Nayakshin 1998a; Ross, Fabian, & Young
1999; Done & Nayakshin 2000).

4.4. Ionization Structure of the Gas

Figures 9 and 10 show the ionic fractions and line emiss-
ivity of the illuminated gas for tests h3 and h7, respectively.
These figures are to be compared with Figures 4 and 5 for

photon energy, eV

F1G. 7—Angle-averaged reflected spectra for the runs shown in Fig. 6.
The most-ionized case (h7) is the one with the largest integrated X-ray
albedo. Note that the strongest line is 6.4 keV and that there is relatively
little line emission in the soft X-ray range.
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F16. 8.—Angle-averaged reflected spectra for the runs hl, h3, hS5, and
h7,zoomed in on the X-ray part of the spectrum. The curves are offset with
respect to each other to allow for visibility of the line features. The dash-
dotted curve shows the incident continuum. The uppermost curve demon-
strates that completely ionized, mirror-like reflection is the endpoint of the
strong illumination in the case of magnetic flares

the warm-skin tests w3 and w9. The biggest difference is in
the fact that the hot skin is almost 100% ionized except for
regions near the temperature discontinuity, whereas the
warm skin is dominated by H- and He-like iron. This is the
reason why the line emissivity is dominated by the “cold”
line coming from the cool material below the skin. The skin
thus only masks the presence of the cold gas. In addition,
because the skin is hot, oxygen, sulfur, silicon, and neon are
completely stripped of their electrons, and thus there are no
broad recombination edges or line emission from these ele-
ments, at least from the skin itself.

5. FULL CORONA ABOVE A STANDARD DISK

We will now consider X-ray reflection in the geometry of
a full corona covering the whole inner accretion disk. This
geometrical arrangement is physically rather different from
the two other geometries that we studied so far because, for
the latter two, the X-ray producing region does not directly
border the illuminated surface of the disk. In other words,
there is no material above the top of the skin; hence, the gas
pressure at the top of the skin, P, (z,), is zero. This fact is
used as an explicit boundary condition and affects all
aspects of the X-ray illumination problem. In the case of the
full corona, the pressure at the top of the skin is not zero,
and by continuity arguments, P,,(z = z,) = P(z,), where
P, (z,) is the gas pressure at the bottom of the corona.
Assuming that the X-ray flux produced in the corona is
radiated isotropically, there is an equal amount of the
X-rays emitted down to the disk and up away from the disk.
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F1G. 9.—Same as Fig. 4, but for the hot-skin run /3. Note that the skin
is almost completely ionized and emits weak H-like and He-like lines.
Their combined emissivity is much smaller than that of the “neutral ”-like
iron line (solid curve) below the skin. [See the electronic edition of the
Journal for a color version of this figure.]

Let us first assume that the corona is heated from below.
In equilibrium, there must be F, = 2Fx heating flux from
the cold disk to the corona. Some agent, most likely a mag-
netic field with magnetic pressure P,,,, will have to carry the
energy into the corona. The physical distinction between
the skin and the hot corona is then such that the magnetic
fields heat the corona but not the skin. Further, F, ~ P, 0,
where v is the speed with which the energy flux is being
carried. The maximum value of v is roughly the greater of ¢,
and v,, where c, is the sound speed and v, is the Alfvén
velocity.

Let the gas pressure at the top of the skin be related to the
magnetic pressure as P,,; = P,,,./B, where f is a dimension-
less number. Hence, v ~ ¢ (1 + 1/%). The gas pressure at the
top of the skin is

2By 2x10° TP Fyx o
vhe pa+ B <

where T, is the Compton temperature in units of 1 keV. It is
interesting to compare this pressure with the “critical”
pressure P.. This quantity is defined to be the gas pressure
at point (c) on the S-curve (see Fig. 11), i.e., at the location
where the temperature discontinuity occurs. Nayakshin
(2000a) found this quantity to be

Pgas(zt) = ﬂ_lpmag ~

J
P, = 0032 T{ 2 =2,

)
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F1G. 10.—Same as Fig. 9 but for run h7. [See the electronic edition of the
Journal for a color version of this figure.]
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Fi1G. 11.—Ionization equilibrium curves (S-curves) computed for an
optically thin (both in continuum and lines) gas illuminated by a I' = 1.8
ionizing continuum (same spectral form as for all the tests in this paper)
and a blackbody with kT = 10 eV. The total angle-integrated intensity,
4nJ = 4n(J, + J,,)is kept constant at 10'® ergs cm ~? s~ !, and the fraction
of the blackbody is varied: J,,/J, = 0, 1, 2, 4, 8, from the top to the bottom
curves, respectively. The stars in the figure show the Compton temperature
calculated with eq. (2) and filled squares give the approximate analytical
prediction for the gas temperature and pressure at the discontinuity (see eq.

[4D).
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where J,,, ~ F is the total intensity of radiation integrated
over all angles at z = z, (see also Krolik et al. 1981). Thus,

1
10 ——— T2> 1. (5)
P, B + /B)

That is, unless f = P,,,,/P,,. ~ 10° in the skin, the gas pres-
sure exceeds the one at which the hottest branch of the
solution (i.e., the completely ionized skin) exists. Note that
B, in fact, is likely to be less than unity. We defined the skin
as a region where no magnetic heating occurs. However,
magnetic reconnection often occurs when the magnetic
pressure starts to exceed the gas pressure, i.e., when § > 1.
This estimate was done for a corona heated from below.
A different scenario arises when the corona is heated
internally—via viscous dissipation of the accretion energy
of the gas flowing through the corona itself. In the latter
case, the radiation flux from the corona can be written as

3 GMM,
87 R3

Fy=¢€

J(R), (6)

where J(R) = (1 —./3Rg/R), and € =1 for the complete
transfer of the accretion energy into radiation (as in
Shakura-Sunyaev disks), while € is less than unity for an
advection-dominated corona (e.g., Esin et al. 1997). Further,
the accretion rate through the corona, M, = 2nRX_ v,,
where X ,, and v, are the corona mass column density and
radial inflow velocity, respectively. The gas pressure in the
corona may be estimated via hydrostatic balance:

_1GMH,
cor — 2 R3

P Zeor » 7

where H, is the height scale of the corona. Using these two
equations, we can now conclude that

Powc 2 H. ¢

cor — . 8

Fy 3¢ R v, ®)

If the coronal accretion energy is radiated locally, then we

can use the standard equation for the radial inflow velocity:

v,, ~ ac(H,/R)?, where c, is the sound speed in the corona.
Thus, one obtains

P, _. ¢ R
Pg =21 T3?q 1—;»1. )

c cS (4

If coronal cooling is dominated by advection, then € < 1, so
even though H, ~ R and v,, ~ vg, where vy is Keplerian
velocity (see, e.g., Narayan & Yi 1994), P, is still large
compared with P,.

Summarizing, in all of the three cases for the full corona
above the disk, we concluded that the gas pressure in the
skin is very much larger than the pressure at which the
thermal instability operates. Thus, the gas pressure and
density below the corona are too high for the Compton-
bremsstrahlung stable branch of the solution to exist;
hence, no ionized skin forms below the hot corona. The gas
temperature below the corona is therefore close to the effec-
tive one and the reflection and the lines will be those that
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are produced in a “neutral” material.’> This conclusion
holds for arbitrarily large accretion rates. A thin transition
layer may still form because of conductive heating of the
disk (e.g., Maciolek-Niedzwiecki, Krolik, & Zdziarski 1997).
However, Rozanska et al. (1999), who included thermal con-
duction in their calculations, find, in agreement with our
discussion above, that the surface of the disk with a corona
is much denser and less ionized than the surface of a bare
disk and that such a disk is likely to produce a neutral
reflection and a local spectrum close to a blackbody.

6. DISCUSSION

In this paper we considered three physically distinct
geometries: the lamppost geometry, the magnetic flares
above the disk, and the full corona above the disk. Each of
these geometries was shown to produce different reflected
spectra. The large differences in the spectra were caused by
(1) absence or presence of a large soft disk flux that influ-
ences the Compton temperature and (2) the additional pres-
sure, or weight, of the corona for the full corona geometry.
While it is perhaps possible to find conditions in which
these three models may yield similar spectra (one example is
a very low accretion rate when the ionized skin is very
Thomson thin and thus negligible), the behavior of the
spectra with the X-ray luminosity as well as other parame-
ters is clearly different, which should allow one to dis-
tinguish between these models observationally.

We do not discuss the observational status of the lamp-
post and the magnetic flare models because we will present
an extended discussion of this topic in a future publication
where we will also present complete disk spectra that
include relativistic broadening. However, it appears to us
that the full corona model is the most unpromising of all,
and we will not study this model in our future work. In
particular, since no skin forms below the hot corona, it is
not possible to explain the hard continuum spectra of
GBHC:s (e.g., see Gierlinski et al. 1997; Dove et al. 1997,
Nayakshin 1998a).°® Moreover, there are AGN that have
more optical/UV power than the X-ray power that argues
against the full corona geometry (see Haardt et al. 1994) in
which the reprocessed power should be rather less than the
X-rays.

Now we will concentrate our discussion on the differ-
ences between the lamppost and the magnetic flare models.

6.1. Changes in the S-curve caused by Soft Disk Flux

This paper emphasizes the large difference in the resulting
temperature profiles, ionization structure, and the reflected
spectra between the hot- and the warm-skin limits. For a
clearer understanding of our results, it is useful to discuss
this difference in the simplest case—optically thin heating/

5 Note that by the reflected spectrum we imply that entering the hot
planar corona from the bottom, not the one exiting the corona through the
top. Clearly, the hot corona may be optically thick, in which case the
reflected spectra, especially any spiky features such as lines, are smeared as
they pass through the corona.

¢ The anonymous referee made an interesting point that if, however, the
hot corona has Thomson thickness greater than unity, then the bottom of
the corona itself forms, in a sense, the hot skin and may also lead to the
reduction in the reprocessed radiation. Nevertheless, from our calculations,
it appears that it is rather hard, if possible at all, to remove enough of the
thermalized radiation and yet not to remove too much of the Fe Ko line
photons to be consistent with the observations. Finally, the point made by
Haardt et al. (1994) still rules out this model.
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cooling balance. Figure 11 shows the energy equilibrium
curves for the spectral index I' = 1.8 and a constant angle-
integrated intensity of radiation 4nJ = 1016 ergs cm 25~ 1.
The overall intensity J in these tests is a sum of the X-ray
intensity, Jx and the blackbody intensity J,, (with kT = 10
eV). The only difference between the curves is the fraction of
the blackbody intensity compared with that of the hard
power law. In particular, the curves are computed for
Juu/Jx =0,1,2,4,and 8.

The temperature profiles shown in Figures 1 and 6 can
now be discussed with the help of Figure 11. The maximum
temperature reached in the two opposite limits is different
because the Compton-bremsstrahlung stable branch of the
S-curve shifts significantly as the ionizing spectrum evolves
from “all X-ray” to “all blackbody.” The X-ray Compton
temperature for the given spectrum is about 7.1 keV. Stars
in Figure 11 indicate the value of the Compton temperature
calculated from equation (2), which is clearly smaller for
larger values of J.,/Jx. The fact that the corresponding
curves pass right through the stars shows that the gas tem-
perature is indeed very close to the corresponding Compton
temperature when X > 1.

Another important difference between the temperature
profiles for the hot- and warm-skin limits is the extent of the
middle stable shelf in the S-curve. In the case of Fyx < F,,
the middle stable shelf is always prominent in the tem-
perature profiles, whereas in the opposite limit when Fy >
F,, the middle stable branch only appears for skin that is at
least moderately Thomson thick. To understand that, we
recall that the thermal conduction picks solutions with the
smallest temperature gradients (see NKK); thus, the tran-
sition from the Compton-bremsstrahlung branch to the
middle one happens after the gas pressure exceeds the pres-
sure P, at point c. Thus, for the middle shelf to be present in
the temperature profiles, the point ¢ should lie to the right
of the turning point at kT ~ 80 eV in Figure 11.

When there is little blackbody flux, the gas pressure at
point c is large enough that the transition happens directly
from the Compton-heated to the cold branch. As the black-
body intensity increases, T, decreases, and then the tran-
sition happens first to the middle branch and only later to
the cold solution. However, with increase in the blackbody
intensity, point ¢ moves to the right as much as to make the
whole range of temperatures from kT ~ 80 eV to the
Compton one to be thermally stable.

In addition, even if J,;,, = 0, the incident X-rays are down-
scattered in the skin and thus for a moderately Thomson
thick skin, point ¢ again moves to the right (all the more the
thicker the skin is). This is best understood from the fact
that the location of the point ¢ sensitively depends on the
Compton temperature, which is affected by scatterings.
Analytical theory of the Compton-bremsstrahlung cooled
branch (see Krolik et al 1981; Nayakshin 2000a) yields that
the gas temperature at point ¢ is a third of the Compton
temperature, and pressure P, is given by equation (4).

The square boxes in Figure 11 indicate the location of the
critical point ¢ found via equation (4). Note that when there
is no blackbody contribution to the ionizing intensity, the
analytical theory of the Compton-bremsstrahlung cooled
upper branch works perfectly. Physically, this occurs
because the gas is completely ionized and atomic heating/
cooling is negligible. However, when J., = Jx, the gas
becomes cool enough and heating caused by photoabsorp-
tion cannot be neglected; this is the reason why the analyti-
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cal solutions underestimate the value of the gas temperature
at point c.

6.2. Iron Ionic Fractions and Lines

Figure 12 summarizes the differences in the ionization
structure of the skin in the hot and warm limits by present-
ing the integrated Thomson depth of the ions Fel3-Fe27
for both of the limiting cases. This depth is defined as the
integral [ dr(n;/ng.), where n; is the ion density for ion i.
The curves shown in the figure correspond to tests present-
ed in Figures 3 and 8, respectively. The largest difference
between the ionization structure of the two sets of calcu-
lations is seen for He- and H-like iron and for completely
ionized iron. For the warm-skin cases, the first two ions by
far outweigh the presence of Fe27, as well as any of the
less-ionized stages. For the hot skin, the situation is
reversed, and this is why the skin is “invisible ” to the obser-
ver in this case and can only be uncovered in the hard X-ray
energy range where relativistic rollover in the Klein-
Nishina cross section produce a corresponding rollover in
the reflected spectrum.

There is also a substantial difference in the equivalent
width and energy of the iron Ko lines between the warm-
and hot-skin limits. In the former case, the most abundant
ion in the skin is the He-like iron; therefore, the strongest
line is also He-like with energy around 6.7 keV. The H-like
line and lines from Fel7-23 also contribute to the complex
of the emitted lines. Because He-like iron has a large fluo-
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Fi1G. 12.—Integrated Thomson depth for different ionization stages of
iron for the warm-skin limit (upper panel), and the hot-skin limit (lower
panel). Note the predominance of completely ionized iron in the hot skin
and that of Helium-like iron in the warm skin, respectively.
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rescence yield compared with neutral iron, the warm skin
actually yields the strongest iron line emission. In a sense, it
amplifies the line.

The opposite limit of the strong X-ray flux, Fx > F,, is
characterized by the predominance of completely ionized
iron in the skin. The X-rays incident on the skin are
Compton scattered but not photoabsorbed with consecu-
tive iron line fluorescence. Only those photons that are able
to reach the cold layers, whether scattered or unscattered in
the skin, will produce the “neutral ”-like K« line, which still
needs to make it through the skin to the observer (some of
the line photons may be scattered in the skin, return to the
cold material, and be photoabsorbed without re-emission as
a 6.4 keV line photon). Note also that scattering in the skin
is very effective in removing the photons from the line bin
because single scattering disperses photons by AE/E ~ 0.06
T2 > 0.1, or about 700 eV at the line energy. Therefore,
the hot skin only degrades the coldlike line by reflecting the
incident X-rays and by scattering the line photons emitted
from the cool layers.

6.3. On Generality of Our Results
6.3.1. Ratio of X-Ray and Disk Fluxes

In terms of the ratio of the illuminating flux Fy to the
disk flux F,;, we limited our attention so far to two rather
extreme values—one quite small (nx = 0.2) and the other
very large, Fx/F, = 75. Thus, one wonders how our results
will change when 7y is between these two values. To
address this question, we conducted several additional
series of tests. In the first series, we fixed the accretion rate
through the disk at s = 0.25 and varied the ratio #nx =
Ly/L, from 271 to 2* in steps of a factor of 2. These tests are
shown in Figure 13. The reflected spectra show a strong
He-like line, edge, and the recombination continuum for all
nx below 8. In fact, even for the largest values of #x (8 and
16), there still exist a substantial column density of H- and
He-like iron, but it occurs rather deep in the skin, i.e., at
17 ~ 1, so that it is smeared out by Compton scatterings.
The skin is very Thomson thick in these two latter tests
because Ly is super-Eddington.

The fact that there is a large column density in the last
two not completely ionized stages of iron means that their
presence may probably be seen for lower values of n1 when
the completely ionized part of the skin is not Thomson
thick. To test that, we calculated reflected spectra for same
values of #x but for the accretion rate through the disk
varying as m = 0.25/(0.5 + 5x). Results of these tests are
shown in Figure 14. Finally, we also simulated reflected
spectra for i1 = 0.05/(0.5 + #x), which we show in Figure 15.
Both of these series of calculations indeed show that the
hydrogen and helium-like iron still survives deep inside the
ionized skin even for #y = 16. This is somewhat unexpected
since Fyx ~ 10F,; > F, in the latter case; hence, one could
expect the skin to be in the hot limit.

This result is caused by a combination of several factors
all working in the same direction. The most important one
is that the fluorescent yield of He-like iron is larger than
that of the neutral-like iron (abundant below the skin) by
factor of a few. Hence, presence of even a little amount of
He-like iron in the skin leads to quite noticeable features in
the spectra. Further, the gas temperature in the skin is a
fraction of the local Compton temperature, which is deter-
mined by equation (2). At a large optical depth, one can use
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F1G. 13.—Reflected spectra for the lamppost model solid for a fixed
accretion rate throughout the disk, m = L;/Lg,, = 0.25 and a variable
X-ray luminosity. From bottom to top, 7y = Ly/L, =27 1,1, ...16.
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F16. 14—Same as Fig. 13 but for the accretion rate as shown in the
figure.
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F1G. 15—Same as Fig. 13 but for the accretion rate as shown in the
figure.

Eddington approximation for the radiation transfer and
obtain that the blackbody radiation field is

Jop = {(1 —a)+ @}(1 +31/2), (10)
Fx
where a, is the integrated X-ray albedo of the skin. When
T, > 1, the albedo becomes large, i.e., 1 — a, < 1, and thus in
this situation one really compares F,/Fy with a small quan-
tity 1 — a, rather than with unity. Finally, when the
Thomson depth of the skin is greater than unity, Compton
downscattering of the incident X-rays makes Ty in equation
(2) to be dependent on the location in the skin—it is lower
on the bottom of the skin than on its top. This is an addi-
tional mechanism to lower T,. For these reasons, it turns
out to be enough for the disk flux to be a small fraction of
Fx to present a large cooling source for the gas at the
bottom of the skin, and this is why one needs to go to rather
large values of Ly/L, 2 10 to make the lamppost spectra
look similar to that from magnetic flares.

6.3.2. The High-Energy Rollover of the Spectrum and
Spectral Index

Another degree of freedom we have not explored in this
paper is the rollover energy, or equivalently, the gas tem-
perature of the X-ray producing region or regions. Our illu-
minating spectrum is chosen to be reminiscent of what is
typically seen in Seyfert 1 galaxies and GBHC:s (e.g., Svenss-
on 1996; Gierlinski et al. 1997), and this is why we set the
rollover energy at E, = 200 keV. However, “odd” objects
such as low-luminosity AGN do not have to have the same
values of E_, and it appears to us to be potentially impor-
tant for the reflected spectra. In particular, E, figures promi-
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nently in the determination of the X-ray Compton
temperature Ty if the X-ray spectrum is hard (e, I' < 2). If
E, is significantly lower than the 200 keV assumed in this
paper, then the Compton temperature of the skin may be
low enough even if the spectrum is hard and Fy > F,. We
will present concrete calculations showing these effects else-
where.

Finally, the spectral index I" also spans a range of values
for real sources, and it is well known that the reflected
spectra strongly depend on the actual value of I' (e.g.,
NKK). Notwithstanding the complications connected with
the two additional parameters, an encouraging fact is that
both of these parameters can in principle be extracted from
observations if a broadband spectrum is available.

7. SUMMARY

In this paper, we have sketched the way in which X-ray
reflection spectra may be computed for different accretion
disk theories, and then showed example calculations for two
models (lamppost and flares) and also discussed spectra
from the full corona disk model. The main three parameters
that determine the outcome of the X-ray illumination
problem are (1) the ratio of the X-ray illuminating flux to
the disk thermal flux, Fy/F;, because it defines the Compton
temperature of the corona and thus the degree to which it
will be ionized; (2) the accretion rate through the disk since
it defines the height at which the skin is located (H to few
H); (3) Compton temperature that is a function of the spec-
tral index of the ionizing radiation, I', and the spectral
cutoff energy, E.. These parameters can be readily deduced
from observations once UV and X-ray spectra, luminosities,
and at least an estimate of the black hole mass for the given
source are available. Therefore, for any accretion disk
model that clearly specifies a connection between the
overall observed X-ray luminosity Ly and the radius-
dependent ionizing flux Fy, accurate disk-integrated spectra
can be calculated. These spectra are weakly dependent on
the unknown value of the viscosity parameter « (see § 2).

Our main results, valid for relatively hard X-ray spectra
(' £2) and the rollover energy E, ~ 200 keV, are as
follows.

1. If the incident X-ray flux is smaller than or compara-
ble with the soft thermal flux generated intrinsically in the
disk, then the Compton-heated skin is “warm,” i.e., kT < 1
keV. In that case, iron in the skin is not completely ionized

ACCRETION DISK MODELS. L 417

and the majority of it is in the form of hydrogen and helium-
like ions. In this limit, the iron line is dominated by the
He-like line at 6.7 keV and the line equivalent width
increases with the ionizing X-ray luminosity.

2. In addition, in the warm-skin limit, the ionization
physics permits the existence of a large shelf of material
occupying the middle stable branch of the S-curve (see Fig.
11). Medium Z-elements, such as oxygen, are not com-
pletely ionized there and thus they produce strong soft
X-ray features that should be visible with modern X-ray
telescopes such as Chandra and XM M.

3. If the illuminating X-ray flux is much higher than the
soft disk flux, then the skin temperature is substantially
higher. Iron is then mostly completely ionized in the skin;
thus, the skin does not emit or absorbs photons caused by
atomic processes. Therefore, the hot skin only masks the
presence of the cold material. The larger the ionizing X-ray
luminosity, the fewer atomic marks one sees in the reflected
spectra. In particular, the iron line is emitted almost exclu-
sively by the cold material below the skin and its energy is
close to 6.4 keV. Further, EW of the line decreases with
increasing Ly and eventually goes to zero.

4. Because ionization equilibria depend on the ratio
Fy/F,;, the middle-temperature solutions are not present in
the hot skin; thus, there are fewer soft X-ray emission fea-
tures from medium Z-elements. For high L/Lg,, in the
magnetic flare model, the reflected spectra are featureless
power laws up to the Compton rollover at ~30keV.

5. Full coronae above accretion disks do not have the
highly ionized skin between the corona and the disk
because the gas density and pressure are too high to allow
for that. This means that X-ray reflection from full corona
models, if not broadened to invisibility by scattering in the
corona, is always “cold ” and does not change with increase
in the accretion rate through the disk or the corona. We
believe this model is ruled out observationally (see § 6).

We hope that the significant differences in the spectra of
these three models make it possible to distinguish among
them observationally based on current and future data.
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