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ABSTRACT

This paper addresses the observed 0.1-10 keV spectrum in active galactic nuclei (AGNs) and other
photoionized gases. Detailed calculations, encompassing a large range in density (10-10'* cm™3),
column density (10>!-10%3-> cm~2), and level of ionization (3 orders of magnitude in ionization
parameter), are described and discussed. The results are presented as line intensity and three types of
equivalent width over the entire range of physical conditions.

We identify the most likely conditions in the X-ray—absorbing gas in AGNs and argue that its tem-
perature is below 2 x 10° K and that it is thermally stable. The strongest 0.1-10 keV lines, when
observed against the central source continuum, have typical equivalent widths of 5-50 eV and are thus
at the limit of present-day detection. The equivalent width can be significantly stronger when the line is
observed against the absorbed continuum. Much larger equivalent widths, of 100-1000 eV, are expected
when the central continuum is obscured, as in Seyfert 2 galaxies. The importance of line-continuum fluo-
rescence diminishes with line optical depth, and we do not find this process to be important in warm
AGN absorbers. The X-ray line intensities depend on the gas density, especially for very low (N < 103
cm™3) and very high (N > 10!? cm™3) densities. They are also sensitive to the geometry and covering
fraction.

We discuss the ultraviolet and extreme-ultraviolet spectrum and argue that the highly ionized gas con-
tributes significantly to the observed intensity of Ne v 4774 and, in some cases, also to O vi 11035. We
confirm that observed ultraviolet absorption lines, in several AGNSs, originate from gas with conditions
similar to the X-ray—absorbing gas and show the expected column density and absorption equivalent
width for the strongest species. If indeed the same physical component, wherever C v 41549 absorption
is visible, we predict substantially greater absorption in the line O vi 11035. None of the observed
Extreme Ultraviolet Explorer lines in the spectrum of NGC 5548 are consistent with the ionized gas
component, and there is no satisfactory model to explain these observations.

A new model is presented, in which evaporating “seeds” (high-density clouds or bloated stars) in the
broad-line region are filling the intercloud medium with material that is streaming outward. The
material’s location, density, column density, covering fraction, and perhaps also dynamical state are con-
sistent with observed properties of X-ray and ultraviolet absorbers.

Subject headings: galaxies: active — galaxies: ISM — galaxies: nuclei — line: formation —
X-rays: galaxies

1. INTRODUCTION

Many quasars and other active galactic nuclei (AGNs)
contain significant amounts of highly ionized material that
substantially modifies the 0.1-10 keV spectrum. This X-ray
component has been named the “ionized absorber” or
“warm absorber” and has been studied in numerous papers
(e.g., Halpern 1984; Pan, Stewart, & Pounds 1990; Turner
& Pounds 1989; Yaqoob & Warwick 1991; Nandra &
Pounds 1992, 1994; Fabian et al. 1994; Fiore et al. 1993;
Mathur et al. 1994; Mathur, Elvis, & Wilkes 1995; George,
Turner, & Netzer 1995; Reynolds et al. 1995). Theoretical
studies of ionized absorbers include, among others, Halpern
(1984), Krolik & Kallman (1984), Ferland & Rees (1988),
Netzer (1993), Mathur et al. (1994), Netzer, Turner, &
George (1994), Reynolds et al. (1995), George et al. (1995),
Krolik & Kriss (1995), and Turner, Netzer, & George
(1996). The most detailed theoretical studies are by Netzer
(1993, hereafter Paper I) and by Krolik & Kriss (1995, here-
after KK95). These papers approached the problem from
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different viewpoints. While Paper I discussed the absorp-
tion, emission, and reflection of equilibrium gas, with
emphasis on small dimensions and high densities, KK95
focused on low-density, more distant material and included
a discussion on gas motion and stability.

This paper addresses the 0.1-10 keV emission-line spec-
trum in AGNs and other photoionized plasmas. It provides
detailed calculations under a large range of density, column
density, and ionization level and various geometries.
Compton-thick media are not treated, and the reader is
referred to George & Fabian (1991) and Zycki et al. (1994)
for information and other references. The results of the cal-
culations are computed line intensities and equivalent
widths that can be directly compared with the observations.
We also compute the intensity of the strongest ultraviolet
and extreme-ultraviolet emission lines and the equivalent
widths of ultraviolet absorption lines claimed to have been
associated with ionized X-ray absorbers (Mathur et al. 1995
and references therein). Section 2 explains the method and
details of the calculation, and § 3 presents the results in
various graphical forms. The discussion in § 4 compares the
new calculations with AGN observations and suggests a
new model that combines many of the observed emission
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and absorption properties. More information about the cal-
culations is given in the Appendix.

2. CALCULATIONS

2.1. Method

Our aim is to calculate the emergent 0.1-10 keV spectrum
of gas that is exposed to a source of hard ionizing radiation.
The premise is that X-ray observations with sufficient
energy resolution will be compared with the results of the
calculation and used to deduce the physical conditions in
the gas, its location, and its distribution. The following spec-
tral components are included: the incident continuum (bare
or attenuated by absorption), the gas’s intrinsic emission,
and the scattered central continuum radiation. The general
method and terminology follow Paper I, where most of the
parameters are defined. Here we only give a brief summary
of the model’s more important ingredients.

We use a sophisticated photoionization code, ION, and a
series of spectrum-combining routines, to calculate the
spectrum and physical parameters of a gas in thermal and
ionization equilibrium. The code incorporates full tem-
perature and radiative transfer solutions and makes use of
modern atomic data. All important excitation and ioniza-
tion processes are included, and the emission, absorption,
and reflection of the gas are calculated self-consistently.
ION and its applications are described in Paper I, and sev-
eral new features are detailed below and in the Appendix.

The model assumes a central, pointlike radiation source
and an ensemble of “clouds” that are specified by their
hydrogen density (ny), hydrogen column density (N.,,),
chemical composition, and distance from the center (r). The
first step treats a single cloud far enough from the source
such that a thin-shell approximation can be used (but see
comments about low-density models). The results are later
combined into the ensemble spectrum in one of several
geometries. The covering fraction of the system, C,, is
allowed to vary with the additional assumption that the
clouds are either much smaller or much larger than the
central source’s size. Unless otherwise specified, all models
discussed below assume small clouds.

The central source spectrum is typical of intermediate-
luminosity AGNs. For simplicity, and for ease of repro-
duction, it is made of several power-law segments, each
specified by its energy spectral index « (F, oc v~ %). Impor-
tant continuum characteristics are the total energy in the
ultraviolet bump (1-100 eV), the slope of the 0.2-10 keV
continuum, the ultraviolet (2500 A) to X-ray (2 keV) slope,
®ox, and the infrared luminosity. Most models shown here
assume «(0.2-50 keV) = 0.9, a,x = 1.5, and ultraviolet-to-
optical energy slope of 0.5, extending from 0.12 to 3 ryd. We
have also used the Krolik & Kriss continuum, which is
defined in KK 95 and has «,y = 1.25.

Regarding the infrared continuum, its exact spectral
shape is important only in the high-density limit (ny > 10!
cm™3; see § 3.5), where it has a significant effect on the
physical conditions in the ionized gas. It is not yet clear
what fraction of the AGN infrared continuum is emitted by
the central powerhouse and what is thermal emission due to
reprocessing by dust (see, e.g., Laor 1990; Ward et al. 1987).
Moreover, this fraction may be different in radio-loud and
radio-quiet sources. Here we consider two possibilities: (1) a
“weak IR continuum, ” in which there is a rise from 0.12 to
0.03 ryd, with an energy slope of 1.2, and a sharp drop at
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energies below 0.03 ryd, and (2) a “strong IR continuum,”
in which the central infrared source extends from 0.12 to
0.01 ryd, with a slope of 1.06, with a sharp drop beyond
that. Both continua are far less luminous than most AGNs
at far-infrared energies, in accord with the assumption that
much of this emission originates in extended sources. The
two continua are shown in Figure 1, and a discussion of the
resulting electron temperature is given in § 3. The fiducial
density chosen for this work is ny = 10! cm™3, slightly
larger than a typical broad-line region (BLR) density. At
this density, the differences between the two continua are
marginal. Unless otherwise specified, all results shown are
for the “weak IR continuum.”

A fundamental variable of the calculation is the ioniza-
tion parameter, U. This name has been used loosely in the
literature to define several different quantities. In Paper I, it
was defined by the Lyman continuum photon flux per unit
density, which is somewhat problematic since most of the
photon flux is emitted in a part of the spectrum (the ultra-
violet bump) that contributes only little to the ionization of
the abundant 0.1-10 keV ions. Thus models with similar
ionization parameters can differ substantially in their
resulting X-ray ionization. We therefore introduce the
X-ray ionization parameter, Uy, which is defined in a
similar fashion over the restricted 0.1-10 keV energy range,

v(10 keV)
Uy = f Lk 4. 1)

2
0.1 keV) dnringc

where L, is the monochromatic luminosity and c is the
speed of light. The level of ionization of most X-ray-
emitting species is directly proportional to Uy, and typical
values of interest are in the range 0.1-1. For the spectral
shape chosen here (Fig. 1), the ratio of the traditional ion-
ization parameter U(>1 ryd) (the one defined over the full
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FiGc. 1—The two central continua considered in this work
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Lyman continuum) and the one used here is U(>1 ryd)/
Uy = 141. The ratio with ¢ = L/nR?, used by KK95 and
others, where L is the integrated 1-1000 ryd luminosity, is
E/Ux =49 x 103,

All models calculated here assume undepleted “cosmic
abundances,” with (He, C, N, O, Ne, Mg, Si, S, Fe)/H =
(1000, 3.7, 1.1, 8, 1.1, 0.37, 0.35, 0.16, 0.4) x 10~“. The
chosen iron abundance is somewhat higher than the most
recent solar determination but is still perhaps low, consider-
ing galactic nuclei. Constant density is assumed throughout
to facilitate comparison with other calculations. Such an
assumption is not necessarily less physical than the
constant-pressure assumption in situations in which the
sound-crossing time of a cloud (~ 10°T !/? 5) is longer than
the central flux variability time. Only time-independent
equilibrium calculations are shown. For comments on the
validity of these assumptions, see Netzer (1990), KK95, and
§4.

A major goal of this investigation is to cover the entire
range of observed conditions in AGNs. We have therefore
considered a very large range in density (1-10'* cm™3),
column density (10*8-10%4 cm ~2), covering factor (0-1), and
ionization parameter (0.01 < Uy < 10). The low-density
limit is set by the assumed interstellar density and the high-
density limit by uncertainties in the three-body recombi-
nation rate and the continuum transfer, in conditions
approaching those of stellar atmospheres. The maximum
column density is set by the cloud’s Compton depth since
ION does not fully solve the transfer of the scattered contin-
uum radiation and cannot be trusted at Compton depths
larger than about unity. As for the gas density, we note that
dilution and geometric factors cannot always be neglected
at the low-density limit, as, with the assumed large column
density, the dimension of a single cloud can exceed its dis-
tance from the center. This is particularly important for
cases in which the density drops with distance, such as the
ny oc v~ 2 case discussed by KK95. Fortunately, no known
AGN ionized absorber violates these density and column

density limits.
Many of the results presented below are for a so-called
standard case, for which ny; = 10! cm™3, N, = 10?23

cm~?,and C, = 1.0.

2.2. Physical Processes

The calculated 0.1-10 keV spectral features include
absorption lines and edges, collisionally excited emission
lines, recombination lines, linelike features due to bound-
free transitions at low temperatures, and the scattered
central radiation. Important considerations are the number
of ions and levels, the method of solving the statistical equi-
librium equations in the presence of significant line opacity,
the destruction of line photons by continuum opacity, and
the treatment of atomic processes under high-density condi-
tions. The reader is referred to Paper I and the Appendix for
more information.

Several aspects of the calculations require some explana-
tion. First, the presence of Fe L-shell lines is known to be
very important in X-ray plasmas (see, e.g., Liedahl,
Osterheld, & Williams 1995). Most relevant for the present
work are radiative and dielectronic recombination lines of
Fe xvo—xxmi that result in broad emission features between
0.7 and 1.2 keV. The accurate calculation of such features is
at the forefront of atomic physics, and the full set of atomic
data was not available to us. Instead, we have taken the
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more limited approach of treating only the three to five
strongest Fe L lines of each of the relevant ions and esti-
mated, from their strength, the remaining contribution. The
atomic data were kindly provided by D. Liedahl.

A potentially important process, in cases of obscured
central continua, is absorption of continuum photons in
bound-bound transitions, mostly by resonance lines. This
process is commonly referred to as “continuum fluo-
rescence” although other names have been used. KK95,
following Band et al. (1990), extensively discussed this
process and referred to it as “resonance-line scattering.”
They further claimed that it can considerably change the
observed intensity of emission lines and can contribute sig-
nificantly to the observed flux over parts of the spectrum,
e.g., the 1-1.5 keV range.

It is easy to show that, for all models considered here, the
contribution of continuum fluorescence to the intensity of
strong emission lines is smaller than, or, at most, compara-
ble to, the recombination contribution. This follows from
the fact that the f-values of the strongest resonance lines, f;;,
and the corresponding continuum f-value, f, = | (df/dv)dv,
where v, is the ionization-edge frequency, are related. For
many ions, f;; ~ f,. Thus, for a line with frequency v;, the
absorption cross section integrated over the line profile and
the one integrated over the ground-level ionization contin-
uum are comparable. Since most recombinations lead to
line emission, we find that, for optically thin lines and con-
tinuum (where continuum fluorescence is most efficient), the
relative number of line photons produced by the two pro-
cesses is

N(continuum fluorescence lines)
N(recombination lines)

_ )t re?/me)fy 3+ o <&)-<a+ 1 .

L W) Pa,dv T 2 \y,

where the numerical factor was obtained from integrating
over the continuum and the absorption cross section. Thus
the number of photons absorbed by optically thin reso-
nance lines is of the same order as the number of photons
produced by recombination.

The above ratio for H-like and He-like ions, for a typical
o ~ 1 continuum, is of order 3.5, and more accurate calcu-
lations may deviate from this expression by a small amount.
For example, at the optically thin, low-density limit, the
ratio for H-like ions is larger than in equation (2) since less
than 50% of all ionizations result in Ly« emission. Also, there
are cases in which the line is much removed from the ioniza-
tion edge and the ratio is larger than 3.5. Notable examples
are the strong 2s—2p Li isoelectronic sequence lines, like
O v1 11035, and lines like Fe xv 1284. Finally, the above
ratio is independent of the line width.

At a certain depth into the cloud, where the line optical
depth is 7;, and the mean continuum optical depth is ., the
above ratio should be multiplied by an additional factor of
€(t;,)/e %, where €(t;,) is the one-sided escape probability
for the line. This factor is much smaller than unity for all
T;, > 1. Thus recombination dominates at all cases of sig-
nificant line opacity. In almost all models considered here,
most resonance lines are optically thick even if large micro-
turbulence is assumed. Thus continuum fluorescence is con-
siderably less important than in optically thin cases. The
lines are optically thin, and continuum fluorescence more
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efficient, when the gas column density is small. These are
precisely the cases in which line emission is insignificant
because of the small emission measure.

There are some important deviations from the above
general scheme. The ionizing photons may be absorbed by
other ions or elements while the absorption lines, with their
lower energy, need not be affected as much. A well-known
example is the Fe m spectrum of AGNs, in which hundreds
of ultraviolet lines are capable of absorbing a sizable frac-
tion of the ultraviolet continuum (Wills, Netzer, & Wills
1985 and references therein) while no ionization of Fe*
takes place since hydrogen is mostly neutral. A somewhat
similar case pertaining to the X-ray spectrum is the absorp-
tion of Fe L line photons. The ionization potential of iron
ions with 10 or fewer electrons covers a small energy range
(12662045 eV) over which some or all ions compete for the
same ionizing photons. Thus the radiation absorbed by
each iron ion is only a fraction of the total available radi-
ation while the absorption lines are exposed to the full
continuum flux. Under such conditions, continuum fluores-
cence can dominate over recombination in producing
emission-line photons. As explained, only a subsample of all
Fe L lines are included in the present work, and because of
this, the computations underestimate the Fe L line inten-
sities.

Finally, we note again that the contribution of contin-
uum fluorescence to the observed emission lines is only
important if the central continuum is obscured or if the line
of sight to the center does not pass through the ionized gas.
In all other cases, the absorption and emission contribu-
tions due to this process almost identically cancel out. Bulk
velocity can shift the absorption component relative to the
emission, in which case both components will be observed.
Such models have not been calculated.

ION includes a complete treatment of the continuum
fluorescence process for all resonance lines. This amounts,
for a two-level system, to solving the following rate equa-
tion:

dn L, o
d_tz — _512A21n2 - e(":in)1421 W <n2 B ;1 1) ’
(©)

where €, , is the full (two-sided) local escape probability and
we have neglected other excitation processes (Elitzur &
Netzer 1985; Netzer 1990). Most calculations assume
thermal motion for all ions, but we have tried several cases
with large microturbulent velocities (see example in § 3).
The continuum fluorescence of iron K« lines, except for the
He-like and H-like iron, is not significant for the column
density considered here because of the efficient Auger
destruction. The detailed calculations confirm the general
estimate that continuum fluorescence is of little significance
under almost all conditions considered here. A few lines in a
few models are increased by a factor of order 2, and these
are not the strongest 0.1-10 keV lines.

Related to the above discussion are X-ray absorption
lines. Such lines were mentioned by KK95, and others, as
important for the determination of absorption-edge ener-
gies next to strong transitions. Our calculations do not
show strong absorption lines even for turbulences signifi-
cantly larger than the thermal line widths. This is mostly
due to the fact that such features would almost disappear in
large covering factor geometries. We note, however, that
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our line list is not identical to the one used by KK95, and
some of the differences may be due to this.

3. RESULTS

3.1. Electron Temperature

The electron temperature depends on the shape of the
ionizing continuum, the gas density, chemical composition,
and ionization parameter. The dependece on ionization
parameter is shown in Figure 2 for the standard continuum
and chemical composition, as a T, versus log (Ux/T})
diagram. It illustrates the range of expected temperature, as
well as the region of thermal stability (see, e.g., Krolik,
McKee, & Tarter 1981). As evident from the diagram, the
gas is thermally stable for all temperatures below about
2.2 x 10° K, much higher than customarily assumed.

The issue of gas stability has recently been addressed by
Marshall et al. (1993), KK95, and Hamann et al. (1995a).
The Marshall et al. calculations show that the onset of
instability depends on the metallicity, opacity, and contin-
uum shape. To further investigate the maximum tem-
perature for a stable solution, T,,,, we have calculated
several models with different X-ray slope (0.2-50 keV). The
models assume the same metallicity and general broken
power-law continuum of Figure 1, and the change of slope
is obtained by fixing the 0.2 keV point and changing the 50
keV flux. This changes a,y, but the effect on T,,,, is negligi-
ble. Representative values are given in Table 1.

As evident from the table, T,,,, covers the range (0.7—
3.3) x 10° K, with larger T,,,, corresponding to steeper con-
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F1G. 2—Electron temperature as a function of Uy/T, for two densities,
N = 10'* cm ™3 (solid line) and N = 10* cm ~3 (dotted line).

TABLE 1

MAXIMUM STABLE SOLUTION TEMPERATURE AND CORRESPONDING
IONIZATION PARAMETER AND LEVEL OF IONIZATION OF
OXYGEN FOR SEVERAL CONTINUA

Tmax
2(0.2-50 keV) (K) Uy O%0 0*7/0
05 ceeeeeeenennn. 61x 10 006 045 043
Y 2T 17x10° 022 007 0.42
09 e, 22x105 039 003 032
TR DRPUROURRTR 24%x 105 065 002 026
13 i 27x105 108 001 021
T JORTT 33x 10 208 0004 0.14
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tinua and larger Uy. Also shown are the fractional
abundance of O*® and O*7 at the ionization parameter
corresponding to T,,,,. Both ions are abundant enough, in
all cases, to produce significant absorption edges. At this
Uy, O*7 is more abundant than O™®, thus at slightly
smaller Uy, we expect a comparable amount of absorption
by the two ions. Since most observed warm AGN absorbers
show both O*%and O+’ absorption edges, we expect their
temperature to be slightly below T,,,,. Thus the absorbing
gas is probably thermally stable. This has important conse-
quences for the physics and location of the absorbing gas, as
discussed in § 4.

The X-ray—ionized gas need not be in thermal and radi-
ative equilibrium (KK95). We proceed to discuss a large
range of models, including some with very large Uy, in
which the temperature exceeds T,,,,. The implications are
discussed in § 4.

3.2. Line Intensity and Equivalent Width

All calculations in this paper assume isotropic scattering
and emission of line and continuum photons.

A convenient way of expressing the calculated intensities
is relative to the H-like O v 653 eV line, which is always
among the strongest in the spectrum. Alternatively, we can
specify the line equivalent width (EW) in units of the local
continuum. Three different types of EW can be defined:

1. Relative to the incident continuum, EW(con).—This
EW is measured relative to the unattenuated central contin-
uum. It is rarely observed, because of absorption and the
locally produced emission, but is a convenient way to
compare different lines.

2. Relative to the observed continuum, EW(obs)—This is
the measured equivalent width, which depends on the con-
tinuum luminosity and attenuation, the local line and con-
tinuum radiation, and the reflection of the central
continuum radiation. Note again that the calculations
assume the same energy for absorption and emission lines,
i.e., no net radial motion.

3. Relative to the gas continuum, EW(gas)—In some
cases, like in Seyfert 2 galaxies, the central continuum is
obscured by an X-ray-opaque component, e.g., a dusty
torus. In this case, the emission-line equivalent width is
measured against the local (free-free, bound-free, and scat-
tered central source) continuum. Normally, EW(gas) is
larger than EW(con) and EW(obs).

Consider first EW(con) for the comparison line O viI 653
eV. Assume steady state photoionized gas, in which the
electron temperature is much lower than the equilibrium
plasma temperature and almost all oxygen is either O*7 or
O*8, The maximum number of oxygen ionizations is found
by counting all E > 871 eV photons, and the intensity of the
O vm 653 eV line is readily obtained since a known fraction
of all O*® recombinations (60%—-100%, depending on the
density and line optical depth) result in line photons. For
example, the maximum EW(con) for the Figure 1 contin-
uum is approximately 530 eV. Such a strong line is never
observed, for several reasons. First, the absorption of all
E > 871 eV photons requires a substantial high-energy
opacity, which leads to a region where O*% and other
oxygen ions are also abundant. Thus some E > 871 eV
photons are absorbed by oxygen ions other than O*7.
Second, far from the 871 eV threshold, other abundant ions,
such as highly ionized neon, magnesium, and iron, strongly
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compete with oxygen for the absorption of ionizing
photons. For a solar-composition gas, very few of the E > 2
keV photons are absorbed by oxygen. Third, large O *¢ and
O*7 columns are normally associated with large C*3> and
N*6 columns, capable of absorbing the emitted O v 653
eV line. The combined effect of all three is to reduce signifi-
cantly the EW/(con) of the line. As shown below, the largest
calculated EW(con) for the line is less than 20% of the
above theoretical maximum. Since the O vi 653 eV line is
always among the strongest in the spectrum, it is easy to see
why in photoionized gases EW(obs) hardly ever exceeds a
few tens of eV.

3.3. Ionization Parameter

Line intensities as functions of Uy, relative to the O v
653 eV line, are shown in Figure 3. Here the density, column
density, and covering fraction are all at their standard
values: ny = 10'! cm™3, N, = 10??3 cm™2, and C, = 1.
As expected, O v 653 eV, C vi 364 eV, and O v 568 eV
are the strongest low-ionization lines. Lines of Mg, Si, and S
dominate at larger Uy, and He-like iron is strong in the
extreme-ionization range. Several L-shell Fe lines are strong
too (725, 775, and 885 eV) but not as strong as the oxygen
and neon lines.

The equivalent widths of these lines are shown in Figure
4. As explained, EW(con) is a measure of the line production
efficiency and the line destruction. EW(obs), however, is
very sensitive to the presence of absorption, especially at
low ionization parameters. This is very important for all
lines between about 1 and 2 keV (Ne x 1.02 keV, Mg x1 1.34
keV, Mg xu 1.47 keV, Si xm 1.85 keV), where a smoothly
attenuated continuum is often observed. In such cases, the
lines are observed against a suppressed continuum, and
EW(obs) can exceed 100 eV. This is also evident in Figure 5,
where we show calculated spectra for several values of Uy.
For example, Ne x 915 eV, which is never the strongest line
in the spectrum, can attain very large values of EW(obs)
since its energy is close to the energy of maximum soft X-ray
absorption.

3.4. Column Density

A large column density model is characterized by a wide
range of ionization stages and a lower mean electron tem-
perature. A small column density model is more uniform,
with fewer strong emission lines of similar levels of ioniza-
tion. Figure 6 shows three-dimensional plots for several
strong emission lines as functions of Uy and column
density, all for the case of C, = 1.0 and ny = 10! cm™>.
The increase in EW(con) with increasing column density,
which reflects the increased efficiency of absorbing the ion-
izing radiation, is evident in all cases. As explained, there is
a natural limit to this process and a maximum value of
EW(con). We also demonstrate in Figure 6 a case of a very
large EW(obs) for a line (Si xm1 1.85 keV) whose energy is in
the aforementioned 1-2 keV range, where continuum
attenuation can cause a large contrast in flux between the
line and the adjacent continuum.

3.5. Gas Density

Most of the important physical processes are density sen-
sitive. As the gas density increases, the high-temperature
dielectronic recombination rate is reduced, three-body
recombination increases, and free-free heating can consider-
ably change the heating-cooling budget of the gas.
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F1G. 3.—Line ratios, relative to O vi 653 eV, of the strongest emission lines

Figure 7 shows the volume-averaged electron tem-
perature as a function of density for the canonical model of
N, =10*2*°cm™2, C, =1, and Uy = 0.2 over a range of
densities. The diagram is meant to illustrate the dependence
of temperature on physical conditions and not to suggest a
realistic model for AGNs (the clouds are obviously too
close to the center for the highest density considered). There
are two temperature curves, one for the case of “strong IR ”
continuum and one for the “weak IR ” continuum (§ 2 and
Fig. 1). Increasing the density at low densities influences the
temperature because of the collisional suppression of
several important coolants, such as the Ne v fine-structure
lines. A more profound effect occurs at ny; > 101! cm ™3, At
this limit, the large increase in temperature is caused by the
collisional suppression of several important coolants
(mostly semiforbidden lines) and by free-free heating, which
becomes a significant heating source for the gas. The latter
is evident from the marked difference between the two types
of continua, where the one emitting more infrared flux
results in a significantly higher temperature.

The increased gas density results in some complicated
changes in line EWs, as demonstrated in Figure 8. At low
densities, the main effect is due to changes in ionization
caused by the changing temperature. This affects the line

intensities directly (change in temperature) and indirectly
(change in opacity and line destruction). At intermediate
and high densities, where the temperature is almost con-
stant, the change in the level of ionization is due to the
collisional suppression of dielectronic recombination (see
Appendix). At very high densities, the rising temperature,
and the onset of fast three-body recombination, causes
more ionization changes, as well as nonnegligible collisional
contribution to lines of carbon, nitrogen, and oxygen.
Finally, collisional mixing of the 2s and 2p levels of H-like
ions, mostly due to proton impacts (Zygelman & Dalgarno
1987), becomes significant at a density of about
1.8 x 10*Z°-3, where Z is the atomic charge. Below the criti-
cal density for the process, some 30%—40% of all recombi-
nations result in a two-photon continuum while, above this
density, collisional mixing of the n = 2 levels weakens the
two-photon emission and strengthens La by approximately
50%. The large increase in the equivalent width of O vin
653 eV at around ny = 102 cm ™3 is due to this process.
Finally, some of the so-called coronal lines are significant
coolants under low-density, high-ionization conditions. For
the typical Ux = 0.1 model, their intensity is insignificant,
but at somewhat lower ionization they are likely to be
strong. The strongest expected lines are [Ne vi] 7.6 um,
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F1G. 5—Bottom: Calculated spectra for two values of Uy, assuming
thermal line widths. The dotted lines are the incident continuum, and the
height of the emission lines is fixed by assuming an observed line width of
4000 km s~ 1. Top: The Uy = 0.2 spectrum as seen for a case in which the
central continuum is obscured. The dotted line is the same model with
assumed microturbulent velocity of 300 km s~ !. Note the different vertical
scales of the bottom and top panels.

[Fe x] 46734, [Fe x1v] A7891, and [Fe x1v] 45303. The
small observed equivalent width of such lines sets a limit on
the amount of low-density, warm absorbing gas.

3.6. Covering Fraction

As discussed in Paper I and in § 2, the emergent line flux
depends on both the local emissivity and the line absorption
on the way out. The first reflects the local physical condi-
tions and the second the overall geometry, which can be
complicated and different for various lines of sight. For
negligible continuous opacity, the line flux and EW(con)
increase linearly with C,. For large opacity, the observed
equivalent widths are complicated functions of C,. Under
the simplest assumption of a thin spherical shell, we expect
the maximum EW(con) for lines that are strongly absorbed
by the continuum opacity to occur at C, ~ 0.5 (Paper I).
Obviously, this description is somewhat simplified since the
increasing C;, also affects the ionization due to the inter-
action of lines and diffuse radiation with the gas.

Figure 9 demonstrates some of these possibilities. It
shows calculated equivalent widths, as a function of C/, for
three of the strongest emission lines. The first case (Fig. 9a)
is computed for O vi 653 eV and Ne x 915 eV. As evident
from the diagram, the equivalent width of the two lines
increases with C,, but not in a linear way. Thus the full-
coverage intensity of O vm 653 eV is about 60% of the
intensity it would have without absorption by other clouds.
Ne 1x 915 eV is even more heavily attenuated because of the
larger opacity at 915 eV. Its full-coverage emergent flux is
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about 30% of the maximum it would have without the
absorption. The maximum equivalent width for the two
lines occurs at C, = 0.7.

Figure 9c illustrates the covering-fraction dependence of
O vi1 568 eV and O vit 653 eV in a low-density ({ny» = 103
cm~3), Ux = 0.24 model similar to KK95 model b. It was
calculated with the KK95 continuum, but the physical
parameters are not identical since our temperature solution
for a given flux is somewhat different from that of KK95.
The temperature at the illuminated face is 3 x 10° K, and
the dilution of the radiation field is negligible. The tem-
perature across the gas in this model is not constant,
because of the buildup of significant X-ray opacity. This
reduces the emergent line flux. The peak EW(con) for O vin
653 eV is at C; = 0.6, close to the analytical estimate of 0.5,
and the drop at larger C  is due to continuum destruction of
the lines. The theoretical (no absorption) linear increase of
EW(con) with C, is shown for comparison. Calculations
like those of KK95 are expected to follow this linear curve
and overestimate the line intensity at large C,.

Line absorption by continuum opacity is not unique to
large-C, geometries. It occurs also in small covering frac-
tion cases in which the line of sight to the source passes
through clouds (e.g., a double-cone geometry with a line of
sight passing through the cone). Lines whose intensity is
significantly affected by continuum fluorescence (§ 2.2) will
show more absorption than emission in such cases.

Finally, EW(gas), the line equivalent width for a com-
pletely obscured central source, depends only little on the
geometry and C, since the line flux and the continuum
(diffuse emission and reflection), against which it is mea-
sured, are affected in a similar way by continuum opacity.
This is illustrated in Figure 9b. There are small deviations
from this scheme at large C, since the level of ionization
depends on the fraction of line and diffuse radiation that
interacts with the gas.

4. DISCUSSION

While most of the previous results are quite general, the
present section applies mostly to AGNs.

4.1. X-Ray Absorption

There are several published, detailed models of ionized
X-ray absorbers, and it is interesting to note that those
applied to the higher resolution observations (e.g., Reynolds
et al. 1995; Weaver et al. 1994; George et al. 1995; Kriss et
al. 1996b) seem to converge on a small range of ionization
parameter, Uy ~0.1-1. While a detailed comparison
between the present work and the previous models is tricky,
because of the different assumptions about the ultraviolet
continuum, it is obvious that much higher or much lower
ionization parameters are excluded. As shown earlier, this
Uy corresponds to a thermally stable gas (Fig. 2 and Table
1). Thus it is likely that the observed ionized gas is in
thermal equilibrium and that any unstable, larger Uy com-
ponent is either absent or else totally transparent over the
0.1-10 keV range. Below we present a new model that
makes use of this finding.

4.2. X-Ray Emission

The new calculations of the strong 0.1-10 keV emission
lines will be useful for comparison with future X-ray obser-
vations. We have shown that if the central ionizing source is
not obscured, the equivalent width of the strongest soft
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F1G. 6—Three-dimensional equivalent width plots for strong X-ray lines. For Si xm 1.85 keV, we show both EW(con) and EW/(obs).

X-ray lines is predicted to be about 50 eV, with more typical
values of about 10 eV. Larger equivalent widths are
expected in regions of the spectrum in which the lines are
observed against the attenuated central continuum.
Notable examples are H-like and He-like lines of neon,
magnesium, and silicon. Observations of several such lines
(albeit with large uncertainties) have been reported in NGC
3783 (George et al. 1995) and NGC 4151 (e.g., Yaqoob et al.
1996), all at the limit of ASCA’s capability. Future X-ray
experiments, with their much improved energy resolution,
should have no difficulty detecting these lines.

X-ray emission lines with much larger equivalent widths
are expected in cases in which the central continuum is
totally obscured. The nuclei of Seyfert 2 galaxies that
contain enough ionized material, like NGC 1068 (see, e.g.,
Marshall et al. 1993), are the best cases for comparison with
the model predictions. Our calculations show that the line
equivalent width, in such cases, is practically independent of
the covering factor, so future detection is merely a question
of adequate signal-to-noise ratio (S/N). We have also shown
that at very low densities, the temperature and level of ion-
ization of the gas may be unfavorable for the formation of
the lines (e.g., Fig. 8). We could not compare our calculated
EW(gas) to those of KK95, who aimed at similar physical
situations, since those authors did not provide their result in
a numerical form.

4.3. UV and EUV Emission Lines

Following the general discussion of Paper I, we have
calculated the intensity and equivalent width of many UV
emission lines. Only two of those, O vi 11035 and Ne vm
AT74, are strong enough to be observed. Their calculated
equivalent widths are shown in Figure 10 for the case of
ng =10'"" em™3, C, =1, and the full range of Uy and
column density. The maximum calculated EW(obs) are 6
and 60 A for Ne vt 1774 and O v1 11035, respectively.

O v1 41035 is one of the strongest observed AGN lines,
with rest equivalent width in the range 5-50 A. Present
BLR models are quite successful in predicting its intensity
for “standard BLR” conditions with C, = 0.1. Under
favorable conditions, the contribution of highly ionized,
Ux = 0.1, gas to the line equivalent width is approximately
5C, A for N, = 10**5 cm~2. The contribution is much
smaller for larger Uy. Thus a full-coverage warm absorber
can substantially contribute to the observed intensity in
objects of relatively weak O vi A1035. We note, however,
that O v1 41035 is stronger in low-luminosity AGNs, where
warm absorbers seem to be more common. The idea of a
large contribution to O vi 41035 from an optically thin
component is not new (Netzer 1976) and has been studied in
detail by Shields, Ferland, & Peterson (1995). Here we have
demonstrated that the ionization parameter of this com-

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


http://adsabs.harvard.edu/abs/1996ApJ...473..781N

790 NETZER

log U(0.1-10 keV)

ponent is considerably higher than previously thought. We
note, however, a large uncertainty in the calculated intensity
of the line due to the unknown continuum shape around
120 eV.

As for Ne v 1774, the line is calculated to be strongest
for Uy ~0.15 with maximum, full-coverage equivalent

T
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10° ®  strong IR

O weak IR

IIHII\

Te
I

1

10°

I\IIH‘

Log density

F1G. 7—Electron temperature as a function of density for the standard
case with Uy = 0.2 and two assumptions about the shape of the central
continuum, as marked. Note the larger temperature increase in the “strong
IR ” continuum, due to free-free heating.
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width of about 3 A for a column density of 1022-5 cm ™2 and

about 6 A for a column density of 1023-5 ¢cm™2. This line
has recently been observed in several Hubble Space Tele-
scope Faint Object Spectrograph snapshot observations
(Hamann, Zou, & Tytler 1995b) and in the quasar PG
1148 + 549 (Hamann et al. 1995a) with typical rest equiva-
lent width of 5-10 A. Thus a warm absorber with properties

O vii 568

10

EW(con)

Log density

FiG. 8—EW(con) as a function of density for several lines. Uy = 0.2,
N,y =10?**cm™2,and C, = 1.0.
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similar to those discussed here can explain a large fraction
of its observed intensity provided that the covering fraction
is close to unity. Hamann et al. (1995a) have investigated
this issue and reached similar conclusions. Their model,
while different from ours in details, produces similar results,
and we agree with most of their conclusions.

Finally, we do not show the calculated EW of other UV
lines that are either too weak (C v 11549 and N v 41240) or
else too far into the UV to be observed (Mg x 4615 and
Si x11 1506).

O vi 1034A

-5 708

log U(0.1-10 keV)

log column

X-RAY LINES 791

Regarding the EUV range, the only published results are
by Kaastra, Roos, & Mewe (1995), who observed NGC
5548 with the Extreme Ultraviolet Explorer (EUVE) satel-
lite. These authors obtained a reasonable S/N spectrum of
the 70-100 A range and claimed to have detected several
emission lines at 72 A, 90 A, and perhaps also 85 A. The
proposed line identifications are Ne v 488, Ne vt 188, and
Si vi 170.

Our calculations show that the strongest 70—100 A emis-
sion lines in photoionized gas are due to recombination.
These lines are the Hp transition of O*#, Ne vir 488, and
Ne vin A88. Some collisionally excited Fe xvi lines are
strong too. The neon-line intensities can be compared with
the intensity of Ne vi1 A774. This yields

I(Ne v 288) 5 x 107*T;°3
I(Ne vim A774) ~ exp (—1.86 x 105/T)’

I(Ne vim 188) 1073103 N(Ne*?®)
I(Ne vim 1774) ~ exp (—1.86 x 10°/T,) NNe*7)’

where we have assumed that some 20% of all recombi-
nations of Ne "6 and Ne*” lead to the above recombination
lines. At the typical electron temperature of ~10° K, both
recombination lines are orders of magnitude weaker than
Ne vir A774.

Our calculations show also that the equivalent width of
the stronger neon recombination line, Ne v 488, assuming
thermal line widths, is only 0.3 A, much weaker than
observed by Kaastra et al. (1995). The ratio with Ne v
AT74, for these maximum-intensity conditions (Ux = 0.26,
N, = 10%39),is 7 x 10~ (!). Moreover, for the conditions
most favorable to the production of the above neon lines,
their total flux is only a few percent of the hydrogen Ly« flux
originating in the same clouds. If the line fluxes are as large
as claimed, the Ly« flux would exceed the observed value by
a very large factor, i.e., the observed Ly« in this source would
have to originate from the highly ionized component. This
is definitely not the case in NGC 5548.

Kaastra et al. (1995) have noted the expected weakness of
the neon recombination lines and suggested that continuum
fluorescence, under large-microturbulence conditions, can
explain the discrepancy. We have tested this idea, under a
very large range of velocities, by using our detailed calcu-

@

©)

Ne viii 774A

15 78

log U(0.1-10 keV) log column

F1G. 10.—Three-dimensional observed equivalent widths for Ne vir A774 and O v1 411035
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lations and assuming no line-of-sight absorption toward the
central source. There is a clear contradiction with the UV
observations of the source since continuum fluorescence
also affects the lines Ne vim 4774 and O vi 41035, and the
two are calculated to be much stronger than the proposed
88 A lines and also Lyo. This would lead to a UV spectrum
never observed in AGNs. Thus, from the point of view of
the observed 70-100 A equivalent widths and the relative
line intensities, the proposed identifications of the EUVE
88 A feature are questionable.

4.4. Ultraviolet Absorption Lines

Intrinsic absorption systems are often observed in the
IUE spectra of Seyfert 1 galaxies and low-redshift quasars
(Ulrich 1988). About one in 10 Seyfert 1 galaxies shows C 1v
A1549 in absorption, and the actual number is likely to be
larger because of the limited resolution and S/N of IUE.

Several recent papers (Mathur et al. 1994; Mathur 1994;
Mathur et al. 1995; Kriss et al. 1996a) have addressed the
possible association of such systems with the warm X-ray
absorbers. In two quasars, 3C 351 (Mathur et al. 1994) and
3C 212 (Mathur 1994), and in one Seyfert 1 galaxy, NGC
5548 (Mathur et al. 1995), there seems to be good agreement
between the observed UV and X-ray absorption, and the
authors argued that all absorption was due to the same
physical component. In another Seyfert 1 galaxy, NGC
3516 (Kolman et al. 1993; Kriss et al. 1996a), the situation is
more complex and probably time-dependent. According to
Kriss et al. (1996a), the observed C 1v 11549, N v 11240, and
O vi 21035 absorption lines are inconsistent with the
parameters of the strongest X-ray absorber, as observed

Vol. 473

simultaneously by ASCA. These authors concluded that
there are several UV-absorbing components and that the
strongest absorption lines come from gas that is consider-
ably more neutral than the observed X-ray component.

To address this issue in a systematic way, we have calcu-
lated C*3, N*4 O%5, and Ne*7 column densities for the
entire parameter space considered here. The results are
shown in Figure 11 as column densities of the absorbing
ions and as line equivalent widths for a specific Doppler
parameter of 100 km s~ 1, similar to that observed in several
well-studied cases. The calculations pertain only to the con-
tinua discussed here (Fig. 1), and individual objects should
be investigated with their observed continuum since the
shape of the 50-150 eV continuum may differ from ours.

Given the chosen continuum, it is evident that a signifi-
cant EW(C 1v 11549) can only be attained for large (> 10>
cm~?) column densities. In particular, the small X-ray
column deduced for NGC 5548 (Mathur et al. 1995 and
references therein) of 3.8 x 10?! cm ™2 makes it difficult to
explain the observed C v 11549 equivalent width in this
source. Of greater importance is the consistency check
between C 1v 11549, N v 41240, and O v1 41035. Because of
the increasing ionization potential, and despite the smaller
nitrogen abundance, the absorption equivalent width of
O v1 21035 is always the largest, and that of N v 41240 is
almost always larger than EW(C 1v A1549). This presents a
serious problem for NGC 5548 and perhaps other sources.
The definitive test is the equivalent width of O vi 41035,
which is calculated to be significant in almost all cases of
warm X-ray absorbers. This could be tested against the
handful of Hopkins Ultraviolet Telescope Seyfert 1 obser-
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vations and the numerous observations of z > 0.1 quasars,
especially those suspected to show warm X-ray absorption.

4.5. Locations and Properties of Ionized Absorbers

A very interesting question of AGN X-ray research is the
location and properties of the ionized absorbing gas. Paper
I focused on nearby gas, as close as or even closer than the
BLR. Many of the models shown in the present work, and
the chosen fiducial density of 10'* cm™3, pertain to this
possibility. Here we extend the discussion to include other
locations, with emphasis on a new idea that unifies the
“classical” BLR and the X-ray absorber. The discussion is
based on the following estimated density of the warm
absorbing gas:

Nya ~3 x 10°L,, R;;2 cm™3, 6)

obtained by scaling to the typical ionization parameter of
the 10!'° cm™3 BLR gas, and it assumes an approximate
BLR size of R ~ 0.01LY2 pc, where L,, is the ionizing
luminosity in units of 10** ergs s .

Spectral fittings of absorbed X-ray spectra are insensitive
to the density and hence the location of the absorbing gas.
They are sensitive to the covering fraction and, to some
extent, to the gas velocity. Assuming a general decrease of
density as a function of distance from the center, we identify
two major differences between compact and extended
absorbers, the recombination time and the amount of
absorbing gas (related also to the physical size of the
absorber). A search for time-variable absorbing features will
provide a measurement of the recombination time and will
help to identify the location of the gas. This has been exten-
sively discussed in the literature, most recently by Reynolds
et al. (1995) and Mathur et al. (1995). Emission-line varia-
tions, in response to the varying X-ray continuum, have
been suggested as another means of locating the X-ray
absorber (George et al. 1995). This is currently under inves-
tigation. As for the second difference, the larger inferred
mass of extended absorbing gas has little implication to
X-ray spectral fittings but is crucial for the modeling of the
nucleus. For example, a detection of expansion velocity will
indicate a gas reservoir near the center. Such streaming gas,
if of low enough density, contains most of the mass of the
nucleus outside the black hole and the central accretion
disk.

Given the limited information on the absorbing gas
density, column density, ionization, and covering fraction,
we suggest the following “evaporating cloud model” for
AGNSs: The model assumes a clumpy BLR with a covering
factor of order 0.1, ny ~ 10'° cm ™3, and approximately
spherical distribution. The “clouds” are either bloated stars
with extended winds (Alexander & Netzer 1994, 1996) or
seeds of high density that lose mass to the intercloud
medium. For bloated stars, the winds are attached to the
star up to a radius of order 10'* cm, where the wind density
is a few times 10° cm ~3. This outer radius is determined by
tidal forces and Comptonization (Alexander & Netzer
1996). The seeds may be smaller, with density and dimen-
sions similar to what is customarily assumed for BLR
clouds. The flow produces lower density, higher ionization
gas of large covering fraction. A stable situation may
involve wind material filling almost all space between
clouds and decreasing in density as it moves away from the
seeds, reaching a density of a few times 108 cm™3. The
decreasing density results in an increasing level of ioniza-
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tion, corresponding to increase in Uy by an order of magni-
tude at the point where the gas detaches itself from the
clouds, i.e., some 10—40 times the ionization parameter of
the BLR gas. At such Uy, the electron temperature is still
below T,,,,, discussed in § 2. The dominant stages of ioniza-
tion of oxygen are O"5-O*®, and the column density is
comparable to the column density of the BLR clouds (the
outer layers of the bloated star).

General considerations suggest that the intercloud, high-
ionization gas, which is exposed to the full radiation of the
central source, is accelerated outward and that the density
and column density decrease with distance. At an expansion
velocity of a few hundred km s~?, the density is of the order
of 108 cm ™3 and the ionization parameter is a few times
larger than the previously mentioned value, ie., about 50
times that in the edge of the clouds. At this value of Uy, the
gas temperature is close to T,,,, and further reduction in
density causes it to become unstable and disappear from
direct view.

A full solution, combining the gas motion and dynamics
with the mass loss from the seeds, is beyond the scope of this
paper. The stability of the cloud must be addressed, as well
as the total Compton depth of the medium. There is yet no
independent evidence for the outward motion of the X-ray—
absorbing gas (except for the consistency argument involv-
ing the UV absorption lines), and there are other
uncertainties. We note, however, the similarity of the mass-
loss rate from bloated stars (Alexander & Netzer 1996) and
that inferred from the velocity of the UV absorption
systems. We also note that the level of ionization of the
warm X-ray gas, as observed in many AGNS, and its cover-
ing fraction are consistent with the density, column density,
and covering fraction assumed in this model. Finally, the
ionized gas pressure is comparable to the BLR gas pressure.
If proved correct, the model can account for all the
observed UV and X-ray components: broad emission lines,
narrow blueshifted absorption lines from gas outside of the
BLR, and X-ray absorption and emission. A highly simpli-
fied picture demonstrating this idea is shown in Figure 12.

4.6. Open Questions

Several issues discussed in this paper are still observa-
tionally or theoretically unknown. The partial list below
could serve as a starting point for further study.

1. How common are warm absorbers in AGNs? Are they
less frequent in high-luminosity AGNs?

2. How common are UV absorption lines? Are they
detected in all cases in which a large column density of
X-ray gas is present ? If not, why ?

3. Can the location and density of the warm X-ray—
absorbing gas be deduced from reverberation mapping of
X-ray lines?

4. How strong are the iron L-shell lines? Can they influ-
ence the determination of absorption-feature energies?

5. How stable is the warm absorbing gas, and what is the
effect of expansion cooling on the derived temperature and
level of ionization ?

6. What is the covering fraction of the warm absorbing
gas? Is it a function of distance from the center?

7. How viable is the “evaporating cloud model”? Are
the predicted mass loss, column density, and covering frac-
tion consistent with the observations?

8. Are there several distinct warm-absorber com-
ponents? This would require the calculation of different
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FiG. 12—Simplified composite model combining mass loss from BLR clouds (“ seeds ” or bloated stars) with the resulting outflowing intercloud medium,

which is responsible for the UV and X-ray absorption.

geometries in which different lines of sight combine emis-
sion and absorption in different proportions.

5. CONCLUSIONS

We have investigated the most important physical pro-
cesses in X-ray—photoionized gases and shown calculated
line intensities and equivalent widths over a large range of
density, column density, and ionization parameter. We
found that, in unobscured AGN:Ss, the strongest 0.1-10 keV
lines will show as small (5-50 eV) equivalent width emission
features. Obscured AGN:Ss, like Seyfert 2’s, are expected to
show much stronger lines. We have investigated the stabil-
ity and temperature of the X-ray—absorbing gas and find
that the gas is thermally stable up to a temperatures of
about 2 x 10° K. Continuum fluorescence of X-ray lines is
not significant for the column density and level of ionization
thought to be typical of warm absorbers in AGNs. The
X-ray-ionized gas is expected to produce some strong

far-UV emission lines, and its properties are similar to those
deduced for several UV-absorbing systems. Combining all
known nuclear components in AGNSs, a model has emerged
in which the X-ray—absorbing gas is just outside the BLR
with a typical density of a few times 108 cm ~3.
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APPENDIX

General descriptions of ION can be found in Paper I, in Netzer et al. (1994), and in references cited therein. Below we

provide some more information pertaining to the present work.

Al. H-LIKE AND He-LIKE LINES

All H-like ions, except for hydrogen and He™, are treated as five-level systems plus a continuum. The 2s and 2p levels are
treated individually, and the other levels are assumed to be collisionally mixed. The main source for the 2s—2p collisions is
Zygelman & Dalgarno (1987). Other collisional rates are obtained from references cited in Callaway (1994). Transfer in all

lines is included with the standard escape-probability formalism.
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FiG. 13.—Temperature vs. ionization parameter for two extreme assumptions about the density dependence of the dielectronic recombination rates. The
suppression is according to eq. (A1), and all models calculated in this paper fall between the lines, closer to the full-suppression curve.

He-like ions, except for He 1, are treated as seven-level systems, including the levels 1 1S, 2 'S, 2 'P, 2 38, and 2 3P (three
levels). Collisional rates are based on the references in Dubau (1994) and do not include collisions with protons (e.g., Mewe &
Schrijver 1978). All optical depths are treated with the local escape probability, and all emitted photons are lumped, in the
final stage, into one representing transition.

A2. PHOTOIONIZATION AND RECOMBINATION

The present calculations do not make use of the new Opacity Project photoionization rates (Verner et al. 1996). This is not
very important since the inner-shell cross sections, and the cross sections of highly ionized ions, are not likely to change by
much.

Radiative recombination rates are based on the photoionization cross sections. Dielectronic recombination at low tem-
perature is not very important, but the density-sensitive high-temperature dielectronic rates can dominate the recombination
of many species. The density-dependent coefficients for those were not available, and we have adopted a simplified, uniform-
density suppression factor, S, for all ions at all densities above 10°> cm ™ 2. This has the form

S, = max [S, n. 1.818(1 — 0.09 log N,)], (A1)

where S, ..., is adjustable. We have investigated the dependence on this assumption by calculating the gas temperature, over a
large range of density and Uy, with several chosen values of S, ,,,.,. An example showing this behavior for ny; = 10® cm ™2 is
given in Figure 13. As seen in the diagram, the gas temperature is indeed sensitive to the dielectronic recombination rate at
large Ux. The value of S, ,,, chosen for all calculations in this paper is 0.1, which results in temperatures close to the
full-suppression curve shown in the diagram. This density sensitivity can explain part of the line intensity behavior shown in
Figure 8.

Three-body recombination is important at all densities exceeding ~ 10! cm 3. Its relative contribution to the total rate is
a function of temperature and charge of the recombining ion. The calculations assume that all high-temperature dielectronic
recombination and three-body recombination are to high energy levels. Thus the effective recombination coefficients of most
lines, and the ground-level recombination, were computed with an enhancement factor, taking into account the extra
recombination, on top of the radiative recombination contribution.

Finally, we have included additional recombination lines, on top of the already mentioned H-like and He-like lines. There
are between three and five lines per lithium-like ion, three lines for each of the beryllium-like ions, and several Fe L lines. For
the Li-like and Be-like ions, we do not have accurate effective recombination coefficients, and the calculated intensities are
rather uncertain. More accurate data were available for many iron L-shell lines (D. Liehdal, 1995, private communication).
The present calculations include only the three to five strongest lines per ion for Fe xvii—xx1v.
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Note added in proof —After this paper was accepted for publication, we received a paper by T. R. Kallman, D. Liedahl, A.
Osterheld, W. Goldstein, & S. Kahn (ApJ, 465, 994 [1996]). The treatment of the Fe L spectrum in this paper is much more
complete than that in the present work, and many more lines are included. However, the paper addresses only the optically
thin situation and cannot, therefore, be applied for most of the models shown here.
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