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ABSTRACT

Plasma emission codes have become a standard tool for the analysis of spectroscopic data from cosmic
X-ray sources. However, the assumption of collisional equilibrium, typically invoked in these codes, renders
them inapplicable to many important astrophysical situations, particularly those involving X-ray photoionized
nebulae. We illustrate this point by comparing model spectra which have been calculated under conditions
appropriate to both coronal plasmas and X-ray photoionized plasmas. We show that the (3s-2p)/(3d-2p) line
ratios in the Fe L-shell spectrum can be used to effectively discriminate between these two cases. This diagnos-
tic will be especially useful for data analysis associated with AXAF and XM M, which will carry spectroscoplc
instrumentation with sufficient sensitivity and resolution to identify X-ray photoionized nebulae in a w1de

range of astrophysical environments.

Subject headings: atomic processes — line formation — X-rays: binaries — X-rays: spectra

I. INTRODUCTION

X-ray-emitting cosmic plasmas exist in a rich variety of
physical conditions, ranging from the hot (107-108 K), tenuous
(1073 cm™3) intracluster medium in galaxy clusters, to the
relatively cool (104 10% K), dense (>10!! cm™3) regions of
accretion flows in X-ray binaries. Spectroscopy in the soft
X-ray band (5-45 A), which includes the K-shell transitions of
C, N, O, Ne, S, and Si, and the L-shell transitions of Fe and Ni,
provides a valuable probe of the extreme environments associ-
ated with these sources. However, the rather modest sensitivity
and spectral resolution of the available instrumentation in this
wavelength region have precluded detailed spectroscopic
studies of all but a few objects. This situation can be expected
to improve dramatically with the next series of major X-ray
observatories (AXAF, XMM) which will provide spectro-
scopic data comparable in quality to that now available to
solar physicists.

In terms of atomic physics processes, X-ray—emitting astro-
physical plasmas divide into two broad, but sharply defined,
categories, collision-dominated and  photoionization-
dominated. In a collision-dominated plasma, the heating is by
mechanical processes, ionization is by electron-ion collisions,
and excited atomic levels are populated by electron impact.
The abundance peaks of soft X-ray emitting ions generally
occur at temperatures greater than 10% K., At these high tem-
peratures, ionization is balanced primarily by dielectronic
recombination. Optically thin plasmas fulfilling these condi-
tions are referred to as coronal. Coronal conditions comprise
the basis of most plasma emission codes (e.g., Raymond and
Smith 1977; Mewe, Gronenschild, and van den Oord 1985).

For X-ray photoionized nebulae (XPN), the presence of a
strong source of ionizing radiation has a significant effect on
the state of the gas. Recently, a number of models have been
constructed to estimate physical conditions in such plasmas
(Tarter, Tucker, and Salpeter 1969; Hatchett, Buff, and
McCray 1976; Kallman and McCray 1982, hereafter KM).
These calculations show that XPN plasmas are generally

overionized relative to the local electron temperature. Col-
lisional excitations out of the ground state, which involve
changes in the principal quantum number, are exceptionally
rare since the ratio of excitation energy to mean electron
energy can be ~ 100. Instead, excited levels are populated pre-
dominantly by radiative recombination (RR) or cascade fol-
lowing recombination.

These differences in line excitation processes severely impair
the applicability of the commonly used coronal plasma emis-
sion codes for analyzing spectra of XPN sources. The XPN
calculations themselves do not include sufficient atomic detail
to be used for spectral modeling, For example, individual ions
are modeled in terms of representative levels, generally fewer
than 10 (KM). The lack of suitable spectral models has, in fact,
hampered the interpretation of the few moderate-resolution
X-ray spectra of X-ray binaries (XRBs) which have so far been
acquired (Vrtilek et al. 19864, b).

In this Letter, we concentrate on the differences in line exci-
tation mechanisms relevant to coronal and photoionized
X-ray-emitting plasmas, with the aim of characterizing the
degree to which these differences may be evident in the X-ray
line spectra. For the XPN case, we use the solution of the
ionization and energy balance equations provided by KM to
obtain an estimate of the electron temperature and to set the
ionization balance. We extend the KM calculations by increas-
ing the level of detail in the atomic models for the ions
Fe xvi-xix. In order to highlight essential differences in line
excitation mechanisms and the resultant spectra, we compare
the XPN spectrum with the spectrum resulting from new cal-
culations for the same ions under conditions appropriate to
coronal equilibrium.

We show that the strong 34-2p transitions which dominate
Fe L-shell spectra from coronal plasmas should not be present
in spectra from photoionized plasmas. Rather, the strongest
lines are due to the 3s—2p transitions. This distinction may
serve as an observational criterion by which X-ray sources can
be classified according to the dominant mode of line excitation.

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1990ApJ...350L..37L&amp;db_key=AST

Although such classifications are qualitative, they are neces-
sary in order to establish the context in which quantitative

‘diagnostics are to be applied and interpreted. Indeed, even the

usually straightforward task of line identification must be
modified to account for the different population mechanisms
operating in photoionized plasmas.

In § II, the details of the atomic calculations are discussed.
We present our results concerning population mechanisms and
emission rate spectra in § III. The specific mechanisms
responsible for the different behavior in the two environments
are discussed in some detail for select lines. In § IV, we address
the problem of line identification and discuss the extent to
which our results permit a classification of line-emitting
plasmas into two types by virtue of their X-ray line spectra. In
this Letter, we emphasize the qualitative aspects of our results.
A more thorough treatment of Fe L-shell line formation in a
wide range of physical environments will appear in a sub-
sequent paper.

. ATOMIC PHYSICS CALCULATIONS

Our calculations have emphasized atomic processes in
highly ionized Fe since emission lines from several ionization
stages of Fe are expected to be quite prominent in X-ray
spectra from cosmic sources. The n = 3 to n = 2 transitions in
highly ionized Fe are among the brightest soft X-ray lines seen
in spectra from solar flares and active regions (see McKenzie et
al. 1980). The supernova remnant, Puppis A, also exhibits
strong Fe xvi emission (Winkler et al. 1981). While definitive
identifications are difficult, most of the line emission which has
been observed in the soft X-ray spectra from XRBs is probably
due to Fe L-shell transitions (Kahn, Seward, and Chlebowski
1984; Vrtilek et al. 1986a, b).

We have calculated model spectra for the ions Fe xvi—x1x
(sodium though oxygen isoelectronic sequences) under condi-
tions appropriate to two distinct environments: (1) a hot
coronal plasma in collisional equilibrium, and (2) an XPN. We
assume ionization equilibrium (Arnaud and Rothenflug 1985)
and an electron temperature of 500 eV (log T, = 6.76) for the
coronal spectrum and, based on the KM calculations, set the
electron temperature at 10 eV (log T, = 5.06) for the XPN
calculation. The rate equations are solved in steady state for
the excited level populations.

In both cases, we have set the electron density to 10!! cm ™3,
In fact, our results are density-independent below ~ 1013
cm™3. As our calculations are fully collisional-radiative, the
higher density regimes are entirely accessible. However, we
limit the scope of this Letter in order to highlight the more
salient features of line emission in XPN, deferring a treatment
of the subtleties of density effects to a future paper. To further
motivate our choice, it can be argued that the bulk of the X-ray
line emission is unlikely to have its origin in plasmas of high
density in either coronal or XPN sources. For example, the
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TABLE 1
CORONAL MODEL ATOMIC CONFIGURATIONS

Number of
Species Levels Configurations
Fexvi...... 242 2522p°3l1, 2522p33131'
Fexvi ..... 89 2522p5, 25229331, 2522p%41, 252p°31, 2s2p41
Fe xvi 113 2522p5, 252p®, 2522p*31, 252p°3l, 2pS3l
Fexix ...... 226 2522p%, 252p°, 2p°, 25°2p®31, 2s2p*3l, 2p°31

cooling times (ocn; ') implied by densities on the order of 1013
cm ™3 are inconsistent with the decay times observed in solar
flares (e.g., Phillips et al. 1982). For the case of XPN, assuming
a typlcal XRB scale size of ~10'! cm, densities above 10*3
cm ~® are accompanied by the onset of nonnegligible Compton
scattering opacity.

The atomic structure, radiative decay rates, and rates for
electron impact excitation have been calculated using the
HULLAC atomic physics package (Klapisch 1971; Klapisch et
al. 1977). The atomic structure is calculated using the rela-
tivistic, multiconfiguration, parametric potential method.
Radiative transitions between all levels are calculated and
include the multipoles E1, E2, M1, and M2. Collisional rates
are calculated using the quasi-relativistic distorted wave
method (Bar-Shalom, Klapisch, and Oreg 1988). The accuracy
of the theoretical wavelengths and radiative rates for X-ray
transitions are approximately 0.1% and 10%, respectively
(Klapisch et al. 1977; Bar-Shalom 1989). The collisional rates
agree with the predictions of previously calculated rates to
within ~ 10% (Bar-Shalom, Klapisch, and Oreg 1988). Model
calculations for coronal spectra have compared favorably with
solar data (Liedahl et al. 1988).

Because of the importance of cascades following RR in an
XPN, we have used larger atomic models than in the coronal
case. The configurations which are included are listed in Tables
1 and 2. Collisional rates involving n = 5 in the Fe xvii model
and n = 4 in the Fe xvin and Fe x1x models have not been
calculated since, at the low XPN temperature, these levels
cannot be reached collisionally from their respective ground
states. Furthermore, at densities likely to be encountered in
astrophysical plasmas, these states will not be collisionally
mixed due to the ready availability of “allowed” radiative
decay channels. Further descriptions of the relevant atomic
processes for the coronal case appear in Goldstein (1988) and
Liedahl ez al. (1988).

In order to test the importance of line excitation following
dielectronic recombination (DR) in the XPN model, we have
explicitly calculated the DR rates of Fe xvi through the
Fe xvu 252p®6l channels (I =s, p, d, f), the lowest energy
autoionizing configurations involving the 2s2p® core. This cal-
culation includes the resonant excitation of the 2s*2p,,, 2p3,
level of Fe xviir. Solution of the rate equations including these

TABLE 2
XPN MopDEL AToMIC CONFIGURATIONS

Number of
Species Levels Configurations
FEXVI vvoeneennn.. 139 252205, 2522p%31, 2522p4l, 252p®31, 252p%4l, 257251
FeXvill ......c.ven... 198 2522p%, 252p8, 25%2p*3l, 252p°31, 2p°3l, 2522p*4l
FeXiX .....ooeuenn. 341 2522p*, 2s2p°, 2p" 2522p°31, 252p*31, 2p°31, 2s72p%4l
FEXX oveennennnnnnn. 15 2522;:3 252p*, 2p°
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Fi6. 1—Model emission rate spectrum for Fe xvi-xix under conditions
appropriate to coronal equilibrium, k7T, = 500 eV, n, = 10** cm~3. The line
profiles are Gaussian with a FWHM of 0.025 A. The emissivity scale is arbi-
trary.

processes indicates. that the X-ray line spectrum is unaffected
by DR of Fe xvii at low temperatures. DR through interme-
diate states within configurations of the form, 2s*2p, ;, 2p3%,, nl,
can be expected to be of even less importance in light of the
n~3 DR scaling law (Cowan 1981), since the energetics of radi-
ationless capture requires n > 13. DR through higher lying
doubly excited states of Fe xvil need not be considered since all
autoionizing series of the form, (2s2p)°nin’l' (n,#’ = 3) overlap a
negligible fraction of the XPN electron distribution. By the
same reasoning, Fe xv1 DR satellites to Fe xviI resonance lines,
contributors to coronal X-ray spectra (see Smith er al. 1985)
cannot be produced in XPN. Similar arguments apply to the
remaining ions in our model.

The RR cross sections are obtained from the photoioniza-
tion cross sections (Scofield 1988; Saloman, Hubble, and Sco-
field 1988) using the Milne relation. We adopt a modified
bremsstrahlung radiation field of the form J, = Lf,/4nr*, where
f. =T, ! exp (—¢/kT,,q). Here, € is the photon energy, L is
the integrated source luminosity, r is the distance from the
central source, and kT, is the radiation temperature, taken to
be 10 keV. Numerical values of L/r? are taken from KM.

III. RESULTS

Figures 1 and 2 show two model emission rate spectra.
Figure 1 is calculated under conditions of collisional ionization
equilibrium at kT, = 500 eV. Figure 2 is calculated under con-
ditions of photoionization equilibrium at kT, = 10 eV. Our
calculation is somewhat idealized in that we have not included
line emission from other elements or higher ionization states of
Fe. In the XPN case, we defer discussion of the temperature-
dependent recombination continua to a future paper. Prelimi-
nary results indicate that the 13-18 A band is not appreciably
contaminated by continua. However, Fe xx lines contribute to
the spectrum between 13 and 15 A.

The model coronal spectrum shows substantial contribu-
tions from 3d-2p transitions of the Fe xvi—xix ion stages. This
is to be contrasted with the XPN spectrum which is made up
almost entirely of transitions of the type 3s-2p. We note, in
particular, the relative strength of the Fe xvui line blend at
16 A in the XPN spectrum, the persistence of the Fe xvr lines

wavelength (&)

Fi16. 2—Model emission rate spectrum for Fe xvi—x1x under conditions
appropriate to an X-ray-photoionized nebula, kT, = 10 eV, n, = 10'* cm™3,
The line profiles and emissivity scale are the same as for Fig. 1.

at 17 A, and the near disappearance of the Fe xvi lines at
15.01 A and 16.77 A in the XPN spectrum. Note that the XPN
emission at ~15 A is due to Fe x1x rather than Fe xvi. Here
we will offer only brief explanations of most of these features.
However, due to the “ benchmark ” status of the Fe xvi line at
15.01 A, we discuss its disappearance in some detail.

The three 3d (j = 1)-2p lines at 15.01, 15.26, and 1545 A,
referred to as the C, D, and E lines (Parkinson 1973), and the
three 3s—2p lines at 16.77, 17.05, and 17.10 A, the F, G, and M2
lines, are well-known components of solar X-ray spectra. They
have been the subjects of detailed studies at high temperatures,
both experimentally (sec Rugge and McKenzie 1985) and theo-
retically (see Smith et al. 1985). We extend this work by con-
sidering the relevant atomic process in a low-temperature,
overionized plasma.

The disappearance of the 34 lines in the XPN emission rate
spectrum is easy to understand in the comtext of a
photoionization-dominated plasma. Due to the vanishingly
small collisional rates to 3d states from the Fe xvn ground
state, the mechanism responsible for the high intensity of these
lines in coronal plasmas is inoperative in the XPN. As a result,
both the 3s and the 3d states are populated by cascade follow-
ing RR. The large (> 25) 3s/3d line ratios are to be expected by
virtue of the relative energies of the 3s and 3d levels, as we now
explain. Since the three Fe xvi 3d (j = 1) states have large
transition rates to the ground state, they decay rapidly. The
other nine 3d levels have j = 0, 2, 3, or 4 and will decay prefer-
entially to 3p levels, as they have no available E1 channel to the
j = 0 ground state. Thus, most of the 3d levels act as sources for
the various 3p levels. Note that the majority of these latter 3d
states are those with higher statistical weights than the levels
which decay directly to the ground state. Since levels of high
statistical weight receive more population influx by RR than
levels of low statistical weight, the rate for populating 3p states
by way of 3d states is further enhanced. At the same time, the
3p states, particularly the six states with 2s*2pf, 2p3,, cores,
are populated directly by RR. Except for the weak E2 lines, the
3p levels decay to 3s levels. The 3s population is simulta-
neously enhanced by direct RR into the two states with the
25%2p?,, 2p3,, core. Thus, nearly all the flux into the 7 = 3 shell,
whether by RR or cascades from n >3, is directed to
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2522p%5 2p%)5 35 (j = 1, 2), resulting in intense emission at 17.05
A and 17.10 A. This is not the case in coronal plasmas where
much of the flux into the n = 3 shell originates from the ground
state and goes into the 3d (j =1) levels through electron
impact excitation. Analogous behavior is seen in Fe xvin and
Fe xi1x resulting in the strong line blends at 15 A and 16 A (see
Fig. 2). Notice that the longest wavelength lines of each 3s
series are the most intense. This behavior is a consequence of
the higher statistical weights of these levels.

IV. DISCUSSION

Figures 1 and 2 show that the X-ray line spectrum can be a
striking manifestation of the dominant microphysics. In partic-
ular, we have shown that the (3s-2p)/(3d-2p) ratios may be
used to determine the principal mode of line excitation in the
highly ionized line-emitting regions of accretion-powered
X-ray sources. Due to the virtual disappearance of the 3d lines,
these ratios are of no quantitative value. However, they do
provide an effective qualitative diagnostic. Additionally, ratios
of 3s lines from different ionic species can be used to determine
theionization balance.

An example of the potential utility of the qualitative diag-
nostic described above is provided by the Fe x1x 35-2p line just
longward of 15 A seen in Figure 2. This line could easily be
mistaken for the Fe xvn1 3d-2p line seen in Figure 1, if data
were recorded with an instrument capable of only poor to
moderate spectral resolution. This would lead one to conclude,
following the plasma emission codes and line lists, that the
temperature of the line-emitting region exceeded ~2 x 10° K.
Obviously, inconsistencies in the interpretation of the remain-
ing line features would develop as a result of this faulty infer-
ence.

It is interesting to compare Figure 2 with spectral data from
the low-mass XRBs, Cygnus X-2 (Vrtilek et al. 1986b), GX
9+9, and: 1820 — 30 (Vrtilek e al. 1986a). These spectra suffer
from: poos statistical quality so that any conclusions, including
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line identifications, must be considered as tentative. However,
we simply note the persistent occurrence of emission at 15 and
16 A in these spectra. The 16 A feature, sometimes attributed to
O vin Ly8 (Vrtilek et al. suggest O vin and Fe xvi), is accom-
panied by O vi Ly« at 19 /% in spectra from coronal sources.
The apparent absence of O vir Lye in the XRB spectra and the
strength of the 16 A feature suggest that the correct identifica-
tion is the Fe xvm line blend seen in Figure 2. As Vrtilek et al.
(1986a) show for the case of GX 9+9, associating the 15 A
feature with Fe xvi emission from a hot coronal plasma is
inconsistent with the strong 16 A feature. However, if the line is
identified as Fe x1x 3s-2p, the simultaneous appearance of the
15 A and 16 A emission is seen to be consistent with a cool,
photoionized plasma.

The high-quality data expected from future observations of
astronomical X-ray sources are likely to reveal complex
spectra. For example, since XRBs cannot be spatially resolved,
emission originating from both coronal (e.g., White and Holt
1982) and photoionized regions may comprise their integrated
line spectrum. Extraction of the relevant information concern-
ing the geometry of XRBs and physical processes in accretion
flows will rely on the successful disentanglement of such com-
posites. The observational criterion presented here may serve
as a useful discriminant in the analysis of spectroscopic data to
be acquired by AXAF and XMM.
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