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We provide a qualitative review of key X-ray spectral diagnostics of astrophysical
plasmas. We begin with a brief discussion of the two major types of equilibria, colli-
sional ionization and photoionization, and then consider the behaviour of hydrogen-
like, helium-like, iron L-shell and iron K-shell transitions for these separate cases.
Where possible, we discuss explicit examples using high-resolution spectra acquired
by the grating instruments on the Chandra and XMM-Newton observatories.
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1. Introduction

The science of X-ray astronomy was born in 1962 with the serendipitous discovery
of the very bright X-ray binary source, Scorpius X-1 (Giacconi et al . 1962). In the
ensuing 40 years, this  eld has progressed to the point where it is now one of the
`standard’ disciplines of observational astrophysics (see Pounds (2002) and the other
papers in this issue). X-ray observatories have revealed a diverse collection of sources
ranging from the nearest stars to the most distant galaxies in the Universe.

However, until very recently, X-ray spectroscopy of astrophysical sources has been
largely unavailable, due to instrumental limitations. Non-dispersive detectors, chosen
for their high quantum e¯ ciency and large collecting area in most early missions, pro-
vided only crude spectral resolution, insu¯ cient for the unambiguous identi cation
of discrete features. As in other wavebands, spectroscopy is crucial to the derivation
of quantitative constraints on physical conditions in the sources under investigation.

Within the past two years, this need has  nally been met, due to the launches of
two major space-observatory facilities. The Chandra X-Ray Observatory, launched
by NASA in July 1999, carries two separate transmission-grating spectrometers
(Brinkman et al . 2000; Canizares et al . 2000), collectively providing high-resolution
spectra over the broad wavelength band 1{200 A̧ (0.05{10 keV). The XMM-Newton
Observatory, launched by the ESA in December 1999, incorporates re®ection-grating
spectrometers behind two of the three grazing incidence telescopes carried on board
(den Herder et al . 2001). These provide high throughput and high resolution in the
range 5{38 A̧ (0.3{2.5 keV). Together, these instruments are providing magni cent
spectra of nearly all classes of astrophysical X-ray sources.

One contribution of 15 to a Discussion Meeting X̀-ray astronomy in the new millennium’ .
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X-ray spectroscopy is very important for astronomy, because X-ray-emitting gas is
often the key component of the system. For many objects (e.g. elliptical galaxies, clus-
ters of galaxies), the `virial temperature’ kT ¹ GMm p =R lies in the range 106{108 K,
where most of the emission comes out at X-ray energies. In others (e.g. supernova
remnants, binary sources), shocks heat gas into the same temperature regime.

In addition, the conventional X-ray band (0.1{10 keV) is unusually rich in discrete
spectral features: the K-shell transitions of carbon through iron and the L-shell tran-
sitions of silicon through iron fall in this range. In contrast to other wavebands, all
charge states are visible in a single X-ray spectrum. This makes the interpretation
of the spectrum fairly unambiguous. For example, one can derive relative elemental
abundances without invoking any assumptions about the thermal state of the gas.

Finally, because of the high radiative decay rates of X-ray transitions, astrophys-
ical emitting plasmas are generally not in local thermodynamic equilibrium (LTE),
except at very high densities (e.g. in the photospheres of neutron stars and white
dwarfs). This means that the details of the observed spectra are characterized by the
explicit balance between the various microphysical processes that feed and deplete
the relevant quantum levels. While that can occasionally lead to complications in
the interpretation of the data, it also implies that they are quite sensitive to physical
conditions in the source. Hence, X-ray spectra have high diagnostic utility.

2. Types of equilibria

As indicated above, astrophysical X-ray-emitting plasmas are rarely in LTE. Never-
theless, other types of equilibrium can apply. The detailed characteristics of the X-ray
spectra depend crucially on the nature of these equilibria. Two cases are especially
important.

Collisional equilibrium. Here, the excitations and ionizations are dominated by
electron{ion collisions. The electrons are hot, with characteristic temperatures
comparable with the energies of the spectral lines observed. The emergent spec-
trum is nearly a unique function of the electron temperature distribution and the
elemental abundances. These conditions apply in stellar coronae, in the intraclus-
ter media of clusters of galaxies, in elliptical galaxies, and in the shocked gas in
older supernova remnants.

Photoionization equilibrium. In this case, the presence of an intense continuum
radiation  eld has a signi cant e¬ect on the ionization and thermal structure of the
surrounding gas. The electrons are generally too cool to excite prominent X-ray
lines. Instead, excited levels are populated by direct recombination and by radiative
cascades following recombination onto higher levels, and by direct photoexcitation
from the continuum. These conditions can apply in the circumsource media of
accretion-powered sources, such as X-ray binaries and active galactic nuclei.

The principal spectroscopic di¬erences between collisionally ionized and photoion-
ized plasmas are due to the very di¬erent electron temperatures that accompany
a given charge state in the two cases. For collisional ionization, the electron tem-
perature is comparable with the ionization potential, while for photoionization, the
photon  eld does most of the work, so the electron temperature can be much lower.
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Figure 1. The shape of the radiative recombination continua for recombination forming
helium-like oxygen as a function of temperature, assuming the same recombination rate for
each temperature.

For example, the characteristic temperature for helium-like oxygen (O6+ ) in a colli-
sional plasma is kTe ¹ 100 eV (Mazzotta et al . 1998), whereas the same ion is found
in photoionized plasmas at kTe ¹ 8 eV (Kallman & Bautista 2001).

Perhaps the most useful spectroscopic diagnostics for distinguishing collisional
ionization from photoionization are radiative recombination continua (RRC) (see
Liedahl 1999). Radiative recombination generates continua associated with decay
from a Maxwellian electron distribution into individual discrete levels. The emission
`turns on’ at the ionization energy threshold À for a particular level and falls o¬
smoothly toward higher energies, with a characteristic width ca: kTe. In a collisional
plasma, kTe ¹ À , so the RRC are broad and have low contrast. On the other hand,
in a photoionized plasma, kTe ½ À . The RRC are strong and fall o¬ steeply with
increasing energy, or decreasing wavelength.

This e¬ect is illustrated in  gure 1, where we have plotted the emergent spectrum
for pure recombination in helium-like oxygen as a function of the electron temper-
ature. The RRC is the central prominent feature in the plot, with a threshold near
16.8 A̧. As can be seen, as the electron temperature increases, this feature grows
broader, decreasing its contrast with respect to the accompanying discrete line emis-
sion. For a collisionally ionized plasma, the RRC is so broad that it is virtually
invisible.

In  gure 2, we show the spectrum of the bright Seyfert 2 galaxy NGC 1068, as
obtained with the re®ection-grating spectrometer on XMM-Newton (Kinkhabwala et
al . 2002a). As can be seen, the spectrum is rich in emission lines, especially hydrogen-
like and helium-like lines of low-Z metals (carbon, nitrogen, oxygen and neon). The
features labelled RRC in  gure 2 are the radiation recombination continua from each
of these ions. They are narrow, indicating a low electron temperature of a few eV,
characteristic of a photoionized plasma. In NGC 1068, the soft-X-ray spectrum is
produced in an ionization cone, which is irradiated by an intense X-ray continuum
emanating from a central obscured nucleus.
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Figure 2. XMM-Newton re° ection-grating spectrum of the prototypical Seyfert 2 galaxy
NGC 1068 (Kinkhabwala et al . 2002a). Features from hydrogen- and helium-like ions from
carbon to silicon, as well as signi¯cant emission due to iron L-shell transitions, dominate the
spectrum of its active galactic nucleus. Bright, narrow RRC point unambiguously to the pre-
dominance of recombination in a photoionized plasma. Strong higher-order Rydberg transitions
(np ! 1s) are present, implying the photoexcitation contributes to the spectrum as well.

3. Hydrogen-like ions

At the characteristic temperatures of X-ray-emitting plasmas, the low-Z abundant
elements (such as carbon, nitrogen and oxygen) are often found in their hydrogen-
like charge states. The most prominent emission lines from hydrogen-like ions are
the Lyman-series transitions:

Lyman ¬ 1;2: 2p 2P3=2;1=2 ! 1s

Lyman  1;2: 3p 2P3=2;1=2 ! 1s

Lyman ® 1;2: 4p 2P3=2;1=2 ! 1s

...

These lines are usually quite bright, and are therefore good for abundance and
velocity determinations. Examples are shown in  gure 3, which displays the XMM-
Newton re®ection-grating spectrum of the supernova remnant (SNR) 1E0102-72.3
in the Small Magellanic Cloud (Rasmussen et al . 2001). This young core-collapse
remnant is likely to be an oxygen-rich type-1b SNR akin to CasA (Blair et al . 2000),
so the spectrum is dominated by lines of elements produced by ¬ -burning reactions.
The Lyman-series lines ( ¬ through ® ) of hydrogen-like carbon, oxygen, neon and
magnesium are clearly visible in the spectrum, as marked in the  gure.
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Figure 3. XMM-Newton re° ection-grating spectrum of SNR 1E0102-72.3 (Rasmussen et al .
2001). For clarity, the spectrum is shown in both linear (top) and logarithmic units (bottom).
Hydrogen- and helium-like emission lines from carbon to silicon are present with signi¯cant
emission from iron L-shell transitions as well.

Despite their prominence in astrophysical X-ray spectra, Lyman-series transitions
have rather limited utility as density and temperature diagnostics. Lines in this series
are all produced through electric dipole transitions, so the radiative decay rates are
high, and the collisional couplings are negligible. In addition, because of the n¡2

dependence of the hydrogen-like energy levels (where n is the principal quantum
number), the upper levels for the di¬erent transitions in the series are close in energy,
so the Boltzmann factor in the excitation rates varies only slightly from transition
to transition in the temperature range where the hydrogen-like ion is the dominant
species.

At the very low temperatures characteristic of photoionized plasmas, Lyman-series
lines are formed by radiative cascades associated with radiative recombination. The
line ratios produced by these processes are somewhat di¬erent than those associated
with collisional excitation in collisional plasmas. For example, the Ly -to-Ly ¬ ratio
for O7+ is ca: 0:11 for a collision-dominated plasma, while the same ratio is ca: 0:14
for a recombination-dominated plasma (Kinkhabwala et al . 2002b). Similar enhance-
ments are found for the higher series line ratios as well. However, the presence of
signi cant photoexcitation in a photoionized plasma can enhance higher series lines
even more than expected for collision-dominated plasma, thereby complicating this
diagnostic.

4. Helium-like ions

The helium-like K-shell lines are among the most important in X-ray spectra of
cosmic sources. Since the helium-like ground state is a tight `closed’ shell, this is the
dominant ion species for each element over a wide range in temperature, particularly
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in collisionally ionized plasmas. In addition, as we explain below, these lines exhibit
strong sensitivity to electron density, temperature and ionization conditions in the
emitting plasma.

The most important K-shell helium-like transitions are as follows:

W: 1s2p 1P1 ! 1s2 1S0

X: 1s2p 3P2 ! 1s2 1S0

Y: 1s2p 3P1 ! 1s2 1S0

Z: 1s2s 3S1 ! 1s2 1S0

W is an electric dipole transition, also called the resonance transition, and is some-
times designated by r. X and Y are the so-called intercombination lines. These are
usually blended (especially for the lower-Z elements), and are collectively designated
by i. Z is the forbidden line, often designated by f. It is a relativistic magnetic-dipole
transition, with a very low radiative-decay rate.

The temperature sensitivity of these lines arises as follows (Gabriel & Jordan 1969;
Pradhan 1982; Porquet & Dubau 2000): since W is an electric dipole transition, the
collision strength for collisional excitation of this line includes important contribu-
tions from higher-order terms in the partial wave expansion, and thus continues to
increase with energy above threshold. By contrast, X and Z are both electric-dipole
forbidden. The dominant term in the excitation collision strength for these transi-
tions involves electron exchange. Therefore, their excitation collision strengths drop
o¬ strongly with energy above threshold, whereas Y remains relatively constant. As
a result, the line ratio G = (X + Y + Z)=W is a decreasing function of electron
temperature.

The density sensitivity comes from the fact that the 3S1 level can be collisionally
excited to the 3P levels. At high enough electron density, the process successfully
competes with radiative decay of the forbidden line. Therefore, the ratio

R = Z=(X + Y)

drops o¬ above a critical density, nc. The critical density depends strongly on Z . For
C4+ , nc ¹ 109 cm¡3, while, for Si12+ , nc ¹ 1013 cm¡3.

These dependencies are illustrated in  gure 4, which shows the helium-like spectra
of oxygen, nitrogen and carbon for two stellar coronal sources, Procyon and Capella,
as measured with the Chandra low-energy transmission-grating spectrometer (Ness
et al . 2001). The corona of Procyon is both cooler and of higher density than that
of Capella. As can be seen, the forbidden line of carbon is comparatively suppressed
due to the higher density in the Procyon spectrum. However, the density is not
high enough to alter the oxygen lines. Here the forbidden and intercombination line
intensities are comparatively greater for Procyon, because of the lower temperature.

The helium-like line ratios can also be a¬ected by the presence of a signi cant
ultraviolet radiation  eld (Gabriel & Jordan 1969). In particular, the 3S1 level can
be photoexcited to 3P levels, prior to radiative decay, if there is su¯ cient ultraviolet
intensity at the energy of the relevant transitions. That leads to suppression of the
forbidden line and enhancement of the intercombination lines, mimicking the e¬ects
of high electron density. This process is an important contributor in the spectra of
early-type stars, and some accretion-powered sources (Kahn et al . 2001).
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Figure 4. Helium-like triplets for O, N and C from the coronal stars Procyon and Capella (Ness et
al . 2001). (a) Procyon OV I I triplet; (b) Capella OV I I triplet; (c) Procyon NV I triplet; (d) Capella
NV I triplet; (e) Procyon CV triplet; (f) Capella CV triplet.

In photoionized plasmas, the excited levels for helium-like ions are fed directly by
recombination and also by radiative cascades following recombination onto higher
levels. The forbidden line is most intense, since most of the cascades from high-n
and high-l (high-J) levels land on the lowest lying 1s2s (J = 1) level, which pro-
duces the forbidden line. This can be seen in the spectrum of NGC 1068 shown in
 gure 2, for both the helium-like oxygen lines near 22 A̧ and the helium-like nitrogen
lines near 29 A̧. However, if photoexcitation from the continuum is important, the
resonance line can also be enhanced, partly o¬setting this e¬ect. The various con-
tributions can be disentangled by looking at the higher series helium-like transitions
(Kinkhabwala et al . 2002a; b). For high-density photoionized plasmas, the forbid-
den line is suppressed, and the intercombination lines may actually dominate the
spectrum (Cottam et al . 2001).

5. Iron L-shell transitions

Since iron is the most abundant high-Z element, its L-shell spectrum plays a crucial
role in astrophysical X-ray spectroscopy. As a result of their higher ionization poten-
tial, the iron L-shell ions contribute signi cant line emission even when the lower-Z
elements are fully stripped. For collisionally ionized plasmas, this complex samples
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Figure 5. Observed Capella spectrum compared with the total calculated iron (only) spectrum
(Behar et al . 2001). The seven separate plots at the bottom of the ¯gure show the individual
ion spectra of Fe15+ to Fe2 1+ (with fractional contributions to the total in parentheses). The
spectra are calculated assuming plasma conditions of kTe = 600 eV, which provides a very good
agreement with the data. The non-iron lines are indicated by the numbers 1{3, corresponding,
respectively, to lines of neon, nickel and oxygen.

a wide range in temperature (0.2{2 keV). In addition, the L-shell spectrum is very
`rich’, and there is signi cant diagnostic sensitivity.

The brightest iron L-shell lines are of the form:

2s22pk¡13d ! 2s22pk

2s22pk¡13s ! 2s22pk

2s2pk3p ! 2s22pk

The 2p{3d lines generally have the highest oscillator strength. The line positions are
a strong function of charge state. Thus, the ionization structure is easily discernible,
which provides a simple, abundance-independent constraint on the temperature dis-
tribution.

This is illustrated in  gure 5, which shows the iron L-spectrum of Capella, as
observed with the XMM-Newton re®ection-grating spectrometer. Plotted below the
measured data are the calculated contributions from each of the individual charge
states, ranging from sodium-like iron (Fe15 + ) to beryllium-like iron (Fe21 + ). Note the
relatively clean separation between the L-shell complexes from each of these ions,
allowing for easy decomposition of the spectrum, even with only moderate spectral
resolution.

Density sensitivity arises from the fact that the intermediate iron L charge states
(e.g. those that are nitrogen-like and carbon-like) possess a number of low-lying
metastable levels associated with n = 2 ! n0 = 2 excitations. These can be pop-
ulated collisionally, leading to new `seed’ states for 2 ! 3 excitations followed by
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Figure 6. Synthetic iron K-spectrum at a temperature of 35 MK. Line widths are due solely
to thermal broadening. Major features are labelled using the convention of Gabriel (1972). The
relevant atomic data are from Bely-Dubau et al . (1979a; b, 1982). Wavelengths have been shifted
to agree with the laboratory measurements of Beiersdorfer et al . (1993).

3 ! 2 radiative decays. Such density diagnostics `turn on’ at electron densities of
ca. 1013 cm¡3.

6. The iron K-shell complex

The iron K complex is relatively isolated in the spectrum at energies ca. 6{7 keV,
where even non-dispersive detectors have moderate spectral resolution (see  gure 6
for a synthetic iron K-spectrum). Thus, iron K lines were the  rst discrete atomic
features unambiguously detected for cosmic-X-ray sources (see, for example, Sanford
et al . 1975; Pravdo et al . 1976; Mitchell et al . 1976).

An important contributor to iron K emission, especially for accretion-powered
sources, is ®uorescence from cold material in the vicinity of a bright X-ray continuum.
Fluorescence involves a radiative decay following inner-shell photoionization, i.e. a
transition of the form 1s2s22pknl ! 1s22s22pk¡1nl. The excited level, in this case,
can also decay via autoionization by ejecting one of the outer electrons in the valence
shell. This latter process dominates for low-Z elements. However, since radiative
decay rates scale like Z4 and autoionization decay rates scale like Z0 (e.g. Cowan
1981), the ®uorescence yield becomes appreciable for a high-Z element like iron. The
near-neutral iron K ®uorescence line falls at 6.4 keV, easily distinguishable from the
helium-like lines near 6.7 keV and the Lyman ¬ line at 7.1 keV.

The iron K complex also exhibits new features due to the relative importance of
dielectronic recombination (DR). DR leads to lithium-like `satellites’ to helium-like
K-lines: 1s2pnl ! 1s2nl. These satellites are shifted down in energy. Higher n implies
a smaller shift, and is associated with a higher energy of the recombining electron.
Therefore, the satellite spectrum is temperature sensitive (Dubau & Volonte 1980).

At astrophysical densities, all atoms are in the ground state. Most of the satellite
lines cannot be produced by collisional excitation of lithium-like iron (e.g. 1s2p2 !
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1s22p). They come purely from DR on helium-like atoms. However, other lines ter-
minate in the ground con guration of the lithium-like ion (e.g. 1s2s2p ! 1s22s).
These can be produced by both collisional excitation of lithium-like atoms and DR
on helium-like atoms. Hence, the line ratios for these various transitions provide an
independent measure of the charge balance. Analysis of the iron K helium-like spec-
trum thus provides independent constraints on the electron temperature and the level
of ionization, and is ideal for investigating departures from ionization equilibrium.

7. Summary

X-ray spectroscopy provides a unique and powerful new avenue of investigation for
the study of a wide range of astrophysical sources. Discrete X-ray line diagnostics can
be used to provide unambiguous measurements of temperatures, densities, excitation
conditions, ionization balance and elemental abundances. Many of these techniques
have already been employed in the analysis and interpretation of data acquired by
the grating experiments on Chandra and XMM-Newton, especially at soft-X-ray
energies. This  eld is still in its infancy. There are undoubtedly many surprises yet
to come.
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