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Elemental abundances in stellar X-ray plasmas
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Abstract. Studies of abundances of elements in X-ray emitting plasmas
of stars are important as these can help us to understand the chemistry
of stars and their interiors, dispersal of the elements in the supernova explosions and enrichment of interstellar medium, the evolution of galaxies,
and the impact on the compositions of planets around young stars. Here,
I review some recent results of studies of elemental abundances of X-ray
emitting plasmas in the corona of cool stars similar to the Sun, pre-main
sequence low-mass stars, and early-type stars. I discuss the current status
of abundance patterns observed in stellar X-ray plasmas, using plasma diagnostics accessible via high resolution X-ray spectroscopy with Chandra
and XMM-Newton.
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1. Solar coronal abundances and the FIP effect
The chemical composition of the Sun provides the standard for the studies of elemental abundances in other stars. The composition of solar plasmas in the outer
atmosphere is, however, neither uniform nor constant. The abundances in the solar
corona are also found to be anomalous with respect to the solar photospheric composition given by Anders & Grevesse (1989). In fact, the solar corona has a chemical
composition that is more like of the solar wind and solar energetic particles. The
abundance anomalies in the solar coronal plasma appear to be related to the elements
first ionization potential (FIP), with low FIP elements (≤10 eV) found to be enhanced
in the corona by a factor ∼ 3 to 4, and high FIP elements (≥10 eV) having coronal abundances near their photospheric values(Feldman 1992). This FIP effect varies
from one solar feature to another, e.g., in coronal holes, fast solar winds, and new
active regions, and it also varies in time. Abundances also appear to vary during flares
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Figure 1. CCD resolution spectra of AR Lac reproduced from Singh, Drake & White 1996
(Left panel); High Resolution Grating Spectra reproduced with permission from Gudel (2002)
(Right panel)

with some flares showing the FIP effect. It is not clear whether the FIP effect is due
to an enhancement of low FIP elements in the corona compared to their photospheric
values, or whether the high FIP elements are depleted in the corona. Furthermore,
measurements integrated over the full-disk Sun are rare and thus it is difficult to quantify the values in the Sun as a star.

2. How do X-ray astronomers measure elemental abundances?
X-ray CCDs at the focal plane of the X-ray telescopes in the ASCA satellite provided
first low to medium resolution spectroscopic observations. Atomic plasma emission
codes based on theoretical models or laboratory measurements were used to fit the 0.5
to 8 keV spectra (Global Fitting) where several prominent line emissions were seen
(albeit with unresolved transitions), and fitted by varying the corresponding abundance of the elements in the codes (Fig. 1, left panel). Various lacunae were seen in
the codes since the predictions from the relative ionizations of the same ionic species
did not match the observations. This led to a lot of efforts to improve the codes and to
look at the various effects in the hot plasmas. Later on, the launch of low, medium and
high energy gratings on the XMM-Newton (reflection gratings) and Chandra (transmission gratings) Observatories led to measurements where line emission from most
prominent transitions could be resolved (Fig. 1, right panel)(Gudel 2002). Line flux
measurements obtained by fitting Gaussians to each observed line are used to provide
the plasma diagnostics and thus infer the elemental abundances. This method uses the
prescriptions employed for the study of the Solar X-ray spectra, and intensity ratios
of lines from diffeent ions are used to estimate the relative abundances (Smith et al.
2001).
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Figure 2. Inverse FIP effect in HR1099 based on High resolution reproduced with permission
from Brinkmann et al. (Left panel); FIP bias with stellar spectral type reproduced from Wood
& Linsky (2010)(Right panel)

3. Active solar-type stars
3.1

Low and medium resolution X-ray spectra

X-ray emission from low-mass, cool stars is generally assumed to arise from stellar
coronae via processes analogous to the ones at work in the Sun. Early X-ray and EUV
studies of late-type stars (based on ASCA, EUVE, BeppoSAX spectra), however,
indicated that abundances in stellar coronae are perhaps very different from that in
the solar corona: − solar-like FIP effect is seen for some low to intermediate activity
stars, such as α Cen, Eri, ξ Boo A; but no FIP effect is seen in Procyon; and metal
deficiency, i.e., Fe under-abundance is seen in the coronae of active stars. These Xray spectra were usually fitted with a few (1 to 3) isothermal components as shown
in Fig.1 (left panel). However, since the emission lines and continuum are entangled,
thermal structure and abundances of single elements could not be tightly constrained.
On the other hand, in the higher resolution spectra obtained with EUVE the lack
of strong lines of a large number of elements for a wide range of coronal thermal
properties led to a poor determination of element abundances.

3.2

High resolution spectroscopy

High-resolution X-ray spectra of coronae from different stars with varying characteristics show trends of abundance patterns as a function of stellar parameters. The
abundance anomalies appear to change as a function of stellar activity. For example, very active stars like HR1009 show an Inverse FIP (IFIP) effect (see Fig. 2, left
panel)(Brinkmann et al. 2001). There also appears to be a transition from the IFIP to
FIP effect for decreasing stellar activity (Fig.3) (Garcia-Alvarez 2009). In a sample of
stars with low to moderate activity, with Log LX < 29 ergs−1 Wood and Linsky (2010)
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Figure 3. Neon-to-Oxygen (Left panel) and Iron-to-Oxygen (Right panel) abundance ratios as
a function of X-ray luminosity to bolometric luminosity ratio reproduced with permission from
Garcia-Alvarez et al (2009)

defined ‘FIP Bias’ as the average values of coronal vs. Photospheric abundances for
the high FIP elements, and plotted it as a function of spectral type (see Fig. 2(right
panel)). According to them, there is no dependence of the degree of FIP effect on
activity, but there is a dependence on spectral type, a correlation that becomes more
convincing when moderately active main-sequence stars with a broader range of spectral types are considered. This dependence weakens if the stellar sample is allowed to
be contaminated by evolved stars, interacting binaries, or extremely active stars with
log LX >29, explaining why this correlation was not recognised earlier.

4. Pre-main sequence stars
Low-mass young stars (T Tauri type) are strong and variable X-ray sources, and their
X-ray emission is explained to a large extent by solar-like magnetic activity. In those
stars which are still accreting material from their circumstellar disks (classical T Tauri
stars, CTTS), however, plasma heated in the accretion shock may produce additional
X-ray emission. CTTS are on average less X-ray luminous than the non-accreting
TTS (by a factor 2), but otherwise their general X-ray emission properties do not
differ significantly. High resolution spectroscopy has so far indicated: (i) a strong
depletion of Fe and O (with Fe ∼0.2 the solar value) and large enhancement of Ne
(∼2) in TW Hydrae; and (ii) uncommonly high Ne/Fe abundance ratio in older CTTS
like TW Hya and V4046 Sgr compared to that in BP Tau, a younger CTTS These
peculiar abundances have been interpreted as the effect of metal depletion of grain
forming elements (e.g., Fe, O, Si) leading to dust/gas separation in the circumstellar
disks. Younger CTTS are expected to have less evolved disks. XMM-Newton RGS
spectra of 9 TTS show that a FIP dependent fractionation effect is present and seems
to change as a function of the stellar spectral type. Specifically Ne is overabundant
(Ne/Fe ∼ 4−6 times solar) in K and M-type stars, while earlier types have higher Fe
abundance(see Gudel 2007), similar to the result shown in Fig. 2 (right panel).
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High mass early type stars

X-ray emission from early-type stars is believed to originate in shocks produced by
instabilities in the radiatively driven winds of these massive stars. A few such stars
have been studied with high energy resolution. However, complexity of modeling the
line formation radius, overall wind properties, and absorption of overlying cool material to reproduce the observed spectra with broad, and often shifted and asymmetric
lines, makes the analysis of abundance more difficult than for the low-mass stars. Besides, the chemical composition of the hot photospheres of these stars is also difficult
to constrain. Nevertheless, for the Be star β Cep, for which accurate photospheric
abundance determinations exist, a moderate depletion of most elements is found in
the X-ray emitting plasma compared to the photospheric composition (Favata et al.
2009). A high N/C abundance ratio is found for the O4Ief supergiant ζ Puppis, reflecting CNO processing (Kahn et al. 2001). In the γ Cas-like Be star HD 110432 –
a very hard X-ray source, Fe is found to be significantly underabundant in the hottest
spectral component (10 keV) compared to the warm/hot (3 keV) component (Lopes
de Oliveira et al. 2007). In another study of X-ray spectra of 15 early-type stars (spectral type O3-B1), the element abundances are found to be subsolar, especially for Fe
which is in the range 0.2-0.6 times the solar value (Zhekov & Palla, 2007).

6.

Summary

Coronae of cool stars show abundance anomalies that can may be described by fractionation processes dependent on the first ionization potential of the element. Anomalies appear to be a function of the stellar X-ray activity level. A solar-like FIP effect (abundance enhancement of low-FIP elements in coronal plasma) is typically
observed in low to intermediate activity stars similar to the Sun, whereas high activity
stars are characterized by an inverse FIP effect (depletion of low-FIP elements in the
corona). The abundance of neon shows that in the very active stars the Ne/O abundance ratio is significantly larger than in the Sun and other low activity stars. This is
perhaps due to a fractionation of Ne in coronal plasma: either depletion in solar-like
activity stars or enhancement in active stars, and raises the issue of what the photospheric Ne abundance is in the Sun and in nearby stars. There is a general lack of
stellar photospheric abundances, that neeeds to be addressed. It should also be noted
that at present, the high-resolution spectroscopy is biased towards high flux sources,
which implies a bias towards high activity levels. The abundances in the X-ray plasmas of young low mass stars are similar to that in more evolved stars with similar
activity levels. An accurate knowledge of the abundances in the X-ray emitting plasmas of massive early type stars is still lacking. For more detailed information, please
see the reviews by Gudel (2007), Asplund et al. (2009), Gudel & Naze (2009) and
Testa (2010).
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