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Abstract. We discuss the determination of elemental abundances from high resolution X-ray data. We emphasize the need for
an accurate determination of the underlying temperature structure and advocate the use of a line ratio method which allows us
to utilize, first, the strongest lines observed in the X-ray spectra, and second, lines that span a rather wide temperature range. We
point out the need to use continuous emission measure distributions and show via example that modeling in terms of individual
temperature components yields errors of more than 50%. We stress the need to fferismtidil emission measure distributions

based on physical assumptions and considerations. We apply our method€tatidral ETGS spectrum of Algol and show

that nitrogen is considerably enhanced compared to cosmic abundances by a factor of 2 while carbon is depleted by at least a
factor of 25. Iron, silicon, and magnesium, are all depleted compared to cosmic abundances, while the noble gas neon has the
relatively highest abundance.
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1. Introduction Continuum energy losses dominate the cooling of ther-
mal plasmas abovel10’ K, while the thermal energy losses

The determination of elemental abundances in a variety of ?’plasma with temperatures belevt0” K are dominated by a

troph)t/_small objtects belongdstt;) the(;nos;[ |rr:jporta?tt:]asks cif? ultitude of emission lines. At those temperatures the strongest
servational astronomy and the understanding ot tn€ eVoluliglly 4 nis are typically (albeit not exclusively) the hydrogen-and

of chemical elements with cosmic time Is among the centy lium-like ions of the most abundant species, i.e., carbon, ni-
themes of modern astrophysics. Elemental abundances cap be oxygen, neon, magnesium, silicon, sulfur, calcium, ar-

measured either fr_om absorptlon spectra of stellar atmosphets , and iron. The transitions of the hydrogen- and helium-like
or from an analysis of the line emission spectrum of nebular

ission. In both the t i ruct £ th ns of the elements heavier than sulfur are located below 6 A,
emission. 1n both cases Ihe temperature structure of the e’BHa are therefore flicult to observe with high spectral resolu-
ting object must be known before elemental abundances

ah. Also, at temperatures belovil 0’ K, the dominant stage of

be determlngd because for a given set of abundance; plaﬁmﬁzation for the heavier atomic species is not yet advanced to
temperature is (often) the most important factor controlling tlﬁh lium- or hydrogen-like ions. For example, for iron the most

ionization equilibrium and hence the amount of a given type 9f indant stage of ionization at 10 MK is boron-likexsar,

material, say /11 or Fexvil, in an astrophysical object. at a temperature of 3 MK neon-like K& (cf. Araud &

Reliable determinations of chemical abundances are Carrii?gthenflug 1985), and consequently the energy losses from
out from high resolution spectra. While elemental abundanﬁ:gn are dominated by line emission from those ions.

determinations of stellar photospheres can also be made from o i
a set of suitably chosen filters, abundances determined from '€ Wealth of emission lines from trace elements in the

high-resolution spectra are thought to be much more accurifs?Y range demonstrates the potential of abundance determi-

and far less model-dependent. This also and specifically app/igdions from such data. Many calculations of the total energy
to X-ray data. The energy losses of hot thermal plasmas wiHtput of a hot collls_lonally ionized plasma have been made
temperatures abovel(f K peak in the X-ray range and there{Cf- Raymond & Smith 1977; Mewe et al. 1985; Dere et al.

fore the chemical composition of such plasmas, which are e_’lrg97), and the results of such calculations have been used to

countered in stellar coronae, in supernova remnants, and cffji€"Pret broad-band X-ray data as available froméimestein

ters of galaxies, can in fact only be determined from X-ray dafgPservatoriPC or the ROSAT PSPC and HRI. Such plasma
codes have been used to infer an energy flux from a given

Send gprint requests toJ. H. M. M. Schmitt, count rate measurement as well as to model the typically low-
e-mail: jschmit t@hs . uni-hamburg. de resolution pulse height spectra of proportional, gas scintillation
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or CCD detectors. For the spectral modeling individual spegitrogen, oxygen, neon, magnesium, and silicon. Resonance
tral components are used. While the lowest resolution data dizxes of the hydrogen- and helium-like ions are among the
be modeled with one or two temperature components with sirongest observable lines and can be detected also in the
lar abundances, higher resolution spectra require three or masmker sources. Also, the atomic physics required for an in-
temperature components with typically non-solar abundancespretation of those lines is — probably — simpler than that
X-ray detectors tend to work veryfieeiently at energies of required for the lines in more complex ions. We further fol-
~1 keV, where both theffective area of the instrument and théow quite strictly the approach that the determination of the
plasma emissivity from iron is at maximum. Deviations fronemission measure distribution must occur in an abundance in-
solar abundances in the X-ray spectra of stars were first dependent fashion, i.e., one either uses only lines from a given
ported on the basis of ASCA CCD spectra of stars like Alg@lement (in practice only iron can be used) or one uses ratios
(cf. Antunes et al. 1994) and AR Lac (cf. White et al. 1994pf lines from the same element. The latter approach has the
also the even lower resolution PSPC spectra of some actireormous advantage that the strongest (rather than the weaker’
stars were found to be better fitted with metal-depleted rathieres in an observed X-ray spectrum can be used for abundance
than solar-abundance plasma models (for example, Algol, déterminations, once the overall continuum emission level (or
Ottmann & Schmitt 1996, and CF Tuc, cf. Schmitt et al. 1996)ossibly that of a well defined atomic species) has been fixed.
During large flares abundance changes were inferred on the ba-The plan of our paper is therefore as follows: we first collect
sis of spectral modeling of the time-dependent X-ray spectthe necessary formulae required for the calculation of line and
Both in AB Dor (cf. Qidel et al. 2001) as well as Algol (cf.continuum fluxes from an isothermal plasma at temperafure
Favata & Schmitt 1999) the iron abundance was found to with specific emphasis on the abundance dependence of these
crease during the early rise phase of a flare, and then to decrepsmtities. We introduce the concept of th&etiential emis-
back no “normal” sub-solar abundance values. sion measure (DEM); the DEM distribution is modeled by an
Abundance determinations of stellar coronae based onapgproximation with Chebyshev polynomials on the one hand
analysis of individual emission lines were first carried out witAnd with the help of a Gaussian distribution of magnetic loops
data from the spectrometers on board the EUVE satellite. Téve the other hand. The abundances computed in this fashion
emission line studies based on EUVE data followed relativedye juxtaposed to those computed from a more conventional
closely the example of abundance determinations of the smalysis with individual temperature components.
lar corona. Stern et al. (1995) and Schmitt et al. (1996) found
an anomalously low iron abundance in the EUVE spectra of o ]
Algol and CF Tuc, based on an analysis of thexke Fexxi, 2. Abundance determination from optically
and Fexx11 emission lines in the XUV range and the observed thin plasma emission
continuum values. Schmitt et al. (1996) coined the term me@ll Differential emission measure distribution
abundance deficiency syndrome (MADS) for this phenomenor;™
which is in contrast to the abundance pattern observed in thg 1. Line emission

solar corona, where elements with low first ionization poten-

tial (FIP) are found to be enhanced. Drake et al. (1996) stu@-this section we review the basic physics of coronal line for-
ied the presence and absence of this so-called FtRten a Mationinas much as relevant for elemental abundance determi-

small number of nearby stars. Usit@handraHETGS data nations. The basic ideas of analysis have been summarized by
Drake et al. (2001) study the elemental abundance of the acRitasch (1965) in a solar context. Consider the simplest case of
binary HR 1099 by means of affrential emission measure? two-level atom in coronal equilibrium. Coronal equilibrium
distribution computed from a Markov chain, while BrinkmarmPlies an equilibrium between collisional excitation from the
etal. (2001) study the same source with the XMM-Newton réwer levell followed by radiative de-excitation from the ex-
flection grating spectrometer (RGS) assigning all of the emfited levelu. The emitted photon leaves the system so that in
sion measure to the temperature corresponding to the pea$ence energy from the thermal pool has been converted into
the line contribution function. Other abundance studies bad@dliation. The equilibrium condition then reads as follows:

on Chandraor XMM-Newton include Audard et al. (2001),

who use a fit approach based on Chebyshev polynomials Aion1Ciu = NionuAu. @)
Huenemoerder etal. (2001), who use a smoothed positive e ren, 1\ andnin, denote the number densities of elec-
sion measure distribution functionu@él et al. (2001) use a fit- trons and ions in lower and upper state, respecti@iyis the

ting approach based on individual temperature components.fisjonal rate cosiicient andAy, the Einsteinfor spontaneous

derive the elemental abundances in YY Gem using again dafgjative deexcitation. The total power emitted in the transi-
from the XMM-Newton RGS. tion ul is given by

The purpose of this paper is to apply the ideas devel-
oped in solar and stellar ultraviolet emission line studies to the, = n Ay Veorondvur, 2)
now available broad band and high spectral resolution X-ray
data. The specific advantage of those data coming from thbereV.qonadenotes the total (isothermal) coronal volume. Let
recent generation of X-ray spectrometers on bdah@ndra us further assume that the considered transition is produced by
and XMM-Newton is that they cover the resonance lines afZ-times ionized atom from atomic speci¥sin a low den-
the hydrogen- and helium-like ions of the elements carbasity environment almost all of these ions will be in the ground
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statel, i.e., Nion) = n)z<+. We can therefore expresgn in the where temperatur€ was used to replace the integration vari-

following way: ableV. The quantity(T) is defined through
n§+ Nx NH 2 av
S T) = n3(T)— 1
Nion,| Ny Ny Na Ng, 3 &(T) nel( )dT (10)

whereny denotes the total number density of all ions of atom@nd is known as the so-calledfidirential emission mea-
speciesX andny the hydrogefproton density. The abundancesure (DEM). Obviously we must know thefféirential emis-
of speciesX relative to hydrogen is denoted by, and is Sion measur&(T) in order to determine the abundanég.
given by Equation (9) shows, however, that the observed line Byx
is an integral of the product of the line cooling function and the
(4) differential emission measure distribution. If a number of dif-
ferent lines with cooling functiona,(T) with different tem-
and in a more or less fully ionized cosmic abundance plasiperature sensitivity are available, one obtains an integral equa-
we have tion with the diferential emission measure distributi&(i) as
kernel. The system is a Fredholm equation of the first kind.
Np = 0.85Na. ) Such integral equations are notoriouslyfidult to solve and,

Note that for all plasmas with “reasonable” composition mo#t Particular, need not have unique solutions. This has been
of the electrons come from hydrogen and helium, so that Eq. (§)°Wn to mathematicians for a long time, Craig and Brown
is virtually independent of the assumed elemental abundanéé876) were the first to point out the resulting limitations for

With these definitions the emitted powRy; can be written as  OUr ability to extract physical information from spectral analy-
sis in a cogent form.

Nx

AX - ’
Ny

nZ+
Pu =0.85 né VcoronaCIuni Ax. (6)
X 2.1.2. Continuum emission

nZ+
The producCiy 7~ depends only on temperature; we can thergve now consider continuum radiation from a hot plasma.
fore write Continuum emission comes from (free-free) bremsstrahlung,
from free-bound radiation, and two photon radiation; for tem-
Pu = Au(T)EM Ay, 7 ’ . !
u = Aul™) % ) peratures:5 MK thermal bremsstrahlung is the dominant con-
where we have defined the volume emission meaEilvein tinuum energy loss mechanism. All these continuum emission

the usual way through processes originate from interactions of either protons or ions
5 with free electrons very similar to the generation of line emis-
EM = ngVeorona (8) sion. One thus expects that the dependence of the continuum

and denote by,(T) the so-called line cooling function of the€Mission on electron density and temperature is of the same

transitionul. Equation (7) illustrates the fundamental dilemmixnctional form as for line emission. Indeed, Mewe et al. (1986)

of all abundance determinations using optically thin emissiGPnsider an isothermal plasma with electron number density

in coronal equilibrium: cooling function, emission measur@,t some temperatuféand write the specific continuum emis-

and abundance all enter in the same multiplicative fashion, a3 aS

therefore one has to know both emission measure and tempe(rj-W 516 o 1 .
ature in order to determine the abundance. The temperature =2 [ et A, T); 11
P a1 = 3me@ VmT o2 ot (11)

pendence of the collisional excitation ¢heients is typically
of the formCy, ~ T~Y2e /KT with y denoting the line’s ex- hereh and k denote Planck’s and Boltzmann's constants, re-
citation potential, and similar functional dependencies apmpectively. The quantity.(1, T) is the velocity-averaged Gaunt
to the temperature dependence of the fractional ionizationfattor. It can be written as a sum of three components through
a given ion. Consequently, a given line is sensitive over a rel-

atively broad range of temperature with a width of typicallgc = gt + gtb + g2y, (12)

0.3 dex. . . wheregst, grn, @andgo, represent the contributions from free-
So far we have assumed isothermality. Stellar coronae are VELY o
fee, free-bound, and two photon radiation.

likely not isothermal, and dierent coronal volume elements The diferent constituents of the continuum emissivity do,

contriputing to a given observed ine flux in th_e transit_’u:ll_l I. however, have dierent dependences on elemental abundances.
have in general diierent temperatures. Consider an |nf|n|tes|=he bremsstrahlung component comes predominantly from

imal volume element¥ in a temperature rangeld and the g : .
. . . . electron-proton collisions with most electrons due to fully ion-
differential power &, emitted from this volume element. The.

) : . ized hydrogen and helium atoms. Under “reasonable” abun-
total powerP, can then be computed in the following way: . i
dances the number of electrons from all heavier elements will
Pu = fdpul

be very small. In contrast, the other components do depend on
Axfdvné'A“'(T) ) trace element abundances since the free-bound radiation de-
pends on the recombination frequency and the two-photon ra-
Axdef(T)Aul(T)’ diation on the number density of meta-stable He-like states,
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both of which are abundance dependent. Fortunately, for a sTifsis condition looks trivial, but actually represents a rather
ficiently hot plasma electron bremsstrahlung is dominant sosatong constraint. Next, the DEM distributions of individual

least in first order the continuum energy loss is abundance inagnetic loops have (integrable) singularities at the loop top;
dependent. The specific powe?,demitted from a volume ele- if such DEMs are integrated over distribution functions, con-

ment &/ is thus given by tinuous, smooth emission measure distributions are found. We
therefore assume th&fT) is a smooth function of temperature.
2°ne® | 2n he 1 And finally, we know from the many low resolution X-ray data
dp, = =— ,/ n2e % = go(A, T)aV. 13 Y, W y Y
17 3m& V 3kmT © A2 9e(4.T) (13) from proportional counters that the X-ray temperatures cannot

%xtend to arbitrarily high values. We therefore assume the exis-
etence of some maximum temperat(ig,x, above of which no
emission measure is present, i.e.,

E(Tmax) = 0. (16)

257Te6 2n ne 1
Pi=33 f V3mTe ?gc(/l’ T)E(T)dT. (14) In the absence of any plausible physical model we assume that
the diferential emission measug€T) can be approximated
Thus from a mathematical point of view, the continuum emigy a sum of Chebyshev polynomials; we will discuss a phys-
sivity is again given by an integral of theftérential emis- jcal ansatz in Sect. 5.3. Of course, any other system of or-
sion measure distribution functiaf{T) with yet another ker- thogonal polynomials or other functions could also be used.
nel. In contrast to line emission, however, the continuuMhebyshev polynomials have unique normalization properties,
emission does, first, not depend sensitively on the plasmaisd expansions of the target function into Chebyshev polyno-
metal abundance, and second, its temperature dependenggidss are useful as long as the expansionfiicients dimin-
very different. At high temperatures, where bremsstrahlufgh rapidly with increasing order. Therefore this approach has
dominates, the continuum emission is virtually independent glso been taken, for example by Lemen et al. (1989) and Stern
metal abundance since almost all electrons in a plasma cogieil. (1995). Also, our available X-ray data are only sensi-
from the lightest elements. These bremsstrahlung continua gye to plasma hotter than some temperafig, since plasma
rather flat, the dominant feature being the thermal €ud with T < T, emits outside the band pass. Let us then intro-
short wavelengths, where the gratings on baahdndraand duce the dimensionless temperature variabtiefined in the
XMM-Newton have small #ective areas. Therefore the conclosed interval [0,1] through
tinuum’s thermal cutfi constrains the highest temperatures ex- ‘
isting in a corona, but to far a lesser extent the actual run g —— ™ . (17)
emission measure vs. temperature. Tmax = Tmin
Let Th(X) denote the Chebyshev polynomial of ordesatisfy-
ing the following boundary conditions = 0,1, ...):

The specific power emitted from a continuous emission m
sure distribution described by a distribution functi&T) is
then given by

2.2. Constraints on and modeling of the emission
measure distribution Ton(0) = (-1)" Ton1(0)=0 Th(@)=1 (18)

The temperature structure of a stellar atmosphere can be \We-seek the dierential emission measure distributi¢(x) and

rived from the principles of radiative and hydrostatic equiapproximate it through a sum & Chebyshev polynomials via

librium, the temperature structure of a magnetically confined M

plasma can be computed from the energy equation, if one _ =

sumes — for example — a static equilibrium. Théidulty in ?60 B ; & Ti¥. (19)

the latter case is, that, first, this temperature structure of an in- ) ) )

dividual coronal feature is virtually independent on the form §fith coficientsa;, i = 0... M to be determined from the data

the assumed heating, which in essence is unknown, and & the boundary condition

ond, that in the stellar case one is very likely looking at tr%ql) =0, (20)

integrated emission of a large number of individual features.

In other words, this integrated emission has to be describ@ich is equivalent with Eq. (16). Since we are primarily in-

by some distribution function of the physical parameters ch&grested in the shape of the emission measure distribution (and

acterizing individual coronal features, and again that distribot in its normalization) we further impose the constraint:

tion function is unknown. In consequence we conclude that thg;

mathematical form of the fferential emission measure distri—f dx&(x) = 1. (21)

bution is a priori unknown. 0
Which constraints can nevertheless be imposed on the fuBecause of the properties of Chebyshev polynomials (cf.

tion describing the temperature structwf@;)? In the follow- Eg. (18)) the boundary and normalization conditions Egs. (20)

ing we formulate three conditions and discuss their physicaid (21) translate into two conditions for the fidentsa;,

and mathematical implications. Clearly, from the definition=0...M:

of £(T) it follows M

£T) 20, (15) ;a‘ =0 (22)
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and Note that the idea of using line ratios is not new; for example,

M N M Mclntosh (2000) has used line ratios in an attempt to deter-
Z a f dXTi(x) = Z ali = 1, (23) mine the emission measure distribution of features in the solar
— 0 — corona, and Fludra & Schmelz (1995) have used a similar ap-

. ) ] proach in their analysis of X-ray flare spectra obtained with
with known codficientsl;. Therefore the number of indepenthe BCS. In our context the great advantage of using line ratios
dent codficientsa; is M -2 and we can write the céicientsay  |ies in the fact that in this fashion the helium-like and hydrogen-

anda; as like ions of many atomic species can be used. These emission
M lines tend to be strongest and the most easily detectable ones

a; =2 Z(Ii —1)a -2 (24) in any stellar corona. For the lighter elements like carbon, ni-
o trogen, and oxygen these are in fact the only detectable lines in

the X-ray range, and furthermore, atomic physics uncertainties
should be smallest for such lines.

M We use the double indexg, () to denote a specific line ratio
ag = Z(l -2xl)a - 2. (25) and the expressiors; andN,; to denote the line contribution

i=2 codficients from the numerator and denominator lines entering

Consider now a specific spectral line denoted by some ifjdel{® ratio & n), respectively. Given a sét of measured line ra-

with line cooling functionA j(x). The measured flu; of that tiosr,, and errorsr;, all of which are derived from emission
line is given by lines of the same atomic species, we can determine the dif-

ferential emission measure distribution by minimizing the test

and

g iNu 1 statisticy? defined as
fi = ——— (Tmax— Tmin) Ax f dXA | (XE(X) X
And 0 N 2
e i N M 1 (%_i,;o::éﬂv - r(zn))
= 2 (Tmax= Tmin) Ax;ai fo BAIRTI).  (26) %= ) == (30)
1=

(zn)
whered denotes the distance to the stilg, the hydrogen col- ith respect to the expansion dheientsa; for a given set
umn density, and-; the efective absorption cross section pegf measured line ratios and an arbitrary numikpf expan-

hydrogen atom at the line’s energy. With the abbreviation  gjon cogiicients. Some care is required since thesefiments
are not independent; we use the boundary conditions Egs. (24)

1
Lj = f dxA (X Ti(x) (27) and (25) to express the diieientsay anda; in terms of the
0 remaining cofficientsa;,i = 2... M. We further note that mul-
as Chebyshev line contribution diieients we can write tiplying any set of cofficientsa; by some common scale fac-

tor T leaves all line ratiop(,y invariant. As a consequence we
M can express the test statistit with the known parametefG;;
W(Tmax_ Tiin) Ax Z aiL (28)  for the numerator an®,; for the denominator in terms of the
=0 independent cdicientsa;,i = 2...M as

e—O’jNH
fj =

and one needs to determive+ 1 codficientsa;, i = 0... M
M 2
from the data. L2804 _
2 2!\22 aicni (Zﬂ)
o (32)

. . . . . n

2.3. Differential emission measure reconstruction @n -
from lines For the latter expression derivatives can be computed analyt-

A given line flux f. depends both on temperature and abu}?-a"y and minimization is straightforward. In order to ensure
]

dance (cf. Eq. (28)), but the ratio of two emission lines froﬁl?at the positivifcy constraint Eq. (_15) is satisfied, we introduce

an ion of the same atomic species is clearly independent of fhBENalty function with large positive values fit onces(x)

specific abundance of the chosen element. In order to disf$COMeS negative at any pointin the intenval[0,1].

guish between abundance and temperatfiieets on the dfer-

ential emission measure distribution one should therefore warky. Differential emission measure reconstruction

only with line ratios from the same elements (or only with lines  from continuum

from the same element, which in practice is feasible only for

iron). If we let the index denote an emission line (or possiblyrhe reconstruction of a fierential emission measure distri-

a sum of emission lines of a given element) in the numeratgition from a set of continuum measuremeajtsvith asso-

and analogously the indexhe line in the denominator, we canciated errorsr; follows in analogy to the line treatment, except

write for the expected (abundance-independent) line pagio  that obviously the appropriate continuum contribution func-

tions must be chosen. In general the temperature sensitivity

_ Tioails 29 of the X-ray continuum is much less pronounced than that

Pmn=7= Zi'\ioail—ni' (29) of individual emission lines. The most striking feature of the
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bremsstrahlung spectra is the exponential §abshort wave- I VS UL B
lengths resulting from the exponential decay in the number of ) )

available electrons at some given plasma temperdtuvehile s N

at lower temperatures recombination and two photon contin- T \

uum can dominate at specific wavelength bands (see discussion
by Mewe et al. 1986). We also carried out test calculations of
continua with “reasonable” ffierential emission measure dis- 7 |
tributions and found the spectral shape of these continua quitg |
insensitive to variations in the parameters of thffedential - i
emission measure distribution. In our fits we therefore use
only a small number (3) of continuum bands.

00

3. Which lines to use?

(107 erg 8m

An inspection of Eq. (6) shows that the temperature depenz 0.010
dence of the power emitted in a given spectral line is deter<

mined by two factors, i.e., first, the ionization equilibrium of .2

the atomic species considered and second, by the electron e§
citation rate. The ionization equilibrium will in general be such

that the fractional ionization of a given stage of ionization, say,

O, peaks at some temperature, and at lower (higher) temper-

atures the predominant ionization will be lower (higher) and ‘
the emitted line flux will correspondingly change. As to the i S
electron excitation rate, in general for excitation of a given line  0.00' I AR P T
a certain threshold energy is required, and all electrons above 5.5 6.0 6.5 7.0 7.5 8.0
this threshold value will be able to perform atomic excitations. Log Temperature

Therefore, the excitation rates will in general increase with irléi 1. Theoretical line fluxes for a cosmic abundance plasma for H-
creasing temperature but eventually level out. Therefore, tlﬂ(g : P

issivity of a ai i f . il K e and He-like resonance lines for C (solid lines), N (dotted lines),
emissivity of a given line of some species, say1 will pea O (short-dashed lines), Ne (dash-dotted lines), Mg (dash-triple dotted

at some temperatufBnax. Note that the line of the hydrogen-“nes), and Si (long-dashed lines) as calculated with the MEKAL code.

like ions are broader (with high temperature tails) than the cq(ote, that for all elements the Lyines are stronger than the He-like
responding lines from the helium-like ions, afieet caused by resonance lines.
the ionization equilibrium. In order to illustrate this behavior

I
o
|
I

il P! 1

Hi I i
I P AT AT

we plotin Fig. 1 the line emissivity (per unit emission measure) MEKAL ratios of H-like to He—like ratios
as a function of temperature for the Lgind He-like resonance ]
lines (i.e., the transitiorP; — 1Sy) for the elements carbon, L ot Goell W o TE/X/NE‘X/‘M,?”‘/MGX‘ sy
nitrogen, oxygen, neon, magnesium, and silicon according to o0k A — AcEd J ’// |
the calculation by Mewe et al. (1985). As obvious from Fig. 1, TE xS s 1
these lines very nicely sample the temperature range between i x e 4 ]
~10° and~2x 10’ K. These lines belong to the strongest liness I T |
of these elements in this temperature range and are easily o§— | ‘ + \‘/>0</A‘9°‘
servable ilChandraLETGS spectra. 1.0p / N/, E
If one now considers line ratios from the same chemical ele- i i _ % / 1
ment but from two adjacent stages of ionization, say fronmO I / SN\ Copello ]
and Ovi, the lower ionization stage line will dominate at i i Procyon o< 1 1
lower temperature and vice versa, and the line ratio will mono- o1l (. /. & A A

tonically increase with temperature. In Fig. 2 we show the ra- 5.5 6.0 6.5 7.0 75 8.0

tio p of the energy flux in the Ly line divided by the He- log(T/K)

like r line as a function of temperatufe. As is clear from Fig. 2. Theoretical line flux ratios of H-like by He-like resonance lines
Fig. 2, the line ratiop do indeed increase monotonically withfor C, N, O, Ne, Mg, and Si in comparison with the measured ratios
temperature. The temperatures at whicis unity for a given for Algol, Capella, and Procyon.

atomic species increase with increasing atomic mass (and nu-

clear charge) reflecting the fact that more and more energy is

required to establish, say, the He-like stage of ionizajjdn- temperatures. These temperatures must not be interpreted a:
creases by 100 for a temperature increase~0.5 dex, thug “isothermal” temperatures, but rather as “moment” tempera-
is rather temperature sensitive. Therefore a given measutaes since they depend on thdfdiential emission measure
line ratio can be (uniquely) converted into a temperature, hodistribution (a stellar property) and the lines’ emissivity func-
ever, diferent line ratios will in general result in fiiérent tions (an atomic property).
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How do these curves compare to observations? We included '# |
the measured data points for the stars Algol (high activity),
€ Eri and Capella (intermediate activity), and Procyon (low ac-
tivity) taken from Ness et al. (2002b), who gathered line ratiosT;
of hydrogen-likghelium-like line intensities for all ions mea- TE
surable with the LETGS. As can be seen from Fig. 2, the largest’
value forps; is obtained for Algol fs; = 1.54), while for the 8
low-activity stars no lines from H-like or He-like silicon and
magnesium are observed. For Algol {healues increase with
decreasing atomic number reachimg= 8.37 for nitrogen; no
lines from carbon are observed. For Cappgandpng are be- -
low unity, thenp increases tpy = 4.91 for nitrogen whilgoc Ol S A S S SR 7
is lower. For the low-activity star Procyon gltvalues except 0 1.0x107 2.0x10° 3.0x10° 4.0x10
for carbon pc = 1.78) are below unity; the neon lines are ob- Temperature (K)
served only quite weakly. So clearly the available data suggegjf. 3. Best fit diferential emission measure distributions with fourth-
large diterences in the emission measure distribution for tleder Chebyshev polynomials and temperatufgs, = 20 MK,
sample stars. 30 MK, 40 MK, and 50 MK; only the choice3x = 30 MK and

We will base our dferential emission measure reconstrudmax = 40 MK yield acceptable fits to theéhandraLETGS data.
tion solely on those lines. The disadvantage of using those

lines, i.e., their formation over relatively broad temperatuig,nveen 9 A and 18 A. where it is next to impossible to reli-
range, is in our opinion more than compensated by a numbgjiy, piace any continuum. Fortunately, other spectral regions

of advantages: first of all, the atomic physics of hydrogen- angh tar jess crowded and do allow a rather reliable continuum
helium-like ions is much simpler than that of more complmatquacemem_

ions. Second, these lines are among the strongest lines; they can
therefore be measured in a large sample of stars (cf. Ness et al.
2002b) and the DEM reconstructions offerent stars can be 5. A worked out example: Algol

compared with each other since they are computed in the sakpfg ksec observation of the eclipsing binary Algol has been
fashion. And third, as we will show below, these lines are Ve riad out with the LETGS on boa@handra the recorded
likely to already contain most of the temperature informatiofyi4 set and an analysis of the He-like and H-like lines has
contained in stellar coronae. It is important to realize that mogg o, presented by Ness et al. (2002a), while Schmitt and Ness
line ratios do not necessarily provide more information on ”(9002) discuss the carbon and nitrogen abundances of Algol
temperature structure; additional line ratios may either contajfy other giants. Here we focus on the determination of the
no or no new information or may provide conflicting informagjgrerential emission measure distribution and elemental abun-

tion. For example, Mcintosh (2000) gives the measured agghces: for a comparison of the coronal spectra of HR1099 and
calculated line ratios used in hisfiirential emission recon-A|gO| B we refer to Drake (2003).

struction (cf. his Fig. 3b), which deviate by almost an order of
magnitude in the worst case.

=
Ll
()]

5.0x107

5.1. DEM modeling with Chebyshev polynomials
4. Which continuum to use? 5.1.1. Temperature structure

In order to fix the overall normalization we use both the me&lgol's X-ray emission is very strong and except for carbon
sured shape of the continuum and the absolute level of the ali-H-like and He-like lines from N, O, Ne, Mg, and Si were
served continuum radiation. The first problem to be solveddetected; the failure to detect carbon lines in the X-ray spec-
a problem very familiar to optical astronomers — is the correittim of Algol is model-independent and due to a nitrogen en-
placement of the continuum. While strong lines can be recagchment of CNO-cycle processed material (Schmitt & Ness
nized easily, the sum of weak lines, each of which remaig802). Thus unfortunately no information is available in the
undetected, can in principle produce a “pseudo-continuunidwer temperature range of the emission measure distribution
Since specifically the LETGS covers such a large band pdssm hydrogen- or helium-like lines. The flux ratio between
it appears unlikely that over the whole instrument band patse Si Ly, and He-like resonance line exceeds unity indicat-
from 5 A-170 A such a “pseudo-continuum”is produced, whileg that the peak of the emission measure distribution is be-
in narrower spectral bands this may well be the case. In gond 10 MK. We therefore consider four valuesfax, i.€.,

der to isolate the continuum we use a median filter in tt29 MK, 30 MK, 40 MK, and 50 MK. We first considered the
following way: in a predefined wavelength region — typicallgimplest possible combination of Chebyshev polynomials with
we use 0.5A — we calculate the median and use this valMe= 4, constrained to yielding a positive emission measure dis-
as the characteristic continuum level at that particular waveibution. In order to prevent negative emission measures we
length. Clearly, if too many lines are located in the waventroduced a penalty function resulting in large values when-
length bin considered, the thus derived continuum level is tewer the reconstructed emission measure distribution has neg-
high. This is specifically the case in the rather crowded regiative values in the interval betwe@n,, and Tnax We chose
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Table 1. Line ratio fit results for DEM models based on Chebyshev polynomials. The numbers given in parenthe$gs,ak&) ( For all
analysed atomic species we give the observed line ratios with their errors as well as the modelled line ratios for the various models consid
The last row gives the values of tlyé test statistics for the respective models.

Element  Observed Modelled Modelled Modelled Modelled Modelled
ratig/error lineratio lineratio lineratio lineratio line ratio

(20, 4) (30, 4) (40, 4) (50, 7) (50, 4)
N 8.38+1.28 8.85 9.44 9.21 9.00 6.66
(@] 800+0.71 7.37 7.02 7.04 6.84 5.94
Ne 446+ 0.28 4.80 461 4.76 441 477
Mg 241+031 2.27 2.52 2.69 2.48 2.97
Si 155+ 0.14 1.10 1.49 1.66 1.63 1.97
% 12.45 3.16 4.82 3.36 12.89

Tmin = 4 x 10PK, and note that our results are not very sen-
sitive to the specific choice dfmin. We specifically point out
that the line with the coolest peak formation temperature is the
resonance line of N1 with a peak formation temperature of
~10°1K (cf. Fig. 1) and with ourChandraLETGS data we
have little information on the emission measure distribution be- ¢
low 10° K. For each permitted emission measure distribution —
the resulting line ratios of N, O, Ne, Mg, and Si were com- =
puted and compared to the observed line ratios via fhest =
statistics.

In this paper we use th€hianti software package (cf.
Young et al. 2003) to compute both line and continuum in-
tensities for all modelling oChandraLETGS data. The line
intensities were computed in photon mode, for the continuum
the contributions from bremsstrahlung, recombination contifig- 4. Best fit diferential emission measure distributions with
uum, and two photon continuum were separately computed &rtPyshev polynomials withax = 30 MK, M = 4; dashed curve),
added. The ionization equilibrium by Mazzotta et al. (1998]max=40MK, M = 4; solid curve), andimax = 50 MK, M = 7; dot-
was used. All calculations were carried out using cosmic abLt g.%g’?.)' Al parameter Cho'?es yield acceptable'flts tdthandra .

ine ratio data, the higher temperature yield better contin-
dance as quoted by Allen (1973). For the relevant elemeﬂ values.
we specifically used the values /4] =8.52, [NH] =7.96,
[O/H] =8.82, [NgH] = 7.92, [MgH] = 7.42, [SjH] = 7.52, and
[Fe/H] = 7.60. Comparing these abundance values to the moafll as the modelled line ratios. A maximum temperature of
recent values given by Grevesse and collaborators (1998), Wg, = 20 MK is simply too low to explain the observed ra-
find essentially identical values for C, N, O and Si, while fotio between Ly, and He-like resonance line for silicon. On the
the elements Ne, Mg and Fe Grevesse & Sauval (1998) gbther hand, for the model witfima, = 50 MK andM = 4 too
[Ne/H] =8.08, [MgH] =7.58 and [F(H] =7.50, i.e., values much emission measure is located at high temperatures leading
differing by factors of 1.44 (Ne and Mg) and 0.79 (Fe) respe an increase ig°. In all fits we also checked for the goodness
tively. We only give the multiplicative factors, by which ourof fit to the continuum; in general, fits with higher temperature
derived abundance valuediér from the ones quoted by Allenresult in better continuum fits than lower temperatures.
(1973); in order to convert to the ones quoted by Grevesse & Clearly, the restriction to the first four Chebyshev polyno-
Sauval (1998), the He and Mg abundances must by multipligflals results in rather simple emission measure distributions,
by 0.69, the Fe abundance by 1.26. which, however, provide good line ratio fits for the correct

Our modeling attempts showed that already with the choichoices ofT o How unique are the derived emission measure
of M = 4 good fits to the line ratios of the Lyand He-like distributions ? In order to assess this issue we introduced higher
resonance lines can be obtained. In Fig. 3 we plot the bestoiiler Chebyshev polynomials, which result in more compli-
reconstructed emission measures (for the ddse 4) for the cated emission measure distributions and in improved fits. In
peak temperaturélnax = 20 MK, 30 MK, 40 MK, and 50 MK; Fig. 4 we plot the best fit reconstructed emission measures for
both the curves follnax = 30 MK and 40 MK yield accept- the casesTnax = 30MK, M = 4), (Thax = 40MK, M = 4)
able fits (solid lines), while the choices ©f,ax = 20MK and and Tmax = 50MK, M = 7) as a function of temperature;
Tmax = 50 MK lead to unacceptable fits (cf. Table 1). Our forthe resultingy? values are given in Table 1. As can be seen
mal fit results are presented in Table 1, where we give for thdsem Table 1, all fits have similar goodness of fit parameters,
four best fits the resulting values of for the line ratio fit as but the resulting DEM curves are quiteffdirent. In particular,

0*cm™K™)

0 1.0x10" 2.0x107 3.0x10" 4.0x10’ 5.0x107
Temperature (K)
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changes in the continuum level are of the order of a few percent
at most. The continuum was fitted in the range 19 A-40 A and
70A-105A. Figure 5 shows that the continuum is well fitted
at short wavelengths and in the wavelength range 80-100A.
e . ] The fit is extremely poor in the wavelength range between 8—
Re 1 18 A; this is hardly surprising since numerous emission lines
A ' 1 are located (cf. Fig. 1 in Ness et al. 2002a) in that wavelength
region. Our fit describes quite well the carbon edge at 44 A,
Our fits behave badly nea:53 A and 63 A, where the LETGS
spectra show two dips, which are instrumental and caused by
gaps in the HRC-S microchannel plates. At long wavelengths
our continuum fit describes the observed data, but is some-
what high. We checked our analysis procedures on the public
ChandraLETGS data (500 ksec) of the isolated neutron star
RXJ1856.5-3754 and found very good agreement between our
results and those published in the literature. We have at present
no satisfactory explanation for the discrepancy at longer wave-
lengths. On the one hand our choice of median filtering has
some bias towards higher values because the filtering proce-
dure essentially regards spectral lines as background fluctua-
tions. On the other hand errors in the instrument calibration
can also not be ruled out; calibrations in the EUV are notori-
ously dificult and an error in the relative calibration between
the long- and short wavelength region will also help to reduce
the observed discrepancy. An even larger absorption column
towards Algol would also improve the fit.

Counts/bin

1 L \\\‘:"W

10 100
Angstrom

Fig. 5.ChandraLETGS spectrum for Algol binned in wavelength bins
with a width of TBD A (dots) and best fit ffierential emission mea- 5.1.2. Abundances
sure model continuum foM = 4 andTpax = 40 MK (solid line);
dashed curves indicate a 15% systematic uncertaintfféct®/e in-  jith the reconstructed abundance independent emission mea-
strument areas. Note tha_t the continuum has been calculated fromstﬂpe distributions (cf. Fig. 3) and the measured line fluxes we
abundances actually derived for Algol. can now calculate elemental abundances. Specifically, we can
calculate for each observed spectral line that value of abun-
dance which forces agreement between predicted and observed
assumingTmax = 50MK, leads to a bimodal emissionline fluxes. Obviously, the abundances for a given chemical
measure distribution with a second peak at 45 MK, corresporgement will depend on the specific lines used and any er-
ing to a cutdf energy of about 3keV. The presence of suchrrs in the atomic parameters and temperature structure will
peak in the emission measure distribution can be readily recpgepagate into the derived abundances; our results for vari-
nized from the high energy continuum emitted by hot plasmgus lines are summarized in Table 2. All abundance values
However, the LETGS is not particularly sensitive in that waveyuoted are relative to the values/f} =8.52, [NH] =7.96,
length range. For XMM-Newton data, for example, simultang¢o/H] = 8.82, [NgH] = 7.92, [MgH] = 7.42, [SiH] = 7.52, and
ously taken CCD spectra at higher energies would yield ifFe/H] = 7.60. An inspection of Table 2 shows that H- and He-
portant constraints at the high temperature end of the DBMe lines give consistent abundance values; this is of course
distribution which are not provided by the LETGS. From @o surprise, since the adoptedtdrential emission measure
statistical point of view the improvements in fit quality are sdistribution fits the line ratios very well. The upper limit de-
small that they do not warrant the introduction of additionaived from the absence of the @ Ly, line implies that the
degrees of freedom. carbon abundance (relative to solar) is at the level of less than
In order to demonstrate the overall goodness of fit of o0 percent, i.e., most of the carbon has been depleted. No iron
continuum models we plot in Fig. 5 the observ€tiandra lines have been used for the DEM reconstruction. Inspection
LETGS for Algol (with a resolution of 0.03A; small dots)of Table 2 shows that the nitrogen abundances for accpetable
and the best fit continuum model (solid line) for the caseodels lie between 1.9-2.9, the oxygen abundances between
Tmax = 40 MK andM = 4. We emphasize that in fixing the nor-0.25-0.36, the neon abundances between 0.95-1.34, the mag-
malization we attempted only modeling the continuum, but naesium abundances between 0.48-0.68, and those of silicon
the individual lines; the continuum modeling includes highdretween 0.42—0.61. The Fe abundances (for the best fit DEM
orders up to order ten. The continuum was computed with theodels) vary from 0.10-0.49 depending on the lines chosen.
specific set of abundances calculated for Algol, but no iterdhese discrepancies are of course worrisome, but they are
tive (re-)determination of abundances was performed, since imeall compared to the discrepancies found in solar work
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Table 2. Abundance determinations for DEM models based on Chebyshev polynomials; listed are the elements and lines used (first
columns), the measured number of counts, the modelled number of counts as well as the abundance relative to the Allen (1973) abundance
for the various models characterized by number of polynomials and peak temperature. Last row indicates whether fits are aacgptable “
unacceptableriot acc.

lon Line Obs.| Mod. (7,50) Mod. (4,30)| Mod. (4,40)| Mod. (4,50) Mod. (4, 20)
A
Cvi 33.74 <60 588.2 <0.10 763.1 <0.08| 660.5 <0.09| 659.8 <0.09 908.1 <0.05
N vI 24785 1119.1] 416.9 2.68 567.4 1.97| 501.1 2.23| 467.7 2.39 673.0 1.71
N vII 28.79 141.3 48.6 2.91 63.3 2.23 57.0 2.48 54.4 2.59 76.9 1.84
Ovin 18.97 2883.0| 7925.2 0.36| 10289.0 0.28| 9057.4 0.32| 8890.1 0.32| 11749.0 0.25
ovi 21.6  262.5| 836.7 0.31| 1059.7 0.25| 930.1 0.28| 938.5 0.28| 1251.5 0.21
Nex 12.138 2481.5| 1956.4 1.27| 2602.2 0.95| 2300.1 1.09| 2194.7 1.13| 2996.8 0.83
Ne1x 13.45 665.0f 497.8 1.34 633.5 1.05| 542.4 1.23| 558.4 1.19 710.7 0.94
Mg X11 8.43 578.0( 878.0 0.66| 1196.3 0.48| 1086.1 0.53| 985.0 0.59| 1406.1 0.41
Mg X1 9.17 224.1| 329.3 0.68 439.7 0.51| 374.9 0.60| 369.4 0.61 514.6 0.44
Sixiv 6.15 658.3| 1135.8 0.58| 1504.8 0.44| 1452.2 0.45| 1274.1 0.52| 1784.5 0.37
Sixmm 6.65 480.7| 784.7 0.61| 11321 0.42| 983.0 0.49| 880.3 0.55| 1618.6 0.41

Fexvi 15.01 1018.4| 5322.6 0.19| 6740.0 0.15| 5714.8 0.18| 5970.6 0.17| 7286.7 0.14
Fexvi 15.27 364.7| 1286.1 0.28| 1628.1 0.22| 1380.6 0.26| 1442.6 0.25| 1760.1 0.21
Fexvi 17.07 1124.5| 2278.8 0.49| 2879.7 0.39| 24435 0.46| 2556.2 0.44| 3109.9 0.36
Fexvi 93.92 258.0| 2023.9 0.13] 2599.7 0.10| 2196.2 0.12| 2270.3 0.11| 2857.9 0.09
Fexix 108.37 203.5| 1193.6 0.17| 1571.0 0.13] 13231 0.15]| 1339.0 0.15| 1817.1 0.11
Fexix 101.55 180.9| 444.9 0.41 585.5 0.31] 493.2 0.37| 499.0 0.36 677.3 0.25
FexxI 128.73 266.32| 1914.5 0.14| 27252 0.10| 2300.5 0.12| 2147.8 0.12) 3730.5 0.07
Fexxmr | 132.85 1178.6| 5561.9 0.21| 8505.0 0.14| 7508.5 0.16| 6250.8 0.19| 11021.3 0.11
acc acc acc not acc not acc

(cf. McIntosh 2000). Also, some Fe lines consistently yieldnd, since we are using line ratios, any solution is only deter-
abundance values inconsistent with those derived from otimeined up to a multiplicative factor which needs to be fixed by
lines. For example, the Bevit 17.07 A line yields larger val- the continuum. We use the constraint
ues than the neighboring 15A line, and thexiee 101.55A L
line gives much higher values than the other Fe XUV lines, iri A=1 (33)
dicating systematic problems with those lines. Table 2 also rex
veals that the Fe abundances derived from XUV lines (with tlaed therefore a solution with spectral components hak 2 1
exception of Feix 101.55A) are in general lower than thoséit parameters. In Table 3 we present the results of our analysis
of X-ray lines. Whether this is due to atomic physics or instrwf the available line-ratios for Algol using individual temper-
mental problems is dlicult to say at present. The errors in th@ature components; we list the best fit temperatures and ampli-
effective area calibration of the LETGS are thought to be of thedes as well as the goodness of fit paramgteAn inspection
order=15% at most; the magnitude of thiect appears to be of Table 3 shows that a good fit to the observed line ratios mea-
too small to account for the observed discrepancies. Anottseired for the Ly- and He-like resonance lines for N, O, Ne,
issue is the value of the interstellar absorption column densig, and Si requires four spectral components with a total of
for our analysis we used the value of 50~ cm3, and higher seven adjustable parameters. Descriptions with fewer compo-
values would reduce, smaller values increase the discrepanegts and fewer adjustable parameters cannot explain the ob-
between model and observations. served line ratios; the test statisgié depends — not surpris-
ingly — sensitively on the number of spectral components, but
three components, yielding a test statis‘tfgﬁn = 17.15, are
just not stficient, while the introduction of a fourth and fifth
5.2.1. Temperature structure component reduces the level pt to below unity. The neces-
sity to introduce 7 parameters in order to fit 5 data points is a
It is of course also possible to carry out the analysis of the limightmare for every statistician and one wonders about the ef-
ratio data in a more traditional way using individual, discretiective number of degrees of freedom. Presumably these prob-
temperature components. In this approach one usedepen- lems have to do with the positivity constraint Eq. (32), which
dent spectral components with temperatdigs = 1...L and severely limits the available solution space. Unfortunately, the
emission measureg. One clearly ought to demand resulting best fit temperature quadruple is not unique. If one
accepts a limit oj/ﬁm < 6 as a threshold below which solutions

A >0, (32) are accepted uncertainties of up to 0.2 dex in Logsult.

5.2. Temperature component analysis
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Table 3. Abundance determinations for discrete temperature compwell, the main diference coming from the lines used for abun-
nent models; listed are the elements and lines used (first two columgignce analysis.
the model parameters in parentheses indicating number of tempera-

ture components and value gf as well as the individually derived

abundances relative to cosmic abundances. Last row indicates whefhé Towards a physical model
model gives acceptablatc’ or unacceptable fitsriot acc.

It should have become clear that neither the modeling ap-
proach based on Chebyshev polynomials nor that based on

lon Line(d) (3,9.1) (4,226) (5083 individual temperature components includes a great deal of
Cv 33.74 <006 <006  <0.06 physics other than the theory of hot thermal plasma emission.
NvI 28.79 1.54 1.41 1.45 Let us consider a “standard” solar loop with apex temperature
N vII 24.785 1.35 141 1.45 Tmax = 2x10PK, pressurgp = 1 dyncnt?, and loop half length
ovn 21.6 0.19 0.17 0.19 L = 2x10°cm. Such a structure contains a total emission mea-
Ovin 18.97 0.20 0.19 0.19 sure of a few times 1§ cm3. Comparing this estimate to the
NeIx 13.45 0.68 0.77 0.74 total solar coronal emission measure or to the emission mea-
Nex 12.138 0.58 0.69 0.69 sure observed from stars it is clear that several hundreds and
Mg x 9.17 0.28 0.33 0.33 posts[kglyt.motretthhan thogsan% such (;‘st:mdard_” Io?.ps m_ll_ﬁt pe
contributing to the emission observed at any given time. This is
'\Sﬂiii? 2'2: 8'22 8':2 8'2; gmply demo_nstrated by the thopsands’.ﬁ]‘HKOH.anQSOHO
_ ‘ : : ' images, which show a vast variety offirent emission struc-
SiXTy 6.15 0.34 0.34 0.34 tures, and only during a stronger flare an individual structure
Fexvi 15.01 0.06 0.09 0.09 can dominate the total X-ray output. In a stellar context the sit-
Fexvi 15.27 0.09 0.13 0.13 uation is less clear. Again, during a large flare the overall emis-
Fexvi 17.07 0.16 0.24 0.23 sion is certainly dominated by the emission from the flare re-
Fexvil 93.92 0.05 0.05 0.05 gion alone, for the quiescent emission we assume that a larger
Fexx 101.55 0.24 0.15 0.06 number of individual features is responsible for the observed
FexIx 108.37  0.10 0.06 0.06 emission. o
FexxI 128.73 0.16 0.14 0.13 If one assumes that the X-ray emission comes from a sam-
FexXI 132 85 011 015 015 ple of individual constant pressure “atmospheres" extending
from some lower temperaturg, to some maximum temper-
not acc acc acc

5.2.2. Abundances

One expects that the derived abundances depend sensitively

f(T) — Cnorm p Ta—y/2—1/4

atureTmax the diferential emission measure distributiéfT)
of such a loop can be calculated as (cf. Bray 1991)

1

JL- Ly

(34)

on the _choic_e of the adopted temperature components if Of%e parameters, B, andy in Eq. (34) are the power law coef-
is working with a small number of temperature componenig.jenis in the laws for radiative cooling, loop heating, and loop

These expectations are verified by an inspection of Table

c‘?’oss section expansion which are assumed to have the form

where we list the abundances derived from our temperature fits.

In Table 3 we list the derived elemental abundances for ea,q[n') = AoT? Q(T) = QoT? A(T) = AT,

(35)

discrete temperature solution for three, four, and five individ-

ual components (list in the first row). The depletion of carborspectively. Clearly, these assumptions are somewhat idealis-
is recognized independent of the chosen number of tempdia-and in particular the assumption about the heating law is
ture components, while abundances for individual elements dathlly arbitrary, but the resulting structure is found to be re-
lines can but must not vary considerably. For example, ther@arkably insensitive to the detailed form of theseffioients.
abundance derived from @mn 18.97 A changes from 0.19-The constan€nom in Eq. (34) is given by the expression
0.20,i.e., is essentially model independent, while the iron abun-

dance derived from Fex 101.55 A varies from 0.06 to 0.24 in ko(2a + 7y + 3/2)
Chorm = Ao Tokz’

an extremely model dependent way. (36)

If we now compare the abundances from the simplest ac-
ceptable discrete temperature component model (i.e., 4-T)Wbereko denotes the constant in the heat conduction law. The
those derived from the simplest continuous emission measgigularity at the loop top, wheré = Tmay, arises from the
distribution model (4, 40) we find that the nitrogen and oxyge#pundary conditiorft = 0 at the same place. In such struc-
abundances fier by a factor of~2, the discrete temperaturetures the fundamental physical parameters pressure, loop top
component abundances being lower. For the neon, magnesitgfperature, and the loop lendtrare not independent but are
and silicon abundances the situation appears similar with tigéated through so-called scaling laws viz.
continuous temperature distribution abundances being higher, .

while for iron the two sets of abundances agree reasonaply ~ T2 . (37)
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In order to make progress we assume ad hoc that the distribu-
tion of the actual loop top temperatu®6T ax) Of a collection
of loops can be described through a Gaussian viz.

1 _(Tmax—"'o)2
O(Tmax) = Nr e ¥, (38)
oT

with a mean loop top temperatufg and some dispersiany.

We further assume — for the time being — that all loops have the
same length. It is clear that only loops with loop top tempera-
tureTmax > T can contribute to the overallffiérential emission

measure at some given temperattireThe total diferential = ok |
emission measure from such a collection of loops is therefore ﬁ% '
given by 2
=
_ (Tmax-Tg)? =
11-2y e 20

1 00
) ~ L7724 [ T (39

)

where we have used the scaling law Eq. (37) to replace the
(constant) loop pressurp with Tax and L. Because of the
scaling law Eq. (37)p and Tyhax are not independent, and in
fact for givenL the pressure and thus the total emission mea-
sure depend quite sensitively dhax If we then — finally —
assume that the loop lengthis related to the loop top tem-
perature with some power law diieients, we are led to the 0.1 W \6 L \7
following analytical form of the dferential emission measure 10 “?em eroture (K) 10
distribution: i

o o (T To)? Fig. 6. Best fit diferential emission measure distribution derived from
ot(T) = AnormT f AT max Timax e % (40) Eqg. (40) (solid curve) compared to DEM distributions derived from
T 1- (L)az fourth order Chebyshev polynomials wilhyax = 30 MK and Tpax =
Trnax 40 MK.

with the three power law cdiécientsa, a2, andas, the mean

loop top temperatur@y and its variancerr as parameters de-top temperatures imply higher pressure, higher pressure im-
scribing the shape of the distribution function. plies higher density, and higher density implies larger emission
With the ChandraLETGS data we can test whether the shapmeasure, so the hotter loop will contribute most. For constant
specified by Eq. (40) is consistent with our observationsoss section loops with the canonical radiative loss function
Calculations showed that the hydrogen- to helium-like line rane expects; ~ 0; the observed value; ~ 0.5 can only be

tios depend sensitively am, To, andor, but less sensitively explained by expanding loop geometries.

on the parameters, and as. The best fit model was found
to be given by the set; = 0.48,a, = 0.50, @3 = 0.50,
To = 7MK, andot = 11MK. In Fig. 6 we plot the DEM
distribution function in comparison to the best-fit DEM disThe new generation of X-ray spectrometers on board the
tributions reconstructed from fourth-order Chebyshev polyn&handraand XMM-Newton satellites allows the determina-
mials with Tyax = 30MK and Thax = 40MK; as is clear tion of elemental abundances in hot X-ray emitting plasmas.
from Fig. 6, the DEM reconstructions agree extremely wellheChandraLETGS has the specific advantage of a very large
with each other for temperatures above 1 MK, while the slofsand pass with an ensuing sensitivity to lines from rather dif-
of the emission reconstructions disagrees for lower tempefarent temperature regimes. Our analysis of the Algol LETGS
tures. Since there are almost no constraints on the DEM in tefgectrum shows that the abundances for the elements neon,
temperature range (note that the peak formation temperator@gnesium, silicon, and iron are all sub-solar. This is in line
for Nvir is at 1 MK), such a discrepancy is hardly surprisingvith previously published high-resolution abundance determi-
As a first conclusion we therefore note, that a function formations of HR1099 with th&€handraHETGS (Drake et al.

as given in Eq. (40) provides a reasonable description of tA@01) and XMM-Newton (Brinkmann et al. 2001). Among
observed line ratios with suitably chosen paramelgrsor, those elements neon has the relatively highest abundance, i.e..
a1, az, andas. In the framework of the chosen model it is at is least sub-cosmic. It appears that these conclusions are
little surprising that the mean (Gaussian) loop top temperatuegher robust, and specifically do not sensitively depend on
is rather low T = 7 MK). However, because of the large disthe methodology used (“global fit” vs. “emission line analy-
persion of 11 MK, significantly hotter loops occur with higtsis”). However, an inspection of Table 2 shows that, for ex-
probability. Since according to the scaling laws higher locgmple, the iron abundance determinations considerably depend

6. Discussion and conclusions



J. H. M. M. Schmitt and J.-U. Ness: Coronal abundances from high-resolution X-ray data: The case of Algol 1111

Table 4. Comparison of coronal abundances for Algol derived fléhandraLETGS (this paper, second column) with abundances derived
from ASCA (third to fifth column; Antunes et al. 1994) and EUVE (sixth column; Stern et al. 1995).

Element This paper Antunesetal. Antunesetal. Antunesetal. Sternetal.
Low State Medium State High State

C <0.04 n.a. n.a. n.a. n.a.
N 2.0 <0.1 <0.1 <0.1 n.a.
(e} 0.25 0.30+ 0.04 0.31+ 0.03 0.24+ 0.03 n.a.
Ne 0.95 0.76+ 0.10 1.22+ 0.08 1.08+ 0.08 n.a.
Mg 0.5 0.48+ 0.06 0.64+ 0.05 0.47+ 0.04 n.a.
Si 0.45 0.43: 0.05 0.65+ 0.04 0.47+ 0.03 n.a.
Fe 0.2 0.30 0.01 0.37+ 0.02 0.32+ 0.01 0.2-0.4

on the lines used for the analysis. The short wavelength liresd abundance structure of a plasma; therefore, the temperature
of Fexvirat 15.01A, 15.27 A, and 17.07 A yield higher abunstructure should be determined independent from the elemental
dances than the Fe lines at 93.92 A, 108.37 A, 128.37 A, amoindances either from line ratios of lines of the same chemical
132.82 A; the Fe line at 101.55 A yields larger abundances thelement (as done in this paper) or by using lines only from the
the rest of the EUV Fe lines. The reason(s) for this discrepareame element (as done by, e.g., Drake et al. 2001). We next em-
are not quite clear. Optical deptffects in the Favir are very phasize the need of physical considerations in the determina-
likely not the cause (Ness et al. 2003) and would in fact evéinn of the temperature structure. This is in particular required
worsen the discrepancy. Since the short wavelength lines ardfalhe ever desires to determine elemental abundances in the X-
from Fexvi, the calculated emission measure distribution faay range with an accuracy achieved by optical abundance de-
this ion might be incorrect, i.e., too large. Sincex®al is pro- terminations. We have at the moment only few clues as to the
duced over a rather large temperature range this appears satifeerential emission measure distributions realized by stellar
what unlikely since then also the continuum emission wouttbronae and the uncertainties in our knowledge of the correct
have to be incorrectly placed. The ¥en long wavelength temperature structure prevents us from reaching precisely this
lines are &ected by absorption, but we used already a rathgoal. A modeling of the coronal emission in terms of individual
large value ofNy; lowering the absorption column densitytemperature component is unsatisfactory from a physical point
would again worsen the discrepancy. Systematic errors in thfeview, from a procedural point of view and from a mathemati-
instrument calibration mightfeect the long wavelength por- cal point of view. Abundances determined in this way may have
tion of the spectrum in a fferent way than the short wave-small statistical errors (of a few percent depending on the SNR
length portion, but the magnitude of th&ext is much larger of the modeled data), but rather large systematic errors of 100%
than the systematic calibration uncertaintied §%). Finally, or more; nevertheless they are adequate to reveal general trends
atomic physics uncertainties mighfect the long wavelength in abundance patterns. This is exemplified in Table 3, which
lines diterent compared to the short wavelength lines. At asphows that for example the oxygen abundance changes by a
rate, we have to conclude and state that we presently havefaxor two for models with discrete temperature components. A
satisfactory explanation for the discrepant abundance deterntimparison of the abundances derived for Algol in this paper
nations for iron. with those derived by Antunes et al. (1994) from ASCA us-

As to the abundance discrepancies derived froffedi ing a two-temperature variable abundance modeling approach
ent analysis methods, our studies have clearly demonstrad&® shows that the general trend in the run of elemental abun-
the importance of the correct determination of the underlyirignces is captured and the “low” iron abundance and “high”
temperature structure for a correct determination of elemédion abundance are recognized, while the abundances of indi-
tal abundances. The cooling functions of individual lines cotidual elements can vary by at least a factor of two. Also, the
tribute significantly over a temperature range of 0.3 dex and tf@@! clue of theChandraLETGS Algol observation, i.e., the
shape of the emission measure distribution also implies céyerabundance of nitrogen with its profound physical implica-
siderable contributions far away from the peak formation terfions (cf. Schmitt & Ness 2002) went unnoticed in the modeling
peratures of individual lines. The lines used in our study, i.&ith the lower resolution ASCA data.

Ly, and He-liker lines, are formed over a rather wide tem- As to Algol specifically, our detailed temperature and abun-
perature range, other lines, in particular lines from ions witance modeling confirms the results previously derived by
incompletely filled shells, are formed over somewhat narronSchmitt & Ness (2002). Because of temperature dependence
temperature ranges necessitating an even better knowledgefdhe emissivity functions of the Lylines for C and N (cf.

the temperature structure. We purposely used only those lifég. 1), the line ratio between these lines must stay below 0.57
for our differential emission measure reconstruction, becauffer cosmic abundances) regardless of the underlying tempera-
first, these lines are among the strongest for each element amé structure in contrast to the observed ratio 8. Our mod-
therefore the most likely lines to be detected in a recordeting now shows that carbon is depleted down to at least 8%,
X-ray spectrum, and second, the atomic physics of those lingkile nitrogen is enhanced by about 70% or more (all relative
ought to be known best. A reliable method for abundance deter-cosmic abundances). Thiffect is dramatic. Assuming the
mination must prevent any cross talk between the temperataosmic abundance pattern recommended by Holweger (2001)
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there are 4.58 carbon atoms for every nitrogen atom, whilebnake, J. J., Laming, J. M., & Widing, K. G. 1996, in Astrophysics in

Algol's corona we have (at least) 8.2 nitrogen atoms for ev- the Extreme Ultraviolet, IAU Collog., 152, 97

ery carbon atom! This reversal of carbon and nitrogen abuprake, J. J., Brickhouse, N. S., Kashyap, V., et al. 2001, ApJ, L81

dance can be readily explained by assuming that one is stubljake, J- J. 2003, ApJ, 594, 496 _

ing CNO-cycle processed material in the corona of Algol E3révesse, N., & Sauval, A. J. 1998, Space. Sci. Rev., 85, 161

since the equilibrium abundance of CNO nuclei participating {glde! M-, Audard, M., Briggs, K., et al. 2001, A&A, 365, L336

the cycle is such that most nuclei occur @4 Nuclei (Caughlan HUdel’ M., Audard, M., Mag.ee’ H., etal. 2001, AZA, 365, L 344

uenemoerder, D. P., Canizares, C. R., & Schulz, N. S. 2002, ApJ,

1965). In no other spectral range than the X-ray band can the559, 1135

chemical abundance of the B component of the Algol systgfyata F., & Schmitt, J. H. M. M. 1999, A&A, 350, 900

be studied. Fludra, A., & Schmelz, J. T. 1995, ApJ, 447, 936
OurChandraLETGS spectrum of Algol thus demonstratesiuenemoerder, D. P., Canizares, C. C., & Schulz, N. S. 2001, ApJ

the wealth of physical information contained in an X-ray spec- 559, 1135

trum with high spectral resolution and — at the same timeHolweger, H. 2001, Joint SOHBCE workshop Solar and Galactic

good signal-to-noise ratio. The latter is as important as the for- Composition, ed. F. Robert, Wimmer-Schweingruber, American

mer, since data with poor signal-to-noise will not allow the Institute of Physics, Conf. Proc. 598, Bern, Switzerland, March 6—

derivation of meaningful and significant results. The exposure 9,2001, 23 .

of such spectra requires substantial satellite resources, yé‘teﬁle?rzlf‘ R.,Mewe, R., Schrijver, C. J., & Fludra, A. 1989, ApJ, 341,

represents the only way to extract information on the phySiﬁlsazzotta, P.. Mazzitelli,

of stellar coronae. A&AS, 133, 403

Mclntosh, S. W. 2000, ApJ, 533, 1043
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