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Summary

This pap er giv es a bac kground of sp ectroscop y that can b e p erformed with the soft w are pac k-

age SPEX that has b een dev elop ed in the past decade at SR ON-Utrec h t and SR ON-Leiden

for the computation and mo delling of X-ra y and EUV sp ectra. It encompasses a n um b er

of subroutines for the computation of emergen t sp ectra of optically thin plasmas suc h as

stellar coronal lo op structures and sup erno v a remnan ts (also including transien t ionization

e�ects), photo-ionized plasmas, and optically thic k plasmas. A syn thetic sp ectra program

that con v olv es the calculated input sp ectra with represen tativ e instrumen tal resp onse func-

tions and a subroutine for Di�eren tial Emission Measure mo delling is a v ailable. The v arious

subroutines of the sp ectral co de are brie
y considered and n umerous examples of sim ulated

sp ectra are giv en.
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1 In tro ductionAfter a general introduction to the purpose and development of the software package SPEctral X-rayand UV modelling and analysis (SPEX) we deal in some detail with radiation processes and spectralmodelling in general. We give a number of examples of modelling of various optically thin or thick,transient or stationary plasmas by generating simulated spectra convolved with instrumental responsefunctions and by applying di�erential emission measure modelling techniques. Finally, various sub-routines of the spectral code are brie
y considered.
2 Sp ectral co deIn the last decennium SRON-Utrecht and SRON-Leiden have developed in close collaboration a soft-ware package for the calculations of X-ray spectra from hot, optically thin plasmas. This software isessentially based on the original Mewe-Gronenschild-van den Oord code (Mewe and Gronenschild 1981(P ap er IV ), Mewe, Gronenschild, van den Oord 1985a (P ap er V )) which includes 2167 lines from15 di�erent chemical elements, covering the wavelength region 1{300 �A. These lines are produced byexcitation from electron impact, radiative and dielectronic recombination and by innershell excitationand ionization. In addition to the lines the code calculates the contributions from continuum radiationdue to free-free, free-bound, and two-photon emission (Gronenschild and Mewe 1978 (P ap er I I I ),Mewe, Lemen, van den Oord 1986a (P ap er VI )).Our code has been applied on many occasions to optically thin plasmas, both in steady-state equi-librium (e.g. stellar coronae) and for a time-dependent ionization balance (e.g. supernova remnants)(e.g., Drake 1992). For a short description of its history and development, cf. Kaastra and Mewe(1993a).During the last �ve years many improvements and extensions have been made. First, the structure ofthe subroutines has been sometimes drastically changed in order to allow all input/output variablesto be transmitted as subroutine arguments and to signi�cantly enhance the speed of the computa-tions of the ionization balance (e.g. by replacing the fourth-order Runge-Kutta scheme to solve thecoupled system of �rst-order di�erential rate equations by a matrix inversion; for details, e.g. Jansen1988, Kaastra and Jansen 1993, Kaastra 1992a). Second, the accuracy of the continuum emissivitycalculations was improved (Kaastra 1992a). Finally, recent extensions mainly consist of including allions of the 30 elements from hydrogen to zinc (instead of 15 elements in the old code), updating theatomic physics, inclusion of more than 300 far ultraviolet lines between 300{2000 �A from the work ofLandini and Monsignori-Fossi (1990), and the addition of about 300 dielectronic recombination andinnershell excitation satellite lines of the helium- and hydrogen-like resonance lines from Fe, Ca, andMg between 1{10 �A. The current version of the code now contains nearly 2800 spectral lines between1{2000 �A.Current developments are pointed to extend the work to nebular-type, photo-ionized plasmas. Thiswill be needed since it became evident that photo-ionized plasmas play an important role in accretion-powered X-ray sources such as X-ray binaries, cataclysmic variables, and active galactic nuclei. Thisis where a central X-ray emitting region is surrounded by a cooler, partially ionized medium, andearly-type stars where X-rays produced in shocks are transferred through a stellar wind. Moreover,atomic physics has improved considerably during the last decade, and the advent of a new series ofsatellites with high sensitivity and spectral resolution like EUVE, Astro-D, SAX, AXAF, and XMMstrongly demands the availability of spectral codes with higher accuracy and more detail.
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Issue: V ersion 1.0/Rev. 4.0As a �rst step, the e�ects of innershell ionization on the spectrum and ionization balance were studied.This process (either by direct collisional ionization or photo-ionization) leads to the creation of avacancy in one of the inner shells of the ion or atom. The vacancy is �lled by a cascade of radiative(
uorescent) and non-radiative (Auger) transitions. The net result of this cascade process is theejection of several electrons and photons, leaving the atom in a multiply ionized state. This multipleionization has an important e�ect in calculations of the ionization balance in photo-ionized plasmas.We have calculated the probability distribution of ejected electrons for inner-shell ionization of all ionsfrom Be{Zn (atomic number 4{30). Also the energy spectrum of the Auger electrons (needed for theenergy balance) as well as the 
uorescent photon spectrum has been calculated (Kaastra and Mewe1993b,c).Before we proceed with further details about the various subroutines we deal with radiation processesand spectral modelling in general (cf. e.g. Mewe 1992).
3 Radiation pro cesses and plasma mo delsIn nature X-rays can be produced by a variety of processes which may be classi�ed roughly as thermalor nonthermal processes. These emission mechanisms include blackbody radiation, bremsstrahlung(thermal or nonthermal), line emission, recombination radiation, synchrotron radiation, and inverseCompton radiation (for reviews e.g. Hoover et al. 1972, Blumenthal and Tucker 1974).Observations of certain features of the X-ray 
ux, such as its spectral energy distribution, emissionlines, absorption edges, and degree of polarization, may reveal which particular emission mechanismoccurs in the considered source. This information is important to the development of a feasible sourcemodel.X-ray emission usually results from an electron-photon process. If the energy of the generating electronis thermal in nature, i.e. the electrons are described by a Maxwellian energy distribution character-ized by a certain temperature T , we speak of thermal processes. Temperatures of about a millionKelvin or more are required. The most important processes are line and continuum emission fromoptically thin plasmas and blackbody radiation from optically thick plasmas. Nonthermal radiationis produced when the electrons are nonthermal in nature (e.g. occur in beams). The most importantprocesses for nonthermal X-ray radiation in cosmic sources involve the acceleration of (relativistic)electrons in magnetic �elds (synchrotron radiation or magnetic bremsstrahlung) and the interactionof high-energetic electrons with visible, infrared, or microwave photons (inverse Compton radiation).Nonthermal electrons may also produce bremsstrahlung and line emission by deceleration as a resultof Coulomb interaction with ions when electron beams traverse the plasma in a Solar or stellar 
are(e.g. Brown 1971, �Svestka 1976). In Table 1 the processes and some examples of sources in whichthey may occur are summarized.It is instructive to consider several basic plasma models. Astrophysical plasmas are usually discussedin terms of three (thermal) models: (i) Coronal model, (ii) Nebular model, (iii) Atmospheric model,or in terms of combinations thereof (cf. Table 2). As a fourth model we might consider relativisticplasmas in which electron-positron pair production in photon-photon interactions dominate.The optically thin model was �rst applied by Elwert (1952) to the Solar corona and is thereforealso designated \the coronal model". The nebular model owes its name to the fact that it is theX-ray analogue of a planetary nebula, in which a central continuum source ionizes the surroundinggas (e.g. McCray 1984). This and the optically thick atmosphere model can be applied to the
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Issue: V ersion 1.0/Rev. 4.0Table 1: Pro duction mec hanisms of X-ra ys in cosmic sourcesA. Thermal processes
Radiation pro duced b y electron-ion in teractions, c haracterized b y some gas temp erature T (essen-

tially the electron temp erature) whic h should b e �> 10

6

{10

7

K for X-ra y pro duction.� A.1. Blackbody radiation from hot, optically thick plasma of surface temp erature T . Con tin-

uous energy sp ectrum: E

3

= [exp( E =k T ) � 1] (sometimes as modi�ed quasi-BB radiation repro-

cessed b y scattering in the gas). E.g. compact X-ray binaries, cataclysmic variables, isolated whitedwarfs, active galactic nuclei (AGNs).� A.2. Radiation from hot, optically thin coronal plasma. E.g. stellar coronae, supernovaremnants (SNRs), hot interstellar matter, intracluster gas, normal galaxies and galactic halos.� A.2.1. Thermal bremsstrahlung con tin uum pro duced b y a transition of a free plasma electron

b et w een t w o con tin uum states of the ion: energy sp ectrum / T

�

1

2

exp ( �E =k T ). Dominan t at

T �> 10

8

K.� A.2.2. Discrete line emission (electronic transition b et w een t w o b ound lev els of the ion). Dom-

inan t at T �< 5 10

7

K. Collisional ly excited sp ectral lines from highly ionized atoms are signatures

of the thermal nature of the plasma.� A.2.3. Radiative recombination con tin uum (capture of the electron in to a b ound state of the

ion) with emission edges that fade out for T � 10

7

K, where bremsstrahlung dominates.� A.2.4. Dielectronic recombination lines (capture of a free electron in to a doubly excited ion

state through sim ultaneous excitation of a b ound electron of the ion).� A.2.5. Two-photon con tin uum (sim ultaneous emission of t w o photons from a metastable state).N.B. The �rst t w o pro cesses are usually the most imp ortan t ones.� A.3. Radiation from nebular-type photoionized plasma. E.g. compact X-ra y source em-

b edded in colder gas. Con tin uum sp ectrum with sup erimp osed recom bination lines and narro w

recom bination con tin ua. When the plasma b ecomes opaque for Compton scattering, Comptoniza-

tion, re
ection and 
uorescence o ccur (e.g. in and around accretion disks around blac k holes).B. Nonthermal processes
In teraction of relativistic electrons with magnetic �elds ( synchrotron or cyclotron radiation),

in teraction with visible, infrared and micro w a v e photons that are upgraded to X-ra y photons

( inverse Compton scattering), or in teraction of non thermal electrons with ions ( nonthermalbremsstrahlung). E.g. nebulae, intergalactic space, radio galaxies, AGNs, di�use background,compact objects and Solar and stellar 
ares.� B.1. Synchrotron radiation with con tin uous, p olarized energy sp ectrum E

� �

(energy sp ectral

index � = ( s � 1) = 2 where s is index of the p o w er-la w electron n um b er distribution p er unit

energy range; e.g. � ' 1 for Crab Nebula). F or nonthermal bremsstrahlung in Solar/stellar 
ares

� = (2 s � 1) = 2. In a strong magnetic �eld at the surface of neutron stars ( B � 10

12

G) cyclotronresonance absorption o ccurs in the X-ra y region. E.g. X-ray pulsars, 
 -ray bursts.� B.2. Inverse Compton radiation. Con tin uous p o w er la w sp ectrum, sp ectral energy index

� = ( s � 1) = 2. In some cases lo w-energy photons pro duced b y the sync hrotron pro cess ma y b e

transformed in to X-ra ys b y in v erse Compton scattering ( Compton-synchrotron radiation), e.g.

in compact radio sources and AGNs.� B.3. Positron annihilation emission line at 0.511 MeV in hot magnetized plasma near the

surface of a neutron star. The energy is reduced b y � 10% due to gra vitational redshift.
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Table 2: Comparison b et w een v arious mo dels

Coronal Nebular A tmospheric

Mo del Mo del Mo delAssumptions Optically thin; Optically thin/thic k Optically thic k

collisiona l ionization & (sometimes electron collisiona l ionization

collisiona l excitation scattering imp ortan t)

dominate photo-ionizatio n and photo-

excitation b y radiation from

an external X-ra y sourceExamples - stellar coronae - compact ob jects (WD, NS, - photosphere

- SNRs BH in X-ra y binaries) of hot O stars

- clusters of galaxies - stellar winds - hot D A dw arfs

- cen tral region of A GN? - A GNs - NSModel - E M =

R

n

2

e

dV or - � = L

X

=nr

2

(ionization par.) - T

e�parameters - D E M = n

2

e

dV =dT - ( L

X

n )

1 = 2

(con tin. opt. depth) - g

- T (con trolled externally) - n

e

- abundances

- n

e

(densit y-sensiti v e lines) ( T is not a free parameter)Characteristics Sp ectra ric h of emission lines Sp ectra with emission and Sp ectra with ionization

excited b y electron collisions; absorption lines formed b y absorption edges/lines

He-lik e singlet/tripl et ratio recom bination; many ion and con tin uum

& F e XVI I-XIX lines can b e stages at lo w T

used to discrimina te b et w een

coronal/nebula r mo delProblems - atomic rates T is not a free parameter, - NS comptonization

- non-stationary but is determined b y (Mon te Carlo calc.)

ionization balance lo cal energy equations - la y ered atmosphere

- non-L TE e�ectsResults - T ; ( D ) E M ; n

e

,abundances - n

( e )

,abundances - T

e�

; g ,abundances
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Issue: V ersion 1.0/Rev. 4.0important classes of X-ray binary sources containing a compact object, such as a white dwarf (WD),neutron star (NS), or black hole (BH). In practice we may encounter a mixture of all models becausein many cases the observed sources are not spatially resolved which impedes the disentanglement ofemission regions with di�erent model properties. For example, spectral observations with the medium-resolution Objective Grating Spectrometer (OGS) on the EINSTEIN observatory of 22 bright galacticX-ray binaries (Vrtilek et al. 1991) revealed in many cases the presence of several line emission andabsorption features. The observed line emission suggests that the emitting material spans a large rangein temperatures and ionization states. Neither photoionization nor coronal models can reproduce therelative line intensities. This can be caused by simultaneous observation of features associated withboth models, i.e. the line emission may originate from two distinct regions that cannot be spatiallyresolved in the observations: a) a collisionally excited, coronal region and b) a photo-ionized region thatis excited directly by the central X-ray source. Moreover, there may be a contribution to the spectral(power-law) continuum of the central hard X-ray source by soft X-rays from possibly reprocessedblackbody radiation from the optically thick accretion disk. The measurement of line velocities as afunction of binary phase with future high-resolution spectrometers onboard AXAF and XMM wouldgreatly facilitate the disentanglement of the di�erent line emission regions.
4 Sp ectral mo dellingCertain models are needed to infer from the observations the relevant physical parameters includingelectron temperature, emission measure and density distributions, ion and elemental abundances, massmotions, and the nature of the ambient radiation �eld.The usual procedure is to apply a forward modelling technique by convolving theoretical model spectrawith the instrumental response and to vary the model parameters in order to optimize the �t of themodel to the observational data. A common approach is to consider �rst a simpli�ed plasma modelfor the X-ray source, neglecting much of the complexity of the temperature and density structureand of the e�ects of opacity, and to synthesize such models into successively more sophisticatedapproximations of the source model.In Figure 1 we give in a processing 
ow diagram schematically the process of spectral modellingfor the case of optically thin coronal plasmas. The synthetic spectra program is fed with inputparameters from the spectral model (atomic data for ionization and line and continuum excitation),the instrumental model, and from the assumed plasma model for the source. The synthetic spectracode generates spectra which can be compared to the observations and tested by means of statistical�tting procedures.Let us consider an optically thin plasma source model. To represent an optically thin source such asa stellar corona or a supernova remnant (SNR) we may start with a simple single-temperature modelor as a next step a two-temperature model, or a more sophisticated multi-temperature, di�erentialemission measure (DEM) model (e.g. Lemen et al. 1989). Once we have obtained more insight into thetemperature strati�cation of the source we may let supersede such models by a more speci�c physicalmodel which also may contain the plasma dynamics. For a plasma in a transient state (e.g. SNR,impulsive phase of a 
are) we have to introduce a time-dependent model. In the following paragraphswe deal �rst in detail with the optically thin model and then give several examples representative forthis optically thin model and other models like photo-ionized plasma and optically thick plasma.
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Figure 1: Pro cessing Flo w Diagram fo r Sp ectral Mo delling of optically thin plasmas (from Mew e 1992).
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5 Optically thin thermal plasmaThe X-ray emission from a stellar corona is typically optically thin thermal plasma emission from avery hot, tenuous, and highly ionized gas in which the atoms have all, or almost all, of their electronsstripped due to collisions with energetic electrons. Temperatures are typically above one milliondegrees Kelvin.This is the standard coronal model that was �rst applied by Elwert (1952) to the Solar corona.It assumes that the radiative power loss is compensated by heating so that the gas is in a steadystate of statistical equilibrium both for the bound atomic states and for the ionization balance. Theelectron collisions control the ionization state and emissivity of the gas and the plasma electrons (andions) are relaxed to Maxwellian energy distributions with a common temperature, T , a free parametercontrolled by external processes (e.g. Mewe 1990a). The relaxation time for electron-electron collisions(tee � 0:01T 3=2n�1e (s); T in K, electron density, ne, in cm�3 (Spitzer 1962)) is generally short enoughto ensure a Maxwellian velocity distribution for the electrons, unless the timescales for energy loss orgain or particle containment are smaller than tee.The heat input is directly coupled to the electrons and ions. If the heating mechanism preferentiallyheats one kind of particles (e.g., heavy ions in shocks or electrons in microturbulent plasmas) and ifthe Coulomb collision equilibration time (tei � 10 T 3=2n�1e (s) (Spitzer 1962)) is long enough, theion and electron temperatures may di�er signi�cantly (Ti 6= Te). However, if in this case plasmainstabilities reduce the equilibration timescale then Ti ' Te (e.g. in turbulent shocks in supernovaremnants) (Mewe 1984).Deviations from the coronal model due to e�ects of photo-ionization, optical depth, high density,non-Maxwellian electron distributions, and transient ionization are discussed by Raymond (1988) andMewe (1990a,b).Examples of \coronal" plasmas are: stellar coronae, supernova remnants, the hot gas in the interstellarmedium and in galaxies and clusters, and possibly also tenuous intercloud gas pervading the centralregion in active galactic nuclei (for examples of various X-ray spectra, e.g. Mewe 1990b).
5.1 Ionization balanceMuch of the temperature sensitivity of the soft X-ray spectrum is associated with the ionization struc-ture. Under the assumptions of the coronal model, nearly all ions can be taken to be in their groundstates. The ionization state is then controlled by electron impact ionization (including sometimesa contribution from autoionization) and by radiative plus dielectronic recombination. The rate ofchange of the population density NZ;z (in cm�3) of ion Z+z from element of atomic number Z isgiven by dNZ;znedt = NZ;z�1SZ;z�1 � NZ;z(SZ;z + �Z;z) + NZ;z+1�Z;z+1; (1)where SZ;z and �Z;z are the total ionization (z ! z+1) and recombination (z ! z�1) rate coe�cients(in cm3 s�1) of ion Z+z , etc. In the general case of a time-dependent plasma the ionization structurecan be derived by solving for each element Z a set of Z + 1 coupled rate equations. The populationof stage z depends on the four rates which connect it with the neighbouring ionization stages z � 1and z + 1. For the special case of a steady-state equilibrium the rate of change (left-hand member of
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Figure 2: X-ra y sp ectra b et w een 0.1{10 k eV (left panel) and a round the F e K complex (right panel) of an

optically thin transient plasma that has b een heated instantaneously to 10 MK at time t = 0, fo r values

of the ionization pa rameter log( net)(cm

�3
s) of 9, 10, 11, 12, and 13 (b ottom to top) (from Kaastra and

Bleek er 1991). This is an example of a calculation with the NEI sub routine.Eq. (1)) can be set equal to zero, and the population density ratio NZ;z+1=NZ;z of two adjacent ionstages Z+(z+1) and Z+z can be expressed byNZ;z+1NZ;z = SZ;z(T )�Z;z+1(T ) ; (2)which is, to �rst order, only dependent on T and not on ne, as long as stepwise ionization in SZ;zand collisional coupling to the continuum levels in �Z;z+1 can be neglected (e.g. Mewe 1970, Wilson1962).For a discussion of the ionization and recombination processes, see e.g. Mewe (1988, 1990a) andRaymond (1988, 1990).
5.1.1 Ionization balance in a transien t plasmaThe assumptions of steady-state coronal equilibrium are not always valid for cosmic X-ray sources.The plasma approaches the equilibrium expressed in Eq. (2) over a relaxation time, trel, comparableto the ionization and recombination times of the relevant ion. When the physical plasma parameterschange quickly due to a variety of processes such as plasma instabilities, shock compression, rapidexpansion, heating or cooling of the gas, etc., the assumptions of a steady-state equilibrium breakdown and the plasma is considered to be in a transient state. For example, in cases where the electrondensity is very low, the time scale trel for ionization equilibrium to be established at the currentlyexisting electron temperature may greatly exceed the relevant dynamical plasma time scale, tpl, on
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Figure 3: Iron ionization structure app rop riate to a collisionally dominated optically thin co ronal plasma as

a function of electron temp erature. RS = Ra ymond-Smith (1977) calculations. Ion stages a re designated

b y numb ers: 8 = F e VI I I, etc. (from Mew e 1991a).which heating or cooling takes place, hence on which the relevant plasma parameters (T , ne) may vary(e.g. calculations for shocks in supernova remnants (SNRs): Shapiro and Moore 1976, Hamilton et al.1983, Gronenschild and Mewe 1982, Itoh 1984, Mewe 1984); Solar 
ares: Shapiro and Moore 1977,Mewe and Schrijver 1980, Mewe and Gronenschild 1981, Mewe et al. 1985b). Then the establishmentof the ionization balance lags behind the temperature changes and as a result the plasma is under- orover-ionized compared to the equilibrium state belonging to the instantaneous temperature. This mayhave dramatic e�ects on the emergent X-ray spectrum (e.g. soft X-ray excess or de�cit and enhancedor decreased radiative cooling). From Eq. (1) we can notice that the main parameter to generallycharacterize this non-equilibrium is the time integral of the electron density, often denoted by net, theionization parameter. Figure 2 shows a series of spectra of an optically thin transient plasma that hasbeen heated instantaneously to 10 MK at time t = 0, for values of log(net)(cm�3 s) (bottom to top) of9, 10, 11, 12, and 13 (Kaastra and Bleeker 1991). The �gure shows that most of the line emission andalso the e�ective line centroid of the Fe K-complex shifts towards higher energy when net increases:as ionization progresses, elements with higher Z become ionized.As a result, such a nonequilibrium gas as for example a rapidly heated SNR or 
are plasma will ini-tially radiate thermal bremsstrahlung characteristic of the high temperature (in a cosmically abundantplasma the X-ray spectrum is mainly produced by collisions of the hot electrons with protons andalpha-particles, hence virtually independent of the ionization balance) together with line plus two-photon and free-bound emission characteristic of the nonequilibrium ionization (NEI) structure corre-
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Issue: V ersion 1.0/Rev. 4.0sponding to the preheating state. The line spectrum is therefore much softer than the bremsstrahlungcontinuum and as the gas ionizes out, this NEI enhancement of the soft X-rays will eventually dis-appear, with spectral hardening occurring along the way. To study such e�ects in Solar or stellar
ares, high-resolution spectroscopy must be applied (e.g. Mewe et al. 1985b). Resonance/innershellexcitation satellite line ratios (cf. Mewe 1988) and line/continuum ratios (e.g. Shapiro and Moore1977) can be used as indicators of deviations from ionization equilibrium. For further discussions, e.g.Mewe (1984, 1990a).
5.2 Sp ectraThe line emission - that dominates the soft X-ray spectrum and the cooling of coronae at temperaturesup to � 10 MK - comes mainly from the excitation by the impact of a free electron of an electronictransition between bound levels within a highly ionized atom, followed by the spontaneous radiativedecay from the upper line level (cf. Mewe et al. 1985a). Continuum emission in optically thin plasmasis produced by the interaction of a free electron with an ion either by a free-free (�) transitionbetween two continuum states of the ion (\bremsstrahlung"), a free-bound (fb) transition (capture ofthe electron into a bound state of the ion), or a two-photon process (2
) (excitation of a metastablelevel in a hydrogen- or helium-like ion followed by the simultaneous emission of two photons) (cf.Mewe et al. 1986a).The overall appearance of the X-ray spectra will be dominated by the ionization structure which variesdramatically with temperature throughout the range 0.1{100 MK as is shown for example in Figure 3for the ionization structure of iron and in Figure 4 which compares calculated incident photon 
uxspectra between 3{140 �A at T = 4 MK with spectra convolved with the response of the high-resolutionLow Energy Transmission Grating Spectrometer (LETGS) on AXAF (Brinkman et al. 1987) and themedium-resolution Transmission Grating Spectrometer (TGS) on EXOSAT (Brinkman et al. 1980).Figure 5 illustrates the possibilities of high-resolution X-ray spectroscopy for the studies of stellarcoronae. For a number of prototype stars we have calculated spectra between 3{140 �A convolvedwith the response of the high-resolution Low Energy Transmission Grating Spectrometer (LETGS)on AXAF (Brinkman et al. 1987) and for an exposure time of 104 s. The source parameters used forthese simulations are derived from EXOSAT, EINSTEIN, and ROSAT observations (listed in Table 1of Mewe (1992b) and Table 3 of Mewe (1991a)). The spectra have been calculated with our opticallythin plasma code and convolved with the instrumental response with the synthetic spectra program.1For calculating the interstellar absorption we have used data from Morrison and McCammon (1983)(with a correction of their polynomial �t between 4{7 keV). At low energies (< 0.03 keV, �> 400 �A) weuse data from Cruddace et al. (1974). It is clearly seen that the improved spectral resolution (�� '0.05 �A) of the AXAF spectrometer allows to resolve virtually all important spectral lines yielding thepossibility to resolve the coronal temperature and ionization structure in more detail and to determineabundances from line/line and line/continuum ratios.In extremely hot (T > 100 MK) plasmas all abundant elements are nearly fully ionized and the X-rayemission is dominated by the free-free continuum from hydrogen and helium, although Fe K-shellemission around 1.8 �A still persists as a prominent feature up to temperatures of a few 100 MK. Withdecreasing temperature the heavier trace elements are only partly ionized, beginning with iron, and

1 We note that for the calculations we use the instrumental data appropriate to the original baseline design withsix telescope mirrors, though recently the mission design has been recon�gured into two separate missions: a) AXAF-I(=imager) with 4 telescope mirrors containing the grating spectrometers, and the HRC and CCD cameras, b) AXAF-S(=spectrometer) containing the bolometer and a foil spectrometer.
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Figure 4: Incident photon 
ux sp ectrum, integrated over 10

4
s, calculated fo r an optically thin plasma with

temp erature T = 4 MK and reduced emission measure EM=d2 = 10

50
cm

�3
p c

�2
. The most p rominent

lines a re lab elled with the co rresp onding ion sp ecies. P anels b and c: Sp ectra convolved with the resp onse

of AXAF-LETGS and EXOSAT-TGS, resp ectively . Upp er curve in panel c gives total line plus continuum

sp ectrum, whereas b ottom curve rep resents the contribution from continuum radiation only (from Mew e

1990b). This is an example of the convolution of a theo retical input sp ectrum with sp eci�cally chosen

instrumental resp onse functions in the synthetic sp ectra p rogram.
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Figure 5: X-ra y sp ectra of va rious stella r co ronal sources simulated fo r the AXAF Lo w Energy T ransmission

Grating Sp ectrometer (LETGS). Exp osure time is 10

4
s. Note the loga rithmic scale fo r the observed

counting rates (from Mew e 1992b).
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Figure 6: Compa rison b et w een EXOSAT-TGS observations of Cap ella ( texp = 8.5 10

4
s, backgr. of 21.8

c/

�A subtracted) and simulations in a blo w up in the w avelength regions 10{15

�A ( XMM-RGS (second

o rder)) and 90{140

�A ( AXAF-LETGS). Exp osure time texp = 10

4
s. Note the increase in sensitivit y

relative to EXOSAT of AXAF and XMM b y one o r t w o o rders of magnitude, resp ectively (from Mew e

1991a).
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Figure 7: Simulated sp ectrum of Cap ella as measured in 10

4
s with an SIS-junction detecto r with a

resolving p o w er R � 700 (SIS = sup erconducto r-isolato r-sup er cond uc to r).spectral emission lines excited by electron collisions show up and will begin to dominate the X-rayspectrum. This is especially true for the Fe L-shell lines around 15 �A, the Fe K-shell lines at � 2 �Aand the Fe 2s{2p lines around 100 �A. In a wide temperature range (0.01{10 MK) the X-ray spectraof optically thin sources are rich in emission lines from many ions, so that high-resolution X-rayspectroscopy has its most obvious application in diagnosing optically thin sources such as the coronaeof late-type stars.
5.2.1 Sim ulat ion s of high-resolu ti on F e K and L sp ectraThe high spectral resolution (�=�� �> 1000) of the next generation of dispersive and non-dispersivespectrometers on board AXAF and XMM is needed to fully resolve the temperature structure ofoptically thin plasmas like stellar coronae and supernova remnants. In the following we give someexamples of high-resolution iron L-shell and K-shell spectra.Figure 6 compares between spectra of Capella measured with the transmission grating spectrometer(TGS) on EXOSAT (Lemen et al. 1989, Mewe 1991a) and spectra simulated for the LETGS on AXAF(Brinkman et al. 1987) and the re
ection grating spectrometer (RGS) on XMM (Brinkman et al. 1989).The simulated spectra of the Fe L-shell blend around 15 �A (2`{�3`0 lines) and of the strong 2s{2plines between 90{140 �A clearly demonstrate the diagnostic capabilities of the instruments and showthat spectrometers with a resolving power of �> 500 up to �1000 or more resolve the L-blend in its
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Issue: V ersion 1.0/Rev. 4.0many individual components, allowing more re�ned temperature, density, and velocity diagnostics.In Figure 7 we present a simulation of the spectrum of Capella as measured with a SIS-junctiondetector with a resolving power R � 700. It is clearly seen that such a measurement will allow theresolution of a lot of individual lines associated with di�erent ionization stages (hence temperatures).With such detectors placed in an array also imaging is possible which provides a powerful diagnostictool for the observation of the detailed temperature and density structure of extended sources such assupernova remnants.The high-resolution X-ray K-shell spectra from highly ionized iron and calcium in the wavelengthregions 1.7{2 �A and 3{3.3 �A provide superior diagnostics of very hot plasmas with temperatures inthe range 10{100 MK. The availability of such spectra of the 
aring Sun as obtained with the Braggcrystal spectrometers aboard the spacecrafts P78-1, SMM, and Hinotori (for detailed references cf.Mewe (1991a)) has stimulated the diagnostics of hot thin plasmas. Up to now the iron K-shell blendat 6.7 keV has been detected from non-solar stellar coronae only at rare occasions: e.g. in EXOSATME observations on Algol (White et al. 1986, van den Oord and Mewe 1989) and UX Ari (Pasquiniet al. 1988) and GINGA LAC observations on UX Ari (Tsuru et al. 1989).In high-resolution spectra the temperature can be diagnosed from the helium-like singlet/triplet ra-tio or for very hot plasmas from the intensity ratio of the Fe XXVI Ly � and Fe XXV w He-likeresonance line. The technique of measuring the ratio of the resonance line and a nearby dielectronicrecombination satellite line has been widely used in these short-wavelength regions to derive the solar
are temperature from very high-resolution X-ray spectra. The helium-like triplets with their satel-lites provide a very valuable diagnostics for electron temperature, emission measure, abundances, andionization balance. However, an extremely high spectral resolution is required in order to avoid toomuch blending of the stronger line features that are most important for the diagnostics of the plasmaparameters by the hundreds of weaker unresolved satellite lines. In case of rather serious blendinga more precise determination of the electron temperature will require a pro�le �tting of the entirespectrum (e.g. Antonucci et al. 1982, Tanaka 1986). In addition to the temperature, the (di�eren-tial) emission measure (distribution) EM ('(T )) can be derived from the line intensities or from thecomplete spectral �tting.In order to demonstrate the e�ects of spectral resolution we have simulated the spectrum of the K-shellspectrum of helium-like iron and its satellites in the interval 1.84{1.92 �A for a series of resolving powersR = �=�� (cf. also Schmitt (1990)). The calculations incorporate about 150 lines in this wavelengthregion. A gaussian instrumental pro�le with a FWHM of 1.85/R �A is assumed and the lines areassumed to be broadened by thermal Doppler broadening (which corresponds to a resolution RD =�=�D ' 1000 (T/100 MK)�1=2). The electron temperature is chosen to be T = 10 MK (correspondingto RD = 3300). Figure 8 shows the results for the photon 
ux in 0.0002 �A bins integrated over 104 sfor a temperature T = 10 MK and reduced emission measure "=d2 = 1050 cm�3 pc�2.We start with a very high instrumental resolving power of R = 104 (Figure 8, panel a) (typical forthe Bragg crystal spectrometers 
own on P78-1 (SOLFLEX), SMM (BCS) and Hinotori (SOX2). Inthis case the resolution is mainly determined by the Doppler line broadening. Line identi�cations aregiven following Gabriel's (1972) notation for the helium-like Fe XXV lines (w = resonance, x; y =intercombination, z = forbidden line) and lithium-like Fe XXIV lines. The dielectronic recombination(DR) Fe XXIV satellite/Fe XXV resonance line ratio j/w is particularly important, because it dependsstrongly on the electron temperature and is independent of the ionization balance. On the other hand,the innershell excitation (IE) Fe XXIV satellite/resonance line ratio q/w determines the ratio of thedensities of the Fe XXIV and Fe XXV ions and can be used to measure departures from coronalionization equilibrium. In the spectrum we also indicate the strongest pairs of IE and DR satellites
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Figure 8: Simulated F e K-shell sp ectra fo r an optically thin co ronal plasma at a temp erature T = 10 MK

( EM=d2 = 10

50
cm

�3
p c

�2
, texp = 10

4
s) fo r several resolving p o w ers R ( � �=��): 10000 (panel a); 3300

(b); 1000 (c), co rresp onding app ro ximately to those obtained in: P78-SOLFLEX, SMM-BCS, Hinotori-

SO X2 (a); SO X1 and the theo retical limit fo r calo rimeter and Nb-junction (b); exp ected p erfo rmance ofAXAF calo rimeter (c). F o r notations of line identi�cations see text.
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Figure 9: Simulated AXAF b olometer (o r calo rimeter) sp ectra with random noise added of Cap ella (panel

a) and of a 
a re on Algol (b) fo r an exp osure time of texp = 105 s and of 10

4
s, resp ectively , and with

w avelength bins of 0.001

�A, 0.005

�A, and 0.01

�A.from Fe XXIII{Fe XIX, which can also be used to determine T , EM , and (departures from) ionizationequilibrium (notations are from Doschek et al. 1981). The typical splitting of the lines is � 0.001 �A,so that we need a typical resolving power of �> 2000 to have full pro�t of the diagnostics.In the next step we degrade the resolution until R = 3300 (i.e. �E ' 2 eV, typical for SOX1 onHinotori and nearly corresponding to the theoretical limits to be attained for the microcalorimeter (e.g.Linsky 1990) and Nb-junction solid-state detector) (see Figure 8, panel b). We see that for most lineslittle information is lost, though the q line becomes somewhat blended by nearby Fe XXIII satellitesand the dielectronic recombination Fe XXIV k line. Finally, at R = 1000 (Figure 8, panel c) (�E= 7 eV, e.g. expected for the calorimeter proposed for AXAF-S (Zhang et al. 1990)) the importanttemperature diagnostic lines become blended, though we can still distinguish between ionization stagesfrom Fe XX through Fe XXV.Figure 9 shows simulations of observations on Capella and Algol (peak 
are) (source parameters fromTable 1) with the calorimeter on AXAF (with resolution �E = 7 eV and e�ective area � 170 cm2,Linsky 1990) for di�erent wavelength binnings. In the case of the 
are on Algol we can directlymeasure the very hot (70 MK) plasma component (cf. Mewe 1991a, Table 3) by the presence of theLyman � features. We can distinguish in the spectrum around 1.78 �A the prominent Fe XXVI Ly



S RON
{ SPEX

X{Ra y Spectr oscopy P a ge 21 of 47

Do cument: SRON/SPEX/TRPB01

Date: August 25, 1994

Issue: V ersion 1.0/Rev. 4.0

Figure 10: O VI I triplet at 22

�A as observed with the XMM re
ection grating sp ectrometer fo r temp eratureT = 2 MK, electron densities ne = 10

10; 1011 and 10

12
cm

�3
(panels a,b,c), and reduced emission measure"=d2 = 10

52
cm

�3
p c

�2
( d is source distance). The sp ectra a re binned in 0.02

�A bins. Symb ols r,i,f indicate

the resonance, intercombination, and fo rbidden line, resp ectively .�1 and �2 components at wavelengths of 1.778 �A and 1.783 �A, respectively, and also (at a binning of0.05 �A) an indication of the strongest Fe XXV (J) dielectronic recombination satellite line at 1.792 �A.The relatively low temperature (25 MK) of Capella and the poor statistics impede to measure hereseparately signi�cant lines in the spectrum. But at longer wavelengths very good diagnostics can bemade in both spectra from the Fe XXV w, x, y, and z lines at 1.851 �A, 1.856 �A, 1.860 �A, and 1.869 �A,respectively. Moreover the strong blend of Fe XXIII (and XXIV) dielectronic recombination satellitelines between 1.872{1.877 �A can be distinguished in the Capella spectrum. With the bolometer webegin to approach the resolution of a Bragg crystal spectrometer but with a four times bigger area.
5.3 Diagnostics of plasma parametersHigh-resolution spectroscopy will permit the diagnostics of a variety of coronal plasma parameterssuch as temperature, ionization balance, emission measure, abundances, densities, and velocities (fordetails cf. Mewe 1991a).The wavelength band 1{140 �A contains a multitude of prominent lines from nearly all ionization stages
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Issue: V ersion 1.0/Rev. 4.0Table 3: Selected lines and con tin uu m bands for temp erature and abundance analysis

�Ion Trans. � Tm Ion Trans. � Tm(�A) (MK) (�A) (MK)Ca XIX He4 3.177 40 Si X B6a 50.530 1.6S XVI H1 4.729 20 S VII Ne5 60.610 0.5Si XIV H1 6.182 20 Fe XII P2b 80.020 1.6Fe XXIV Li2 7.987 18 Fe IX A1a 82.425 1Mg XII H1 8.421 10 Mg VII C4 83.964 0.8Mg XI He4 9.170 6 Fe XVIII F4a 93.930 5Fe XVIII F2d 14.204 6 Fe IX A2 103.564 1Fe XVII Ne5 15.012 4 Fe XIX O6a 108.370 6O VIII H1 18.969 3 Ni XXV Be13a 117.950 16O VII He4 21.600 2 Ne VI B6a 122.490 0.5C VI H1 33.736 1.3 O VI Li3 129.870 0.3C V He4 40.270 1 Fe VIII K4a 131.247 0.8Si XII Li6b 44.165 2 Fe XXIII Be13a 132.840 13Fe XVI Na6 50.400 2.5 Fe XXII B12a 135.780 10continuum band 3.2{3.4 (100) continuum band 90{91 (3)continuum band 4.4{4.6 (100) continuum band 124{126 (2)continuum band 7.5{7.65 (50) continuum band 138{140 (2)� These lines and continuum bands are relatively free from blends. For notation oftransitions see Mewe et al. (1985a, their Tables I and III): e.g., He4 (or H1) is theresonance line of the He- (or H-)like isoelectronic sequence. Tm is the temperature ofmaximum intensity. Data are selected from Mewe et al. (1991).Table 4: Selected lines for densit y diagnostics

�Ion Trans. � Tm Range Ion Trans. � Tm Range(�A) (MK) (�A) (MK)Si XIII He5 6.69 9 14{17 Ne IX He5 13.55 4 12{15Si XIII He6 6.74 Ne IX He6 13.70Mg XI He5 9.23 6 13{16 O VII He5 21.80 2 10{13Mg XI He6 9.31 O VII He6 22.10Fe XXIII Be6b 11.46 13 11{15 C V He5 40.73 1 8{11Fe XXII B6c 11.93 11 11{15 C V He6 41.47Fe XXI C4a 12.29 9 11{15 Fe XIX O6a 108.37 6 10{15Fe XXI C4d 12.46 10{14 Fe XXI C6a 128.73 10{15� For notation of transitions see Mewe et al. (1985a). Tm is temperature of maximum intensity.Range 14{17: ne = 1014{1017 cm�3, etc. Data are selected from Mewe et al. (1991).
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Issue: V ersion 1.0/Rev. 4.0of cosmically abundant elements, including the K-shell transitions of carbon through iron, and theL-shell transitions from silicon through iron. If suitably resolved these lines are powerful diagnostics ofplasma parameters because the line strengths are generally very sensitive to the electron temperature,the elemental abundances, and in some cases to the electron density. In certain circumstances (e.g.transient plasmas) the line intensities are dependent on deviations from the ionization equilibrium orto deviations from Maxwellian electron energy distributions (e.g. Raymond 1988, Mewe 1990a).
5.3.1 Electron temp erature diagnosticsThe soft X-ray spectrum depends sensitively on the ionization structure throughout the temperaturerange T = 0.1{100 MK, so that the mere detection of many lines will provide an accurate \thermome-ter" for the source emission region. Figures 4{9 clearly show that the improved spectral resolution offuture spectrometers on AXAF and XMM will allow to resolve virtually all important spectral linesyielding the possibility to resolve the coronal temperature and ionization structure in more detail.Table 3 presents a selection from Mewe et al. (1991) (cf. also Mewe 1991a) of spectral lines fromvarious elements in di�erent ionization stages that are well suited as temperature diagnostics.The electron temperature T can be diagnosed from the intensity ratio of two collisionally excited linesfrom di�erent ions of the same element assuming coronal stationary ionization equilibrium, but thistechnique is limited by the assumption of ionization equilibrium and assumes an isothermal plasma.In situations in which deviations from ionization equilibrium occur one can get rid of this constraintby using the ratio of two lines depending on the same ionization stage, but di�erently depending ontemperature, e.g. two collisionally excited lines with di�erent excitation energies such as the Lyman �and � lines. Alternatively, one can measure the ratio of lines at nearly the same wavelength for whichthe excitation functions have a di�erent dependence on T , e.g. in the helium-like 2 ! 1 triplet. Thisconsists of a resonance (r) 21P ! 11S line, a forbidden (f) 23S ! 11S line and an intercombination (i)23P ! 11S line (summed over two close components). The intensity ratio r=(i+f) varies with electrontemperature.Another possibility is to use the intensity ratio of the collisionally excited resonance line and a nearbydielectronic recombination satellite line (Gabriel 1972). This ratio goes as T exp[(Es�E0)=kT ] (whereEs is the satellite energy above the ground state of the recombining ion and E0 is the excitation energyof the resonance line; e.g. E0 = 6.7 keV for the helium-like Fe XXV resonance line and Es = 4.7 keVfor the Fe XXIV satellite line). The latter technique (Gabriel 1972) has been widely used to deriveSolar 
are temperatures from very high-resolution X-ray spectra of the K-shell transition blends ofhelium-like Ca XIX (3 �A) and Fe XXV (1.9 �A) (cf. also discussion by Mewe (1988)). The helium-liketriplets with their satellites provide a very valuable diagnostics for electron temperature, emissionmeasure, abundances, and ionization balance.
5.3.2 Electron densit y diagnosticsFrom spectral �ts to the line and/or continuum emission one can determine the emission measure,but one needs to know the electron density to determine the emitting volume V , hence the productLf of loop length and �lling factor, i.e. the fraction of the apparent volume that actually emits theX-rays (e.g. f may be much less than unity if the emitting volume viewed su�ers a high degreeof �lamentation). If applied to stellar coronae, density observations (e.g. Mewe 1991a), possiblyrepeated at appropriate phases within the stellar rotation period, will allow us to constrain the coronal
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Issue: V ersion 1.0/Rev. 4.0dimensions in single stars and non-eclipsing binaries, while this is currently only rarely possible foreclipsing binaries.Electron densities can be measured using density-sensitive spectral lines originating from metastablelevels or using innershell excitation satellites to resonance lines (for reviews, e.g. Feldman 1981, Mewe1988). In the �rst case the helium-like 2! 1 triplet system lines are particularly important (Gabrieland Jordan 1969, 1972; Pradhan and Shull 1981; Pradhan 1982, 1985; Mewe et al. 1985a). Thehelium-like intensity ratio f=i varies with electron density due to the collisional coupling between themetastable 23S upper level of the forbidden line and the 23P upper level of the intercombinationline. It does not depend on the model because its density dependence is determined only by thecollisonal coupling between the two upper line levels. The f=i line intensity ratio of helium-like ionsfrom carbon through magnesium in the wavelength region 9{42 �A can be used to diagnose coronalplasmas in the density range ne = 108{1013 cm�3 and corresponding temperature range T � 1{6 MK.Figure 10 shows the O VII triplet as observed with the XMM re
ection grating spectrometer for acoronal plasma with a temperature T = 2 MK.For density diagnostics in active late-type stars one must observe lines formed at temperatures aroundT � 10 MK. For this purpose Mewe et al. (1985a, 1991) have considered many density-sensitive linesin the Fe L-shell complex, i.e. 2`{�3`0 transitions from ions Fe XVII{XXIV (and some correspondingnickel lines from Ni XXI{XXIV) covering the wavelength region 7{13 �A, lines between 90{140 �Afrom 2`{2`0 transitions in Fe XVIII{XXIII, and lines between 170{275 �A from 3`{3`0 transitions inFe IX{XIV ions. The density dependence is because the upper line level can be excited from varioussublevels within the ground state which become collisionally coupled at increasing densities (the sameholds for the satellite lines). The Fe and Ni lines can be used as tools for diagnosing plasmas in thedensity range 1010{1015 cm�3 and temperature range � 0.5{15 MK.A selection of a number of density-sensitive lines is presented in Table 4 (from Mewe 1991a). Thelatter author has also discussed the limited possibilities for density diagnostics in Fe K-shell spectra(his Figure 11).
5.3.3 Di�eren ti al emission measure (DEM) mo dellingIn many sources the X-ray spectrum will not be a unique function of one single temperature, butinstead will be determined by a distribution in temperature across the emission region. Then theobserved spectra can be described in terms of a di�erential emission measure (DEM) distribution,which is de�ned as follows. The observed spectral 
ux f(�) (counts s�1) measured at Earth by agiven instrument at wavelength � can be expressed as:f(�) = 14�d2 I F (�; T )n2edV = 14�d2 Z F (�; T )'(T ) dT � 14�d2 Z F (�; T )T'(T ) d lnT; (3)where F (�; T ) is the spectral emissivity (counts cm5 s�1) for the line plus continuum emission as afunction of temperature T at wavelength �, convolved with the instrument response function; d (cm)is the distance to the source and '(T ) = n2e dVdT (cm�3 K�1) is the di�erential emission measure, ne(T )is the electron density (cm�3) and V the plasma volume (cm3). Note that the total emission measureis given by EM = H n2edV = R T'(T )d lnT . For graphic representations of the DEM we will useT'(T )� ln(T ).The di�erential emission measure distribution can be derived from the observed spectrum by decon-
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Issue: V ersion 1.0/Rev. 4.0volving '(T ) from the measured spectral intensities, using known emission functions for the individualwavelength bins. For this deconvolution we can apply an iterative technique which uses an initial formfor the di�erential emission measure, '0(T ), to calculate theoretical line intensities. The comparisonof observed and theoretical line intensities yields a new '1(T ). Subsequent iterations are performedto minimize the value of �2, given by�2 = N
Xj=1 (fO(�j) � fC(�j))2�2(�j) ; (4)where fO(�j) and fC(�j) are the observed and computed intensities in N intervals at wavelengths�j , �(�j) is the statistical uncertainty in the observed count rate. We use the Withbroe-Sylwesteriteration scheme (originally proposed by Withbroe (1975), and modi�ed by Sylwester, Schrijver, andMewe (1980)) for successive approximations of the di�erential emission measure distribution 'i(T )(see also Fludra and Sylwester 1986):'i+1(T ) = 'i(T ) P Nj=1Wj(T )fO(�j)=fC(�j)

P Nj=1Wj(T ) : (5)Sylwester, Schrijver, and Mewe (1980) derived a semi-empirical expression for the weighting functionWj(T ), which takes into account the uncertainties in the measurements. N is the total number of binsof the �tted spectrum. The method places no restrictions on the functional form of the di�erentialemission measure distribution, although the �nal result is subject to an implicit smoothing becausespectra with neighbouring values of T are more or less alike. From an analysis of the library of spectrain terms of the mutual correlations it can be shown that the widths in temperature of the correlationfunctions determine the "temperature resolution", i.e. the scale on which we can extract detail of theDEM distribution. The described technique is formulated to exclude a priori negative values for theemission measure.For comparison we have sometimes also used a second approach { the Polynomial (P) method {which assumes that the shape of '(T ) can be approximated by the exponential of a polynomial givenby '(T ) = � exp[!(T )], where � is a normalization constant and !(T ) is a polynomial function oftemperature. A detailed DEM analysis has been performed on the EXOSAT transmission gratingspectra (TGS) of several late-type stars by Lemen et al. (1989) and Schrijver et al. (1989) toconstrain the basic properties of stellar magnetic loops, and by Mewe et al. (1991) to extract theDEM for simulated spectra for the AXAF-LETGS (see x6.1.3).The DEM modelling can be applied equally well to investigate the temperature structure of othertypes of optically thin plasmas such as SNRs and cooling 
ows in clusters of galaxies so that in manycases this analysis will be the primary handle one can use to test models for the physics of the sourceemitting region.
5.3.4 Elemen tal abundance diagnosticsIn both coronal equilibrium and nonequilibrium situations, ions of di�erent elements which have similarionization potentials usually coexist in close proximity. Thus the ratios of the prominent emission linesfrom ions of di�erent elements yield in a relatively model-independent way elemental abundances. Byusing a suitable set of lines from di�erent ionization stages from one given element, e.g. iron, we
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Issue: V ersion 1.0/Rev. 4.0can determine the temperature distribution by �tting the line intensities. Then by selecting suitablelines from di�erent elements, relative elemental abundances can be determined and by determiningintensity ratios of lines to neighbouring, unblended continuum bands, the absolute abundances canalso be derived. We give a selection of lines for abundance diagnostics in the soft X-ray wavelengthrange 1{140 �A covered by the instruments on AXAF (from Mewe et al. 1991, Mewe 1991a).
5.3.5 V elo cit y diagnosticsIn particular spectroscopy with high spectral resolution (�� ' 0.05 �A) at longer wavelengths (�>100 �A) with AXAF-LETGS will permit for the �rst time detailed studies of spectral line pro�les inthe X-ray region (cf. Mewe et al. 1991, Mewe 1992b). This may provide direct measurements of windexpansion velocities of stellar coronae, 
ow velocities along magnetic loops in stellar active regions or
ares, orbital velocities in X-ray binaries, etc. The Doppler shift caused by the orbital motions in closebinaries may su�ce in some cases to determine the relative activity level of the binary components.Observations at the two quadratures yield the intensities of the two components separately, henceindicate which star is the stronger X-ray source or whether the X-rays are emitted by the corona ofboth stars or perhaps by a common corona.
5.3.6 T emp oral v ariabilit yAn important diagnostic of stellar coronal activity is temporal variability of the coronal X-ray emission.For example, in the case of 
ares the study of light curves (cooling times), in combination with thedetermination of temperature T and emission measure EM will yield estimates of plasma volume,loop length and density ne (e.g. Van den Oord et al. 1988, Van den Oord and Mewe 1989, Meweet al. 1989). A useful diagnostic tool is provided by an analysis of the 
are evolution in a T{DEM(or ne) - diagram. From a comparison with scaling laws and numerical models one can derive thetime-dependent 
are energy release (e.g. Jakimiec et al. 1992, Cheng and Pallavicini 1991). Finally,in some cases it may be possible to quantify by selected line ratios emitted from a transient 
aringplasma the extent of non-equilibrium as a function of time and thus, set limits on the plasma density(cf. x5.1.1 and Mewe et al. (1985b)).
6 Examples of v arious mo delsIn the following we give several examples of calculated and observed spectra for optically thin plasmassuch as stellar coronae and supernova remnants, for photo-ionized plasmas, and for optically thickplasmas or combinations thereof (e.g. active galactic nuclei).
6.1 Stellar coronaeIn the case of a stellar corona a combination of quasi-statical loop models with temperatures close tothe results from the multi-temperature �tting can be a fruitful approach to describe the observations(e.g. Schrijver et al. 1989).
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6.1.1 Static lo op mo dels and scaling la wsThe simplest model consistent with the observations is that of a quasi-static loop in which the energydeposited into each volume element is balanced by the energy lost through radiation and conduction.The magnetic pressure dominates the gas pressure, causing the heat conduction to occur predominatelyalong the magnetic �eld lines. Mass 
ows in the loop and drifts across magnetic �eld lines are neglected.The plasma is described by a one-
uid model. Rosner, Tucker, and Vaiana 1978 (hereafter R TV )derived analytical solutions to simpli�ed versions of the equations of energy balance and hydrostaticequilibrium, neglecting gravity and assuming uniform cross section, heating and pressure throughoutthe loop, a monotonic increase of temperature with height, and a radiative loss function / T�1=2.This model predicts a simple scaling law relating loop half-length, L (cm), maximum temperature,Tm (K), and pressure, p (dyne cm�2): Tm ' 1400(pL)1=3 (cf. also Mewe 1991b).A variety of Solar loops ranging from small bright points to active region loops and large-scale struc-tures can be modelled by this scaling law. There is an overall agreement, within a factor of two,between observed (Lobs) and calculated (Lcalc) loop lengths, with the exception of compact 
areloops for which Lcalc � Lobs.While it has not yet been possible to derive the di�erential emission measure distribution for individualloops, careful emission measure analyses were performed for the integrated soft X-ray and EUVemission of active regions using OSO-4,6 and SKY LAB data (for references see Mewe (1991b)).Extensive analysis of the data (e.g. Pallavicini et al. 1981) revealed satisfactory agreement withexisting static loop models for the upper portion (T �> 0:5 MK) of loop structures ranging fromcompact, dense active-region loops to more extended, tenuous loops interconnecting active regions.Loop lengths (cm), pressures (dyne cm�2) and temperatures (MK) range from L � 3 109, p � 5 andT � 3:5 for compact active-region loops through L � 9 109, p � 1:5, T � 3:3 for extended active-regionloops (matching the average of a solar active region), to L � 2 1010, p � 0:2, T � 2 for large-scaleloops which interconnect active regions, or which are over quiet regions; 
aring or post-
are loopplasmas have much higher temperatures (�> 10 MK) and pressures (�> 103 dyne cm�2) (e.g. Priest1978 and Mewe 1991b). Recently Mewe (1991b) has reviewed the X-ray observations in the contextof the physics of Solar and stellar coronal loops.
6.1.2 Mo delling of coronal lo ops on co ol starsFor late-type stars with convective envelopes the solar analogue appears to be applicable, becausethe relationship between X-ray luminosity and stellar rotation suggests that surface magnetic �elds- generated by a dynamo mechanism - are responsible for the heating of a coronal plasma withtemperatures ranging from one to several tens of millions Kelvin. Although the dependence of stellarmagnetic activity on rotation rate is widely accepted, the precise functional relationship is not yetknown. It appears to depend on additional parameters like e�ective stellar temperature and surfacegravity. The majority of late-type coronae is thought to be solar-like in the sense that the samephysical processes as in the Sun are likely to be relevant for the formation and heating of coronae,though in many cases the level of X-ray activity can be orders of magnitude higher than on the Sun(e.g. Linsky 1985).Although the detailed spatial structure of stellar coronae is not yet known - except for a few cases inwhich eclipsing binaries were studied - it is widely assumed that by analogy with the Sun, the tenuous,hot coronal plasmas emitting copiously X- and EUV-rays are for a large part con�ned in loop-likestructures connecting opposite magnetic polarities observed in the photosphere and are heated by
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Issue: V ersion 1.0/Rev. 4.0magnetohydrodynamic processes.The imaging proportional counter (IPC) on the EINSTEIN Observatory has observed soft X-rayemission of the coronae of many late-type stars. The crude spectral resolution (�=�� � 1) givessome indication of the coronal X-ray temperature TX but it does not permit a detailed analysis ofthe di�erential emission measure structure. Single- (or two-)temperature �ts give usually an adequatedescription of the observed IPC-spectra. The data show that TX increases markedly with activity anddi�ers strongly between giants and dwarfs of moderate activity. Two \branches" can be identi�ed:a low-temperature branch containing only dwarfs and a high-temperature branch containing mainlygiants; at high temperatures the two branches meet (Schrijver et al. 1984). These authors havediscussed the IPC data in terms of the static loop model (i.e. the scaling law). Though interestingconclusions on characteristic loop size and geometry and heating rates could be derived from all thesedata (cf. also Fig. 1 from Mewe (1991b)), the interpretation of such single-temperature �ts is di�cultwithout any further information on the temperature structure of stellar coronae. Detailed modellingis di�cult because the IPC had a rather limited wavelength range and a poor spectral resolution.For an unambiguous interpretation we need observations with a better spectral resolution such as forexample have been made with the spectrometers on EINSTEIN and EXOSAT which have shown thatdata of even modest spectral resolution (�/�� = 10{100) permit the identi�cation of coronal materialat di�erent temperatures whose existence may relate to a range of possible magnetic loop structuresin the hot outer atmospheres of these stars.
6.1.3 Sp ectral mo dellin g in terms of DEM and lo op mo delsFrom multi-temperature �ts to the entire spectrum we derive the DEM distribution and may assesscontributions to the coronal energy balance.With the transmission grating spectrometer (TGS) on EXOSAT spectra with a resolution �� �3 �A have been obtained between 5{200 �A for three late-type stars Capella, �2 CrB, and Procyon(cf. Brinkman et al. 1985; Schrijver 1985; Mewe et al. 1986b; Lemen et al. 1989; Schrijver et al.1989). A detailed DEM analysis has been performed on the TGS spectra by Lemen et al. (1989)and Schrijver et al. (1989) to constrain the basic properties of stellar magnetic loops. Lemen et al.(1989) have derived the DEM distributions from the spectra using two di�erent algorithms: theWithbroe-Sylwester (WS) and the Polynomial (P) method. The results for the di�erential emissionmeasure distribution are plotted in the right panels of Figure 16 in the form of T'(T ) per interval�ln(T ) = 0.081, together with a comparison in the left panels between the corresponding observedand best-�t spectra. The characteristic features of the DEM distributions are remarkably similar forthe spectra of Capella and �2 CrB: a very steep increase with temperature up to 3 MK, followed by a\depression" around 10 MK (demonstrated to be real and not an artifact of the analysis method), andanother increase towards T � 20 MK. The di�erences between the results from the two algorithms arean indication of the uncertainties in determining T'(T ). The resulting T'(T ) for the two di�erentalgorithms are in good agreement for temperatures between 2 and 20 MK, for which pronouncedspectral lines are available in the spectra. Large discrepancies between the two T'(T ) curves for eachof the stars occur at T < 3 MK (Figure 11). The spectral range between 160 { 200 �A contains linesthat are sensitive to temperatures down to 0.5 MK, but the observed intensities are small. Thus, thedi�erences at low temperatures between the DEM curves from the two di�erent algorithms are notsigni�cant. The models are not well constrained for T �> 20 MK due to the lack of strong spectrallines formed at these high temperatures and this is re
ected in the disagreement of the two modelsin that region (cf. Figure 11). The DEM distribution derived for Procyon is uncertain because of the
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Figure 11: EXOSAT 500 l/mm TGS sp ectra of (a) Cap ella, (b) �2 CrB , and (c) Pro cy on compa red

with a p olynomial b est-�t sp ectrum (left panels). Co rresp onding curves fo r DEM � T'(T )�ln(T ) with�ln(T )=0.081 fo r the same sources (right panels) and fo r di�erent metho ds (P olynomial (P) and Withb ro e-

Sylw ester (WS)). Arro ws in each panel ma rk the results of t w o-temp erature �ts. (Adapted from Figs. 4

and 6 of Lemen et al. (1989); note that w e have co rrected an erro r in the DEM �gure fo r Pro cy on b y

dividing the scale b y a facto r of 100).poor signal-to-noise ratio of the spectrum. A relatively strong contribution is suggested from plasmaat T � 0.6 MK and at T in the range between 2 and 6 MK (Schmitt et al. (1985) also �nd the latterT component in the EINSTEIN-IPC spectrum).The existence of three dominant temperatures in the coronae of cool stars may contain information onthe stability of the corresponding loops. Lemen et al. (1989) note that these temperatures correspondwith temperature intervals where the radiative loss function increases with T . If radiation is thedominant cooling mechanism, the loop apex temperatures may tend to reach values for which theloop plasma is relatively stable against heating perturbations.Mewe et al. (1986b) and Schrijver and Mewe (1986) did a �rst attempt to model the EXOSATspectra in terms of a di�erential emission measure (DEM) distribution and compared the results withcomputed spectra using the RTV loop model. They show that the spectra observed for Capella and�2 CrB are incompatible with the RTV model for static loops of constant cross section: The RTVmodel predicts much too strong radiation beyond 140 �A caused by the emission from Fe VIII-XI formed
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Issue: V ersion 1.0/Rev. 4.0around 1 MK. One possibility is that the cross-section of the loop increases with height so that mostof the matter in the loop is at a high temperature, and thus the spectrum appears isothermal. Onthe basis of a detailed DEM analysis Lemen et al. (1989) con�rm that the steep increase of the DEMwith temperature from below 3 MK for Capella and �2 CrB is incompatible with the RTV modeland that the emission of the corona of each of the cool stars observed by the TGS is dominated byplasma in two relatively narrow temperature intervals: 5 MK and 25 MK for Capella and �2 CrB, and0.6 MK and � 2 MK for Procyon. These doubly peaked DEM distributions suggest a model coronacomprising two distinct ensembles of quasi-static magnetic loops with maximum temperatures aroundthe dominant temperatures given above and with the cool (T � 5 MK or � 0.6 MK, respectively) loopsprobably expanding with increasing height over the photosphere. To test this hypothesis Schrijver etal. (1989) performed a two-component analysis of the EXOSAT spectra using computed loop spectracovering a range of apex temperatures Tm and expansion factors � (= ratio of loop cross section atapex to cross section at footpoint in the upper chromosphere where T = 3 104 K). The model spectrawere generated with a revised computer code originally developed by Vesecky et al. (1979), usingthe spectral model of Mewe et al. (1985a). The �ts for Capella and �2 CrB suggest that the cool(5 MK) component originates in loops expanding signi�cantly with height (� �> 5). This is in factindirectly observed on the Sun: coronal condensations over magnetic bipolar regions have a projectedarea roughly an order of magnitude larger than the area of the underlying photospheric plage (e.g.Schrijver 1987). However, recent results with the soft X-ray telescope on YOHKOH seem to contradictthis because it was found that the majority of loops have nearly constant cross sections along theirlengths, rather than expanding with height (Lemen 1992).Mewe et al. (1991) have applied a DEM analysis on simulated AXAF-LETGS spectra as a test toinvestigate the possibilities to extract the DEM from such observations. In Figure 12 we present theirresults for a two-component loop �tting of an AXAF-LETGS spectrum simulated for the model of aCapella-like X-ray source. For the two loops were taken the following parameters: apex temperaturesof 5 and 24.5 MK, apex cross sectional areas of 60 and 0.8 (�1021 cm2) and geometric expansionfactors � (= area ratio top/bottom) of 20 and 2. A larger number of iteration steps limits the high-temperature tail, but the low-temperature structure is only crudely approximated because of the lackof strong spectral lines that may constrain the DEM distribution.
6.2 Mo del of a Sup erno v a Remnan tAn important class of thin X-ray sources are the remnants of supernova explosions, which play adominant role in the heating and the replenishment (hence the enrichment by heavy elements) ofmatter in the surrounding interstellar medium. Supernova explosions, dramatic events in themselves,have also profound and long lasting e�ects on the appearance and future evolution of the galaxiesin which they occur. Following a stellar explosion a substantial fraction of the star's mass is ejectedat high velocity into the surrounding interstellar medium and the visible manifestations of such anevent are collectively described by the term supernova remnant (SNR). For young remnants (i.e. thosewith age �< 104 years) the associated high-temperature plasma is mostly comprised of ejected material,whereas for the old remnants the plasma results from the ambient interstellar gas that has been heatedby the passage of the shock wave from the explosion. In either case, plasma temperatures are in therange above 1 MK and hence observations of spectrally resolved X-ray emission lines provide the mostuseful information about this hot gas.A SNR is a typical example of a more involved plasma model in which the transient nature of theplasma and its spatial structure must be taken into account for a proper interpretation of the observed
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Figure 12: Results of t w o-comp onent lo op �tting of AXAF-LETGS sp ectra fo r a Cap ella-lik e X-ra y source

(fo r pa rameters, see text). The input DEM mo del based on t w o lo op comp onents (a) is compa red to the

DEM resulting from an analysis of the sp ectrum asso ciated with the input DEM mo del fo r exp osure timetexp = 10

4
s and fo r 150, 300, 450, and 600 iteration steps and noise added (dotted, dashed, dashed-

dotted, and solid curves, resp.) in (b). The DEM curve fo r 600 steps is sup erimp osed as a thin solid line

on the input mo del (heavy solid line) in (a) (from Mew e et al. 1991).X-ray spectrum. The evolution of a SNR can be described by a blast wave (originating from aninitial point explosion) propagating outwardly in the surrounding medium, forming an optically thin,shock-heated plasma that emits X-ray radiation. In the early phase, when the SNR is in the transitionbetween free expansion and the adiabatic phase, the deceleration of the ejected material by the shockedambient medium causes the development of a reverse shock propagating inwardly relative to a co-moving reference frame.In order to generate a model SNR model the following steps can be distinguished (e.g. Kaastra andJansen 1992): First, the hydrodynamical model is calculated: the distribution of density, velocity andtemperature as a function of position and time. In the case in which radiative losses are negligiblecompared to other terms in the energy balance we can assume that the radiation mechanisms aredecoupled from the hydrodynamics. Given the hydrodynamical model, the ion densities are evaluatedby integrating the electron temperature and electron density dependent equations for the ionizationbalance over time. Then we compute the X-ray spectrum for the known set of ion concentrations foreach position in the SNR. Finally, we include Doppler shifts due to the plasma motion and project
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Figure 13: Simulated X-ra y sp ectra of the F e K and Ni K complexes integrated over di�erent zones of a

sup ernova remnant fo r the Chevalier mo del (from Kaastra and Jansen 1992).the spectrum onto the sky and integrate it over the relevant area of the sky. Kaastra and Jansen(1992) have used several models to describe the hydrodynamics. In Figure 13 we show their resultsfor the spectrum near the Fe-K and Ni-K line complexes in the region 6{10 keV, calculated for themodel of Chevalier for an adiabatic remnant containing a reverse shock. The spectral resolution is0.2 %, easily obtainable by the future missions AXAF and XMM. The total Fe K� complex (6.6 keV)is rather featureless due to the Doppler broadening caused by the radial expansion of the remnantand the integration over the whole remnant. However, if we can resolve the SNR in the observationsspatially in more detail the spectra will show up more spectral details, e.g. the spectra taken fromtwo annuli around 20 and from the central part within 0.50, where the Doppler doubling of lines dueto the radial expansion of 1200 km/s is clearly visible.
6.3 Clusters of galaxiesClusters of galaxies are prominent X-ray sources due to the presence of hot intracluster gas. Thediscovery of iron line emission at � 6.7 keV has demonstrated that such intracluster gas must havebeen processed in stars within the galaxies, since it is enriched with heavy elements. An accuratedetermination of the temperature of this gas (10-100 MK) provides the opportunity to measure the
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Figure 14: Tw o-temp erature sp ectrum of the co oling 
o w onto M87 in the Virgo cluster, folded through

the resp onse of the XMM-RGS fo r an observation time of 10

4
s. T op panel (a) sho ws the total sp ectrum

of co oling 
o w ( T1 =7 MK) and hot cluster gas ( T2 =20 MK), b ottom panel (b) sho ws the (dominant)

contribution of the co oling 
o w only . Interstella r hydrogen column densit y NH = 1021 cm

�2
. A t the

distance of 20 Mp c the co oling 
o w can b e considered as a p oint source, but the �nite extent of the hot

gas comp onent app reciably degrades the instrumental resolution and e�ciency .gravitational cluster potential, since the gas must be close to hydrostatic equilibrium. This givesan indication of the "hidden" mass in the cluster which appears to be a common constituent of ourUniverse. The gas density within the core of a cluster is generally so high that radiative cooling isimportant and an in
ow of gas takes place onto the central galaxy. The mass 
ow of the cooling gasis estimated to reach sometimes very large values of up to 400 solar masses per year, which impliesthat the total accumulation of matter can be comparable to the mass (1012M�) of a whole largegalaxy. The simple presence or absence of certain spectral lines de�nes the temperature distributionin the source. Figure 14 shows a simulated spectrum observed by the Re
ection Grating Spectrometer(RGS) on XMM of the cooling 
ow onto the massive galaxy M87 at the core of the Virgo cluster. Asimple two-temperature model has been used (parameters from Lea et al. (1982)). With a relativelyshort (104 s) exposure the emission lines of the cooling 
ow are bright and well resolved, wheras thelines from the hot component are smeared out due to the �nite source extent and give only a minorcontribution.



S RON
{ SPEX

X{Ra y Spectr oscopy P a ge 34 of 47

Do cument: SRON/SPEX/TRPB01

Date: August 25, 1994

Issue: V ersion 1.0/Rev. 4.0

6.4 Nebular mo delThe nebular model (e.g. Kallman and McCray 1982) is applicable to the case where gas is illuminatedby a strong X-ray source and can be considered as the X-ray analogue of a planetary nebula. The gasmay be the 
ow surrounding an accreting compact object, the stellar wind or atmosphere of a normalstar, or interstellar medium in the line of sight. The temperature structure of the illuminated gas is es-tablished by a balance between heating (e.g. by photo-ionization, Compton heating, Auger electrons,charge transfer, and collisional de-excitation) and cooling (e.g. by radiative and dielectronic recom-bination, continuum bremsstrahlung (inverse Compton cooling), collisional ionization and excitation,and charge transfer). The ionization structure is determined by a balance between photo-ionizationand radiative and dielectronic recombination, and charge transfer.When the gas is optically thin in the photo-ionization continuum, the local radiation �eld is determinedby geometrical dilution of the source spectrum. The local state of the gas at distance R from thecentral X-ray source can be described in terms of the scaling parameter � = L=nR2 (L is sourceluminosity, n is local gas density) and when the gas is optically thick also in terms of (Ln)1=2 whichcharacterizes the continuum optical depth at a given value of �. The emerging X-ray spectrum will bedominated by absorption edges and consists of the central continuum with a low-energy cuto� due tophotoabsorption and with emission lines due to recombination and 
uorescence (in the latter case e.g.K-shell lines from ions with sometimes nearly stripped L-shells), typically near the absorption cuto�.It may be instructive to contrast the nebular model with the coronal model. In the latter model themechanism for heating the gas is not speci�ed, but the heat input is coupled directly to the ions andfree electrons. The parameters characterizing the coronal model are (electron) temperature, elementabundances, and emission measure. At a given temperature only one or two ionization stages of a givenelement are abundant. In the nebular model the temperature of the gas is not a free parameter, butinstead is determined by absorption and emission of radiation in the gas. The elements are primarilyionized by innershell photoionization. As a result a wider range of ionization stages of a given elementcan simultaneously occur and the elements are more highly ionized (\overionized") at a given electrontemperature than they would be in the coronal model.X-ray photoionized plasmas can appreciably di�er from collisionally ionized plasmas with similar ionconcentrations. Because the photoionized plasma is overionized relative to the electron temperature,the excitations of important lines are dominated by recombination, photoexcitation, and cascadesas opposed to collisional excitation and dielectronic recombination. This has a drastic e�ect on theemergent spectrum, as we illustrate in Figure 15 which has been derived from recent results by Liedahlet al. (1991) (see also Mewe 1990a). These authors have developed a useful diagnostic to distinguishbetween coronal and nebular models using high-resolution Fe L-shell spectra between 10{15 �A. Theyshow that the (3s�2p)/(3d�2p) line intensity ratios from Fe XVII{XIX ions in the Fe L-shell spectrumbetween 10{15 �A can be used to e�ectively discriminate between the coronal and the nebular models.The 3d lines are formed by electron collisional excitation from the ground state in a hot (5{10 MK)coronal plasma, whereas the 3s lines are formed by recombination in a much cooler (say 0.1 MK)photo-ionized plasma.Another possibility to distinguish between nebular and coronal models is to measure the helium-like2! 1 triplet. This consists of a resonance (r) 21P ! 11S line, a forbidden (f) 23S ! 11S line and anintercombination (i) 23P ! 11S line. The f/i ratio varies with ne and does not depend on the modelbecause its density dependence is determined only by the collisional coupling between the two upperline levels, but the singlet/triplet ratio R � r=(i + f) (which can be used for coronal temperaturediagnostics) does and can serve as an indication of the validity of the coronal model (see Mewe 1990a).
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Figure 15:
Mo del sp ectra of F e XVI I{XIX from 13{18

�A with 0.052

�A resolution calculated b y Liedahl et al. (1989).

Both sp ectra a re plotted on the same scale, w avelength in

�A, intensit y in a rbitra ry units. Top: Collisional

equilib rium with T = 5.75 MK fo r the electron temp erature. The strong lines at 13.5, 14.2, and 15.0

�A
(from F e XIX, XVI I I, and XVI I, resp ectively) a re collisionally excited 3 d lines. Bottom: Recombination-

dominated sp ectrum at T =0.11 MK and ionization structure app rop riate to an X-ra y photoionized nebula.

The p rominent lines at 15, 16, and 17

�A (from F e XIX, XVI I I, and XVI I) a re all recombination-cascade-

p opulated 3 s lines, which cannot b e excited b y electron collisions at this lo w electron temp erature. The

electron densit y is in each case 10

11
cm

�3
.E.g. for the O VII triplet R � 1 for a coronal plasma (where the lines are excited by electron collisionsfrom the ground) and R � 3 for a photo-ionized plasma (where population of the upper line leveloccurs through recombination, either directly or via cascades).Though the lines produced by cascade following recombination are relatively insensitive to the tem-perature, the Fe L-shell spectra can provide a good temperature diagnostic by measuring the widthof the recombination continua (Kahn and Liedahl 1991).The relative line intensities detected in the photoionized case can be shown to be sensitive functionsof the density and geometry of the emission regions and of the spectral shape of the photoionizingcontinuum.Finally, it is instructive to show some results of recent calculations by Kaastra (1992b) for the case inwhich a power-law (E�2) photon number spectrum of a central X-ray source is incident on a 
at slabof thickness D (=NH=nH) homogeneously �lled with gas of hydrogen column density NH , electrontemperature T , and volume density nH . The gas composition is determined by cosmic abundances.To calculate the radiative transport an approximate escape factor method is used (e.g. Elitzur 1984,Ferland and Rees 1988). The combined spectrum consisting of transmitted radiation (shaded area),
uorescence radiation, and thermal radiation of temperature T is shown in Figure 16 for two models:1. NH = 1023 cm�2, nH = 1.5 1017 cm�3, T = 0.1. keV; 2. NH the same, nH = 1018 cm�3, T = 0.01keV. The incident power-law spectrum is shown as a dotted line. The line spectrum is a combinationof 
uorescence (e.g. Fe K feature near 6.4 keV) and thermal line and continuum radiation from the
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6.5 Optically thic k mo delIn very dense plasmas, e.g. in the inner regions of accretion 
ows on compact objects such as very hotwhite dwarfs in cataclysmic variables, neutron stars in hard X-ray binaries and the cores of AGNs, thesource is optically thick to both continuum and line radiation. The spectrum will resemble, at veryhigh optical depths, blackbody emission or a superposition of blackbody type spectra. At intermediateoptical depths, the spectral formation is in
uenced by complicated radiation transfer e�ects. Discretespectral structure can provide much information about the source. when Compton scattering playsa role (Ross 1979). Transfer through the scattering plasma will broaden and shift line pro�les andalter the continuum distribution, depending on temperature and column density. Emission featuresobserved from X-ray binaries lie in the wavelength region 9{20 �A and are probably from L-transitionsfrom partially ionized iron atoms (Vrtilek et al. 1991). The spectral resolving power of the futurespectrometers is su�cient to resolve the X-ray spectral features that are indicative of the natureof the Compton scattering processes as well as of the structure of the accretion disk corona or themagnetosphere of the neutron star.
6.5.1 Hot white dw arfsAn important class of objects to be studied at very soft X-rays are isolated hot white dwarfs withoptically thick (in visible and UV) photospheric plasmas with e�ective temperatures in the range� 0.03{0.2 MK. At high gravity all hydrogen is pressure-ionized and the outer layers of the photosphereare transparent to the soft X-ray radiation of hotter and deeper layers which become optically thick tothe X-rays. The shape of the X-ray spectra is very sensitive to photospheric parameters like e�ectivetemperature, gravity and element abundances (cf. Heise 1988). Trace amounts of highly ionized metalsmay produce a variety of absorption edges that can be detected in high-resolution X-ray spectra atlong wavelengths and which allows one to accurately determine e�ective temperatures and elementabundances for objects as hot DA and very hot DO white dwarf stars. For examples of simulationsof various high-resolution X-ray spectra, see Mewe (1990b).
6.5.2 A GN mo delFinally, we present an AGN model spectrum that exhibits a superpostion of various models. Themost e�cient energy sources known occur in active galactic nuclei. It is generally considered thataccretion onto a supermassive black hole is the basic mechanism to power the central X-ray source.This process can be more than an order of magnitude more e�cient in converting restmass to energythan is nuclear fusion. Detailed X-ray spectral studies are essential in understanding the accretion ofmatter onto such huge compact objects. Clearly this is of primary importance for testing the laws ofphysics under extreme conditions.Current models of the X-ray emission of AGN distinguish between a hard X-ray power-law component,usually attributed to non-thermal radiation from the central source that is inverse-Compton scatteredby very energetic electrons, and a soft excess above � 25 �A, associated with the hotter parts of theaccretion disk and described by a modi�ed blackbody spectrum or it may be thermal bremsstrahlungof tenuous gas, in both cases with temperatures in the range 0.3{1 MK. Hence the absence or presence



S RON
{ SPEX

X{Ra y Spectr oscopy P a ge 37 of 47

Do cument: SRON/SPEX/TRPB01

Date: August 25, 1994

Issue: V ersion 1.0/Rev. 4.0

Figure 16: X-ra y sp ectra calculated fo r the nebula r mo del b y Kaastra (1992b) fo r t w o mo dels (fo r pa-

rameters, see text). The shaded a rea rep resents the incident p o w er-la w sp ectrum after transmittance

through a slab of column densit y NH = 10

23
cm

�2
without rep ro cessing. The total sp ectrum contains

also contributions from 
uo rescence and thermal radiation.
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Figure 17: Simulated A GN sp ectrum as observed with the re
ection sp ectrometer on XMM in 10

5
s. The

contributions from p o w er la w (PL) and mo di�ed blackb o dy (MBB) sp ectra a re also sepa rately plotted (fo r

details, see see text). O I abso rption edge from our Galaxy and va rious redshifted abso rption edges and

p rominent emission lines from the source a re indicated (from Kaastra et al. (1989)).of spectral lines will show the true nature of this soft X-ray excess. Furthermore, there is a hardeningof the spectrum below � 2 �A, a strong 
uorescence line of incompletely iron near 6.4 keV, andsometimes also an Fe absorption edge, all attributed to reprocessing by cool matter (e.g. the accretiondisk) surrounding the central hard X-ray source. In some AGN there is evidence for another softcomponent of presently unknown origin. Optical measurements show that the central region containsdense blobs of cool gas with velocities � 100 km/s, the socalled narrow-line region. This soft X-raycomponent might be optically thin radiation from a hot (10 MK) tenuous intercloud gas pervadingmost of the central region and in pressure equilibrium with the dense clouds. Figure 17 shows anexample of a typical AGN spectrum folded through the response of the high-resolution re
ectiongrating spectrometer on XMM (Brinkman et al. 1989) as calculated by Kaastra et al. (1989). Threecomponents are included: a power law with photon number index -1.7, an optically thin line pluscontinuum spectrum with T = 10 MK and a modi�ed blackbody component with T = 1 MK. Aredshift z = 0:033 has been assumed. It is evident that high-resolution X-ray spectroscopy with thecapability to detect lines and edges will be the ultimate tool to probe the physical conditions in thecentral regions of AGN.
7 V arious subroutines of the sp ectral co deDepending on the application to the various possible source con�gurations we distinguish a numberof cases:
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Issue: V ersion 1.0/Rev. 4.01. Multi-temperature plasma (optically thin, steady state, Di�erential Emission Measure (DEM)modelling)2. SuperNova Remnant (SNR) (optically thin, multi-temperature structure, transient state)3. Solar 
are plasma (optically thin, transient state)4. Active-Region-Loop spectrum (ARLS) (optically thin, multi-temperature structure, steady state)5. (Modi�ed) Black-Body ((M)BB) spectrum (optically thick, single temperature)6. Power- Law (PL) spectrum (nonthermal)7. Photo-ionized plasma (nebular type, optically thin/thick)We will explain the various items.
7.1 DEM mo delling tec hniqueTo interpret the X-ray and EUV spectra of optically thin sources like stellar coronae and supernovaremnants, we use an analyzing technique incorporating the code to model the spectrum from opticallythin plasmas in thermal equilibrium and a code to model a temperature structure of the stellaratmosphere or supernova remnant. The method involves three steps:
7.1.1 Optically thin plasma radiation co deDuring the past decade we have developed a well-known and widely used code based on a theoreticalmodel for spectra emitted by hot, optically thin plasmas. A number of isothermal equilibrium spectrais calculated using the latest version of the Mewe-Gronenschild code for optically thin plasma radiation(e.g. Mewe, Gronenschild, van den Oord 1985a), but extended with spectral lines between 300{2000�A from Landini and Monsinori Fossi (1990). Usually these spectra are calculated for a logarithmicaltemperature grid with a range log(T [K]) = 4{9, and � log(T ) = 0:05.
7.1.2 Con v olutio n with the instrumen tEach of the spectra produced under x7.1.1 is then transformed into a synthetic EUVE observation ofan isothermal source with a given emission measure by taking into account the appropiate interstellarabsorption, and then convolved with one of the instrument models of the three EUVE spectrometers,where the binning and the response and resolution characteristics of these instruments are modelled.
7.1.3 DEM mo delling metho d

7.1.3.1 Iterativ e With bro e-Syl w ester metho dThe di�erential emission measure is de�ned in x5.3.3. We consistently use here for the DEM in thegraphic representations D(T ) � T'(T )� log(T ) per interval � log(T ) = 0.05 (= grid step of the inputspectra generated with the optically thin plasma code).
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Issue: V ersion 1.0/Rev. 4.0The DEM is derived from the observed spectrum by deconvolving T'(T ) from the measured spectralintensities, using the library of theoretical spectra produced under x7.1.2. For this deconvolution weapply an iterative technique, originally proposed by Withbroe (1975), and signi�cantly modi�ed bySylwester (Wroc law, Poland) (Sylwester et al. 1980), and later on by Fludra (MSSL, UK) (Fludraand Sylwester 1986) to interpret high-resolution X-ray spectra of solar 
ares. The DEM techniquewas subsequently extended to broader wavelength ranges by Lemen (Lockheed, Palo Alto), Mewe andSchrijver (Utrecht) and applied to the analysis of our EXOSAT transmission grating spectra of variouslate-type stars (Lemen et al. 1989, Schrijver et al. 1989).The method places no restrictions on the functional form of the di�erential measure distribution,although the �nal result is subject to an implicit smoothing because spectra with neigbouring valuesof T are more or less alike. From an analysis of the library of spectra in terms of the mutual correlationsit can be shown that the widths in temperature of the correlation functions determine the \temperatureresolution", i.e., the scale on which we can extract detail of the DEM distribution. The technique isformulated to exclude a priori negative values of the emission measure.Later on (around 1992) Alkemade and Schrijver developed a software package that originally wasintended to be built in SPEX for the analysis of observed EUVE spectra and that contains a modi�edversion of the original Sylwester algortihm. The program iterates towards the DEM-function Dj(Ti)which yields a spectrum: f�j (�) = N
Xi=1Dj(Ti)F (�; Ti); (6)in which f�j (�) is a best �t to the measured spectrum f(�). Here F (�; Ti) is the synthetic spectrumat temperature Ti, and the interval � logT = 0:05. Basically, the algorithm iterates as follows: Froma given approximated DEM-function Dj(Ti) the next iteration Dj+1(Ti) is found by calculating thefollowing integrals for each spectrum F (�; Ti):I1(Ti) = Z F (�; Ti)f(�)W (�)d� and I2(Ti) = Z F (�; Ti)f�j (�)W (�)d�; (7)where W (�) is a carefully constructed weight function, which takes into account the uncertaintiesin the measured 
uxes for every bin of the observed spectrum, considering the counting rate andbackground. Note that the functions I1 and I2 are equivalent to weighted dot products if the involvedspectra are interpreted as vectors, so that we are in fact performing a component decomposition. Thenext iteration of the DEM-modelling then follows from :Dj+1(Ti) = Dj(Ti) I1(Ti)I2(Ti) : (8)Note: Because the algorithm essentially treats every wavelength bin as a single measurement, andconsiders the relative weight of each of these measurements, it can easily combine spectra from di�erentwavelength regions in a statistically proper way to �nd a global best-�t DEM-model.
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7.1.3.2 ExamplesWe have applied a variant of the Withbroe-Sylwester method in a study of DEM models of threeprototype cool stars proposed to be observed by the Extreme UltraViolet Explorer (EUVE) (e.g.Bowyer et al. 1992): (i) Procyon, which has a very cool coronal component with a temperature below1 MK), model based on IUE observations (Jordan et al. 1986) and on EXOSAT-TGS observations(Lemen et al. 1989); (ii) Capella, which possesses a very hot corona with temperatures around 5 and 25MK, model based on EXOSAT-TGS observations (Lemen et al. 1989) and IUE observations (Doschekand Cowan 1984); (iii) �1 Cet as prototype for a Solar-type corona with temperature 2{3 MK, modelbased on that proposed by Doschek and Cowan (1984) for the quiet Sun, but scaled with EXOSATobservations (cf. Mewe 1991a, Table 3) and extended below 1 MK towards lower temperatures usingIUE data for �1 Ori (Jordan et al. 1987). For the interstellar density we take: NH (1018 cm�2) = 1.5,5, and 3 for cases (i), (ii), and (iii), respectively, and for the corresponding absorption cross sectionsthe data from Morrison and McCammon (1983) and Cruddace et al. (1974).With the instrumental data given in the EUVE handbook, and using some plausible DEM distribu-tions, we have simulated various test spectra for a standard observing time of 40000 sec., taking intoaccount the estimated sky-background and the statistical Poisson noise. In Figure 18 we have plottedthe di�erential emission measure DEM � T'(T )�ln(T ) per interval �ln(T ) = 0.115 (or �10 log(T )= 0.05). The results show that by combining the three wavelengths bands (70{200 �A, 100-400 �A and280{760 �A) we are able to constrain the DEM distribution between � 0.05 MK and 10 MK. Outsidethis temperature region apparently no strong spectral lines are available in the three wavelength bandsto constrain the DEM.
7.1.3.3 In v ersion metho d of regularizati onIn the mean time Schrijver and Alkemade have developed the software using another inversion tech-nique as discussed by Craig and Brown (1986) which uses a second-order regularization (smoothing).This routine has now been built in SPEX and replaces the previously used Sylwester routine (asearlier described in sections 5.3.3, 6.1.3, and 7.1.3). In the document SRON/SPEX/TRPB05 we givea description of the new method (but see also Mewe et al. 1994 and Thompson 1991). We stressthat the regularization method is not an iterative procedure. An iterative method requires an initialDEM distribution, and, depending on the details of the distribution, the iteration may not convergeto the true best{�t solution, but instead may yield a solution corresponding to a local minimum inthe �2-space (or any other measure of quality that may be used). This problem is avoided by themethod of regularization. We have recently applied this technique to the analysis of EUVE spectraof a number of cool stars (Mewe et al. 1994, Rucinski et al. 1994, Schrijver et al. 1994).
7.2 Sup erno v a remnan ts (SNRs)In the past various subroutines have been developed to describe the hydrodynamical evolution andthe non-equilibrium ionization (NEI) in evolving mass elements in a supernova remnant. Descriptionsof the basic method in solving the non-equilibrium spatially resolved X-ray spectra of supernovaremnants are given by Jansen (1988), Kaastra and Jansen (1992) and Kaastra (1992a). For a shortdescription of the modelling, cf. x6.2.Once a solution for the hydrodynamic evolution of the SNR has been obtained, the time-dependentionization balance of the plasma can be determined by solving a set of coupled di�erential equationsdescribing the population of the ionization states by collisional ionization and radiative and dielectronicrecombination (see Eq. (1)). Traditionally such equations are solved by a fourth-order Runge-Kutta
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Figure 18: Results of EUVE DEM mo delling fo r the mo dels of Pro cy on (panel a), Cap ella (b), and �1 Cet

(c). Plotted vs. temp erature T a re the values of the di�erential emission measure DEM � T'(T )�ln(T )
with �ln(T ) = 0.115. The input mo del is sho wn as a solid histogram and the simulated observations as

dashed curves.



S RON
{ SPEX

X{Ra y Spectr oscopy P a ge 43 of 47

Do cument: SRON/SPEX/TRPB01

Date: August 25, 1994

Issue: V ersion 1.0/Rev. 4.0scheme, but this requires many evaluations of the transition rates for all (> 200) ions, hence aprohibitive amount of computer time. Kaastra and Jansen have solved this problem by diagonalize thematrix containing the transition rates of ionization and recombination (\eigenvalue decomposition").This reduces the problem to simple matrix multiplications and exponentiation. Another advantage ofthis method is that the matrix elements, i.e. the transition rates can be stored on computer disk fora number of temperatures (e.g. for 3 < logT [K] < 10 in steps of logT = 0.05. Such a discretizationsaves a sizeable amount of computer time.
7.3 Solar and stellar 
aresThe basic subroutine (NEISPEC) which calculates the non-equilibrium ionization balance and theX-ray spectrum for a given time history of the temperature T (t) and density ne(t) in a given plasmaelement must be coupled to a subroutine which calculates a given plasma model (e.g., the hydro-dynamical model of the evolution of a SNR) in order to calculate the integrated emergent X-rayspectrum. For the application to cases which may be representative for 
ares we use either an input�le that contains a set of numerical values of T and ne (or nH) for a series of time points, or a fewstandard models that are thought representative of the impulsive and the gradual phase of solar 
ares:(i) At time t = 0 the electron temperature steeply jumps from an initial value T0 to a constant highervalue T1 (\impulsive burst"); (ii) At t = 0 T starts to rise linearly with t from T0 to a maximum T1 att = t1 and thereafter decays exponentially to the initial value (\gradual burst"). Some typical resultscan be found in publications by Mewe and Schrijver (1978, 1980) and for more detailed calculationsfor 
aring loop models in a paper by Mewe et al. (1985b).
7.4 Activ e-Region-Lo op Sp ectra (ARLS)Vesecky, Antiochos, and Underwood (1979, hereafter VAU) have developed a computer code to modelmagnetic loops �lled with hot, steady-state plasma. About a decade ago Vesecky has installed theVAU code at MSSL, where it been modi�ed and improved later on by A. Fludra and J.R. Lemen.We use the revised code. An example of the results is given in Figure 12. Schrijver et al. (1989) haveused the VAU code to �t EXOSAT-TGS spectra. In the computations the cross section across theloop can increase with height in a way representing loop-like magnetic �eld structures by a magneticline-dipole with the center at a given distance below the chromosphere. In the model this is expressedby an expansion factor � > 1, which is the ratio of the loop cross section at the top to that at thefootpoint. In the calculations the base of the loop is placed in the upper chromosphere where T = 3104 K.
7.5 Blac kb o dy (BB) and Mo di�ed Blac kb o dy (MBB) sp ectraIn the synthetic spectral program which convolves model input spectra with various possible instru-ment response functions we have built in a module in which various input spectra can be generated.To test for models of active galactic nuclei (AGN) we have created the possibility to calculate combina-tions of optically thin spectra, power-law (PL) spectra, and blackbody (BB) spectra. As a variant tothe BB spectrum we can also calculate a socalled modi�ed BB (MBB) spectrum which is BB radiationmodi�ed by repeated inverse Compton scattering by nonrelativistic electrons in a dense medium (e.g.Rybicki and Lightman 1979).
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7.6 P o w er La w (PL) sp ectraTo describe the X-ray spectrum of the central power source of an AGN we may use the approximationof a PL spectrum. This was built in as an option in the synthetic spectral program.
7.7 Photo-ionized plasmasThis code is currently in development. It is applicable to a gas that is irradiated by a strong X-raysource whose spectrum has to be speci�ed. The ionization structure is set up by a balance betweenphoto-ionization and radiative plus dielectronic recombination, and charge transfer. The energy bal-ance which determines the temperature structure of the illuminated gas is established by a balancebetween heating and cooling. Heating occurs by photo-ionization, Compton heating, Auger electrons,charge transfer, and collisional de-excitation. Cooling takes place by radiative and dielectronic recom-bination, continuum bremsstrahlung (inverse Compton cooling), collisional ionization and excitation,and charge transfer.
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