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ABSTRACT

The interpretation of high resolution x-ray spectra of the solar

corona has established the structure and composition of the corona. We

present a brief review of the techniques developed in the study of the

temperature and density structure and composition of the corona, as an

introduction to a discussion of the modifications in these techniques

which will be required for the study of cosmic sources, and a specifica-

tion of the type of observation which will be required for the spectro-

scopic study of these sources.

Two major programs of spectroscopic observations of cosmic sources

are discussed: the study of the spectra of individual sources, and the

study of the interstellar medium (ISM) by the analysis of its effect on

the spectra of selected individual sources whose intrinsic spectra can

be inferred by other techniques. We first discuss the effect of

structure within the ISM, including the presence of interstellar grains,

•	 the ionization structure, the presence of molecules, and the development

of more sophisticated models of the opacity of the ISM which take account

of this structure. We then review the expected spectral structure of

individual cosmic sources, with emphasis on the galactic supernovae

remnants and the galactic binary x-ray sources. The observational and

analytical requirements imposed by the characteristics of these individual

sources will be identified, and the prospects for the analysis of

abundances, and the prospects for the study of the physical parameters

within these objects will be assessed. Prospects for the spectroscopic

study of other classes of observed and predicted cosmic x-ray sources,

such as the extended regions of soft emission within the galaxy, the

extragalactic Abell cluster sources, and the coronae of late type main

sequence and giant stars will be briefly discussed.
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I. INTRODUCTION

Spectroscopic techniques have been extensively used in the analysis

of the euv and x-ray spectrum of the solar corona. Observations of

cosmic x-ray sources at low resolution are now sufficiently well advanced

that detailed predictions of the spectral characteristics which high	
r

resolution observations may be expected to reveal can be made. For

at least one class of galactic x-ray source, the supernovae remnants,

an emission line spectrum characteristic of a low density Maxwellian

plasma, similar to the solar spectrum, is expected. For the class of

binary galactic x-ray sources, the x-ray flux is generated in an

optically thick atmosphere, and spectral features will be significantly

broadened by Thomson scattering and resonance scattering; the analysis

of the weak line cores which should ultimately be observable will be

•	 substantially different from the solar case. However, photoionization

processes in the extended atmosphere which surrounds the compact object

•	 in these sources, and in the atmosphere of the normal companion, may

result in strong emission and absorption features in the spectra of

these sources. In the present paper we briefly review the spectroscopic

techniques which have been used in the analysis of solar observations

and discuss the modifications which must be made in order to apply

these techniques to cosmic x-ray spectra.

The x-ray opacity of the interstellar medium is important in two

ways; it determines the wavelength range in which objects at various

distances can be observed, and the detailed dependence of the x -ray

•	 opacity on wavelength contains information on interstellar abundances and

ionization structure, and the composition and size of the interstellar

grains. A detailed model of the x-ray opacity in the direction of the

1



Crab nebula is discussed to illustrate the effect of structure in the J

interstellar medium on x-ray absorption. Observations of the density

in the interstellar medium in the vicinity of the earth are also re-

viewed, and the implications of these observations for the study of

soft x-ray sources, such as the coronae of normal stars, are discussed.

The prospect for the observation of the coronae of nearby late

type stellar dwarfs and giants appears to be excellent. Recent ultra-

violet observations of stellar coronae are discussed, and model calcu-

lations of the expected fluxes are presented. For nearby objects, it

would appear to be feasible to carry out observations to 3041 and beyond,

and many diagnostic techniques developed for coronal studies will be

useful for this special class of object.

^ i
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II. REVIEW OF SPECTROSCOPIC STUDIES OF THE SOLAR CORONA

The analysis of the structure of the corona with spectroscopic

observations has been carried out using two different approaches.

Pottasch [1.2] has developed a technique which makes use of the

observed emission in the resonance lines of a large number of ions

whose emission is peaked over relatively narrow temperature intervals

within the range of temperatures, — 105 - 2 X 106 oK. which are impor-

tant within the solar transition region and low corona. Pottasch was

able to invert the emission integral, after making the assumption that

the solar emission measure function varies slowly over the temperature

range within which each ion is efficiently excited. If a sufficiently

large number of ions are included in the analysis ., it is possible to

obtain an emission measure function for the'ions of each element ) and

consequently relative abundances as well as the thermal structure may

•	 be obtained. The second approach has made use of selected line ratios

for transitions within the same ion which are particularly sensitive to

either density or temperature. The analysis of this type of observation

has generally made the assumption that the coronal structures which have

been observed are isothermal (or isobaric); howevero this restriction

is not essential to the analysis. In this section I review the techniques

which have been developed for the analysis of the structure of the corona.

General reviews of spectroscopic techniques have been written by Gabriel

and Jordan [3] and by Walker [4,5] .

The calculation of the excitation function of lines,, and of the

x-ray continuum is central to the analysis of spectroscopic observe-

.	 tions. Walker [4,5] and Gabriel and Jordan [3] have reviewed the

3



calculation of these excitation functions. The coronal calculations may

be applied directly to the emission spectra of supernovae remnants

(SNR's). However ) the emission function will have a quite different

form for the optically thick binary x-ray sources. The emission function

for these sources is discussed in more depth in a later section.	 4_

II.A THE DEVELOPMENT OF THERMAL MODELS
	 e

Jefferies, Orrall and Zirker [6] have developed a general method

for the analysis of line emission from an optically thin gas. Using

the formalism developed by Jefferies et al. the flux in a coronal line

may be written [7]

FZzij	
alfAZJJdS

J
dTeM(TeI Gk ),a z(Te )Ji,j (Te ) -	 (1)

where i -- 3 refers to a specific transition from upper level i to

lower level ,j in ionization stage z of element Z with relative

abundance AZ . The fractional abundance of ionization stage z is

az(Te), and Jij (Te,ne ) is peculiar to each transition and depends

only on atomic parameters. For resonance transitions Jii is, to the

first approximation, equal to the product of the collisional excitation

rate into the level i. and the branching ratio for the transition

i -+ J. The integral is carried over the area S(x
1-'

x 2 ) which is un-

resolved in the observational data to be analyzed, and x1 and x2

are coordinates orthogonal to the line of sight. The emission measure,

M(Tej Gk)p is defined by a set of parameters Gk.



Implicit in this approach is the assumption of a functional rela-

tionship between temperature and density, viz

nV = ne(Te) .

M.r original analysis of Pottasch did not make any assumptions

regarding the physical model of the transition region, and so derived

a general emission measure function and a set of relative abundances,

i.e. in equation (1) both the constants G k which define the emission

measure function and the relative abundances A Z of the elements whose

lines are used in the analysis are regarded as parameters. Pottasch's

technique has been extended to coronal lines by a number of experi-

menters [4,7,8,9,10,11,12,13]. Figure 1 illustrates a typical coronal

model derived using the basic Pottasch technique. As we shall discuss

in Section 4, the development of this type of model is a realistic goal

for the strongest supernovae remnants.

The availability of spatially resolved observations of the solar

corona has led to the development of more detailed models of coronal

structure, and the imposition of restrictions on the coronal distribu-

tion function. Dupree [14] has developed a model in which it is

assumed that the transition region is isobaric

P = n T = const.
e e

and that the conductive flux in the transition region

f = K 1.512 (dT/dh)

a

C
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is also a constant. The thermal conductivity is given by K, and h

is the height in the (assumed) spherically symmetric atmosphere. Kopp

[15j and Pneuman [16] have developed more sophisticated models in which

the effect of the magnetic field is taken into account by making the

assumption

P+ B2/8n = const.

Jordan [17] has developed models which make explicit use of the fact

that the high thermal conductivity in the direction of the magnetic field

results in coronal structures which tend to be isothermal along the

field lines, with the largest thermal gradients across field lines.

In the preceding discussion, no attempt has been made to make use

of the enhanced ser,aitivity of particular line ratios to the physical

parameters of the coronal plasma, such as temperature, density, or the

relative abundance of a particular pair of elements. Such "diagnostic"

line pairs are extremely useful because we can often determine, with

their use, a particular physical parameter of the plasma without the

construction of a complete model of the atmosphere. These determinations

are possible because the line ratios involved depend only weakly on the

configuration of the solar atmosphere, and allow conclusions to be drawn

about coronal properties which are independent of the special set of

assumptions which are implicit in a particular model.

II.B SPECTROSCOPIC TBMIQUES FOR THE STUDY OF TEMPERATURE

The line ratios used for temperature diagnostics involve the ratio

of two lines which depend on the population of a single ionization

stage, but which have excitation functions which depend on temperature

I	 in different ways. Three techniques have been used:

7



1. The relative intensity of the 2s- 2p and 2s- 3p lines of
lithium-like ions is temperature sensitive because of the

large energy difference of the two transitions.

2. The relative intensity of two lines in the same series, such

t	 as the ratio Lyman-a/Lyman-p is temperature sensitive over a

limited range of temperatures.

3. The intensity of satellite lines, which are formed by recombina-

tion processes, has a different temperature dependence from

that of resonance lines which are collisionally excited.

Malinovsky and Heroux [18] have analyzed the relative intensities

of the 2s- 2p and 2s- 3p lines of 0 VI, Ne VIII, and Mg X in the corona,

finding good agreement with the theoretical intensity ratios provided

a thermal model of the transition region is used to interpret the

observations. Unfortunately, this technique is not suitable fn- the

analysis of most cosmic x-ray sources since the 2s - 2p lines of all

abundant lithium-like ions are not transmitted by the interstellar medium.

Rugge and Walker [19] have analyzed the relative intensities of

the Lymna-a and Lyman-^ lines of 0 VIII, Mg XII, and Si XIV, using the

theoretical line ratios calculated by Hutcheon and McWhirter [20].

The availability of a coronal model allowed a detailed comparison for

the 0 VIII lines, and excellent agreement with the theory was found.

This technique should be useful for the study of cosmic sources since

th.3 Lyman lines of 0, Ne, Mg, Si, and S should be observable for the

most intense supernovae remnants.

'Ilse relative intensity of satellite and resonance lines varies as

[ 21]	 .

IS/IR T-1

8



Gabriel [21]p Parkinson [22], and Walker and Rugge [23] have used

the relative intensities of satellite and resonance lines to determine

coronal temperatures. The relative intensity of the satellite lines

increases as Z increases along a given isoelectronic sequence. For

helium-like ions the strongest and most easily resolved lithium-like

satellite [Table I]. 19 22s 2S - 1s2s2p 2 P is ow 15% as intense as the

resonance line for Si XIII. The atomic rate constants which are required

for the calculation of the intensity of the lithium-like satellite lines

have been calculated by Gabriel [21] and by Bhalla ., Gabriel and

Presnyakov [21].

I

TABLE I

SATELLITE LINES FOR TEMPERATURE DETERMINATION

Ion	 Resonance Line	 Satellite Line	 Temperature Range

0 VII	 21.6021	 22.0201	 1.5 -4 x 106

Ne IX	 13.4501	 13.6501	 2.5 -6 x 106
1111 	

Mg XI	 9.1681	 9.2851	 3-8  x 106

Si XIII	 6.6471	 6.7191	 6 -14 x 1o6

S xv	 5.0381	 5.0861	 8 - 20 x ?.06

Fe XXV	 1.8501	 1.8621	 18 - 4o x 106

*122 S - 1s2p P

1522s 28 - 1s2s2p 2P

9
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II.0 SPECTROSCOPIC TECHNIQUES FOR THE STUDY OF DENSITY 	 a

The density dependence of coronal emission lines can come about

in two way,

1. An excited metastable level may be collisionally transferred

to an adjacent excited level which has a faster radiative

decay rate. The relative intensity of the lines from these

coupled levels will be a sensitive function of density over

some range of densities.

2. If an ion has multiplet structure within its ground level,

or a low lying excited state which is metastable, the relative

population of these levels can become density dependent. The

relative intensity of lines whose upper levels are more

efficiently excited from the ground level or from the low

lying excited level will be density sensitive over some range

of densities.

A large number of line pairs have been used for density studies

0
in the corona, however relatively few of these lines are below — 100A,

in the region where they can be observed for most cosmic x-ray sources.

The relative intensity of the helium-like lines from the 1s2p 1P,

3P and 1s2s 3S lines has been discussed by Gabriel and Jordan [3,24]

and Mewe and Schri,jver [25]. The relative intensity of these lines is

shown in Figure 2. The range over which these lines are useful for

density measurements is shown in Table II. Solar observations of the

intensity ratio I(2 3S - 11S VI ;23P-11S) have so far resulted only in the

establishment of upper limits to coronal densities. These observations

are reviewed by Walker [5].

10
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Fig. 2. Relative intensity of the lines (the 2 1S level decays
by the emission of two photons) of the helium-like ion
0 VII as a function of density. (After Gabriel and
Jordan ., Ref. 3)
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TABLE II

DENSITY SENSITIVE LINE RATIOS

SEQUENCE	 TRANSITION ICN WAVELENGTH(R) RANGE OF SENSITIVITY (cm-3)

He	 I(23s -1 S )/I(23P-1 S) C V 41. 47/40.73 5 x 108 - 2 x 1011

O VII 22.10/21.80 1010 - 5 x 1012

Ne IX 13.70/13.55 1.5 x 1011 - 1014

Mg XI 9.31/9.23 1.8 x 1012 _ 1015

Si XIII 6.74/6.69 1.5 x 1013 - 1016

s xv 5.10/5.07 101
4 _ 5 x 1016

Fe XXV 1.87/1.86 5 x 1016 - 2 x 1018

Be	 I(2s2p 3P - 2s3d 3D) Ne VII 106.2/127.65 — 106 - 1013

I(2s2 S - 2s3s	 S) Mg IX 67.24/77.74 , 107 - 1014

Si xi 46.40/52.30 — 5 x 107 - 1015

S XIII) 33.95/37.60 ^- 5 x 108 - 1016

Fe XXIII ^ 11.7/ 13.0 -r1010 - 1017

He	 I(23P- 1 S) /I(21P-1^) C V 40.73/40.27
1012 _ 1016

O VII 21.80/21.60
1013 _ 1018

Ne IX 13.55/13.45 1014 - 1019

Mg IX 9.23/9.17 1015 - 1019

Si XIII 6.69/6.65
1016 _ 1020

S xv 5.07/5.04 5 x lo 16 _ 1021

Fe XXV 1.86/1.85 2 x 1018 - 5 x 1022

Ne	 I(33P2 - 21SO )/I(33P1 - 21SO ) Fe XV*I 17.10/17.05 ;b 1013

.	 ^{.^yMp$'yl.^•satlmYasaYn+ +'....we...x,.^-.ww.».ra._...ka^, __.n ........ ... ..... .»,... ..:.....„._. ............:w 	..... .,.wn.^e., ._: _.,..._^'^, aY« ^e-.- . . ,.	 .......	 .....	 ......	 -. .. .:	 ..	 -....



The relative intensity of the lines excited from the ground level

(2s2 1S) and from the metastable low lying 2s2p 3P level of beryllium-

like ions has been successfully used as a diagnostic technique in the

solar corona [3,25,26,27,28,29,30]- These lines can be used as

diagnostic tools over the range of densities from — 10 5 - 1016 cm-3

which covers the full range of densities found in the corona. Some

problems remain in the interpretation of the observational results at

this time due to uncertainties in some of the atomic rate constants

required in the interpretation [3001].

The lines of the transitions used for coronal diagnostics are at

wavelengths which are unobservable except for the nearest cosmic x-ray

sources. However, the An = 1 transitions in beryllium-like ions excited

from the 2s2 1S and 2s2p 3P levels will share the density sensitive

nature of the An = 0 transitions. The lines of Mg IX, Si XI, S XIII,

'	 and Fe XXIII may be observable for a significant number of cosmic sources.

The line ratio I(2s2p 3P- 2s3d 3D)/I(2s2 1S - 2s3s 1S) should be a good

•	 choice for observation since both lines have strong excitation cross-

sections, and have already been observed in the corona for Ne VII, Mg IX

and Si XI [18,32]. The range of densities over which these lines can be

used for density diagnostics is given in Table II.

A final potentially density sensitive line in the x-ray region is

the 2s22p6 1S - 2s22p538 3P2 transition in Fe XVII, which has been

resolved from the nearby 2s 22p 1S- 2s22p5 38 3P1 line in the corona by

Parkinson [ 13,33] and by Walker, Rugge and Weiss [11]. The lifetime of

the 3P2 level, which decays by a quadrupole transition is — 2X 10-6 sec

[34] and collisional coupling should affect the population of the 3P2

and 3P1 
levels at densities near ...1013 cm-3 . These strong lines may

well be observable in the spectra of certain x-ray binary sources.

13



II.D TECHNIQUES FOR THE DETERMINATION OF RELATIVE ABUNDANCES

As pointed out in the introduction to this sectionp coronal abun-

dances have been derived in the process of developing thermal models

of the corona ., using the lines, from a large number of ions. Walker [F]

has reviewed these abundance studies. Using x-ray observations alone

this process has some limitationsp since only 1 or 2 stages of ioniza-

tion of a particular element may be observed in many cases. It is

desirables therefore, to develop diagnostic techniques for the determina-

tion of abundance which may be used without constructing a complete

thermal model. The basic technique which has been employed is the

analysis of the relative intensity of a pair of lines whose relative

intensities are only weakly dependent on temperature, at least for a

limited range of temperatures. Acton, Catura and Joki [35] have recently

analyzed the observed relative intensity of the resonance lines of 0 VII

and Ne IX, which is approximately constant (to a factor of — 2 -3) over

the temperature range at which these lines are excited in the corona to

obtain an O/Ne abundance ratio) without the use of a complete thermal

model. More recently H.R. Rugge and the author [36] have studied the rela-

tive intensity of the resonance lines of Ne X and Mg XI. The relative

intensity of these lines varies by less than f 20% over the temperature

range from 3 - 10 X 106 oK.

The analysis of a set of carefully selected line pairs can provide

an initial set of relative abundances for the study of an astrophysical

plasma of unknown composition such as the interstellar shock wave formed

by a young supernovae remnant. These initial relative abundances may then

be refined by the development of a complete thermal model with the use

of equation (1) .

14



II.E TECHNIQUES FOR THE STUDY OF THE IONIZATION EQUILIBRIUM

The astrophysical plasmas of interest in x-ray astronomy are not in

local thermodynamic equilibrium (LTE). For a low density plasma in a

dilute radiation field, the ionization balance is determined by the detailed

balance between microscopic atomic processes. If the ionization balance

is not changing with time ) the plasma is presumed to be in "thermal

equilibrium". however this situation is not to be confused with LTE. For

a low density plasma in thermal equilibrium the ionization equilibrium

depends mainly on temperature, with a weak dependence on density only if

n
e 

;b1010 cm 3 [37-40]. The solar corona generally satisfies these

conditions ., and the preceding discussion has implicitly assumed that the

astrophysical plasmas of interest are in thc±rnal equilibrium. For a tran-

sient plasma, it may be necessary to describe the situation by three

t	 parameters: the electron temperature, T 
e I 

the ion temperature, Ti p and an

ionization temperature, T z ^ which may vary from element to element [41].

Techniques for the study of the ionization equilibrium of low density

plasmas make use of the relative intensity of spectral features which

are formed primarily by collisional processes, and those which are formed

by recombination processes $ since these relative intensities are related

to the relative populations of successive stages of ionization. An example

of this type of observation is the relative intensity of the recombination

edge for a particular ion ) and the intensity of resonance lines for that ion.

For example, the recombination edge for recombinations from 0 IX to 0 VIII

is at 14.2281, and the resonance line of 0 VIII is at 18.6911. Observa-

tion of these features should prove feasible for objects such as young

supernovae remnants, for which conditions of transient ionization may

15



persist for -^ 10 10 sec (-r 300 years). [ A more complete discussion of

supernovae remnants is presented in Section IV.] A second technique is

the observation of two lines with upper levels of nearly identical exci-

tation energy, from successive stages of ionization. An example of this

approach is discussed by Gabriel [ 21], who has pointed out that the non-

autoionizing satellite lines to the He-like ions will be formed by inner

shell excitation in lithium - like ions, while the helium-like resonance

lines are formed by excitation in the helium-like ions. Gabriel has

used the relative intensity of the non-autoionizing 2P - 4P (X6.788)

satellite line of Si XII, and of the Si XIII resonance line (76.646) to

determine the ionization temperature of silicon ions in the corona shortly

after a flare.

The ionization equilibrium calculations which have been used for

coronal studies have assumed that the radiation field is sufficiently

dilute that it does not affect ionization or recombination rates [37,38].

Burgess and Summers [ 39] and Summers [40] have discussed the effect of the

radiation field, and of collisions, on the dielectronic recombination

rate, which can be reduced by the re-ionization (by optical photons or
P

low energy electrons) of the recombined, but still highly excited, ion.

Radiation effects are relatively unimportant in the solar corona, except
y

in the case of the relative population of metastable fine structure levels

such as the 3P and 3S levels in helium- like ions [ 3] and the 2s2p 3P levels

in beryllium- like ions [ 26], which can be influenced by the radiation field

of the photosphere. However, for strong non-solar sources, it cannot be

assumed that the high energy photon field is dilute, and photoionization 	 .

a

processes may completely dominate the ionization equilibrium. Tarter,

Tucker and Salpeter (42], and Tarter and Salpeter [43] have discussed the
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ionization equilubrium which results if the spectrum of the radiation field

is in the shape of thermal bremsstrahlung. For a wide range of conditions,

the ionization equilibrium and the electron temperature depend only on

two parameters, the bremsstrahlung temperature, Tx, and the normalized

radiation flux.,

§(r) a LMr2	 (3)

where L is the source luminosity, N the ion density, and r the

distance from the radiation source (spherical symmetry has been assumed).

Ionization equilibrium curves have been computed for optically thin [42)

and optically thick (431 environments. For objects in which the density

is too low for LTE to be established, but for which the x-ray radiation

field cannot be considered dilute, techniques for the direct determination

of the ionization equilibrium will be of considerable importance. The

extended accretion zones of x-ray binary sources, and possibly the

interstellar shocks of young supernovae remnants, should fall into this

class of object.

.

n
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III. mE X-RAY OPACITY OF mE INTERSTELLAR MEDIUM 

The interstellar medi~ is important to cosmic x-ray astronomy for 

two reasons: 

1. The x-ray opacity of the ISM determines the distance at which 

a source can be observed in a given wavelength. 

2. X-ray observations of the wavelength structure of the x-ray 

opacity of the ISM offer a number of unique capabilities for 

the study of the abundances and ionization structure of the 

ISM, and of the composition and size of the interstellar grains. 

The prospects for soft x-ray astronomy have been reviewed recently 

by Cruddace et al. [44]. It has now become clear that the interstellar 

medium is highly inhomogeneous, consisting of dense H I clouds at low 

temperature, which are contained by a hot, weakly ionized intercloud 

medium. The volume occupied by the H I clouds is small, and consequently, 

the high transparency of the intercloud medium will allow the observation 

of XUV sources over a considerably greater distance than had been previously 

thought. Earlier peSSimistic prospects for soft x-ray astronomy were 

based on the work of Strom and Strom [45] whose calculation for a 

particular direction with high interstellar density (NH > 1 cm-3) has 

been taken by many authors as typical. The review by Pikelner [46] 

shows that the intercloud medium has a denSity of NH _ 0.1 cm-3 or less 

in many directions. The earth is in fact embedded in a region of low 

density. Confirmation of the low denSity of the interstellar medium 

in the vicinity of the earth has been provided by the work of Seward et al. 

[47] who ha~e analyzed observations of x-ray sources over a broad 

wavelength rang. to determine the column density of hydrogen to each 

source. In particular, they have used the observation of supernovae 

18 
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remnants whose distances are known to determine the column density per

cubic centimeter for sources near the earth. They find that, while for

sources near the galactic center mean column densities exceed N H — 1 cm-3,

for sources closer than 1 kiloparsec the mean density is less than

NH 0.2 cm-3 . For sources even closer, or for a selected direction,

the evidence that NH is less than or about equal to 0.1 cm-3 is now

extremely strong. Details of these "local" observations of the ISM will

be presented later in this section. In Figure 3, the distance at which

the optical depth of the ISM is 2.3 (attenuation of the incident flux by

a factor of 10) for wavelengths between 1 and 10001 is shown for densities

ranging Pram 0.03 to 0.2 cm 3 [ 441. Observations of the star y2 Vel,

which is 460 pc-distant [48] by the European Orbiting Spectrophotometer,

S59, have indicated the mean density of neutral hydrogen is 0.02 cm-3

in this direction, indicating that observations of objects at 1001 out

to 500 pc in certain directions may be possible. We can certainly expect

.
to see local sources at wavelengths beyond 300A, and we should expect

that normal to the galactic plane, extragalactic objects should be

.
visible out to 100A.

In this section I discuss techniques which have been proposed for

the study of the structure of the ISM with x-ray observations, and

current models of the x-ray opacity of the ISM.

III.A TECHNIQUES FOR THE STUDY OF THE INTERSTELLAR MEDIUM

The interaction of x-rays with the interstellar gas is dominated

by absorption, and may be described by the optical depth for absorption,

T
a

Tai 11) _ rk, 
I aH 

aH 
+^aZz 

AZ 
aZz(1l)t 2	 2	 Z
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Fit. 3. Distance at which attenuation of the incident
radiation reaches 90 percent, as a function of
wavelength. An un-ionized interstellar medium

of normal composition is assumedo and the con-

tribution of the dust above 1001 is included.

n  = 0.2 cm-3 ; — — n  . 0.1 cm-3 ;

---- nH = 0.03 em 3 . ( After Cruddace et al.,
Ref. 44)
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where n  is the total hydrogen column density in all states (molecular,

atomic, and ionized), a 	 is fraction of hydrogen which is molecular,
2

aZz is the fraction of ions of element Z (abundance AZ ) which are

in ionization stage z^ and a Zz is the absorption cross-section.

The fractional population of all molecules except H2 is sufficiently

4	 small that they may be neglected. Early studies of the x-ray opacity

of the ISM [45,49,50, 51] assumed that the medium is entirely gaseous

and neutral. Quite obviously, the relative strength of the absorption

edges observed in the spectra of individual sources can be used to

determine the relative abundance of elements in the intervening ISM

between earth and source [ 52]. The inclusion of the effects of the

•	 ionization structure of the gas and the effects of the interstellar grains

result in modifications to the spectral shape of the x-ray opacity of the

ISM which will) in turn result in observable effects in the spectra of

strong sources. The observation of these effects should allow unique

tests of a number of models of the characteristics of the ISM.

i

The effects of ionization are two-fold;

1. The absoprtion edge of ions in the ISM will be shifted in

wavelength from the edge of the neutral atom.

2. The absorption cross -section of singly ionized helium is

approximately half that of neutral helium, and the absorption

cross-section of ionized hydrogen is zero.

The presence of grains ir. the interstellar medium modifies the

x-ray opacity in four ways.

1. 'fie grains have an appreciable scattering cross-section as well

as absorption cross -section. The radiation in scattered

primarily at very small angles and forms a halo of radiation

around a point source.

2. The scattering which causes the halo becomes anomalous at

wavelengths near an absorption edge.

21
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3. Saturation effects occur in x-ray absorption if the thickness

•	 of an individual grain significantly exceeds unit optical

depth.

4. The K absorption edge of material in a grain is more complex

than the absorption edge of a gas. In addition, to chemical

shifts of the edge wavelength, there is an oscillatory

behavior of the cross-section on the high energy side of the

absorption edge [53].

Overbeck [54] gives the approximate relation

a
l/2 10 %/a J

fir the fwhm angle of the scattering halo, where 1 is in angstroms, and

a, the grain diameter, is in microns. The size of the halo will be

typically 1' to 10 in the wavelength range 1 -301.

Martin C53] and Hayakawa [55] have calculated the size of the

scattering halo around a point x-ray source, for various assumptions

about the size distribution of the interstellar grains. If the absorp-

tion optical depth of the gas and grains are T  and 'rag respectively,

and if Tag is the scattering optical depth for the grains, the

intensity in the core is exp(-( Ta + Tag + Tsg)], and the total inten-

sity in the scattering halo is exp[-( Ta + Tag)](1- exp[-Tsg]}. For a

source distance of 1 kiloparsec, Martin predicts that the intensity in

the halo will be — 104 of that in the core.

The anomalous scattering near an absorption edge can obviously

be useful in studying the composition of the grains. Martin, and

Martin and Sciawa [56] discuss this point in detail. The scattering

cross-section becomes smaller, by as such as a factor of •..$, so that
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the energy in the halo will be much smaller near the absorption edge.

If we are able to image the halo in narrow wavelength bands, such an

effect may be observable for those elements which are major cons•titvents

of the grains.

If the individual grains are sufficiently thick, self-blanketing

will occur, and the effective cross-section of the elements bound in

grains will be reduced. Fireman [57] has computed the magnitude of

this effect for a number of grain models. Reduction of the opacity by

factors between 10 and 306 can occur for realistic grain models.

Recently Cruddace et al. [44], Fireman [57] and Ride and Walker [58]

have developed more sophisticated models of the opacity of the ISM which

include many of the interaction mechanisms which have been discussed in

the foregoing paragraphs. The model of Cruddace et al. includes the

effects of ionization structure, and the model of Fireman includes the

effects of self-blanketing in the grains. Ride and Walker have developed

a model of the x-ray opacity in the direction of the Crab nebula which

includes the effects of ionization structure, self-blanketing in the

grains, and chemical evolution in the galaxy. In the following section

this model is examined in more detail to illustrate the effect of the

interaction mechanisms which have been discussed.

III.B MODELS OF THE STRUCTURE OF THE INTERSTELLAR MEDIUM

The Crab nebula is an ideal candidate for analysis of the structure

of the ISM, it is a strong x-ray source, and the intrinsic spectrum is

well determined. The Crab is also a strong radio source, and extensive

data is available on the column density of neutral hydrogen, and of a

number of molecules which are associated with clouds. There is now
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ample evidence that the ISM exists it: two phases; with cool high density

(nH 10 -103 cm 3 ) clouds embedded in a hot low density (nH

0.03- 0.1 cm-3) intercloud medium (ICM) [59j. Most elements are

singly ionized in the ICM, and a substantial fraction of most elements

appear to be bound in the grains [60,61. Morton [62] has summarized

the Copernicus observations of interstellar abundances in the direction

of the unreddened star ( Oph. Morton's results are summarized in

Figure 4. The deficiency of most abundances with respect to solar

abundances observed by Morton presumably reflects the depletion of

atoms in the gas by the grains.

Ride and Walker [581 have carried out a detailed study of the

structure of the ISM in the direction of the Crab nebula. They used a

two component model of the ISM, consisting of clouds, and an intercloud

medium, and including the effects of grains and the ionization structure,

and the effect of the chemical evolution of the galaxy on abundances.

The parameters chosen for the ISM model are summarized in Table III, where

aZz is the fractional abundance of ionization stage z of element Z.

and 
PZ 

is the fractional depletion of element Z onto grains. Radio

observations of the Crab indicate that half of the material in the line

of sight is in clouds, and half in the intercloud medium. Previous

analyses of the x-ray opacity of the ISM in the direction of the Crab

nebula found that the observed radio column density was inconsistent with

the observed x-ray attenuation of the Crab spectrum, unless anomalous

enhancements of the abundance of certain elements with respect to solar

abundances was assumed. Ride and Walker used a model of the chemical

evolution of the galaxy developed by Talbot and Arnett [631 which pre-

i ,	 dicta a 20%i enhancement of all metal abundances (by metals we mean all

elements heavier than helium) in the ISM, with the exception of nitrogen

'51
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C OPHIUCHI INTERSTELLAR LINES
COMPOSITION OF HI CLOUDS RELATIVE TO SUN
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Fig. 4. Composition of H I clouds in the direction of C Oph, relative to the sun.
An element lying below the horizontal line is depleted compared with its
solar system abundance. Ions such as N II and Si III, which are expected
to be entirely in H II regions) were not included. The lengths of the
vertical bars mainly indicate the uncertainties in the curve of growth,
though in some cases the bars were lengthened when errors in equivalent
widths or f-values were important. (After Morton, Ref. 62)



TABLE III

ff .

.

_ .

IONIZATION STRUCTURE OF THE INTERCLOUD MEDIUM
(UV Ionization)

H	 He	 C	 N	 0	 Ne	 Mg	 Si	 S	 Ar Fe

aICMZ I	
o.83 1.0 0	 0.8 0.85 l.p o	 0	 0	 0	 0

a1CMZ II 0.17 0.0 1.0 0.2 0.15 0	 1.0 1.0 1.0	 1.0 1.0

IONIZATION STRUCTURE OF THE CLOUDS

H He	 C N	 0 Ne	 Mgt Si t 	S Ar	 Fet

*
acZ 	 0'^

1 0 1	 1 1	 0 0	 0 0	 0
I

acZ 	
0 0	 1 0	 0 0	 1 1	 1 1	 1

II

FRACTIONAL DEPLETION OF ELEMENTS ONTO GRAINS

H	 He	 C	 N	 0	 Ne	 Mg	 St	 S	 Ar Fe

^I Z	 0	 0	 0.8 0.5 0.5 0	 0.8 0.5 0.3	 0.5 0.8

c 
	 o	 0	 1	 0.9 0.9 0.1 1.0 1.0 0.7	 0.9 1.0

t
15% of the hydrogen is assumed to be in the form of molecular hydrogen.

The ionization structure of these elements in clouds is given for the
sake of completeness. Howpver^ Ride and Walker ignore the small
fraction of these element:a it. clouds which are not bound in grains.

.

.
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which was assumed to be enhanced by 40 19. The relative abundances used

are given in Table IV. Ride and Walker computed the opacity of the ISM

for three models, an entirely gaseous and neutral GSM (Model I), an

ISM with the parameters given by Table III and with 0.3 micron grains

(Model III), and an idea .cal model, with the exception of an increased

grain size of 1.2 microns (Model II). The parameters of the models are 	
r

summarized in Table V, and the calculated opacity for each model is

shown in Figure 5. Model III predicts a neutral hydrogen column density

of 2.15 X 1021 cm 2, in good agreement with the radio value of

1.8 X 10
21
 cm-2 . Model I, in contrast predicts nH — 3.0 X 1021 cm-2.

On the basis of low resolution x-ray observations alone, it is not

possible to reject models which have anomalous abundances for 1 or 2

elements, such as the model fitted to their observations by Charles et al.

[64], which assumes that neon is enhanced by a factor of 7 in the ISM,

compared to the (somewhat uncertain) solar neon abundance. However, we

can construct realistic ISM models which fit the x-ray and radio observa-

tions, and which do not require drastic assumptions concerning ISM

abundances. Figure 6 compare the magnitude of the strongest absorption

edges for three strong sources [65]. The equivalent neutral hydrogen

column densities to a number of strong sources have recently been

discussed by Gorenstein [661 and by Ryter, Cesarsky and Audouze [671.

The use of more recent observations results in a number of differences

from the compulation of Seward et al. [47].

III.0 THE INTERSTELLAR MEDIUM IN THE VICINITY OF THE EARTH

in the preceding sections we discussed the opacity of the ISM

primarily as a tool for the study of the structure and composition of

the ISM. The "local" opacity of the ISM is decisive in determining
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TABLE IV

ADOPTED ISM ABUNDANCES

H 106 Mg 40

He 7 X 104 Si 39

C 444 S 19

N 165 Ar 4.5

0 811 Fe 31

Ne 13C

TABLE V

MODEL PARAMETERS FOR THE ISM

i

Quantity	 Model I	 Model II	 Model III

a t 	0	 0.5	 0.5

acH	 0	 0.15	 0.15
2

d*	 --	 1.24	 0.3µ

Grain size in microns.

t Fraction of material in the ISM in clouds.
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Fig. 6. Computed spectra for three strong x-ray sources. Solar

,abundances have been used in this computation, and calcu-
lations have been carried out for two assumed values of the
column density in the direction of Sco X-1, which appears
to be somewhat uncertain at present. The values of the
hydrogen column density used are: Sco X-1 curve (a)- 1.5X 1021
curve (b) - 2.0 X 10 21 ; Cygnus X-1 - 7 X 1021 ; and the Crab -
2.6 X 1021 . ( Af ter Ride, Ref . 65)
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our ability to observe soft sources. A number of observations of

interstellar absorption lines in the spectra of nearby stars have

recently been carried out. Recent determinations of the local ISM

density are summarized in Table VI. The value of NH — 0.1 cm-3

appears to be an upper limit to the local ISM density, and the mean

density in many directions appears to be significantly lower. Evi-

dence strongly supports a very local (< 1-5 pc) density which may be as

low as 0.01-0.03 cm-3. Reviews of determinations of ISM density out to

100-200 pc have been presented by a number of authors [6$].

The results on the local density of the ISM presented in Table VI

have important implications for spectroscopic studies of cosmic x-ray

sources. For example, at 6001, for a mean ISM density of N H = 0.03 cm-3

1019 of the incident flux is transmitted at 10 pc, and at 20 pc 10%

of the flux is transmitted out to 400A. For objects within 5 pc, all

wavelengths are attenuated less than 90^. According to Van der Kamp

[691 there are 60 stars within 5.2 pc, of which 54 are main sequence

stars, including three of near solar type. Ther a are approximately 1000

stars within 20 pc [69]. If a sizable fraction of these objects emit

radiation as efficiently as the sun at wavelengths below 500-6001, a

substantial number of soft x -ray objects should be observable with

suitable instrumentation.
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TABLE VI

DETERMINATIONS OF THE "LOCAL ` DENSITY OF THE INTERSTELLAR MEDIUM

Star Distance
Spectra

Column Density Mean Density Local Density Reference
Pc Ng/cm-2 NH /cm-3 NH/cm-3

a C.Ui 3.5 F5 IV 1.6 x 1017 -- 0.015 Evans et al. [133,138]
( Procyon)

f^ Gem 10 KO III 3-12 x 1017 -- 0.03-0-15 McClintock et al. [135]
(Pollux)

a Boo 11.1 K2 III 3-12 x 1017 0.02-0.10 -- Moos et al. [139]
(Arcturus)

a Aur 14 G5 III/GO I1I	 4 x 10^7 0.01 -- Dupree [ 137]
(Canelia)

a Tau 20 . 8 K5 III 1.2-3 x 1018 < 0.2 -- McClintock et P,1.(1351
(Aldeberan)

a Leo 22 B7 V 1 - 3 x 1018 0.02 -- Rogerson et 9.1. (14o]
(Regulus)

(X Er1 28 B3 IV 6x 1018 0.07 -- Rogerson et al. [140]
Achernan)

Sco 11^ B1.5 IV 2x 1019 0.072 -- York [ 140]

v Sco 151 B2 IV 2.2 x 1019 0.05 -- Rogerson et al. [ 140]

y2 Vel 460 -- 2-7x 1019 0.02 •.. 0. 1 Grewing et :. 1. [ 48]
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IV. THE NATURE AND SPECTRA OF INDIVIDUAL COSMIC X-RAY SOURCES

A general review of the characteristics of individual cosmic x-ray

sources is contained in the recent book edited by Giaccon1 and Gursky

[70], and in the recent reviews by Culhane [71]. The present discussion

concentrates on the spectral characteristics of the most important

classes of sources, and on the observations and analytical techniques

which should prove useful in the study of the structure and composition

of these objects. The strongest, and most frequently observed objects

fall into two classes; the remnants of supernovae explosions which are

intense extended sources of x-rays, and compact objects in which the

x-rays are generated by accretion of matter onto a highly evolved star

in a binary system. Williamson et al. [72] have recently identified

a new class of x-ray object, extended regions of soft emission in our

galaxy. These regions of enhnaced diffuse emission may be the manifes-

tation of very old supernovae remnants [73,74], or of a galactic halo.

Interpretation of the structure of the low energy background [75] has

suggested the existence of a class of soft x-ray source with high space

density (sr 10-2 pc-2) and moderate (mw 10 31 - 1034 ergs/sec) luminosity.

It is possible that the extended regions of soft emission found by

Williamson et al. may explain the observed excess in the soft x-ray

background, without additional discrete sources. For these three classes

of observed x-ray objects reasonably detailed models of spectral struc-

ture may be developed.

Some authors (75,76,77j have suggested that the observed soft x-ray

background may be identified with the coronae of normal main sequence

or giant stars. Recent uitraviolet observations with the Copernicus
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satellite have provided strong evidence for coronae in several nearby

stars, and recent observations have identified two nearby stars as

soft x-ray sources. By analogy with the coronal spectrum, it appears

`	 probable that the spectra of stellar coronae will resemble the lir=e

rich spectrum of the solar corona.

One class of extragalactic source, the x-ray emission from the

intercluster gas in rich Abell clusters of galaxies, is sufficiently

t
	 well studied to allow spectral models to be developed.

IV.A SUPERNOVAE REMNANTS

The general characteristics of supernovae remnants (SNRs) have

been reviewed by Wolter [78] and by Shklovsky f791. A substantial

fraction of the energy released by a supernovae explosion is stored

in the rotational energy of a rotating magnetized neutron star (pulsar),

and in the expansion of the outer stellar layers which are ejected in

the explosion. The release mechanisms of both modes of stored energy

result in the emission of x-rays; in the case of the pulsar by energetic

processes at the magnetic poles, and by the release of high energy

electrons which radiate by synchrotron emission in the weak magnetic

field associated with the optical nebula observed with young SNRs,

and in the case of the ejecta by the formation of an interstellar shock

wave as the ejected material interacts with the ambient ISM. ram non-

thermal pulsar spectrum and the synchrotron emission are not likely to

contain strong spectral features, although the intrinsic regularity of

these spectra make young supernovae remnants, which radiate primarily

by these mechanisms, useful as probes of the ISM. As the central pulsar

slows, the spectrum is dominated by radiation from the interstellar shock

wave created by the ejecta. It is the spectrum generated by the inter-

stellar shock which is the major focus of the present discussion.
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IV.A.1 MODELS OF SUPERNOVAE REMNANTS

A number of authors have developed models of the interstellar

shock developed by a SNR [80-87]. 'The work of Cox [81) is represen-

tative of the analytical models, which describe a spherically symmetric

shock using relatively few parameters; W0, the total energy released;

Me, the ejected mass; M Sw, the mass of the material swept up by the

ejects; Vs, the velocity of the shock; t, the age of the SNR;

N1, the density of the ambient ISM prior to the supernovae explosion;

and r, T i , and Te, the radius, ion and electron temperature of the

• r	
shell-like shock which is responsible for the majority of the x-ray

emission. The analytical models predict three phases in the evolution

of a SNR, an early phase during which M e >> M sw, the adiabatic phase

during which M sw >> Me, but radiative loses have not yet become

r	important, and a radiative phase during which the remnant shell cools.

During the early phase the shock forms a thin shell with OR R/12.

The predicted temperatures are between 107 and 109 0K, the shell is

optically thin and the emission should be strongest between 1 and 100 keV.

During this phase, the ion temperature may significantly exceed the

electron temperature. During the adiabadic phase, the predicted

temperature is in the range from (1- 10 X 106 OK) and the shell radius

is in the range — 10- 20 pc. During the radiative phase the shell

temperature falls below 10 5 0K, and the x-ray emission will be dominated

by the hot low density gas interior to the shockwave shell.

More sophisticated numerical models of the SNR generated interstellar

shock [84,86,87] predict the development of a second, inward propagating

shock which is caused by the deceleration of the ejecta by the ambient
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ISM. The higher density behind the shock may result in the x-ray

emission from this reverse shock becoming d;,minant in the spectrum of

young SNRs. These more sophisticated models, although still assuming

spherical symmetry and a uniform ambient ISM, predict density inhomo-

ocneities such as the observed fast optical filaments [87] ana a non-

isothermal configuration for the remnant. The density and temperature

distributions predicted for a remnant with initial parameters M e =

0.64 Mo, WO = 3.2 X 1050 ergs, and thermal energy ET _ WO/47.2

expanding into an ISM with N i = 1 cm-3 and TO = 2 X 104 oK, by the

calculations of Mansfield and Salpeter [84] are shown in Figures 7 and

8 for ages 103, 3 x 104 and 5 X 104 years. The dependence of emission

measurf• on the square of density will result in the dominance of the

radiation from material near the Shock front in the overall spectrum of

the remnant. Many of the features of the detailed computational models

are contained in the analytical models, however there are differences

which should have observable effects on the spectrum. An example is the

existence of material inside the shell at temperatures greater than the

shell temperature, which will result in a harder x-ray spectrum for a

given shock velocity.

IV.A.2 OBSERVATIONS OF THE X-RAY SPTXTRUM AND STRUCTURE OF
SUPERNOVAE REMNANTS

Ilovaisky and Ryter [8BI and Gorenstein and Tucker [83] have

reviewed observations of the x-ray spectra of SNRs. Seven remnants

have been definitely observed in x-rays (the Crab nebula, Cas A. Tycho,

Pup A. Cyg Loop, Vela X and Lupus), and six others probably observed.

The spectrum of the Crab nebula appears to be dominated by the pulsar,

and by synchrotron radiation from relativistic electrons. Of the five
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remaining intense objects, two (Cas A and Tycho) appear to be in the 	
s

early phase, and the remaining three (Pup A, Cyg Loop and Vela X) in

the adiabadic phase. Gorenstein et al. [82] have used the available

observations to derive parameters for isothermal shock wave models.

These parameters are given in Table VII. The model parameters are in

reasonable agreement with the observed properties for the three older

remnants. For the younger remnants, Cas A and Tycho, the spectra are

more complex than predicted by the analytical shock wave model, and the

effects of the "reverse shock wave" [86] must be included to obtain

reasonable values for N1 . The isothermal spectral fits obtained by

Gorenstein et al. and by others [83] to the spectra of Pup A, the Cygnus

Loop and Vela X are superior to the fits obtained for power law spectra

or other shapes.

The SNR models discussed above have assumed a spherically s3 mnetric

ISM. Inhomogeneities in the ambient ISM will result in structure in the

x-ray emitting shell-like interstellar shock. Studies of the spatial

structure of SNRs [89,90,91 and the references contained therein] have

indeed found such structure.

IV.A.3 ANALYTICAL TECHNIQUES FOR THE STUDY OF SUPERNOVAE REMNANTS

The optically thin nature of the spectra of SNRs makes all of the

spectroscopic techniques discussed in Section II applicable to the

spectra of these objects. As discussed above, the development of thermal

models with low resolution observations is difficult because of questions

on relative abundances [92], and on the nature of the ionization equili-

brium. These problems are most pronounced for young SNRs. The

diagnostic techniques for the study of relative abundances and the

ionization equilibrium will be of major importance for these objects.
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TABLE VII

SUPERNOVA SHOCK WAVE MODEL PARAMETERS

Object T(o K) 2R(pc) N1 (cm-3) Msw/MO Wo (ergs) t (years) Vs(km s -') T1("K)*

Cas A 1.5 x 107 4.5 1 7 t 6t

51

2 x 1051t1 15o-400tt 61000 4 x l08

Tycho 1.0 x 107 6 1 2t 1ot I
2 x 1051 400 3,000 1 x 108

Pup A 7x 106 17 0.6 40 3 x 1050 4,000 800 7 x 106

Cyg Loop 3 x 106 38 0.15 100 4 x 1050 17,000 500 3 x 106

Vela X 4 x 106 40 0.08 60 4 x 1050 13,000 600 4 x 106

NOTE -- Msw = swept-up mass

*
Ion temperature

tReverse shock wave model (McKee, Ref. 86)

"Age depends on assumed evolutionary phase

(After Gorenstein et al., Ref. 83)



Once these parameters are approximately established ) an analysis based

on equation (1) should result in a complete thermal model, and a refined

set of relative abundances. The low surface brightness of even the

most intense SNR sources will make observation of lines difficult.

g	 Consequently, the observing program must be carefully planned in

advance, and the use of grating spectrographs, which can record a

substantial number of lines simultaneously, is to be preferred whenever

possible.

IV.B CaMPACT X-RAY SOURCES

A number of the intense compact x-ray sources within our galaxyp

and in the neighboring Magellanic Clouds, have been identified with

binary systems. For many of the compact objects which have not been

definitely identified with binary stars ., such as Sco X-1 ) the evidence

that they are representatives of the same calss is now quite strong.

Tannenbaum and Tucker [93] and Blumenthal and Tucker [94] have recently

reviewed the properties of this class of object, and a number of the

most interesting individual objects, in depth. In the present discussion,

emphasis will be placed on the spectral features which may be expected

in spectra of this class of object. The basic spectrum is generated

near the collapsed objects neutron star ., white dwarf ) or black hole,

by the release of gravitational energy in the process of accreting

matter from a "normal" companion. The spectrum will be significantly

modified by the atmosphere of the collapsed object, and will in turn

create an ionization zone, analogous to the Stromgren sphere created

around an ultraviolet star.
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IV.B.1 SPECTRAL MODELS FOR ACCRETION SOURCES

The general properties of the accretion disk surrounding the collapsed

object in a binary source, and of the resultant x-ray spectrum have been

discussed by a number of authors [95-104]• The general spectral shape

observed with low resolution detectors for these objects may be

approximately fit by thermal bremsstrahlung curves [471 ) although many

objects display a harder spectral component in addition. The theoreti-

cal models suggest that the accretion disks are not isothermal, and

are optically thick [97,98],	 consequently, high resolution spectroscopy

is likely to reveal a more complex spectral shape for the continuum

spectrum of these sources ) which may approach a Wein spectrum. We are

concerned here with spectral structure in these objects, which can

result from four effects:

1. The production of emission lines in the intrinsic spectrum

generated within the accretion disk.

2. The generation of lines by fluorescence and heating in the

atmosphere of the companion star.

3• Absorption of the soft component of the intrinsic spectrum by

the outer portions of the accreting material (stellar wind).

Variable cutoff energies are expected for some objects.

4. The emission spectrum of the photoionized outer regions of the

accreting material.

Felten and Rees [105] and Felten, Rees and Adams [106] have dis-

cussed the radiative transport of x-ray line photons in x-ray binary

sources with homogeneous isothermal atmospheres, and have carried out

specific calculations for Sco X-1. The principal sources of opacity are

free-free scattering and Thomson scattering ) however resonance scattering

for allowed lines can substantially increase the effective path length

of line photons before emerging from an optically thick atmosphere. For
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most binary sources, the accretion disk temperature is sufficiently

•	 high (T > 5 X 3D7 OK) that the principal emission mechanism is thermal

bremsstrahlung, so that the intrinsic spectrum consists of a continuum

with relatively weak line emission, due principally to radiative recom-

bination, except in the case of iron lines where direct collisional

excitation remains important. The opacity introduced by the optically

thick nature of the source results in the broadening of these lines so

that the observational line profile will consist of a weak core,

broadened by the thermal Doppler effect ., and a broad Thomson scattered

main line. Felten, Rees and Adams [105] have calculated the shape of

the line profiles for a model Sco X-1 atmosphere with a temperature of

5 X 10 OK, and with an optical depth of 10. Some of their results are

summarized in Table VIII. Attempts to observe these weak line cores in

Sco X-1 have, so far ., proved unsuccessful. (Observational results are

discussed in Section IV.B.3.)

Miszaros [1201 has discussed the line shapes to be expected for

accretion disk modelsy specifically for the case in which the accreting

object is a black hole. Depending on the parameters of the model

chosen (mass of black hole, accretion rate and efficiency of transport

of angular momentum) equivalent widths for the 2 2S - 1 1S and 2 3P -1 1S

line cores in Fe XXV are 4 1 eV. The shape of the line core will)

however, be different from that expected for a static atmosphere, since

thermal Doppler broadening will be dominated by rotational and gravi-

tational broadening. Rotational broadening will depend on the orienta-

tion of the'spin axis of the accr `,ing black hole, but will generally exceed

200 eVp and gravitational broadening may be as large as 30-60 eV.

Consequentlyp line widths in the core will certainly exceed 100-200 eV.
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TABLE VIII

SPECTRAL LINE PROFILES IN Sco XI

Doppler Thomson
I(core) /I(total)

Equivalent
Width Width Width of

Line Core

S XVI Lya 0.2% 161 0.016 0.18 eV

0 VIII Lya 0.154 124 -- •.. 10 eV

Fe XXVI Lya 0.24 16% 0.005 1.9 eV

Fe XXV 1S - 3P+ 1S - 3S	 0.2', 164 0.25 13 eV

Fe XXV 1S - 1P 0.24 16^ 0.05 0.57 ev

Note: The results quoted are for 5 x 107 OK and an optical depth of 10.

(After Felten ) Rees and Adams Ref. 106)
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Baskol Sunyaev and Titarchuk [108] and Milgrom and Salpeter [109]

have discussed radiation processes which occur near the surface of the

normal star in a binary system as a result of the illumination by the

intense x-ray flux from the compact object.

Two processes occur, a substantial fraction (s... 304) of the inci-

dent flux may be re-emitted at x-ray wavelengthsp while the remaining

energy is re-emitted at longer wavelengths. This effect may be especially

important for binaries which contain x-ray pulsars, since the reflected

beam will be the only x-ray flux observed if the earth is not in the

path of the pulsed beam. The fraction of directly scattered photons

increases with energy, and this effect becomes dominant at energies

hv-.. 8 keV. The spectrum of the reflected x-ray should contain structure

due to increased photoabsorption at the edges of the abundant heavy

elements, especially Fey where the jump in reflected energy flux across

the edge may exceed a factor of 2. In addition to the edge structure,

Basko et al. point out that x-ray fluoresence lines should be effi-

ciently excited for the heavier elements, and that this effect should be

quite substantial for Fe. The wavelength of the a KL line of Fe will

depend on the stage of ionization of the ion which is excited, and will

vary from - 6.40 keV (1.9361) [110] for Fe I to 6.70 keV (1.867) for

Fe XXV [111]. Basko et al. predict that the intensity in this feature

should exceed the intensity in the primary continuum over a range of

100 eV (i.e. equivalent width 100 eV). Serlemitsos, Bolt, Holt

Rothschild and Saba [112] and Sanford Mason and Ives [113] have observed

a feature in Cyg X-3 at 6.7 keV which may be due to this phenomena, how-

ever alternate explanations may also be possible (see Section IV.B.3).
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IV.B.2 SPECTRUM OF THE EXTENDED PHOTOIONIZED ATMOSPHERE

A number of authors [42,114,115] have discussed the interaction of

the primary x-ray flux from a binary source with the surrounding r.aterial,

which may be in the form of a stellar wind from the normal companion

star ,, and with the surrounding ISM. Buff and McCray [116] and McCray

[ u7] have discussed the structure, opacity ) and emission spectrum of the

photoionized atmosphere created in depth. If the accretion gas flow in

the binary system is in the form of a stellar wind, a photoionized

Stromgren sphere will be created around the x-ray source. The

existence of this ionization zone has several important consequences for

the spectrum of the source; the x-ray opacity of the surrounding material,

and the consequent spectral features caused by internal absorption may

become variable, and the photoionized atmosphere will itself emit a

spectrum which may become observable. The effects of the atmosphere on

the emergent x-ray spectrum are illustrated in Figure 9. The spectrum

will, of course, be further altered by absorption in the ISM. Observations

of Cygnus X-1 by the Copernicus satellite[118] have found a variable

low energy cutoff which may be due to the effect predicted by Figure 9•

The ionization equilibrium created by a x-ray heated gas will result

in a higher degree of ionization at a given electron temperature than in a

gas in which the ionization is controlled by collision [117]. This

Ionization structure will result in an emission spectrum which is

dominated by recombination processes. McCray has calculated the emission

spectrum for an x-ray source of luminosity Lx = 10 37 ergs/sec ., embedded

in a stellar wind with density n = 1012 cm 3 . The strengths in a

number of spectral features are given in Table IX. If such a source
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Fig. 9 . Emergent x-ray spectrum for a x-ray source embedded
in a stellar wind. The angle a is the angle at the
x-ray source between the companion star and the direc-
tion of observation. (After Buff and McCray, Ref. 116)
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Luminosity erg	 -1—^---
Recombination

Edges

7.7 x 10 34 H I	 912

4 .o x 10 33 C VII	 490 ev

3.2 x 1032 N VIII	 666 ev

6.3 x 1034 0 Ix	 870 ev

6.o x 1033

4.o x 1034

1.4 x lo'';)

4.o x 1033

9.8 x 1030

Luminosity ergs 1

2.7 x 1033

4.1 x 1033

1.2 x 1031

9.6 Y 1032

Line

Lyman-a 1216

w 6562

He II 4686

C IV 1549

N V 1238

0 vi 1035
He II 40.8 ev

C VI 367 ev

0 VIII 652 ev

TABLE IX

EMERGENT LUMINOSITIES IN VARIOUS LINES AND RECOMBINATION CONTINUA

(After  McCray ., Ref. 117)
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were not so distant that the soft x-ray features were too strongly

attenuated by the ISM ) a number of the features predicted by McCray

should be sufficiently intense to be observable.

	

I	 IV.B.3 OBSERVATIONS OF SPECTRAL STRUCTURE IN COMPACT X-RAY SOURCES
yt

A number of attempts to observe the weak line cores expected in the

spectrum of Sco X-1 have been carried out [119 0 120,121] using Bragg

crystal spectrometers. These observations have, so far, proved unsuccess-

	

i,	 fulp but have established upper limits which arz close to the fluxes

predicted by Felten et al. [106] for the Fe XXV intercombination and

forbidden lines. An upper limit for the equivalent width of these lines

of 25 eV has been established [121]. However, if the effects discussed

by Misztfros [107] are important in Sco X-1, the line core might be spread

over an energy band of — 100-200 eV 0 so that the continuum to line ratio

could be as large as 10-20 to 1p making the detection of the line

extremely difficult with an instrument having a narrow bandwidth.

The only spectral feature definitely established for a binary source

is the feature observed near 6.7 keV in Cyg X-3 by Serlemitsos et al.

[112]. This feature has also been observed by the UK5 satellite [113].

A critical question in the identification of the source of this feature

is the wavelength of the observed feature, which will allow the range of

stages of ionization of Fe in which the feature is excited to be deter-

seined. House [122] has calculated the wavelength of the Ka line for all

stages of ionization of Fe. If the energy of the feature is as high as

6.7 keV., this implies that the radiation is excited in a very high

stage of ionization of Feo — Fe XXII-XXV. Models of the x-ray heated

atmosphere of a normal star in a close x-ray binary system by Milgrom
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and Salpeter [109] suggest that temperatures in excess of 107 OK will

be generated in the illuminated atmosphere, so it appear quite feasible

that absorption may occur in material in which the Fe is in a high stage

of ionization.

An alternate explanation of the observed feature could be in the

photoionized atmosphere discussed by McCray, however it appears unlikely

that the atmosphere would have a sufficiently large optical depth to

efficiently convert the hard intrinsic spectrum into fluorescent Fe Ka

line photons.

Iv.B.4 ANALYTICAL TECHNIQUES FOR THE STUDY OF COMPACT X-RAY SOURCES

The strongest spectral features observable in compact x-ray sources

will be associated with the photoionized atmospheres which have been

predicted to be an important feature of those binary sources which are

powered by accretion from a stellar wind [116], and with fluorescent effects

in the atmosphere of the normal star which will be heated to temperatures

of several million degrees by the absorption of part of the x-ray flux

i from its condensed accreting companion (108,109]. In both cases,

emission lines and recombination edges should be prominent features of

the spectrum. The diagnostic techniques discussed in Section II should

allow models of the density, temperature, and composition of the photo-

ionized stellar wind, and of the x-ray heated atmosphere of the normal

companion to be developed. The higher densitie3 which are to be expected

in these systems may allow the direct determination of density by the

observation of the diagnostic x-ray line ratios given in Table II, in

contrast to the situation in the solar corona where only upper limits

have been obtained so far. However, the high degree of ionization caused

by the intrinsic x-ray spectrum will result in a large ionization zone



in which the ions of the most abundant light elements (C ) N,O,Ne) are

completely stripped, so that only transitions in the hydrogenic ion,

•	 induced by radiative recombination, will be observable. The density

'	 diagnostic techniques discussed in Table II will not be useful in these

regions of the stellar wind. However, the population of the 2 2S level,

which is de-excited by two photon decay, will become density sensitive

at densities which may be attained in the accretion disk and surrounding

stellar wind. The critical density for the process

2s 2S + e 2p 2P -. is 2S + hV

is 1012 cm 3 in C VI, , 4 X 101 ? cm-3 in N VII and 1014 in 0 VIII

[1231. The relative intensity Lymana/Lyman may, therefore, become

density sensitive for these ions. The relative intensity of the

3 3P2 - 2 1S0 and 3 2P1 - 2 1S0 transitions near 174 in Fe XVII (see

Table II) may also prove to be a useful diagnostic tool for compact x-ray

.	 sources.

IV.0 CORCTAE OF NORMAL STARS

Recently, the observation of two of the brightest stars in the sky,

Sirius (a C.Ma) and Capella (a Aur) in soft x-rays has been reported

[124-127). A number of authors have predicted soft fluxes for nearby

stars [128-132] which have suggested that a number of objects can be

studied in detail with suitable instrumentation. Recent ultraviolet

observations have also resulted in the detection of stellar chromospheres

and coronae, which imply the existence of measurable soft x-ray fluxes

for a number of nearby stars [133-1.40]. The ultraviolet observations

Eire summarized in Table X. Several nearby stars which have nearly

solar type spectra, and which might have x-ray luminosity much like the

solar x-ray luminosity, are also included in the listing.
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TABLE X

MODELS OF STELLAR CORONAE AND CHROMOSPHERES

S tar

a Cen

a C.Mi
(Procyon)

Pav

Cas

82 Eri

v'	 f^ HyiN
3 Gem
( Pollux)

a Boo
(Arcturus)

Q Aur
(Capella)

a Tau

Distance Spectrum Observation Comment Reference
PC

1.3 G2 V Solar Type Spectrum

3.5 F5 IV-V Si III xX1206 Tcorona > 5 X 105 OK Evans et al. [133,138]
Mg II	 x%2796 Chromospheric Line Ayres et al. [136]
0 VI	 XX1032

5 . 7 G6 V Solar Type Spectrum

5.9 GO V Solar Type Spectrum

6.2 G5 V Solar Type Spectrum

6.3 G1 IV Solar Type Spectrum

10.7 KO III O V XX1218 Tcorona — 2 X 105 Gerola et al .[134]
McClintock et al .[135]

11.1 K2 III Mg II XX2796 Chromospheric Line Moos et al. 1391
McClintock et al. [1351

14.0 G5 III/GO III 0 VI X}1032 Coronal Line Dupree [137]

20.3 K5 III Mg If XX2796 Chromospheric Line McClintock et al .[135]



The models developed from the uv observations listed in Table X

are not, however, sufficiently well developed to predict fluxes at

soft x-ray wavelengths. The model of Landini and Fossi [131] predicts

quite large fluxes at the earth in the 44-601 band for a number of

sears; i.e. 1 photon/cm 2sec (— 10-9 ergs/cm 2/sec) for a C.Mi. A

more conservative estimate can be obtained by computing the observed

solar flux at the distance of a Centauri, which is close to the sun in

spectral type. The derived soft x-ray fluxes are shown in Table XI [141].

IV.C.1 X-RAY OBSERVATIONS

A number of observational surveys of normal stars at soft x-ray

wavelengths have recently been reported [127,142,143]. These surveys

have reported negative results for — 70 -80 stars. Margon et al.

observed four nearby red giants (e Sco, Y Dra, g Cen, and U Boo) in the

wavelength band 10 to — 1001. The upper limits found were

. 1 -3 x 10-9 ergs/cm2/sec, corresponding to Lx/L 8 x 10-5 for this

class of object. Vanderhill et al. observed approximately 50 stars in

the energy range between near 0.26 keV, with a sensitivity

— 0.6 photons/cm.2/sec keV. Mewe et al. [127] have also carried out

observations near 0.26 keV for — 25 stars, without positive results.

In most cases, however, the upper limits established do not preclude

that the stars observed are x-ray sources with the came efficiency as

the SM; L 
x 
A — 2 x 10-6 in the energy band 0.2-0.28 keV.

Catura et al. [124] and Mewe et al. [125-127] have reported the

positive identification of soft x-rays from Sirius (a C.Mi) and Capella

(a Aur). The flux reported for Capella by Catura et al. corresponds to

an x-ray luminosity of Lx 4 10 31 ergs/sec. Mewe et al. [127] have also

observed Capella, obtaining a flux of Lx 2-3 x 1029 ergs/sec in the

0.2-0.284 keV band, and ... 10 28 ergs/sec for Sirius.
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TABLE XVI

PREDICTED SOFT X-RAY FLUXES FOR U CEN

G2V
(p) Fp F(star at 1.3 pc)

(no absorption)

0-10 2-100 x lost 3-140 x 10-6

10-20 8-40 x lo6t 1.1-5.5 x 10-4

20-30 8-4o x lo6t 1.1-5.5 x 10
-4

4o _5o 4.o x lo7* 5.6 x lo-4

5o _6o 7.6 x lo7* 1.1 x 10-3

6o- 70 8.7 x 107* 1.2 x 10-3

70 -80 8.3 x 107* 1.2 x 10-3

80 -go 1.1 x 108* 1.5 x 10-3

90-loo 1.0 x 108* 1.4 x 10-3

100-110 6.1 x 107* 8.5 x 10-4

110- 120 3.2 x 107* 4.4 x 10-4

120- 130 1.3 x 107* 1.8 x 10-4

sum (4o -130) 6 x 108 8.4 x 10-2

(After Wi thbroe, Ref . 141 )

*Solar flux at 1 AU (Manson, Ref. 32) photons/cm 2/sec

Solar flux at 1 AU (Walker et al., Refs. 7,11)
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Both Capella and Sirius are binaries, Capella containing G5 III

and GO III giants, and Sirius an Al V main sequence star and a white

dwarf. There is strong evidence that at least Capella is a strongly

variable source. Mewe et al. suggest that the soft x-ray emission in

this object may arise from a high temperature coronae in the primary

of this system, with a coronal temperature not greatly different from

the solar coronal temperature. This conclusion is strongly reinforced

by the ultraviolet observations of Dupree [1371. In the case of Sirius,

Mewe et al. present arguments which suggest that the x-ray emission comes

not from the primary, but rather from the white dwarf companion.

IV.C.2 ANALYTICAL TECHNIQUES

It appears probable from the models derived [133,135,137] on the

basis of the presently available observations, that stellar corona will

•	 have temperature and density profiles which are within an order of

'	 magnitude of the corresponding solar values. Consequently, the diagnostic

observations discussed in Section II should prove useful for these

sources, provided instrumentation of suitably large aperture can be

developed to make the flux in individual lines observable. Initial

observations are likely to be confined to broad band instruments, or at

best to techniques, such as Ross Filters [144) ) which isolate narrow bands

containing several spectral lines and continuum. Theoretical spectral

models will be required to interpret these observations, and the

techniques described in Section II must be modified for these lower

resolution observations.

9
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IV.D DIFFUSE GAIACTIC SOURCES

We have already discussed the observation of the ISM by the study

of the effects of the ISM opacity on the x-ray spectra of cosmic

sources. Recent observations of extended soft emission features by

Williamson et al. [72] have suggested that portions of the ISM are at

temperatures in excess of 3 X 105 0K, and are detectable as emission

features at soft x-ray wavelengths. A detailed account of these obser-

vations is given elsewhere in these proceedings [145].

IV.D.1 THEORETICAL PREDICTIONS AND OBSERVATIONS

There has accumulated, by various observational techniques, a body

of evidence which suggests that the galaxy possesses a gaseous halo

(or galactic wind if the halo is in fact escaping from the galaxy).

Silk [146] has discussed these observations, and in particular the 	 •

diffuse galactic radio and soft x-ray emission at high latitudes, and

suggests that they are consistent with a diffuse galactic halo with

temperature — 1-2 X 106 oK, radius 10 kpc, and electron density 10-3cm -3.

A number of authors [147,148,73174] have suggested that the remnants

of old supernovae may evolve into large fossil Stromgren spheres, the

Gum Nebula being a prototype of the class of object postulated, and

may account for the diffuse high latitude emission at radio and soft

x-ray wavelengths. These objects were first observed as galactic spurs

or loops at radio wavelengths [149], and later one object, the North

Polar Spur (or Loop I) was observed as a diffuse soft x-ray source [150].

Cox and Smith f81] and Chevalier [82] have suggested that the zones

of hot ionized low density gas created by supernovae explosions may
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eventually interconnects creating tunnels of low density hot interstellar

material which co-exist with the intercloud medium discussed in Section

.	 II1. New supernovae could supply energy to maintain the network. The

parameters of this network of tunnels predicted by Cox and Smith are

3 X 105 OK < T < 1 x 106 o  and n  — 3 X 10-3 cm-3 . Cox and Smith suggest

that a substantial fraction of the volume in the ISM may be occupied by

such regions. The theories put forward by Cox and Smith and Chevalier

appear to offer an attractive explanation of these phenomena, and might

offer a source for the creation of a galactic halo as discussed by

Silk [146].

The observations of Williamson et al. [72] have mapped three

extensive regions of enhanced soft x-ray emission. Williamson et al.

have also reviewed earlier observations of enhanced soft x-ray emission.

These observations suggest many individual regions of hot interstellar

gas ., since the very soft spectruTr of the observed emission is inconsis-

tent with a single distant source.

IV.D.2 ANALYTICAL TECHNIQUES

The x-ray observations [72] suggest that the observed diffuse soft

emission is due to thermal emission from material with near solar

abundances, and with temperature T — 3-20 x 105 0  and density
— 10-3/cm3 . The flux from a plasma with these parameters will consist

of — 90% line emission, and will resemble the spectrum from the solar

corona and transition region. Many of the diagnostic techniques

discussed in Section II for the development of models of temperature

structure,, ionization structure ., and composition should prove useful in

the study of these regions in the ISM. Borken [145] has discussed an

observational program intended to obtain high resolution spectra of

these regions.
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IV.E OTHER GAI.ACT1C SOURCES

We have .Jentified four classes of observed galactic x-ray sources,

and although only two stellar coronae have so far been observed, im-

proved sensitivity appears likely to significantly increase the number

of observable Sources in all four categories. In this section, we

discuss three additional classes of objects which have been predicted

to be emitter- of soft x-ray or euv, the flar stars, uv stars, and

interstellar shocks associated with early type stars. Objects of all

three classes •°ight be expected to contain strong emission lines in

their spectra.

IV.E.1 FLARE STARS

The star UV (Ceti (L726-8AB) is the prototype of a class of faint

low mass dwarfs in the solar neighborhood which are characterized by

giant radio and optical flares. A number of authors [151-154] have

predicted soft x-ray fluxes for these flares, based on various scaling

laws for solar flares. Observations with the ANS satellite by Heise

et al. [155] have now found x-rays correlated, in the cases where

simultaneous data was available, with optical .flares in UV Ceti and

Ross 882[YZ C.Mi]. The peak flux from Ross 882 corresponds to a peak lumi-

nosity of 3.6x 1030 ergs/sec. The peak flux from the UV Ceti event was

found to be — 6 x 1028 ergs/sec. The duration of the Ross 882 event was

. 6 minutes, and of the UV Ceti event•3 1 minute. Several observed UV

Ceti optical flares were not correlated with observable x-ray events.

The soft x-ray flux observed from UV Ceti was below all of the scaling

predictions based on the intensity of the observed optical flare.

Heise et al. conclude that if the UV Ceti flare observed is reasonably
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typical for this class of object, the contribution of flare stars to the

total soft x-ray background is small, but if the more intense Ross 882

event is typical, the total soft x-ray background contributed by flare

stars could be significant.

IV.E.2 UV STARS

Hills [156] has discussed the spectra of hot pre-white dwarfs, and

the nuclei of planetary nebulae, which he has called UV stars. These

objects are known to have temperatures in excess of 10 5 0  [157,158] and
should be intense uv sources down to wavelengths shortward of 2001. This

is a second class of stellar object which may be observable at euv

wavelengths. Predictions of expected fluxes are given by Henry [1581

and the references therein. Withbroe [141] has discussed three of the

closest candidate stars; these objects are listed in Table XII.

TABLE XI 

NEARBY "UV" STARS

l
Star	 Spectra	 Distance

Hz 21	 DO	 60 pc
G191B2B	 DA wk	 20 pc

Hz 43	 DA wk	 30 pc

(After Wi thbroe, Ref. 141)

Estimated Temperature
OK

105
105

5 X 104

IV.E.3 EARLY TYPE STARS

The Copernicus satellite has detected OVI X%1032;1038 interstellar

absorption lines in the spectra of — 30 early type stars [159,160].

Other lines of highly ionized elements (C III, C IV, N II, N V, Si IV)

have also been observed, and temperature limits 2 X 10 5 OK < T < 2 X 106 oK

have been placed on the regions observed. Castor, McCray and Weaver [161]
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have suggested that the Copernicus observations can be explained by

"interstellar bubbles", consisting of shocks due to the interaction 	 k

of the strong stellar wind of early type stars with the ISM. The

calculations of Castor et al. predict temperatures T a 10 6 o  and

densities n as 0.01 cm -3 . An alternate explanation of the Copernicus

observations is the interconnecting supernovae remnants predicted by

Cox and Smith [73] and Chevalier [74]. Both models would, however,

predict that a thermal soft x-ray emission spectrum, dominated by lines,

should be associated with the material responsible for the absorption

lines observed by Copernicus.

IV.F EXTRAGALACTIC SOURCES

Kellog [162] has reviewed the observations of extragalactic sources.

Approximately 30 sources have been identified with extragalactic objects,

and there are an equal number of unidentified Uhuru sources at high

galactic latitudes which might be of extragalactic nature.	 We are

concerned here with the largest class of extragalactic sources, the

Cluster x-ray sources. These objects have an optically thin spectrum,

and spectroscopic observations may well prove du ,2isive in investigating

their nature and evolution.

IV.F.1 THE CLUSTER X-RAY SOURCES

The cluster x-ray sources are extended sources which are associated

with large clusters of galaxies. The brightest of these sources have

luminosities of ^ 3-5 X 10 4 ergs/sec, dimensions of megaparsecs, and

contain hundreds of luminous galaxies, and thousands of less luminous

* Some of these objects have recently been identified with x-ray binaries

in globular clusters by the MIT group [167]-

6o
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galaxies. The spectra of these sources has been found to be compatible

with a thermp ;. bremsstrahlung spectrum for the brightest objects by

Lea et al. [1631 and Gorenstein et al. [164], with temperatures T -

9 .5 X 107 OK for the Coma cluster and T — 8.8 X 107 0  for the Perseus
cluster. Kellog [1621 points out that the spectra of these objects is

also consistent with the inverse Compton effect [165]. However., we

explore here only the implications of a thermal model of the emission.

If the gas responsible for the cluster sources is primordial then

the abundance of heavy elements will be very lows and no emission

features will be observed at x-ray wavelengths. However, if the gas

originates from one or more of the member galaxies ., it might have

cosmic abundances, and line emission due to recombination to hydrogenic

ions might be observable. Since the cluster sources are not strongly

cutoff at low energies, the Lyman (X lines of a number of elements

(Fe.. Nei 0,, C) might be detected. The search for such structure in the

spectra of cluster sources might prove decisive in determining the

origin of the intracluster gas.
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I
	 V. CONCLUSIONS

•

	

	 In the preceding paper we have reviewed the spectroscopic obser-

vations and analytical techniques which have been used in the study of

the solar corona, and briefly discussed modifications of these techniques

which may be required in the study of non-solar sources. The techniques

discussed include the general analytical approach for the development

of thermal models of an optically thin source, and diagnostic techniques

for the study of temperature, density, composition, and ionization

equilibrium, which may be used when sufficient data is not available

to develop a complete thermal model.

Two programs of spectroscopic observations of non-solar x-ray

sources were then presented; the study of the properties of the ISM

by measurements of the x-ray opacity of the ISM, and the spectroscopic

study of individual sources. The present knowledge of the opacity of

the ISM was reviewed in depth; the excellent prospects for obtaining

unique information on total ISM abundances, ionization structure, and

grain size and composition were pointed out.

The expected spectroscopic characteristics of seven classes of

x-ray sources are discussed, and the development of models for source

parameters with spectroscopic observations briefly reviewed. For super-

novae remnants, the spectra are optically thin, and should contain strong

line emission. The determination of thermal models, abundances, and the

study of the ionization equilibrium of these objects should prove

feasible with the development of x-ray spectroscopic observatories.

The spectra of the binary x-ray sources will be more complex,

IF	 consisting of at least four components; an optically thick intrinsic
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spectrum containing weak line cores substantially broadened by a

number of processes; emission from the x -ray heated outer atmosphere

of the normal companion of the x-ray emitting condensed star, an

emission spectrum from the photoionized stellar wind which may be the

source of the accreted material in many x-ray binaries; and variable

absorption profiles which are caused by the opacity of the stellar wind.

The last three components of the spectrum are likely to contain strong

spectral features, which can be interpreted to develop models of the

temperature, density, composition and ionization structure of the

extended atmosphere of the binary source. Many of the analytical

techniques developed in solar x-ray studies will be useful in the

study of these objects.

Two normal binary stars have now been detected as soft x-ray sources,

and in at least one case ( Capella), there is strong evidence that the

emission comes from a stellar corona. Recent ultraviolet observations

of chromospheric and transition region lines, and in one case ( p Gem)	 0

of a coronal line, reinforce the predictions that many late type stars

will be found to have x-ray emitting coronae. The low values found for

the local 1SM density (nH _. 0.01-0.10 cm-3 ) make the prospects for the

study of stellar coronae in the neighborhood of the sun at soft x-ray

and euv wavelengths most promising. Many of the diagnostic techniques

developed for the study of the solar corona should prove useful for

these objects.

'Ilse existence of regions in the ISM where the temperature is

— 3 x 105 - 2 X 106 oK .. and densities are 1 -3 X 10-3 cm-3 has now been

demonstrated by the observation of their emission in soft x-rays. 'These

regions may occupy a significant volume within the ISM, and may be related
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to a hot galactic halo. Their existence may be related to the fossil

Stramgren spheres created by galactic supernovae remnants. These

regions will have a strong emission line spectrum, and their analysis

should be able to make use of many of the previously discussed diagnostic

techniques.

Two other types of galactic soft x-ray and euv sources have been

extensively discussed in the literature, flare stars and uv stars.

Transient soft x-ray emission has now been detected from two flare

stars, however emission from uv stars in the euv has not yet been

reported. Both types of source should have spectra containing strong

emission features. More recently,, it has been suggested that the

stellar winds of early type stars may create hot (T — 106 OK) low

density bubbles in the i3-N which might have emission properties similar

to evolved supernovae remr-c-,..

The most interestini class of extragalactic source spectroscopically

is the cluster x-ray sources associated with large clusters of galaxies.

These sources are highly luminous (, 1044 ergs/sec) and of enormous
extent (, 105 - 106 parsecs) and so are optically thin. If these sources

are thermal ., and thermal models are able to explain the presently

available observations, the search for emission lines of hydrogenic

ions due to recombination processes will be important to the resolution

of competing models of the source of the hot intergalactic gas which is

responsible for the emission.

Because of the weakness of cosmic x-ray sources, spectroscopic

observations have been undertaken for only a few objects j, and only one

spectroscopic feature has been definitely identified (in the binary

system Cyg X-3). However, with sufficiently powerful instrumen:a tion a

large number of rpectral features will become observable in every class
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of known x-ray object. Many of the diagnostic and analytical tools

required to interpret these observations in the development of source

models are already available as a result of studies of the solar corona.

Because all of the sources discussed will have either weak broad

spectral features (such as line cores or absorption or emission edges)

or a multiplicity of spectral features (such as emission lines in

supernovae interstellar shocks or stellar coronae) instruments which

combine high throughput with good spectral resolution will be required.

The recent significant improvements in soft x-ray gratings discussed

later in these proceedings [166] should prove of immense significance

for the spectroscopy of cosmic x-ray sources.
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