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Abstract. This paper presents a review of recent analytical studies of the coronal X-ray spectrum 
below 25 A. The techniques used to compute the theoretical coronal spectrum, and the currently 
available atomic rate constant data are reviewed first. Spectroscopic techniques which have been 
proposed for the determination of coronal temperature and density structure, and the results derived 
from their application to coronal spectra are also reviewed. 

A number of coronal models based on X-ray observations have been developed recently, and the 
coronal temperature structure and composition predicted by these models is discussed, and compared 
with models* of the corona and transition region derived from studies of the solar EUV spectrum. 

I. Introduction 

In this review the interpretation of the soft X-ray spectrum of the solar corona, and 
the development of models of coronal composition and density and temperature 
structure will be discussed. 

Comprehensive reviews of spectroscopic observations of the corona in the grazing 
incidence region of the spectrum (A<300 A), and of the techniques used to interpret 
these observations, were presented at the Third Symposium on Ultraviolet and X-ray 
Spectroscopy of Astrophysical and Laboratory Plasmas by Doschek (1972) for flare 
observations, and by Walker (1972) for the non-flaring Sun. Culhane and Acton (1974) 
have reviewed more recent work. 

In the preceding paper Dr Parkinson (1975) has reviewed the observational techniques 
used, and the results of recent spectroscopic studies of the coronal spectrum below 
25 A. In the present paper, the analytical techniques used to interpret the coronal X-ray 
spectrum, and the coronal models derived with these techniques will be emphasized. 

II. Techniques for the Construction of Coronal Models from Spectroscopic Observations 

Walker (1972) and Gabriel and Jordan (1972) have reviewed the calculation of the 
coronal spectrum, and the spectroscopic techniques which have been used to con
struct models of the corona. Consequently, I shall only briefly summarize the status 
of calculations of the coronal spectrum, with emphasis on the most recent results. 
The spectroscopic techniques used for the development of coronal models have also 
been adequately treated in the above references, and a brief summary will suffice here. 

The development of coronal models from coronal permitted line observations was 
first discussed in a general way by Pottasch (1964, 1966, 1967). Pottasch's analysis 
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was confined to transition region lines whose excitation functions have a sharply 
peaked dependence on temperature, and he was able to replace the explicit temperature 
dependence of the emission function of each line by an average emission function 
evaluated at the temperature of most efficient emission for that line. A number of 
authors (Batstone et al. (1970), Chambe (1971) and Walker (1972)) have revised 
Pottasch's analysis for coronal lines, by including the temperature variation of each 
line explicitly. Walker et al. (1974a) have presented a systematic formulation of this 
approach. Since the spectroscopically resolved observations of the corona which have 
been available prior to the launch of the Apollo Telescope Mount (ATM) solar obser
vatory on Skylab have not had sufficient spatial resolution to allow the physical 
structure of coronal X-ray emitting regions to be studied, analyses of these observa
tions have ignored the geometry of the emitting region. The observation of X-ray 
emitting arch filament systems by Skylab (Vaiana et al., 1973; Vaiana, 1974; Under
wood, 1974) has emphasized the importance of the magnetic structure of coronal 
active regions. Accordingly, I will conclude this section with a discussion of the modifi
cation in the analytical approach developed by Pottasch required to take account of 
the geometrical constraints imposed by the coronal magnetic structure. 

(a) CALCULATION OF THE CORONAL LINE SPECTRUM 

The intensity observed in an emission line (with upper level / and lower level j) in 
ionization stage z of element Z is given by 

hzij = J J J EZzij[Te(xvl ne(xvJ] dxj dx2 dx3, v = 1, 2, 3. (1) 

The integral is over the coronal volume unresolved by the spectroscopic observation. 
The emission function for a particular line may be written 

Ezzij = r Ar
u n2i(Te, ne) + £ n{z-l)in.v(Te, ne) , (2) 

/,7 L n'r>m+i J 
where A\} is the transition probability for transition ij, nzi is the population of the 
excited level / in the ion whose charge is z, and n{z-x)in>r is the population of the 
doubly excited level in the ion whose charge is (z— 1), with the same configuration as 
the level /, but with an additional electron in the level ril'. As a number of authors 
have pointed out (see, for example, Walker (1972) and Gabriel and Jordan (1972)), 
if ril' is sufficiently large (in practice >/7, + l) the transitions in'V-*jril' cannot be 
resolved from the transition /-►y, and therefore effectively increase the flux in the line 
/-►y. For ri <nt + \ the transition iril' -+jril' can be resolved as a satellite line from 
/-►y, and in that case the emission is given by 

he 
Ezzu = v Ar

iJnT [>(z_ l)inT (Te, / i j ] , (3) 
Au 

where we have no longer made the assumption A^^A^^y. 
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Gabriel and Jordan (1972) have discussed the equation of statistical equilibrium 
which must be solved in order to calculate the state population functions. For most 
cases of interest, we may considerably simplify the equation of statistical equilibrium, 
and consequently, the excitation function can be expressed in simple form. For singly 
excited states, direct collisional excitation is the principal mechanism of population, 
and we may express the upper state population as 

= nenx§(Te)alx
t(Te) 

*■ i 

where r\ is the total radiative width of the state /[i.e. r j = £* Ar
ik] and 0Lc

g)(Te) is 
the collisional excitation rate from the ground state. 

We may express the ground state density, nzg, in terms of the relative population 
of the ionization stage of interest, az*, the relative abundance of the element, AZ9 and 
the number of hydrogen atoms per electron, aH. This latter quantity is approximately 
constant since the hydrogen and helium in the corona are completely ionized. 

"zg = i"zgl"z) ( " z / « H ) K K ) "e = dzAzaHne** 

We shall also have occasion to use the fractional population of an excited state 

nzi = (njnz) (/IZ//IH) K / ' O ne =fziAzaHne. 

The emission function can be written as 

he Ar
unlaHAzax (Te) cQ (Te) 

^Zzij = V ~r • \->) 

This equation is called the coronal excitation equation. We shall now discuss the 
modifications to Equation (5) which are necessary in order to discuss the line emission 
functions of ions for the hydrogen-like through neon-like isoelectronic sequences 
which are responsible for the coronal lines below 25 A. We shall refer to the ions which 
have no metastable excited levels, and no levels with strong excitation rates from the 
ground level which have forbidden decays, as belonging to Class I. The coronal 
excitation equation will provide a good approximation in calculating the spectrum of 
these ions. Hydrogenic ions and lithium-like ions satisfy these criteria. 

If an ion has a metastable excited level, this level will generally be strongly coupled 
to adjacent levels by radiative and collisional processes. It is then possible to solve the 
equation of statistical equilibrium for this group of strongly coupled levels separately. 
The population of other levels in the ion will still be governed by the coronal excitation 
equation. An example of this situation is provided by the metastable \s2s 3S state in 

* Jordan (1969, 1970) and Landini and Fossi (1972) have calculated az for the abundant elements. 
** This equation is not strictly valid if the ion contains metastable states which may have an apprecia
ble steady state population. 
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helium-like ions, which is strongly coupled with the \slp 3P2,i,o states. The relative 
intensities of the lines from these ions becomes density dependent at sufficiently high 
densities. The density dependent emission functions of the triplet states of helium-like 
ions has been discussed extensively in the literature (Gabriel and Jordan, 1972, 1973). 
We shall refer to ions with metastable excited levels as belonging to Class II. 

In deriving Equation (5), we neglected population processes such as radiative 
recombination, and cascade from higher levels. The assumption that these processes 
are of minor importance is generally valid as long as the decay of the higher levels to 
the ground level is not forbidden. If such decays are forbidden, these levels will con
tribute to the population of the lowest lying excited levels by cascade processes, and 
Equation (5) will no longer describe the level populations. If there are no metastable 
states, we must solve a set on N simultaneous equations, which involve population of 
each level by collisional excitation from the ground term, and by radiative decay from 
higher levels. The level population will then be expressed as a sum of terms such as 
appear in Equation (5), with coefficients which depend on the radiative decay rates 
from the levels responsible for the cascade. Walker et al. (1974c) show that the emis
sion function may be written 

N 

i , 2^ ^gkl^m^mp ~ Amp\ 
El] (Te9 ne) = — Ar

unenZ9 g — ^ , (6) 
n n 

k = i 

where m = i+ 1,... N; /? = /,... k— 1, /c+ 1,..., N(i.c, p^k) and Ar
mp = 0 for p^m. We 

have defined the total radiative width of the state m, rr
m = Y,k=\ Ar

mk. The symbol Smp 

refers to the Kronecker delta function [<5wp= 1, m=p, Smp = 0 m^p\ 
The neon-like ion Fe xvn provides an example of an ion of this type. Figure 1 

(taken from Walker et al., 1974c) shows the level structure of the excited levels of 
Fe xvn with principal quantum number 3, and the principal decay paths of each level. 
We will refer to ions of this type as Class III. 

A number of ions have metastable low lying excited states within the ground term, 
or within a low lying excited term. At sufficiently high temperatures and densities, 
the population in these low lying excited states can become substantial, and may ex
ceed the population of the ground level. The coronal excitation equation must quite 
obviously be modified for these ions. Generally, the populations of the ground term, 
and of the low-lying excited states may be computed by regarding these levels as 
strongly coupled, and solving the statistical equilibrium equation ignoring all higher 
levels. Once the populations of these metastable levels have been determined, we can 
calculate the population of excited states by applying Equation (5) to each highly 
populated level. Iffg,fg,9fg»9... are the fractional populations of these levels then we 
may write the emission function of a line as 

he A^n2
eaHAzaz (Te) £ fzg<% (Te) 

Lzzij = ; -v • (7) 
ij i 
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SINGLETS 
ipo iDo iDe ipo ipe \^e 

TRIPLETS 
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"1 1 1 1 1 r 
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Fig. 1. Level diagram for Fe XVII, showing the principal decay paths for the first 36 excited levels. 
Those levels with transitions to the ground level are shown in bold type. 

Examples of ions with metastable low lying excited states are those of the beryllium
like and boron-like isoelectronic sequences. The density dependent populations of the 
IS11S ground state and 2s2p 3P2,i,o excited states of beryllium-like ions have been 
extensively discussed by Jordan (1971) and Munro et al (1971). We will refer to ions 
with metastable low lying excited states as Class IV. In Table I, we have classified the 
ions of the ten simplest isoelectronic sequences. 

The collisional excitation function which appears in Equation (5) is generally ex
pressed in terms of a collision strength, Qgh which is defined as 

a = 
nalQgiIH 

(2J f+!)"£ ' 

where a is the excitation cross section. a0 the Bohr radius, /H the rydberg, J the spin of 
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the initial state, and £"the incident electron energy. For a Maxwellian distribution, the 
excitation rate is 

X 

(2Jg + \)Jmnkf J kT 

Et is the threshold energy of the excitation under consideration. 

TABLE I 
Classification of the H- Ne-like Ions 

Sequence Class Comments 

H i I 
He i II, III metastable level \s2s 3 5; \sn 3L cascade to \s2 3L 
Li i I 
Be i IV metastable levels 2s2p 3/>2,1,o 
B i III, IV ground term contains 2p 2/>3/2, 1/2 3p 2P levels decay by 

cascade to 35 2S 
C 1 III, IV ground term contains 2p2 3P>,i.o, 2p3p levels decay by 

cascade to 2p3s 
N 1 III, IV ground configuration contains 2p3 4S3/2 and 

2ps 2Db/2,3/2; 2p23p levels decay by cascade to 2p23s 
O 1 III, IV ground configuration contains 2p4 3P2,i,o, 2p4 W and 

2p4 lS; 2p33p levels decay by cascade to 2p33s 
F 1 III, IV ground term contains 2pb 2Pi/2,3/2, 2p43p levels decay by 

cascade to 2p43s levels 
Ne 1 III 2p53p levels and 2s2p63l levels decay by cascade to 2pb3s 

and 2s22p53l levels respectively. 

The collision strength can be expressed in terms of the oscillator strength,/ and the 
gaunt factor g, using the modified Bethe approximation of Van Regemorter (1962). 

Q9i=-1-^figi. (9) 

For two excitations which are similar, we may presume that the gaunt factors are 
equal, and derive the useful relation 

In the succeeding subsections, we will briefly discuss the determination of the 
atomic rate parameter required to evaluate Equations (5), (7), (8), and (10). Emphasis 
will be placed on the calculation of collisional excitation cross sections. References for 
oscillator strengths and transition probabilities are given by Gabriel and Jordan 
(1972) and Walker (1972). 

https://doi.org/10.1017/S0074180900071588 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900071588


INTERPRETATION OF THE X-RAY SPECTRA OF SOLAR ACTIVE REGIONS 79 

(i) Hydrogenic Ions 

Burgess et al. (1970) have calculated the collisional excitation cross sections for the 
\s — 2s and Is — 2ps excitations in hydrogenic ions, using the Coulomb Born II approxi
mation. 

Walker (1972) has tabulated the temperature averaged collision strength z2Q for 
these transitions 

z2Q = 
1 

2J7+T d e { z 2 ( 2 e x p [ - ( £ - l)/0]}/0 
I 

(where e = EjEi and 6 = kTIEt) using the collision strengths given by Burgess et al. 
We may obtain the collision strength for higher excitations (\s-ns and \s — np) by 
using Equation (10). Recently, Walker (1974) has calculated the cross section for 
\s — 2s and \s — 2p excitation using relativistic wave functions. He finds substantial 
corrections to the results of Burgess et al, for large Z, however, for values of Z of 
importance for coronal studies, (Z<28) the corrections are small. 

(ii) Helium-like Ions 

Until quite recently, there were few calculations available for the collision strengths 
of excitations in helium-like ions. Collision strengths were derived from the hydro
genic calculations of Burgess et al. for the singlet (lS and lP) excitations using Equa
tion (10) by Walker (1972), and by Gabriel and Jordan (1972) using the R matrices 
tabulated by Burgess et al. Gabriel and Jordan were able to derive collision strengths 
for excitation of both the singlet (lP and 'S ) and triplet (3P and 3S) lines. Tully (1974) 
has recently calculated the excitation cross section for the lsns lS(n = 2,... 6) and 
1 snp lP(n = 2,... 6) levels in the Coulomb Born Approximation. The cross section 
obtained by this more accurate technique are equal, within a few percent, to the cross 
section derived by Walker (1972), using Equation (10), from the hydrogenic cross 
sections, as shown by Table II. 

TABLE II 
Comparison of O vn collision strengths 

Energy (in units of threshold energy) 1 

[ ( /A)0VII l s -2W(^)0VII ILa] Z 2 # C B 0 ( 1 2 £ _ 2 2p}a 

Z2#CB ( 1 lS-2lP)h 

[(/A)oviiis-2P/(/A)oviiiL,] z*Qc™(\ *S-2*S)* 

Z2QCB (] 1 5 _ 2 i p ) b 

[(/A)0VIIls-3W(/A)0VIIIL^] z2#CBO ( 1 2 5 _ 2
2

J P ) a 

Z2QCB (! i s _ 3 1 / > ) b 

2.765 
2.825 

0.676 
0.803 

0.508 
0.615 

4.171 
4.675 

0.718 
0.868 

0.767 
0.996 

5.444 
5.975 

0.741 
0.880 

1.000 
1.256 

a Tully (1974). 
h Burgess et al. (1970). 
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However, it is recommended that the more accurate cross section of Tully be adopt
ed for future work. For the triplet levels, the cross sections given by Gabriel and 
Jordan are the most reliable available. 

(iii) Lithium-like Ions 

Gabriel and Jordan (1972) and Sampson and Parks (1974) have given extensive accounts 
of theoretical and experimental studies of the cross sections of the lithium-like ions. 

Bely (1966a, 1966b) and Bely and Petrini (1970) and Flower and Launay (1972) 
have calculated threshold collision strengths for the transitions 2s — nl and 2p — nl in 
lithium-like ions. 

The calculations of Bely and Bely and Petrini appear to result in good agreement 
with observation, except for the 2s —Zp excitation, where the cross sections of Burke 
et al. (1966) appear to result in closer agreement. Heroux and Cohen (1971), Heroux 
et al. (1972), and Malenovsky and Heroux (1973) have analyzed the relative intensities 
of the lines of the lithium-like ions O vi, Ne vm, and Mg x. They find that their ob
served intensities are consistent with the theoretical cross sections. 

(iv) Beryllium-Like Ions 

Jordan (1971) and Munro et al. (1971) have discussed the density dependent popula
tion of the 2s2 XS and 2s2p 3P levels of beryllium-like ions, and have computed the 
staustical equilibrium of these levels as a function of density for C in, N iv, O v, and 
Si xi. Once the populations of the ground level, and of the three metastable levels have 
been calculated, the modified coronal excitation equation (Equation (7)) can be used 
to calculate the populations of the higher excited levels. Gabriel and Jordan (1972) 
and Sampson and Parks (1974) have discussed the theoretical and experimental studies 
of collision strengths for the beryllium-like ions. The most extensive theoretical cal
culations are those of Eissner which are unpublished. However, Gabriel and Jordan 
quote a number of Eissner's results, and compare then with the experimental observa
tions of excited rates by Tondello and McWhirter (1971) and Johnson and Kunze 
(1971) for Ne vn and Si xi. The agreement is fair for most transitions, however, there 
are substantial differences for some transitions. In view of the difficulty of interpreting 
the experimental observations, which require the determination of the population of 
the 2s2p 3P metastable levels in a transient laboratory plasma, the theoretical cross 
sections, where available, are likely to be more reliable. 

(v) Neon-Like Ions 

Loulergue and Nussbaumer (1973) and Walker et al. (1974c) have recently discussed 
the coronal spectrum of Fe xvii. Because the 2s22p53s levels are populated primarily 
by cascade, the collisional excitation rates and radiative decay rates for the first 36 
excited levels must be known before the relative and absolute intensities of the prin
cipal lines of Fe xvii, which lie between ~ 12 and ~ 17 A, can be calculated. Figure 1 
illustrates the complexity of the spectrum of Fe xvii. However, Loulergue (1971, 1973) 
and Garstang (1969) have calculated all of the required transition rates, and Bely and 
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Fig. 2. Portion of the spectrum recorded by the KAP spectrometer on O vi-17 for 1969, March 20, 
showing the Fe-xvii 2s22p6 lS-2s2p63p lP and 3P lines. 

Bely (1967) and Flower (1971) have calculated threshold collision strengths for the 
transitions 2p—3s, 3p, and 3d. For the 2s — 3s, p, d singlet excitations, Bely and Bely 
have estimated collision strengths by using cross sections for lithium-like ions. Using 
these atomic rate constants, Loulergue and Nussbaumer have calculated the relative 
intensity of the eight lines observed in the coronal spectrum from 2p53s, 2s2pb3p, and 
2p53d configurations of Fe XVII. In table III these results (column la) are Compared 
with the line intensities observed by Walker et al. (1974c) and Parkinson (1975). The 
observations of Walker et al. are shown in Figures 2 and 3. Loulergue and Nussbaumer 
have estimated the cross sections for the 2s2pb3s, 3p and 3d triplet excitations by 
assuming that the collision strengths are equal to the singlet collision strengths multi
plied by the statistical weights of the states. The relative intensities derived with this 
assumption are given in column lb of Table III. Walker et al. (1974c) have made 
somewhat different assumptions regarding the 2s— 3s, 3p and 3d excitation rates. 
They made use of the collision strengths for beryllium-like ions calculated by Eissner 
to derive the 2s — 3s and 2s—3d singlet excitation rates, and used the observed intensi
ties of the 2s2pb3p singlet and triplet lines, and the intensities of the 2s22p53s XP 
and 3P lines to derive collision strengths for the 2s2pb3s 3S and 2s2pb3d 3D levels. 
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TABLE III 
Comparison of experimental and theoretical line intensities in Fe xvn 

Transition 

3 5 - 2 / 7 
35 — 2/7 
3^—2/7 
3d-2p 
3d-2p 
3d-2p 
3/7 — 25 
3 / 7 - 2 5 
Ad-lp 
4d-2p 

(A) 

17.10 
17.05 
16.77 
15.45 
15.26 
15.01 
13.88 
13.82 
12.26 
12.12 

Theor> 

(la) 

0.23 
0.58 
0.38 
0.008 
0.33 
1.00 
0.002 
0.15 
-
-

(lb) 

0.74 
0.97 
0.54 
0.08 
0.37 
1.00 
0.10 
0.15 
-
-

(2) 

0.59 
0.91 
0.51 
0.09 
0.37 
1.00 
0.03 
0.07 
-
-

Experiment 

4 Jan. 1967(2) 

^ 1.25 

0.70 
0.05 
0.43 
1.00 
-
-
0.07 
0.04 

20 Mar. 1969 (2) 

0.75 
0.80 
0.72 
0.09 
0.56 
1.00 
0.03 
0.07 
-
-

30 Nov. 1971 (3) 

0.73 
0.90 
0.65 
0.11 
0.48 
1.00 
0.04 
0.07 
0.08 
0.09 

(la) Loulergue and Nussbaumer (7=5 .5 x 106) [Q2s*2p* is-2s2P3i *L=0] 
(lb) Loulergue and Nussbaumer (T=^5.5 x 106) 
(2) Walker, Rugge, and Weiss (T -4.0 x 106) 
(3) Parkinson 

Fig. 3. Portion of the spectrum recorded by the KAP spectrometer on O vi-17 for 1969, March 20, 
showing the Fexvir 2s22p(iiS 2s22p53d]P.*D,andaP,and2s'22p*lSo ■ 2s22p*3slPu *Pi and 3P2 lines. 
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Configuration 

2s3p*3d 
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Lev 
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3 />i 
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3Si 

TABLE IV 
Threshold collision strengths for Fe xvn 

Collision strength ( x 103) 
Bely and Bely Walker et al. 

65.2 

22.4 

32.4 

73 
100 

10.1 
6.5 

30.1 
45 

Level 

2pb3s 3P2 
2p53s 3Pi 
2p53s 3P0 
2p53d*Pi 
2p53d3Di 
2p53d'Pi 

2s22p53s 
3Pi 'Pi 

1.00 
1.00 

TABLE V 

Parentage of Fe xvn lines observed in the corona 

2s22p b3p 
3Si 3D2

 3Z)i lD2
 sDo lP\ 

0.949 0.390 0.048 0.446 -
0.051 0.610 0.952 0.549 0.892 

0.005 0.108 

3/>i 'Pi 

0.068 0.007 
0.451 0.600 0.015 
0.549 0.332 0.978 

Level 

2p^3s 3P2 
2p*3s 3Pi 
2p'»3s 3P0 
2p>3d3Pi 
2p~°3d3Di 
2p*3d'Pi 

2s22p53d 
3Po 3P\ 

0.947 0.097 
0.048 0.022 
0.005 -

0.881 

'F3 3/>2 

0.424 0.621 
0.576 0.370 
0.0005 0.009 

3Di 

0.003 

0.997 

3F2 

0.007 
0.423 
0.570 

xDi 

0.106 
0.503 
0.391 

'Pi 

0.999 

2p~*3s 3P2 
2p*3s 3Pi 
2p$3s 3P0 
2p*3d3Pi 
2p*3d3Di 
2p*3d'Pi 
2s2p*3p 3/>i 
2s2p*3/>1/>

1 

2s2p63s 
35i 

0.594 
0.287 
0.119 
-
-
-
-
-

'So 

_ 
0.598 
0.402 
-
-
-
-
-

2s2p63p 
3Pi 

0.186 
0.139 
0.054 
-
-
-
0.621 
-

^ i 

0.010 
0.021 
0.010 
-
-
-
-
0.959 

2s2pG3t 
3Di 

0.266 
0.316 
0.074 
0.197 
0.119 
0.013 
0.015 
-

/ 
'D2 

0.204 
0.369 
0.149 
-
0.073 
0.154 
0.005 
0.046 

83 
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The relative intensities derived by Walker et al. are compared with the observations 
in Table III. The collision strengths derived by Walker et al. are compared with those 
derived by Bely and Bely in Table IV. The relative contribution of each level to the 
flux observed in each of the lines of Fe XVII as calculated by Walker et al. is shown in 
Table V. The arrays tabulated in Table V are the products 

Ay \rm omp — Amp\ 

Jr 0 0 
k = i 

required for the evaluation of Equation (6). 

(vi) Calculation of the Coronal Line Spectrum 

Detailed studies of the excitation of ions of the boron-like* through flourine-like 
sequences have not yet been carried out. However, a number of authors (Tucker and 
Koren, 1971; Mewe, 1972; and Landini and Fossi, 1970) have calculated the coronal 
line spectrum below 100 A. The calculations of Tucker and Koren are the most com
plete. For ions of the beryllium-like through the fluorine-like isoelectronic sequences, 
Tucker and Koren have scaled the collision strengths of Bely and Petrini (1970) for the 
2/7 — nl excitations in lithium-like ions, using Equation (10). Mewe, on the other hand, 
has derived effective gaunt factors for a large number of transitions, using the best 
available theoretical and experimental data for each isoelectronic sequence. Neither 
author includes the effects of cascades. The general character of the coronal spectrum 
is shown in Figure 4, which is based on extensive unpublished calculations by the 
author, in collaboration with Mrs. Kay Weiss at the Aerospace Corporation. Because 
of the requirement for accurate calculations of the coronal X-ray spectrum in order 
to interpret the X-ray filtergrams obtained by the S-054 and S-056 experiments on 
Skylab, extensive calculations of the coronal line spectrum are in progress at American 
Science and Engineering by Drs Vaiana and Kreiger and their associates, and at the 
Aerospace Corporation by Drs McKenzie and Walker. The results of these calcula
tions should be available within a year of the date of the present Symposium. 

(vii) Dielectronic Recombination Lines and Satellite Lines 

The major process responsible for the population of doubly excited levels in thermal 
equilibrium is dielectronic recombination (Gabriel and Paget, 1972) for most iso
electronic sequences. However, for certain isoelectronic sequences, such as neon-like 
ions (Walker et al, 1974c) inner shell excitation can be an important process. For those 
cases where dielectronic recombination dominates 

zzij = -.- AuneaHAzaz (Te) £ _ r — — — , (12) 
Aij n'l'>m+ 1 i in'V + 1 in'I' 

* Widing (1966) has studied the excitation of some lines of the boron-like ion Si x. 
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Fig. 4. Coronal Spectrum for 1.5 x 106 K and 4.0 x 106 K. Only allowed transitions have been shown 
in order to avoid confusion, so that a number of strong lines (such as the helium-like forbidden lines) 

are not shown. Note the importance of two photon decay for the continuum at 1.5 x 106 K. 
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where (XglnT is the dielectronic recombination rate for the formation of the state in'V 
in ionization stage (z— 1) from the ground state of ionization stage z, and r*nT is the 
autoionizing width of the state. The same equation without the summation is the emis
sion function of an individual satellite line. The lower limit of the summation in equa
tion 12 will depend on the resolution of the spectrometer making the observations. 
Since most calculations of the total dielectronic recombination rate have assumed that 
n'V is large, the summation adl in Equation (12) may be taken equal to the total 
dielectronic recombination rate. Shore (1969) has carried out the most accurate com
putation of this rate for low Z ions. 

For highly charged helium-like ions the radiative width for states with ri~nt 

becomes comparable to the autoionizing width, and the satellites with ri = n{+ 1, and 
n —Hi become prominent spectral features (Walker and Rugge, 1971), approaching 
the intensity of the resonance line for Fe xxv (Grineva et al., 1973). Tucker and Koren 
(1971) and Walker (1972) have discussed the evaluation of the emission function in 
Equation (12). Gabriel (1972) has given a definitive account of the wavelengths and 
intensities of the important satellites to the lines of the helium-like ions which arise 
from the \s2s2p and \s2p2 configurations of the lithium-like ion. 

(viii) The X-Ray Continuum 

Three processes make substantial contributions to the coronal X-ray continuum, 
radiative recombination, bremsstrahlung, and two photon decay of the metastable 
2s 2S and \s2s ! 5 levels of hydrogenic and helium-like ions. Culhane (1969) has given 
a complete account of the calculation of the spectrum for the first two processes. 
Walker (1972) and Tucker and Koren (1971) have discussed the calculation of the 
spectrum for two photon decay of hydrogenic and helium-like ions. Walker et al. 
(1974a) have tabulated the fractional contribution of various elements, and processes 
for several wavelengths and temperatures. The relative importance of the various 
continuum processes is shown in Figure 4. Figure 4 emphasizes the importance of two 
photon decay at temperatures between — 1 x 106 K and 4 x 106 K, and at wavelengths 
A>20A. The hydrogenic and helium-like ions of oxygen and carbon are chiefly 
responsible for this flux. 

Walker et al. (1974a, b) have made detailed comparisons of the observed X-ray 
continuum, and the continuum calculated for a coronal model derived from line 
fluxes. Figure 5 (from Walker et al., 1974b) compares the experimental and theoretical 
continuum between 8 and 25 A. The agreement is good between 8 and 14 A, however, 
above 15 A, the observed continuum is too large by a factor of — 2. Walker et al., 
suggest that the 'excess' continuum is due to weak unresolved lines from ions such as 
Fexvm ( - 1 6 A), Crxv-Crxi (-16-22 A), Caxvi-Caxi ( -17-25 A), and 
Ar xv-Ar xvi (-23-25 A). 

(b) DIAGNOSTIC TECHNIQUES FOR THE CORONAL PLASMA 

A number of techniques have been developed which, in principle, allow the temperature 
and density structure of the coronal plasma to be determined without the development 
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of a detailed model. These techniques depend on line intensity ratios which are sensi
tive to a particular parameter such as temperature or density. However, as we shall 
see, some care must be exercised in interpreting such intensity ratios in terms of iso
thermal models. 
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Fig. 5. Continuum fluxes observed on the O vi-10 satellite compared with the fluxes calculated from 
a coronal model derived from observed line fluxes. The model used is the one shown in Figure 7. 

(i) Density 

The dependence of line intensities on density comes about in two ways: 
(1) Metastable excited levels may be competitively de-excited by radiative decay or 

collisional transfer to an adjacent level which has an allowed decay. 
(2) Some ions have compound ground states whose upper level(s) are metastable, 

or low-lying metastable excited states. These metastable states become populated at 
sufficiently high densities and the intensities of lines which are preferentially excited 
from these metastable levels thus become strongly density dependent. 

An example of the first situation is the intensity of the Is2 iS— \s2s 3 5 transition in 
helium-like ions. Gabriel and Jordan (1972, 1973) have analyzed the density depen
dence of this line in detail. A number of authors (Rugge and Walker, 1970, 1971; 
Acton et al., 1972, Bonnelle et al.9 1973) have studied the relative intensity of the for
bidden ( I s 2 1 S - \s2s 3S) and intercombination (Is2 1S— \s2p 3P) lines from O VII, 
Ne ix and Mg xi in the corona. However, only upper limits to the coronal density have 
been derived from these observations. There are a number of examples of the latter 
situation. Some ions which have been studied in the case of the solar corona are sum-

i * 

OBSERVED CONTINUUM 
X-RAY FLUX FOR 4 JANUARY 1967 
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marized in Table VI. The line intensity ratios tabulated are sensitive over the range of 
densities from 104— 1014. 

The An = 1 transitions in beryllium-like ions will share the same density dependent 
behavior as the An = 0 transition listed in Table VI. For example, the upper level of 
the 2p2 3P — 2p3d3D line will be populated primarily by excitation from the 2s2p 3P 
level. The study of the An= 1 transitions offers certain advantages in comparison with 
the An = 0 transitions. Line multiplets which have their wavelengths very close together, 
may be selected thereby reducing the problem of instrument calibration. Furthermore, 
since the dependence of collisional excitation rates on temperature goes mainly as 
exp( — AE/kT)9 where AE is the excitation energy of the upper level, lines which 
are close together in wavelength will generally have excitation functions with very 
similar temperature dependence. Unfortunately, relatively few observations of the 
An=\ transitions of the beryllium-like ions are available, and detailed studies of the 
relative intensities of these lines have not been undertaken. 

(ii) Temperature 

Walker (1972) has reviewed earlier studies of temperature sensitive line ratios. Three 
types of ratios have been studied, the ratio of 2s —3p and 2s —2p lines in lithium-like 
ions, the ratio of La and L/? in hydrogenic ions, and the ratio of the lithium-like satel
lite lines and helium-like line intensities. 

Heroux et al. (1972) and Malinovsky and Heroux (1973) have carried out measure
ments of the line ratios for the lithium-like ions O vi, Ne vm, and Mg xi. These au
thors find that the temperatures derived from the relative intensity of the 2s—?>p and 
2s —2p lines may be somewhat misleading if the lines are emitted over a broad temper
ature range. 

Malinovsky and Heroux found that the observed Ne vm and Mg xi line ratios 
are in good agreement with the theoretical ratios predicted using a coronal thermal 
model. 

Rugge and Walker (1974) have analyzed the relative intensities of the La and L/? 
lines of O vm, Mg xn, and Si xiv, using a recent theoretical study of this line ratio 
carried out by Hutcheon and McWhirter (1973). Using a coronal temperature model 
Rugge and Walker were able to make a detailed comparison of the observed line ratios 
with the theory of Hutcheon and McWhirter. The predicted ratio of La to L/? for 
O vm derived from the coronal model was 10.8+1.6, while the observed ratio was 
found to be 10.5 + 0.5. Good agreement was also found for the observed and predicted 
Mg xi and Si xiv ratios. However, Rugge and Walker found that the temperature 
predicted assuming an isothermal plasma differed from the calculated temperature of 
most efficient emission by ~ 7 x 105 K for O vm, by 1.6 x 106 K for Mg xi, and by 
3.6 x 106 K for Si xiv. In each case, the 'predicted' temperatures were low. 

These results suggest that the prediction of coronal temperatures from 'tem
perature sensitive' line ratios must be undertaken with considerable caution, unless 
there is other evidence that the observed lines were emitted from an isothermal 
structure. 
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(iii) Non-Thermal Excitation 

Two spectroscopic techniques have been suggested for the study of non-thermal 
excitation; the observation of non-autoionizing satellite lines in lithium-like ions, 
and the observation of K-a lines. Gabriel (1972) has discussed the observations of non-
autoionizing satellite lines, and the calculation of the inner shell excitation rates which 
result in their production. 

Phillips and Neupert (1973) have calculated the intensity expected for the K-a lines 
of sulfur, argon, calcium, and iron for thermal and non-thermal solar X-ray events. 
They have observed K-a line emission from Fe xvii-xx during a large flare, and find 
that their theory predicts reasonable values of the emission measure. 

(c) CONSTRUCTION OF CORONAL MODELS 

Jefferies et al. (1972a) have developed a general method for the analysis of line emis
sion from an optically thin gas, and applied this method to coronal forbidden line 
intensities (Jefferies et al., 1972b, c). Using the formalism developed by Jefferies et al, 
we may express the flux in a permitted coronal X-ray line as 

Pzzij = £ (Av) aHAz | j dSNe j j dne dTefi (Te9 ne) az (Te) J (Te) ne, 

(13) 

We have separated the integrals over the area S(xu x2) which is unresolved by the 
telescope, and along the line of sight, x3. Following Jefferies et ai, we introduce the 
distribution function for the coronal plasma, /x\_Te(xv)9 ne{x^)~] which describes the 
density and temperature of the plasma, and replace the integral over x3 by a double 
integral over this distribution function in a unit column. The quantity e(Aig) is the 
efficiency function of the spectroheliograph. 

The function \i represents the fraction (dN) of the total number of electrons in a 
unit column (Ne) which are in neighborhoods where temperature and density are 
given by Te and ne. 

dN(Te9 ne, xu x2) = Neii(Te, ne9 xu x2) dne dTe. 

We may also introduce the partial distribution functions </> (Te) and \jj (Te). 

<l>(Te)= I fi(Te,ne)dne9 

and 

+ (ne) = j ii(Te9ne)dTe. 

The function J(Te) [or J(Te9 ne) if the line in question is density dependent] con
tains the dependence of the excitation function on atomic parameters peculiar to the 
line being observed, and can be derived from Equations (5) and (12). 

Equation (13) is an integral equation, with the kernel Azaz(Te) J{Te) which we can 
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calculate, and the value F, which we can measure. In order to develop a set of techni
ques to determine fi(Te, ne), let us assume that there is a functional relationship be
tween temperature and density, i.e.: 

ne = ne(Te). 

We may then write Equation (13) as 

Fzzu = a (A„) a»Az j j dSNe j dTene (Te) <\> (Te) az (Te) J(Te). (14) 

The integral equation for FZzij defined by Equation (14) can, in principle, be solved 
to determine the temperature distribution of the emission measure; provided that 
observations including a sufficient number of lines with differing temperature depen
dence are available. The coronal models I discuss in Section III were derived by solving 
Equation (14), using various approximation procedures. The spatial integral must be 
extended over either individual active regions, or over the entire disk for the observa
tions presently available, because of their low spatial resolution. 

Pneuman (1972, 1973) and Kopp (1972) have pointed out the critical role that the 
magnetic field plays in the structure of coronal active regions, because of its predomi
nant influence on the thermal conductivity. If observations of sufficient spatial (as 
well, of course, as spectral) resolution are available, we can introduce the dependence 
of (j) (or of \x and ij/) on the magnetic field B explicitly, 

Pz*ij = a (A,y) aHAz j du j ds j dTene (Te9 B) (j> (Te, B) az (Te) J (Te), 

(15) 

where s is a coordinate along the field line, and u a coordinate transverse to the field 
lines. We may think of u and s as a, set of solar B-L coordinates, much as those used 
to describe the terrestrial radiation belts. As Pneuman (1972) and Jordan (1975) point 
out, the coronal plasma will be nearly isothermal along a given field line, allowing 
simplifying assumptions to be made in the solution of Equation (15). 

III. Coronal Models 

Coronal models of the structure of active regions developed from X-ray observations 
have been limited because of the low spatial resolution of the spectroscopically re
solved data presently available. Consequently, the models developed have emphasized 
the temperature structure and composition of the corona. The problem of the coronal 
energy balance has not been treated. A number of studies using EUV observations 
have been used to develop models of the energy balance of the transition region 
(Dupree, 1972; Munro and Withbroe, 1972; Withbroe and Gurman, 1973). Kopp 
(1972), Withbroe and Gurman (1973), and Gurman and Withbroe (1974) have sum
marized these results, and discussed the effect of magnetic fields on coronal structure. 
These authors find an increased 'coronal temperature' overlying active regions, and 
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an increased conductive flux from the corona into the transition region. However, the 
lack of temperature discrimination for coronal temperatures above ~ 2 . 5 x l 0 6 K 
with EUV lines prevents these models from distinguishing between an isothermal 
corona, and a corona with thermal structures extending to higher temperatures beyond 
the most probable coronal temperature (i.e., the temperature at which the coronal 
emission measure is at a maximum). The analysis of the coronal X-ray spectra of active 
regions demonstrates that coronal material is present at considerably higher temper
atures than the 'coronal active region temperature of ~ 2.5-3 x 106 K' which is derived 
from studies of the coronal EUV spectrum. 

(a) DEVELOPMENT OF CORONAL THERMAL MODELS 
Batstone et al. (1970) and Evans and Pounds (1968) developed the first thermal mo
dels, using coronal X-ray observations. They assumed that the emission function could 
be approximated by a step function, and found that coronal material as hot as 
6-8 x 106 K must be present in order to explain their observations. Chambe (1971) 
developed a technique using an analytical expression for the emission measure func
tion which has a maximum at a temperature T0 (assumed to be near 2 x 106 K) and 
falls off with temperature as 10~T/Tl. A study of the heating of the corona by 
Vil'koveskii (1972) shows that this is a reasonable thermal model based on the assump
tion that the mechanical heating is proportional to the square of the electron density. 
Vil'koveskii finds the parameters T0 and 7\ to be ~ 1.5 x 106 and 1 x 106 K for quiet 
regions, and 2.5 x 106 and 3 x 106 K for active regions. The model found by Chambe 
from observations requires T0= 1.5x 106 K and Tt between 1.5 and 3.0x 106 K. 

Walker (1972), Acton et al. (1972), Bonnelle et al. (1973), and Walker et al. (1974a, b) 
have developed models of the coronal emission measure, using the approach of Cham
be. Acton et al. used the resonance lines of O vn and Ne ix, and were able to derive 
thermal models for a number of active regions, since their spectrometer was collimated 
to 1.7' in one direction. They were able to map the emission of individual active regions 
by scanning the collimator across the solar disk in nearly orthogonal directions. The 
result of one of these scans is shown in Figure 6. The observations were fitted with an 
emission measure model M(T): 

M(T) = C x \0~T,Ti cm"3 (106 K ) " 1 . 

The parameters found for each active region, and for the general corona are presented 
in Table VII. The total emission measure above 106 K, and the 'average' emission 
temperature of the O vn and Ne ix lines, are also given in Table VII. 

Bonnelle et al. carried out a similar observation using the resonance lines of Mg xi 
and Mg xn, and satellite lines of Mg x. These authors developed a thermal model 
with C = 5 x 1048 cm"3 (106 K)" 1 , and r , = 2 . 6 x 106 K. 

Walker (1972) and Walker et al. (1974a, b) have developed models using the reso
nance lines of O vn, O vm, Ne ix, Ne x, Mg xi, Mg XII, Al xn, Al xm, Si xm, and 
Si xiv. They find an excellent fit to the model proposed by Chambe and Vil'koveskii, 
with r 0 = 2.5x 106 K and r , = 3 . 5 - 4 . 0 x 106 K. The models developed by Walker 
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Fig. 6. Variation of the coronal X-ray intensity across the solar disk observed by Acton et al. (1972) 
with a one dimensional collimator. A second scan approximately orthogonal to the scan shown here 
allowed a map of the coronal structure to be constructed, and the models given in Table VII. 

et al. are shown in Figures 7 and 8. The small values of the parameter x2 demonstrate 
the significance of the fit. From Figure 7, we see that a model with a temperature cutoff 
will fit the observations since the hottest line included in the model is Mg xi. In Figure 
8, we note that the model must include material in excess of 8 x 106 K in order to fit 
the Si xiv observations. 
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The model of an isothermal corona developed from the analysis of EUV observa
tions must be modified for active regions. For coronal holes, and for the quiet corona, 
where magnetically open geometries introduce the solar wind as an energy loss term 
(Pneuman, 1973), the coronal structure can be reasonably fit by an isothermal model, 

Plage region 

289 
279, 274 B 
281 
274 A 
286 
265, 266 
Gen. corona0 

TABLE VII 
Non-isothermal (exponential) model 

Ti 
(106 K) 

3.15 
1.80 
1.50 
1.25 
1.15 
0.95 
0.60 

C a 

3 
6 
8 

18 
24 
42 

170 

EM totb 

(1047 cnr 

23 
13 
12 
16 
16 
15 

170 

-3) 
<ToVii> 
(106K) 

1.95 
1.80 
1.70 
1.65 
1.60 
1.50 
1.25 

<7,Neix> 
(106K) 

3.10 
2.70 
2.55 
2.40 
2.30 
2.20 
1.70 

a Units: 1048 cm"3 (106 K)"1. 
b Emission measure above 106 K. 
1 All values refer to coronal hemisphere facing the Earth. 

Taken from Acton et al. (1972). 
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Fig. 7. Coronal Model constructed from the resonance lines of O vn, O vm, Ne ix, Ne x, and Mg xi. 
Note that a model with no material above 6 x 106 K also fits the observations. A model cutoff above 

5.0 x 106 K does not, however, fit the observations. 
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35 9.1 
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FOR 20 MARCH 1969 

T(°K) x 10° 

27.4 
10.3 
2 .6 

Fig. 8. Coronal Model derived from the resonance lines of Mg ix, Mg x, Al xn, Al xm, Si xm, 
Si xiv, S xv. Note that material at temperatures above 8 x 106 K must be included in the model in 

order to fit the hot Si xiv and S xv lines. 

with T~ 1.0 x 106 K (Munro and Withbroe, 1972) for coronal holes and -1 .5 x 106 K 
for the quiet corona (Withbroe and Gurman, 1973). Acton et al. find that the general 
coronal emission measure does indeed fall off very rapidly above the temperature of 
maximum emission measure ( r 0 ~ 1.5 x 106 K) with Tx-0.3-1.0x 106 K. However, 
for active regions, the emission measure falls off much more slowly, with 
Tx~ 1.5-4.0x 106 K, and models with an isothermal corona, even with temperatures 
as high as 2.5-3.5 x 106 K (Withbroe and Gurman, 1973; Noyes et a/., 1970), cannot 
account for the X-ray observations. 

The high temperatures required to account for the coronal X-ray flux may be an 
indication of a heating source in addition to the dissipation of mechanical waves, the 
source generally assumed to be responsible for coronal heating (Kopp and Kupers, 
1968). Tucker (1973), Sturrock (1972b), and Syrovatskii and Shmeleva (1972) have 
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suggested that the dissipation of magnetic energy by ohmic heating in current sheets 
may contribute to the thermal balance of active regions. Highly spatially, as well as 
spectrally resolved observations will be required to demonstrate that magnetic heating 
is taking place in the corona, if it is, indeed, an important component in the thermal 
energy balance. 

(b) CORONAL ABUNDANCES 

Walker et al. (1974a, b, c) have derived coronal abundances from the models given in 
Figures 7 and 8. The abundances derived by Walker et al. are compared with the 
coronal abundances derived with transition region observations by Withbroe (1971a), 
Dupree (1972), and Malinovsky and Heroux (1972), and with photospheric abun
dances compiled by Withbroe (1971a) and Cameron (1974) in Table VIII. In general, 
the agreement is good; however, there is a significant difference for the neon abundance. 
Cameron's neon abundance is obtained from cosmic ray observations. Since the neon 
lines used by Walker et al. (1974b) in their analysis were quite strong, and were excited 
near the mid-range of temperatures in their model I believe their neon results to be 
quite reliable, and the difference may, therefore, be significant. In the case of the sulfur 
and argon abundances, the lines analyzed were near the high temperature end of their 
model, and are thought to be somewhat less reliable than the other abundances. 
Consequently, we do not regard the difference between the coronal and the photo-
spheric computations to be significant for these elements. The oxygen abundance 
found by Withbroe and by Malinovsky and Heroux for the transition region is low, 
however, Dupree's results appear to support a higher oxygen abundance. 

TABLE VIII 
Comparison of relative abundances 

Abundance x (106) 

Element 

C 
N 
O 
Ne 
Na 
Mg 
Al 
Si 
S 
Ar 
Fe 

Active 

Walker 

90 
700 

54 
1.7 

30 
2.5 

35a 

9 
6 

26 

region 

et al. 

-- — 

Transition 

Withbroe 

420 
89 

450 
28 

2.3 
35 

2.3 
35a 

11 
4.5 

35 

region 

Dupree 

350 
150 
595 

27 
1.9 

30 
3.5 

35a 

20 
-

20 

Malinovsky 
and Heroux 

. __ 

-
350 

88 
-

50 
-

35a 

5 
-

20 

a The coronal abundance values have been normalized relative to the silicon abundance, which was assumed 
to be 35xl0~ 6 . 
b In a recent analysis, Smith and Whaling (1973) find a value of 25 * 10 -6 for the iron abundance, in agree
ment with the earlier result of Withbroe. 

Photospheric Solar system 

Withbroe Cameron 

350 
115 
676 
-

1.7 
35 

2.5 
35 
16 

-
25 b 

370 
117 
676 
108 

1.9 
33 
2.7 

31.6 
16 
3.7 

26 

https://doi.org/10.1017/S0074180900071588 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900071588


INTERPRETATION OF THE X-RAY SPECTRA OF SOLAR ACTIVE REGIONS 9 7 

In conclusion, it would appear that the results of Table VIII support a uniform 
abundance structure for the solar atmosphere. 

(c) CORONAL DENSITY STRUCTURE 

The X-ray analyses of coronal density structure have, so far, resulted only in upper 
limits. The analyses of density sensitive EUV lines by Munro et al. (1971), Jordan 
(1971), Widing (1966), and others (see Table VI) have resulted in density models which 
predict densities of ~ 5 x 108cm"3 in the quiet corona, and densities as high as 
2.5 x 109 cm"3 in active regions. These models are consistent with the X-ray upper 
limits, and with other observations. Withbroe (1971b) has shown that the intensity 
of the Mg x resonance line is a good indicator of coronal density, once properly 
calibrated. Withbroe et al. (1971) and Withbroe and Gurman (1973) have developed 
coronal density maps using this technique, and Gurman et al. (1974) have discussed 
the correlation of coronal density and photospheric magnetic intensity using this 
technique. 

(d) THE STRUCTURE OF CORONAL ACTIVE REGIONS 

The poor spatial resolution of the presently available spectroscopically resolved 
coronal X-ray observations makes it difficult to study the physical structure of active 
regions. Parkinson (1973a, b) has used two types of observations, high spectral resolu-

Fig. 9. Model of a coronal active region derived by Parkinson (1973a, b) from OSO 5 spectrohelio-
grams and rocket spectra of active regions. 
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tion studies with low spatial resolution, and moderate spectral resolution studies of 
coronal structures from OSO 5 with l '-2' resolution (Parkinson and Pounds, 1971) 
to construct the schematic model shown in Figure 9. This model resembles the X-ray 
loop structures observed on Sky lab (Vaiana, 1974; Underwood, 1974) with high 
resolution X-ray telescopes. 

Pneuman (1972, 1973) has analyzed the structure of coronal active regions in open 
and closed magnetic structure, and points out that coronal material should be iso
thermal along magnetic field lines, because of the large thermal conductivity along 
field lines. This suggests that we may think of an active region as a collection of iso
thermal flux tubes, with the tubes at lower altitude being higher in temperature. As the 
flux tube approaches the photosphere, the isothermal approximation breaks down, 
and the transition region, as described by Kopp (1972) occurs. The temperature 
structure along each flux tube would indeed have an 'isothermal' corona, coupled to 
the transition region, however, taken together, the flux tubes result in a thermal struc
ture for the active region which is described by Figures 7 and 8. The study of this 
structure may require very high ( < 10") spatial resolution. Jordan (1975) has discussed 
the analytical and observational evidence for the 'multiple flux tube' model of coronal 
arch (or loop) structures elsewhere in these proceedings. 

IV. Conclusions 

We have found that the analysis of the coronal X-ray spectrum has resulted in coronal 
thermal models which show a nearly isothermal corona over quiet regions, in agree
ment with analyses of the coronal EUV spectrum. However, analyses of active region 
spectra (or of whole disk spectra which are dominated by active regions) result in 
models which contain material as hot as 8-10 x 106 K, in contradiction to the 'iso
thermal' corona derived from the analysis of the EUV spectra of active regions. The 
X-ray results do predict a maximum in the coronal emission measure near ~2-3 x 106 

K, for active regions, which corresponds to the temperature of the 'isothermal' corona 
found by the EUV analyses. 

The study of coronal abundances with X-ray observations has found relative abun
dances which are in good agreement with photospheric and transition region abun
dances, lending further support to the view that the solar atmosphere is uniform in 
composition. 

The study of the structure and energy balance of active regions will require observa
tions with better spatial resolution than those which have been analyzed up to this 
time. The S-056 and S-054 X-ray telescope experiments on Sky lab (Vaiana et ai, 
1973; Underwood, 1974), and the OSO-7 X-ray spectroheliograph (Neupert et ai, 
1974) should provide much of the observational data required for these analyses. All 
three instruments make use of filters to provide wavelength (and consequently temper
ature) discrimination, so that accurate calculations of the shape of the coronal spec
trum will be required in order to carry out the type of analysis of coronal structure 
outlined in Section II (c). 
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