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Abstract. The possible validity of thermal bremsstrahlung models of flare hard X-ray bursts is investigated
quantitatively. In particular, the problem of rapid thermal conduction in ‘multi-temperature’ models is
adequately examined for the first time by using a continuous temperature distribution consistent with the
observed X-ray spectrum. This distribution is obtained from a general analytic solution for the tempera-
ture structure required to mimick any ‘non-thermal’ spectrum, the method being equally applicable to
cosmic sources.

It is concluded that the thermal interpretation might extend to X-rays of hundreds of keV, a result
with important consequences for flare energetics. The relationship of such a model to observations of
X-ray polarization and rapid time variations is also considered.

1. Introduction

There is a general consensus in the literature that flare X-ray emission is dominated
at low energies by thermal bremsstrahlung, as evidenced by continuum and line
spectra (e.g. Neupert, 1969), and at high energies by non-thermal emission from the
energetic particles observed directly in space (e.g. Fichtel and McDonald, 1967) and
by means of their radio (Takakura, 1967) and y-ray emissions (Chupp et al., 1973).
However, there is still considerable uncertainty as to the photon energies at which
the transition occurs between these two types of emission. The general trend is to
accept that thermal bremsstrahlung does not extend to more than a few tens of keV,
and probably less than 10 keV, emission harder than this arising by bremsstrahlung
of non-thermal electron streams (e.g. De Jager, 1967). Chubb (1971) has, however,
recently reiterated the possibility of a multi-temperature thermal source, previously
advocated by Chubb et al. (1966), which might fit the observations up to hundreds
of keV. ,

Resolution of this question is crucial to considerations of flare models, particularly
in respect of energy distribution in the flare, since the steep spectrum of non-thermal
flare particles implies that the bulk of their energy resides at the low energy end of
their distribution (e.g. Neupert, 1968; Brown, 1971). If thermal X-ray emission is
dominant only up to ten keV or so, the non-thermal electron spectrum must extend
down to this energy implying a large total energy amongst these particles, compara-
ble with the total flare energy release in fact (Brown, 1971, 1972a, 1973a). This situa-
tion bears heavily on particle acceleration mechanisms, requiring that much of the
magnetic energy released go directly into particles, and permitting the possibility
that it is these which subsequently heat the thermal flare or at least part of it (e.g.
Neupert, 1968; Kane and Donnelly, 1971; Brown, 1973b). Alternatively, if thermal
X-rays dominate the spectrum to around 100 keV, the energetic electrons contrib-
uting the high energy tail must carry only a relatively small part of the flare energy,
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particle acceleration being then only a minor artefact of the magnetic energy release.

The tendency for most authors to accept the dominance of non-thermal electron
bremsstrahlung above about 10 keV can be attributed to a number of objections
raised against the multi-temperature model proposed by Chubb (1971). Firstly, there
are the observations of polarization (Tindo et al., 1972) and rapid time variation (e.g.
Frost, 1969), in the hard X-ray emission, thought to be uncharacteristic of thermal
emission (Tindo et al., 1970; Kahler, 1971a). Secondly, the high temperatures (2 102 K)
needed in a multi-temperature model to produce the observed hard X-ray spectrum
imply the existence of steep temperature gradients in the source and consequent rapid
energy redistribution by thermal conduction, by electron escape, and by radiation
(Culhane et al., 1970). On these grounds, Kahler (1971a, b) calculates that the multi-
temperature source would not survive long enough to sustain the observed hard
X-ray burst.

It is the aim of this paper to demonstrate that these objections have not yet been
adequately formulated physically and that when the formulation is complete, a multi-
temperature source is not at present precluded from explaining currently available
X-ray data to over 100 keV. In particular it is pointed out that conduction in the
multi-temperature source can only be correctly described on the basis of a tempera-
ture structure determined by the requirement of fitting the observed hard X-ray
spectrum and not by the simple empirical models of the temperature structure used
by Kahler (1971a) (cf. Culhane et al., 1970). Such a self-consistent description of the
multi-temperature X-ray flare model is developed here from a general analytic solu-
tion for the temperature structure required to mimic any non-thermal X-ray spec-
trum. This solution may also be of interest in the field of cosmic X-ray source models,
some of which involve a multi-temperature formulation (e.g. Greisen, 1971; Sunyaev
and Illarionov, 1972). In the last section of the paper, possibilities of explaining also
the observed hard X-ray polarization and time variations in terms of the multi-
temperature model are considered.

2. X-Ray Continuum Spectra from Distributed Temperature Sources

For a thermal bremsstrahlung source at distance R, the continuum photon energy
flux at the Earth is

8.1x 10739 [ g~ e/T
F(e): R2 J‘ T1/2

n?dV (keV cm™2s! keV™?), (1)
v

where n(r), T (r) are the electron density (cm~3) and temperature at position r in the
source volume V and ¢ is the photon energy (e.g. Culhane, 1969), variation of the
Gaunt factor from unity being neglected. The simplest treatment of the non-isother-
mal model to fit photon spectra which deviate from the isothermal (exponential) form
is merely by trial summing of several contributions of isothermal type, each with its
temperature T and emission measure n? AV as adjustable parameters — i.e. the inte-
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gral (1) is approximated by a few term sum (e.g. Cline et al., 1969; Herring and Craig,
1973; Batestone et al., 1970).

A more sophisticated approach is to insert trial fitting functions for n(r) and/or
T (r) into (1) until the required F (¢) is mimicked (similarly to the fitting of trial power-
law spectra in the case of non-thermal bremsstrahlung e.g. Kane and Anderson, 1970).
Milkey (1971) has briefly considered this approach in connection with flares while
Chambe (1971) applied it to soft X-rays from coronal condensations. Illarionov and
Sunyaev (1972) (see also Felten and Rees, 1972) have investigated the case of power-
law forms for n, T as functions of depth in a hot radiating atmosphere and shown
how this can produce a power law for F (¢). Their investigation is primarily concerned
with cosmic sources but also mentions possible relevance of this result to the char-
acteristic power law of solar flare hard X-rays.

As will now be demonstrated, however, the problem of fitting an arbitrary observed
X-ray spectrum F(g) by a distributed temperature source can in fact be solved in an
entirely general way.

Let the source volume V be divided into elements dV such that dV contains all the
plasma for which the electron temperature lies in the interval T, dT. It is then natural
to define an emission measure u(T) per unit temperature (cm~> K ~*) such that

u(T) dT=n?dv. @

The significance of this definition is straightforward so long as a unique value of n
may be associated with each T, as will be the case in a stratified source (see Section 3).
If this condition is not met, ¥ may be subdivided into elements in each of which it is
valid and the definition of u(T) modified by replacing the right side of Equation (2)
by a discrete sum over these elements. For the present purpose it will be convenient
to express T and u in more appropriate units, viz.

T=10° T,
and
u(T) dT=10*! p*(T¢) dT;

where Ty is now in millions of °K and u*(Ty) is the emission measure per 10°K in
units of 104' cm ™3, Then (1) becomes
_ 0381 u*(Ty)

- R2 T61/2
Te=0

F(e) e_11.6e/T6 d’TG, (4)

where ¢ is in keV.
Changing the variable to the inverse temperature parameter

t=11.6/Ty (5)
and defining
G(1)=u*(Te) T3 (6)
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then Equation (4) becomes simply

e}

f G(t)e *dt (7)

t=0

7x 1072
R2

F(g)=

This equation shows at once that the non-isothermal bremsstrahlung spectrum F(g)

is essentially the Laplace Transform of the temperature distribution G - ie.

7x1072
R2

F(e)= 2{G(t); &} ®)
Thus, in an entirely general way, the temperature distribution required to mimic any
observed ‘non-thermal’ spectrum (i.e. non-isothermal) is obtained immediately on
simply inverting integral Equation (8), i.e.

G(t)=143 RZ Z " {F(¢); t} 9)
which, on re-expression in the original variables, yields
143R* | 11.6
ﬂ*(Te)=W < {F(8)§ Ts} (10)

Since the Inverse Transform %~ ! may be obtained for a very wide range of functions
(e.g. Sneddon, 1972) this clearly shows the inadequacy of spectral data alone for
establishing the existence of non-thermal processes in X-ray sources. Two particular
examples of spectra may be used as illustrations. Firstly, the commonly used power-
law fit to ‘non-thermal’ spectra, i.e. F(g)=Ae™?*! (where y is the photon number flux
index), is mimicked by a thermal emission measure distribution given by

2
p(T) = X -9’"{A8'V“; l—l—é}=

'1"63/2 T6
_14.3 R? (11.6 LS |
B (5 Ts ry-1y
where I' is the gamma function (e.g. Abramowitz and Segun, 1965), i.e.
0.36 AR? [ T, \~7+1/?
*(Ty)=— [ =& 11

which is the same result as obtained by Illarionov and Sunyaev (1972) in a less general
way. The form of u* given by (11) is illustrated in Figure 1 for the burst recorded by
Cline et al. (1969) — see also Section 5.

A second example of some physical interest, which happens to have an analytic
solution, arises in connection with flares which sometimes exhibit a power law
spectrum with high energy cut-off (e.g. Cline et al., 1968; Frost, 1969) above some
energy &; (of order 100 keV). This may be approximately represented as F(g)=
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Fig. 1. Photon spectrum /(g) for a hard X-ray burst with y=3.5 and a peak flux I, =300 photons cm ™2
s~ ! above 80 keV (Cline et al., 1969), together with the distribution of emission u(T’) required to produce
it thermally.

=Ae~7*! ¢~ V¥/%1 (cf. Elwert and Haug, 1971). The temperature structure required to
fit this is then, by (10),

2
u*(T5)=ﬂ As’-l{e-v“ PRCEE —-—1;'6}=
6

~ 'T6 -y+1/2 o T6
=37x1072 AR?| — 279 erfc , (12)
46.4 46.4¢,

where i" erfc x is the nth repeated integral of the error function (Ambramowitz and
Segun, 1965).
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Spectra which, unlike the above, cannot be readily fitted by analytic forms or for
which the Inverse Transform is not expressible in terms of common analytic functions
may nevertheless be treated by numerical transform methods (see e.g. Sneddon, 1972).
The only factor not included in the above analysis is the Gaunt factor. Its inclusion
would, however, add only a weighting function to u(T).

It may be apt to emphasize that solution (10) is only meaningfully applicable to the
high temperature range of u(T) since the assumptions involved in Equation (1) refer
only to hard photon energies (i.e. lines are omitted, etc.). This is clearly so since, for
example, distribution (11) implies infinite amounts of plasma at zero temperature
because the photon spectrum Ae~?*! has been formally extrapolated to small ¢ in the
integrand. In fact, however, such formal extrapolation will cause little error in
solution (11) since, on the one hand, material of kT< ¢ cannot significantly contribute
to F(¢) due to the exponential in (1) while, on the other, the steepness of typical
spectra F(¢)(and hence p(T)) ensures that low energy photons emanate predominantly
from low temperature material. That is, as is already known, X-ray photons of energy
¢ can be quite closely identified with material at kT~¢, so that solution (10) at
temperature T has an accuracy comparable with that of F(e=kT). To be completely
general, of course, (10) should have been solved for the entire observed spectrum
F(¢) — ie. a power-law merging with an exponential at energies around 1-20 keV,
corresponding approximately to a power-law temperature structure u(T) of type (11)
at high 7' merging into an isothermal region (u a é-function) at a few tens of millions
°K. For the higher temperature regime investigated here, however, this refinement
will not be necessary.

The most general use of solution (10) must lie in the accurate inference of the
temperature distribution in sources (cosmic and solar) believed, from other con-
siderations, to be of thermal type. Section 3 of this paper relates to the interpretation
of u(T) deduced in this way in the construction of models of such sources. In cases
where the non-isothermal interpretation is in doubt, as it is in flares, recourse must be
had to physical, and particularly energetic, considerations to assess the true nature
of the source by eliminating either the thermal or non-thermal alternatives c.f. Kahler
(1971a). Solution (10) provides accurately the temperature structure, demanded by the
X-ray spectral data, required for such investigations. In Section 4, this method is ap-
plied to the problem of cooling of hot multi-temperature plasmas in flares.

3. Physical Data on Sources from the Differential Emission Measure

To be useful beyond the immediate context of interpreting the X-ray spectrum, the
differential emission measure function u*(T) obtained in Section 2 must be more
explicitly expressed in terms of the source structure. In particular, the variables n
and T must be separately extracted from their combination in u*. In the presence
of the typically large temperature gradients resulting from the solution of (10) (e.g.
(11)), approximately constant pressure is likely to prevail through the source (cf. the
transition region in the quiet Sun) unless a highly randomised magnetic field isolates
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individual plasma elements. In their cooling calculations for high temperature
coronal flare plasmas, both Culhane et al. (1970) and Kahler (1971a, b) have
characterized the source by a single (constant) density — a state of affairs which is
highly unlikely due to the strong pressure gradients resulting from it. This distinction
is important since variations in » modify the temperature gradient deduced from
p*(Ty) (see below) and so affect the inferred conductive flux (see Section 4). For the
remainder of this paper, therefore, it will be supposed that constant pressure prevails
in the source so that

n(r) Ts(r)=10 x ny,, (13)

where n,, is the density (cm ~*) where the temperature is 10’ K (i.e. T; = 10) - roughly
where the source becomes near isothermal as determined from soft X-ray data (e.g.
Neupert, 1969).

Relation (13), together with (2) immediately yields the volume dV of plasma in a
given temperature range d Ty, viz.

039 H (Tﬁ)

"10

dV(cm?)= T2 dTy (14)

so that the total volume AV (T;, T,) lying between temperatures T, and T,

T2

f u*(Ty) T2 T, (19)

T,

1039

10

(Tla TZ)—

If a one-dimensional model is adopted for the source, with n and T'varying along the
Z coordinate, and with cross sectional area Z, then (14) and (15) can be written

pH(Te) T?
=10%° /> 2 (T, 16
dZ(cm)=10 2oz P (16)
and
T2
039
s2(r )= [ W (r) 72 0T, ()
10
T

where dZ is the ‘length’ of the source lying in temperature interval d Ty and AZ (T, T5)
is the ‘length’ between Ty=T, and Ty =T.

This one-dimensional geometry is appropriate to the hot stratified atmosphere of
some cosmic X-ray source models (e.g Illarionov and Sunyaev, 1972) and also de-
scribes sources of filamentary type comprising trapped plasma in a uniform magnetic
flux tube such as appears to occur in the solar corona (e.g. Culhane et al., 1970). In
this latter case, Z is measured along the field.

Equation (16) additionally defines the temperature gradient at each point in the
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source, Viz.

EE= 10-39 __nfoZ
dz p*(Te) T2

which will be needed in calculating the thermal conductive flux in the source.

(18)

4. Energy Flow in the High Temperature Plasma

Culhane et al. (1970) and Kahler (1971a, b) have already discussed energy loss
processes in high temperature coronal flare plasmas. Their calculations are, ::ow-
ever, based on very simple models of the temperature structure — characterised by
either a constant conductive flux (Kahler, 1971a) or a constant temperature gradient
(Culhane et al., 1970) along some characteristic length. These representations are un-
satisfactory since the temperature structures are not compatible with the observed
X-ray spectrum. Only by incorporating the X-ray spectral data into the temperature
model is it possible to see how much the temperature gradient varies in the hot source,
and, likewise, the conductive flux — i.e. to see the influence of energy sources on sinks.
The temperature profile derived as in Section 2 is by definition compatible with
the X-ray spectrum and provides the necessary basis for conduction calculations. As
the most important example, this investigation will be carried out here only for the
case of a power-law spectrum F(g)~¢~"*! as considered in Section 2, but rewritten
here as
P —-y+1
FO=6-01(2) (19
o
where I, is the total flux (cm =2 s~ ') at the Earth of all photons of &> ¢, (ke V) for some
&o- In this case Equations (11), (14), (15), (16), (17) and (18) reduce (with R=1 AU) to

036(y—1) I, (7;)-7“/2
* (T )= M ) 70 [ 76
WI)=F0 =0 i \iLe (20)
48x10% (y—1) I (T AL
dvV(cm?)= ° (=% dT,
(con) n}, T(y—1)e;7*1\116 ¢ @1
if
56x10%  (y—1) I
#3.5, 4AV(T,, T,)=
V N T P
y (_Tl_ -y+7/2— _Ti -y+7/2
11.6 11.6
while if
56 x10% (y—1) I, (T
’ N T ik n) )
48 x10*° (y—1) I T. \~7+5/2
az =221 0= fﬂ(iﬁ dT; (23)
nioZ T(y—1)ey? 11.6
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if
56x10%  (p—1) I,
35, AZ(T, T,)= -
" T B G are- e
71 -y+7/2 T2 —y+7/2
x[<ﬁg> _<TR> ]
while if
5.6x10* (y—1) I, <T2
=35, AZ(T,, T,)= e\ &
! (Ti. T) nfeZ T(y—1)gg"*! o8 T,
and

dT,
d—zﬁ=2.1 x 1074 n2, >

ro—1e! ( T )’-5/2
11.6

-1 I, \1L6

This can be solved to give the Z dependence of the temperature structure, viz:

for
y#%3,  Te=[G—y) BZ+1072"7]0127n with Z=0
and for at T,=10
y=3, Ts=10exp(BZ), ie at 10’K
where
C21x107% o T(y—1)eg’!

b=Tte=sm meX T 1

403

(24)

()

Culhane et al. (1970) have demonstrated that, in the high temperature regime con-
cerned here, energy transfer in the plasma is predominantly by the flow of thermal
energy down the temperature gradient. They point out, however, that this flow can
only be described as a thermal conduction process provided that the collision mean
free path is shorter than the scale length of the temperature gradient. In an erratum
to his paper (1971a), Kahler (1971b), using again a constant thermal flux model,
found that this condition is not met at the high temperatures (~ 108K) required for
hard X-ray emission. This can be better assessed by means of (25) which shows the

scale distance for change of Ty to be
dZ  56x10*" y—-1 I, ( T, )"*7/2
TdlogT  n3Z T(y—1)eg" ' \11.6
- while the collisional mean free path is (Billings, 1966)
2. 16 ) 15
L:ﬂxT_Zde T2

66— 16
so that
L I" _1 -y+1 T —-y+11/2
a=l53x 10725y L0 D& (—6 ,
I y—1 I, \1L6

(26)

where the regime o < 1 corresponds to thermal conductive flow while with a> 1 energy

transfer will be essentially a matter of mass flow of hot material.
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Taking typical parameters from the large burst observed by Cline et al. (1968), viz.
y=~3.5and I,~300 cm~2 s~ ! for ¢, =80 keV then

30 Ts
a=16x10" n102<11 6) (27)
The value of n,, is somewhat uncertain but is probably in excess of 10'° cm? (e.g.
Neupert, 1969; Culhane et al., 1970) as determined by soft X-ray data. The area Z of
the hard X-ray source is entirely unknown though Takakura et al. (1971) have given
some evidence for its being very small — certainly smaller than the soft X-ray sources
photographed by e.g. Vaiana et al. (1968) who put their characteristic size at around
10° cm. Thus the area X is unlikely to exceed 108 cm? (cf. Culhane et al., 1970) so that

T 2
2S1.6x10” (116) (28)

Hence even at temperatures 2 102K (75 2 100), « is only of order unity and conductive
conditions might exist in the source. In view of the sensitivity of  on the various
parameters in (26) and of the uncertainty in the values of these, however, it is appropri-
ate to calculate the energy flow rates on both the thermal conduction approximation
and on the mass flow basis.

Provided the conduction coefficient is not anomalously reduced by Plasma turbulence,
then the conductive flux F,,,4 will be as given in Spitzer (1962), viz.

dT,
Fopa~ —T7.6x10'* T52 8
d X ¢ 4z

which, with power-law gradient (25) reduces to

1 ()’—1)35“1( Ts >y
-_1 -24 2 o (_e 30
Feona 4x10 o (=1 I, \1L6 (30)

which illustrates how the true temperature dependence of F,,, differs here from the
constant flux adopted by Kahler (1971a).

Following Kahler (1971b), the energy flux for a mass flow s1tuatlon may be written
as

F ppss >4 ndE.

If this mass flow followed the sudden creation of the high temperature situation, the
density distribution n(r) could initially be arbitrary since the configuration would be
transient and constant pressure condition (25) would not apply. In fact the plasma
distribution would readjust to near constant pressure on a time scale ~ I/t which will
always be short compared to typical durations of hard X-ray bursts (10100 s). Sub-
sequently the cooling of the hot plasma will approximate to the exchange of hot and
cool material by nett flow at approximately constant pressure. Therefore during the
sustained part of the burst, the mass energy flow can be written, using (25), as

Fonass™> —0.35 ny o T2 (31)
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comparing (28) and (29), then

Feona B, F(v—U%’“(E)"‘“
I ~2x107%4 0,02 —\— 32
mass * o y—l IO 11.6 ( )
which, for the burst observed by Cline et al. (1968), gives
Fona o3 (Ts )3
—comd 1073 x| —2 ), 33
Foons 8 (11.6 (33)

where n,,2~10'° and Z~10'® have been again assumed.

Equation (28) showed that, for this burst, the conductive cooling description breaks
down for T;>100 (ie. T>108K). For these high temperatures, however, (33) shows
that use of the conduction approximation description in fact overestimates the heat
flow rate since F,,,q exceeds F,,,,. (This situation differs from the results of Kahler,
1971a, b due to the dependence of F,,,4 on dTs/dZ which is correctly given as a
function of T; by Equation (25) and not by Kahler’s empirical model.) Thus to in-
vestigate the feasibility of sustaining a multitemperature flare plasma to T>108 it
will be conservative to adopt the conductive cooling approximation throughout, as
will be done from this point on.

The actual effect of the conductive flow on the temperature is given by considering
the characteristic time t,=&/V-F where & is the internal energy (erg cm~3) and F is
the vector thermal energy flux. Differentiating (30) in the present one-dimensional
case, and using (25), gives

_.chond_chond x dT6_

V-F
dz dT, dz
i Mo (L)
=—13x107% y| n,2 — | == 34
X v["w w—1 I, | \116 (34)
while
E=3nkTyx10°=3x10" n,0ck=4.2x10"°n,,, (35)
ie. the energy density is constant through the source (due to constant pressure
conditions).
Combining (34) and (35), then
3.1x10%  (y—1)? < I, )2 (11.6)2"7/2 (36)
T, — _ .
¢ noZ? y(F(y—1)* \eg"*! Ts

This is the key result required and contains all the information needed about 7, as a
function of the observed flare parameters. If differs from the corresponding result
from Kahler (1971a, b) and also from Culhane et al. (1970) in a number of respects,
of which two are crucial.

Firstly, the negative sign of 7. indicates that, in order to fit an X-ray power-law
spectrum, the plasma is (locally) not cooled by conduction at all but rather heated.
This is a consequence of the concavity of the function F,,,4(Z) (as against the convex
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form arising in previous empirical models) similar to the situation obtaining at the
base of the quiet chromosphere transition region (cf. for example Kuperus, 1969). At
high enough temperatures this state of affairs must break down, the temperature
gradient inflecting into the region of maximum temperature (and appearing as a
break in the hard X-ray spectrum such as is observed in fact — e.g. Frost, 1969) from
which the energy flow required by (36) would ultimately emanate. Thus, though z_ is
in fact a heating rather than a cooling time, its significance in the present context is
unchanged since it still represents the characteristic time for conductive redistribution
of thermal energy in the source, and hence the time scale on which temperature
structure (25), could survive in the absence of sustained energy supply (a factor
considered in the next section).

The second important aspect of (36) is that it shows 7. to be very sensitive to the
adopted values of n;  and X as well as to the local temperature T (depending on index
7). Any substantial uncertainty in assessing either n,, or Z will therefore have a critical
effect on the feasibility of the multi-thermal model for hard X-ray emission. Detailed
results for the large event of Cline et al. (1968) are given in the next section but, bearing
in mind the uncertainties involved, a tentative value of t, can be assigned for this
event using the values for n,, and ¥ mentioned above. These give

11.6\33
Tc(s)s 1.5x 105 X (—T—>

6

so that even at T, =116 (i.e. 1.16 x 10 K) the time 7.~ 50 s which is within a factor of
2 of the observed decay time of this burst at 80 keV. Thus, with these parameters, the
conductive temperature redistribution could actually be identified with the burst
decay, contrary to the results and conclusions of Kahler (1971a, b). However, since
7. is so sensitive to n, o and X (e.g. increasing n, o threefold decreases . from 50 to 2 s),
this identification is probably fortuitous. As discussed in the following section, further
considerations indicate that 7. is indeed probably smaller than the observed burst
decay time. This would merely mean, however, that a continuing energy input was
required through the burst duration and the above expression for 7, allows evaluation
of the required input which is shown below to be feasible.

5. Detailed Results for a Large Event

Some of the analytical results of the previous sections may be clarified by their
representation in numerical form for a particular event, which will be chosen once
again as that observed by Cline et al. (1968), for which, as already stated, I, =300 cm ~?
s~ ! for £, =80 keV and y=3.5. Considering first the differential emission measure
p*(Ts), this may be tabulated using (20) for a variety of temperatures, (see also Figure
1), see below.

These figures may be compared with those suggested by Chubb (1970), viz. an
emission measure of around 104 cm ~3 for a 108K plasma. The corresponding figure
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here is
e o]

Pt (T>10°%)=10* f w*(Te) dTg
100
which by (20) ~10*7 cm~? — a somewhat greater value than Chubb’s but in adequate

agreement when it is noted that the event recorded by Cline et al. is one of the largest
and hardest ever recorded.

T, 10 20 40 100 200 400
T(K) 107 2x107  4x107 108 2x108  4x108
u*(10* cm™3 per 105K)  2x 107  25x10°  3x10° 2x10* 25%10°  3x10?

#(T) (cm™ 2 per 10°K) 2x10%®  25x10%7  3x10% 2x 10*5 2.5x10**  3x10%?

Equation (22) provides the volume of the emitting plasma when evaluated between
the probable temperature T,(~4 x 107 K) at which the region becomes isothermal
and an upper limit T, of around 108 K. Then

4V<10%° cm?®

for n,,210'° cm3. (This also follows approximately from p,,,=10*" cm™2 and a
value of 10° cm ™2 for n at T=108K.) This volume is rather large since for a source
filament cross-section X ~10'® cm?, the corresponding length 4Z ~ 10! cm exceeds
a solar radius. Though no high resolution hard X-ray data exist to test the existence of
such extensive sources, a single source of this size seems improbable. The problem
may be eluded however, if the source consists of two filaments (c.f. Culhane et al., 1970)
like the soft X-ray flare (Vaiana et al., 1968) each of AZ~ 5 x 10'° cm (i.e. a solar radius)
in the form of arched coronal plasma traps. Kahler (1971a) expresses the view that such
an extended source is unlikely since the energy source would have to be very extended
also. This is not so since, with the correct expression for T(Z), conduction has been
shown here to supply energy along the filament from a source at the high temperature
end where the basic flare energy release may occur — ie. for example, the required ther-
mal X-ray source temperature structure could be sustained by conduction from an
extremely hot coronal region heated in a plasma turbulent neutral sheet configura-
tion.

However, such lengths are not in any case essential to the model considered here
since they can be reduced by increase of n,, or of X, though this at the expense of a
decreased decay time 7. (Equation (36)) so that energy would have to be continuously
supplied to sustain the temperature structure required by the burst. A twofold increase
of both n,, and 2 would reduce 4V by a factor of 4 and 4Z by a factor of 8 (Equations
(22) and (24)) but would reduce the time 7, for the event of Cline et al. (1968) to about
2 s (Equation (36)). The total input energy flux required to sustain the burst thermally
would then be the value of F,,,4 (Equation (30)) near the maximum temperature (7g**)
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present — i.e. at the inflection point in dT/dZ, viz.

. T6 3.5
Fin=F na~16x10 <m> . (37)
At T=108 K, this gives F;,~3 x 10'! erg cm~2 s~ ! at 108K which is a large energy
flux but over the filament area of 2 x 10*® cm? for the 100 s necessary, the total energy
input required is about 6 x 10?* erg which is easily available in an event this large. This
particular burst, was, however, so hard that the temperature needed to produce it
entirely thermally would be nearer 10°K than 108K (c.f. Figure 1) whereas Equation
(37) shows that a reasonable maximum for F, restricts Tto <2 x 10®K. Within the
terms of the preceding analysis, this would require that the thermal component of
hard X-ray bursts give way continuously to non-thermal emission at the highest
photon energies. Such a smooth transition between the two components is entirely
reasonable, especially if the hot plasma and the high energy tail of particle streams are
generated in one and the same plasma turbulent region. (Potential methods of observ-
ing this transition energy are discussed briefly in Section 6, while its importance as
regards the entire question of flare energetics has already been emphasized in Section
1.) On the other hand, the above results are based purely on the assumption of normal
thermal conductivity. It is entirely conceivable that the conductivity throughout the
source may be reduced by the presence of plasma turbulence and by factors of up to
10*. This would of course totally eliminate any objections to the thermal model based
on the argument of rapid conductive cooling, even up to the hardest photons observed
by Cline et al. (1969).

Fuller consideration of these latter features of the problem must, however, in-
corporate more specific models of the X-ray emitting plasma and of its energy
source, and is therefore postponed till a future paper. The aim here has been to
emphasize that the possibility of high temperature plasmas as the source of hard
X-ray flares cannot be excluded on energy grounds within the limits of presently
available observations. The main observations needed to resolve the issue are some
limits on the dimensions of the hard X-ray flare, presumably from occultation or
collimator experiments. Lacking these, there are two other observational data to
which appeal may be made. viz. the polarization and the time variations of hard X-ray
bursts. The relationship of these to the source model described above is discussed
briefly below.

6. Polarization and Temporal Fine Structure in Hard X-Ray Flares

It has been frequently supposed (e.g. Brown, 1971; Tindo et al., 1970, 1973) that the
observation of substantial polarization (up to around 40%) in flare hard X-rays
(Tindo et al., 1970, 1972, 1973) and also perhaps of directivity (Ohki, 1969; Pintér,
1969; Drake, 1971) is indicative of non-thermal processes, and particularly of electron
streams. Recently, however, Tomblin (1972) drew attention to the contribution in
observed soft X-ray fluxes of source photons reflected by the photospheric albedo.
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Santangelo et al. (1973) have shown this contribution to be even more important at
high photon energies, being a large proportion of the total observed flux in the hard
X-ray range. In common with all such scattered radiation, as pointed out by
Santangelo et al. (1973), these albedo X-rays will be partially linearly polarized, thus
modifying previous calculations of the polarization and directivity of non-thermal
hard X-rays (e.g. Haug, 1972; Brown, 1972b). More important in the present context,
however, is that photospheric scattering will introduce polarization and anisotropy
into the X-rays observed from a thermal source above the photosphere, this source
being itself unpolarised and isotropic. Thus the presence of polarization and aniso-
tropy in hard X-ray flares does not after all preclude a multi-temperature thermal
source. There is therefore an urgent need for quantitative work on the expected extent
of these effects. Beigman and Vainshtein (1974) have calculated about 2%, polarization
introduced by albedo photons in the case of thermal soft X-rays but do not investigate
the hard X-ray case. Considering the much greater albedo contribution at hard
energies, however, it seems likely that the polarization introduced will also be con-
siderable, perhaps comparable with that observed.

As regards the plane of albedo polarization, it would be expected that the maximum
intensity occurs normal to the scattering plane —i.e. approximately normal to the solar
radius through the source region (Santangelo et al., 1973), unless the scattering is in
some way anomalous as in the case of lunar polarization near full phase (Dollfus,
1966). This prediction does not in fact agree with the sparse observational data
available (Tindo et al., 1972) which indicate that for a few bursts the emission is partial-
ly polarized approximately along the solar radius through the flare — a result which
may be interpreted in terms of vertically streaming electrons (Tindo et al., 1972;
Brown, 1972b) though this interpretation may be in doubt (Brown et al., 1974). With
the reservations expressed at the end of Section 5, it seems likely that the X-ray emis-
sion mechanism does become non-thermal at high enough energies but the energy at
which the transition occurs is the all important question and may vary from flare to
flare. If a ‘radial’ polarization plane is the rule rather than the exception for the non-
thermal component then observations of the variation of the polarization plane with
photon energy may provide the key to determining where thermal emission gives way
to non-thermal. For at low enough energies, the plane must go over to the tangential
case characteristic of scattering polarization, the transition occurring where thermal
processes become dominant. A plea is therefore in order for theoretical work on albedo
hard X-ray polarization and for observations of the energy dependence of the polariza-
tion.

Turning finally to the time dependence of the observed hard X-ray flux from flares,
rapid time variations (~seconds), well correlated with (non-thermal) microwave
emission, are typical features (Frost, 1969; Parks and Winckler, 1969, 1971) which
Kahler (1971a) for example, regards as uncharacteristic of thermal emission. Though
the microwave burst (gyro-synchrotron) mechanism certainly involves non-thermal
electrons (Takakura, 1967), it does depend on the flare field strength H in the emitting
region. This field may vary rapidly with time due to magnetohydrodynamic waves
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with concomitant variations in the density of the frozen-in ambient plasma (e.g. Parks
and Winckler, 1969, 1971; Wilson, 1972; Brown, 1973c). Such a situation could
produce the observed time structure of microwave emission from trapped high energy
(non-thermal) electrons and closely correlated variations in the ambient plasma den-
sity n and hence in any thermal X-ray emission arising from it (Equation (1)). Though
this proposal is certainly subject to detailed investigation, it should serve to show that
temporal fine structure in hard X-ray flares may not be taken out of hand as precluding
a multi-temperature thermal emission mechanism. (The definite presence of non-
thermal electrons required for microwave emission is not contrary to this view since
the electron numbers involved are only 10~ 3 of those needed for the X-ray brems-
strahlung) The factor which would ultimately limit the range of validity of such a
description is that, at high enough temperatures, the electron mean free path (and
hence the Maxwell relaxation time) becomes too great (Equation (26)) for de-
scription of the electron distribution as thermal at all within the observed rapid time
structures (Kahler, 1971b). Above this limit the usual distinction between ambient and
non-thermal electrons will be come meaningless. However, as shown by the equation
preceding (26), for a density n,,~10'° cm ™3, and time structure of a few seconds this
limitation does not set in until T2 5x 108K - ie. well into the regime normally
regarded as non-thermal. Furthermore, the reduction of conductivity by turbulence,
would permit much higher values of n,, in the model described here and consequent
Maxwellian relaxation times much shorter than any observed hard X-ray fine struc-
ture. Hence it must be concluded that the important question of the relative impor-
tance of non-thermal and high temperature electrons in flare hard X-ray bursts
remains open to fuller observational and theoretical investigation.
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DISCUSSION

I suggest that if such large amounts of very hot plasma are assumed to account for hard, fast X-ray

bursts then it is difficult to account for the following flare observations:

(1) Observed weakness of L« radiation from Fe xxv1.

(2) Small (<1’) hard X-ray source size measured by Oda et al.

(3) Close time profile correlation between u-wave, EUV and hard X-ray bursts.

Brown: The La of iron at 1.8 A would be gone at those temperatures.

Acton: But it should appear during the cooling phase.

Smith (to Acton). It is completely possible to heat plasma very rapidly by dumping the energy into
wave modes which are heavily damped such as ion-acoustic waves.

Kane: 1think that the objection No. 3 mentioned by you, viz. the difficulty in explaining the rapid time
variations, should be taken seriously. To illustrate how difficult this problem can get, I would like to show
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a slide. This slide shows at the top 10-580 MHz spectral radio data obtained by Dr Maxwell and at the
bottom OGO-5 X-ray data above 20 keV energy. Corresponding to the 5 groups of type III bursts in the
radio data, there are 5 peaks in the X-ray data. This strongly suggests that, like the type III radio emission,
the time variation in the X-ray emission may have a time constant of ~0.1 s which is very difficult to ex-
plain by a thermal model of the X-ray source.

Meyer: Your assumed conditions appear pretty far from pressure equilibrium with the surroundings.

Sturrock : In connection with the thick/thin X-ray target controversey, Petrosian has recently analyzed
the problem of a vertical electron beam and finds the polar diagram concentrated downward and a strong
spectral variation with direction. He concludes that this makes the deduction of the electron spectrum
from the X-ray spectrum unreliable.

Brown: I have not seen this paper but my own analysis of that problem showed that the X-ray spectral
index varied by less than 0.6 with direction, which is not very significant. On the other hand, the intensity
can vary by about 5. It may be that Petrosian neglected scattering and so over-estimated the beam collima-
tion.
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