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ABSTRACT

Recent observations of cooling flare loops indicate that the differ-
ential emission measure, Q, of flare coronal and transition region plasma,
T >.105 K, has a much steeper dependence on temperature than in non-flare
regions, This result is not compatible with models in which conduetion
dominates Ehe cooling; hence, we investigate madels in which radiatien
dominates. We find that the radiative models predict Q « T2+1, wvhere £
measures the dependence of the radiutive loss coefficient on temperature,
ACTY) -~ 7%, We conclude that the rvadiative models are also incapable of
explaining the observations and suggest that larpe mass motions (velocities

of the order of the sound speed) may be required.



I. TINTRODUCTION

The high temperature coronal plasma produced by a flare is belleved
to cool primarily by radiation and conduction to the chromosphere. Since
conductive losses increase rapidly with temperature, eeveral authors con-
cluded that conduction dominates radiation, at least during the initial
phase when T 2 107 K, e.g., Culhane et al., (1970), Moore and Datlowe (1975).
However, radiative losses are a strong function of density, and recent EUV
and soft x-ray ochservations have tended to yield increasingly higher density
estimatesin > 10" em™? at T = 107 K, (see Moore et al. 1979). Hence, it
appears likely that radiative cooling may dominate in some flares even
during the initial cooling phase.

Strong evidence against the dominance of conduction has been obtained
from observations of relative line intensities of coronal and transition
reglon lines, i.e. 10° K <T¢< 107 K. Given a model for the cooling, the
temperature and density profiles and, hence, the emission measure pro-
file (differential emission measure) can be determined., This may then be
used to predict relative line intensities which tan be compared with the
observations. Conductive dominated models have been inveétigated in detail
by Antiochos and Sturrock (1976, 1978). Tor a plane-parallel isobaric
atmosphere the differential emission measure, |
|_1

Q(T) = A n?| (L

- R
Q|
wva{

is related directly to the conductive heat flux,



F E =K = (2)

where: A is the area of the emltting region; n is the electron density;

g%'is the temperature gradient in the vertical direction; and the con-

ductivity K is given by Spitzer (1962):

k = 10~% T5/2 (3)

Combining (1) - (3) yields:
Q(T) =i§-{:-z—h—pi:r”2|?cl"‘ (4)

where the equation of state,
p = 2knT (5)

has been used,

Antiochos and Sturrock find that for static conductive cooling, Fc %
const whereas for evaporative conduetion Fc « T, Defining § as the steep~
ness of the differential emission measure, Q(T) « Tﬁ, equation (4) implies
that § = 1.5 for static conduction and § = .5 for evaporative. Note that
these results apply only to a single coronal loop (of constént cross-section),
but that the observed emission measure may he due to the contributions of
several'loops. However, if all the looﬁs are coﬁductively cooling then
the observed value of § must be £ 1.5 since no individual loop can have

§ > 1.5,



The conductive models are consistant with EUV observations of quiet
and active regions which indicate that § < 1,5, e.g., Jordan (1976), Withbroe
(1977)., However, the models disagree with recent flare observations which
imply a very steep dependence of emission measure on temperature, Dere
et al, (1977), Dere and Cook (1979), and Widing (1979) find that in three
flares 8 2 3.0 for plasma at 10°°% ¢ T g 107. Underwood et al. (1978) carried
out a detailed comparison of observed line intensities for the 1973 Augusﬁ 9
flare with predicvtions by the conductive models. By comparing intensities
directly they avoided any difficulties with deriving the differential
emission measure from the data (Craig and Brown 1976, Underwood and McKeﬁzie
1977). They also found that only models with a large &, > 3.0, could be
compatible with the data, and that the conductive models were definitely
in disagreement. Tt is difficult to reconcile a large § with conductive
cooling since equation (4) implies that for § > 1.5 the heat flux actually

increases as it passes through the transition region,

Dere and Cook (1979) have attempted to explain their observations
as due to the effect of a collection of loops. However, as pointed out
previously, no sum of loops can have a differential emission measure
steeper than, say § = 1.5, unless at least onz loop has this value or
greater. Dere and Cook assume an infinite steepness, i.e,, they assume .
that each loop is perfertly isothermal and, hence, the differential emission
measure of each loop is a delta function; but, sitch a procedure is physically
meaningless. Clearly, the temperature profile in each loop must be a
continuous function from its maximum value in the corona to its value in
the chromosphere, -~ 10 K, and must be determined by the physical processes
in the plasma, e.g., conduction and radiation. The point of the observations

+in that they impose a restviction on the possible form of the temperature
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profile and, hence, on the physics of the loop. Dere and Cook have failed
to undexstand this point and have ipnored the whole issue by simply assuming
an impossible temperature profile.

Underwood et. al. proposed that a possible explanation for the steep
profile is that it is due to radlative dominated cooling. The radilative
loases are known to be a strong function of temperature and, hence, may
be expected to result in the preferential depletion of low temperature
plasma over that at higher temperatures, In addition, these authors observe
large dowmward velocities at temperatures where the radiative losses peak,

T ~ 10° K. Downward velocitles are also difficult to reconcile with con-
ductive dominated cooling, but they are compatible with the idea that thermal
inistability creates larpge pressure gradients which subsequently generate
mass motions, (Antioches 1979).

From the discussion above it appears likely that conductive models
are invalid, at least, for some flar:s. Therefore, in the next section
we develop models for the cooling of coronal flare plasma in which radiation
dominates and, in particular, we investigate the emission measure proflles

that such models nredict.



IT. MODELS

2,1 Approximations

Agsuming a plane~parallel geometry (a loop of constant cross-section),

and neglecting gravity, the heat equation can be expressed as:
9 . 2 9. 3 Y = oA :
st (/2P + 1/2pv) + 5o G/2pv7 4 s/apy + F) = -n®A(T) (6)

where: A(T) is the radiative loss coefficlent, e.g., Cox and.Tucker 1969;
f 1is the mass density; and it is assumad that all flare heating has ended
so that there is no energy source term present. (The steady—staﬁe coronal
heating rate is negligible compared to the energy loss rate of flare plasma.)
Simultaneous.with (6) the equations of continuity and momentum must be
solved. lowever, the resultiﬁg system of equations 1s sufficiently complex
that analytic general solutidns are not possible. In addition, numerical
simulation is imbractical because an extremely fine spatial grid is required
to resolve thé large temperature gradients expected at lower temperature.
Hence, we investigate only certain limitinp cases to the complete set of
equations.

There are three physical time scales that are relevant to the model;

the radiative cooling time

3/2p
T (T) = (7)
t n?A(T)
the conductive cooling time,
= _3/2p _
T, (T) = T /H(T) (8)



and the speed of sound propagation time

To (1) = 5E0- (9)

where H(T) is the temperature scale height,

BTI =1 (10)

JORBE -

and C(T) is the speed of sound. We assume throughout that radiation dominates

the cooling,

..'.EI’_.(..H<<1 1
Te (T) b
for T in the range of interest, and hence, the heat flux in equation (6)
can be neglected., Two limiting cases can now be defined for the evolution-

of the flare plasma:

the static %i?%%% << 1 | (12a)

" and the isobaric %i?%%%- > 51 o (12b)
In the statiﬁ case (l2a), the raﬁiative éﬁoling is so rapid thét evén.though
large pressure gradients are creatéd due to ﬁhe different cooling rates cf
plasma at differgnt temperatures, there is insufficient time for large
velocities to be generated. Therefore, if Ehe plasmﬁ is initially static

it will remain so during the cooling phase. In the isobaric case (12b),

the speed of sound is so 1arge that mass motions cancel the build'up of
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pressure gradients so that the plasma is approximately isobaric aud all
veloeities remain small compared to the speed of sound.

Conditions (11) and (12a) or (12b) apply to flares with a high coronal
density as in the 1973 August 9 event., Assuming that A(T) = 10™**'° for

T = 167 K yields:

. Tv/z
£ = 10'¢ (13)
T, (nH)?
and
Ts/z
Tg (nH)

Hence, for T = 107 K and # = 10°°'® em, radiation dominates of n > 10'0°?
em™?. The isobaric case is valid 1f 10'%°% > n > 10'*?, vhereas the static

0'2'5 cm™®. However, these numbers are highly variable

case holds of n > 1
since equations (13)'and (14) dndicate that Tr/‘rc and Tr/'r8 are sensitive
functions of T, n and H, which are not accurately measured. In addition,
the plasma parameters vary with time, therefore, each of the radiative
cases may be valid on;y over a limited range of the evolution.

The important points of {(13) and (14) are that conditions (Ll) and
(12) are mutually consistant and that both of the radiative cases are
possible in view of the uncértaintieﬁ in.T, n and H, Even though neither
of the radigtive models 1is complete, much can be gained by.examining these
simple models before attempting exténsive numerical simulations; in par-

‘ticulaw, it will be possible to determine whether radiative cooling can

produce a steep emissilon measure profile.

2.2 Statie Radiative Cooling .

~ Along with assumptions (11) and (12a) initial conditions musf be specified



on the plasma profiles, For simplicity, and 1in prdpr to be consistent
with assumptions (12a), we assume that the plasma is initially static

and isobarie,
v(s,0) = 0 and 32 (s,0) = 0 (15)

Rather than specifying the initial temperature profile, it is equivalent
to specify the Iinitial emission measure profile. This is assumed to be
glven by the static conductive model of Antiochos and Sturrock 1976:

(T, /T,) %/

7 2
Q,(Tg) = [=n'mV , (16)
oto) = (3 ) V(T Ty 7T

where V Is the volume of the loop; no and ?m are the density and temperature
at the loop apex (the minimum and maximum value resp.); and the subscript
o' indicates that the variable fs to be evaluated at the time t = 0.

By usiug (16) as the initial profile, the physical situation that is being
investiéated corresponds to that of a flare loop that is initially cooling
by conductica, but then radiation cooling begins to dominate and, hence,

the ﬁemperature profile changes. The evolution of the profile and of the
_differential emission:measure is calculated belqw.

Using (11), (12a) and (15) the plasma equations reduce to:

= {s5,t) =0 (17a)

p(s,t) = -nA(T) * (17b)



and the equation of state, (5).

Assuming a simple power law form for the radiative losses:
ATy = L2 (18)

where L and £ are constants, equation (17) can be solved analytically to

yield T(a,t):

o+ g ¢ MM
———— (19)

(s, t) = Ty(s) [} -
Tr(To)

where Tr(To) is the radiative cooling time, equation (7), for plasma at

temperature T,:

6k* g2
Tr(To) = F:E' (TD(S)) ' (20)

The dlfferential emission measure, equation (1), can now be determined.

Expressed as g function of T and t it is given by:

Qo (To) T2o+1

Q(T,t) = (21)

T02+‘{1 + £/T,.(T,) ]
where T, ié élso considered as a function to T and t, and is obtained
by solving equation (19) for To(T,t).

In Figure (1), f; is plotted as a function of T/T, at the times t =
0 and t, and for the value of % = 1.5. This is a somewhat larger value
for & than is currently accepted (e.g., Roener et al. 1978), however, we -
selected :L.t: .sc.) that the effect of radiative cooling could be clearly
viéible in the figuré. The time.t1 was chosen so that the maximum temper-

ature has decreased by 10% from its initial value, i.e., T(sm, t,) =



=10=

.9 To(sm) = ,0 Tm’ vhere 8 is the position of the loop apex,

As noted previously, the initial profile Qo(To) has a value of § = 1.5,
except nz2ar the singular point To = '1‘m where § becomes infinite. This
singularity has no physical significance (it does not mean that the iutewmuity
of lines formed at this temperature are infinite); it simply reflects the
mathematical fact that at a temparature maximum the temperature gradient
vanishes and, hence, the transformation from s to T implicit in the defi-
nition of Q, equation (1), is no longer valid. The emission measure Q
cannot be used to calculate line intensities near these temperatures, one
must use the temperature and density profiles directly. If this is done,
one notes no significant dJeviation from the Qo @ '1‘01'5 relation, e.g.,
Underwood et al, (1978). ﬁﬁf;-

It & ¢nident £rom the Eigure that radiative cooling can produce a
steep emission measure profile, at least, for the value of & = 1,5, The
curve for Q(T,t,) indicates that &(t;) = 2,5 except near the singular
point T = ,9 Tm' This result can be obtained directly from equations
(19) and (21), TFor T(s,tl)/To(s) << 1, i,e., after a significant amount
of cooling has occurred, equation (19) implies that TO(T,t ) is approximately
independent of T and, thus, equation (21) implies that Q(T,t,) = i
On the other hand for T(s;tl)/To(s) = 1, i.e., for material ﬁhat has cooled
very little, then equations (19) and (21) imply that Q = Qo as expected.

Although at t = t, the hottest plasma has a temperature only 1l0% less than

!
its initial value, material at lower temperatures have cooled relatively
much more due to the strong temperature dependence of the radlative cooling
time, equﬁtion (20). For example, the plasma with temperﬁture T(tlj = |
10-! Tm had an.initial temperature of T0 u o7 Tm. Thus, the condition

that T(s,tl)/To(s) << 1 is valid for all temperatures exdept; again,



=11~

for a negliglbly small interval near the maximum. We conclude, therefore,
that for static radiative cooling the steepness of the differential emission

measure is given by § = 4 + 1.

2.3 1Isobaric Radiative (ooling

Under assumptions (11} and (12b) the plasma equations become:

an any
5c + Bs = 0 (22a)
a i —4
EE’ 0 {22b)
and 33 43 P_.. = —n2A(T) (22¢)
2 At 2 98

Using the approximation for the radiative losses (18), the set above may

be combined to yield a single equation:

1 dp ay\? 8%y Lp 1 /3y
—— [(25‘.. + 7) (--—-) -2+ 2) vy .’ + [-— (———) +
3p dt ds

@ +2) —| #m - m——= 0 (23)

Bzy] dy 8%y 3%y dy
as?

where v is defined as,

42 (24)

~
m

Equation (23) is too complex %P solve generally for arbitrary initial
conditions; however, particular solutions may be obtained by separation

of variables, Letting,
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242
y(s,t) = T(0,0) 0(t) &(s), (24)
and P(t) = Po d(t), (25)

equation (23) reduces to:

2 2
5 To EE ( d*g ) dg )+ T0 0 Ei

3¢ de \ dd  ds/ 3 ¢* dc

dE? d*g d?¢ 1 dg?
(28 +7) — =28+ E —-— |+ L +2)—4t—-—— =20 ' (26)

is ds? ds? £ ds

where
. 3/2 P0
e 2

n?(s_,0) ACE(S_,0)) 27)

is the initial radiative cooling time scale of the hotiest plasma.

A two parameter family of solutions for (26) can be obtained by setting
the two time dependent factors to constants. Three equations result: two
coupled first order egnations which ecan be integrated completely to yield
the time dependence of the temperature and pressure (i.e., O(t) and ¢(t))},

and one second order equation which can be integrated omce to yield the

a€

differential emission measure (l.e., Joasa function of £). The solutions
to (26) are:
o) = 61+ ne)™v (27a)

d(t) = (L + ne)y=v-! (27b)



dg - dg -
— = 1+ wBY Loy, g (g yED) (28)
ds ds

where 1 and Vv are the two arbitrary parameters, and g and n are given by:

3(1 + ) 4+ 3
g(v) = + v,
(22-10v 4+ 28 + 4 L+ 2

and

32 + 2)

=

(30

((22-1)v + 28 + &) To

Eqdation (28) can be inteprated {(at least numerically) to yield the temper-
ature profile; however, we ave more interested in expressing the emission
measure profile as a function of temperature since that is the observed

quantity., Letting 'I'S be the spatial dependence of the temperature,

1 /842
TS £ E(s) (31}
yields:
2 2

n®(0,0) 249 042 g fT R+2+u -g(v)
Q(T,t) = ———— . 0(t) . T 1(_&______ (32)

dT_ (0) : 1+y

ds

Equation (34) is the main result of the Isobaric model. We wish to
determine whether a steep dependence of Q on T can be obtained for par-
ticular values of the parameters |- and Vv, It iz evident from (32) that the

steepest dependence is obtained if
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lu| << TB£+2 and g(v) < 0 (33)

Since in that case, Q ~ T52+1+(2+2)Igl. But, it is shown below that (33)
implies physically unacceptable solutions.
Using (22), the velocity can be related to the temperatyre gradient;
viz,
dt 3
v —2 = . gt /v Ts—£-1 (TB£+2 + 1) (34)
ds AT o
o
In crder that the velosity be directed opposite to the temperature

gradient; i.e.,, material moves downward as observed, we require,

dr |
v—2=< 0 . (35)
ds

Now, assuming that |u| < TS£+2 implies we must have u>0 so that (35) is
consistant with (34). However, we ziso require that the temperature and
pressure, ©(t) and ¢(t), decrease in time, i.e., the plasma is cooling.

‘From (27), (30) and that ¥ is positive, this requirement implies that either
v'> 0 and (28-1)v + 28+4 > O : (36a)
or
? < -1 anq (22-1)v + 28+4 < 0 .. (36h)

But, if either case (36a) or 26b) is valid, g(v) must be positive, equatiom
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(29). Therefore, a physically acceptable solution with |u| < TBR‘+1 is
not possible unless g > 0, which is contrary to what i3 required, (33),
for a steep profile.

From the discussion above it is evident that the only solutions of
interest are those with [u| > Tsz+2. In that case, Q « TS'Q'+1 over almost
all the range of TS. To Lllustrate this point the dependence of Q on TS,
i.e., TSR”H (TS'Q""2 + )78, is plotted in Figure 2 as a function of T, for
the particular parameters: £ = 1.5, ¢ = -2 with v = -2, and §p = 1 with
V = 1 near the singular point '1‘S = -lU, We note that just as in the static

radiative model, § = 2.5 except near the temperature maximum at Ts = 1,
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ITI. DISCUSSION

The main result of the previous section 1s that for radiatively
dominated cooling of corona and transition-region flare plasma the differ-
ential emission measure Q = St and, hence, 6 = & 4+ 1, It appears unlikely
that this dependence can account for the observations which imply § 2 3.
Calculations of the radiative loss coefficient A(T) originally did indicate
a large value for & in the range 10° £ T ¢ 107 K, e.g., Cox and Tucker's
(1969) results indicate £x 1.8. However, these authors did not include
the contribution from Fe lons to the radiative losses. More recent calcu-
lations (e.g., Tucker and Koren 1971, Raymond et al. 1976) have tended to
yield inecreasingly smaller values for & due to the strong Fe lines formed
in the 10°% - 107 K temperature interval, One of the most recent results
gives § = .5, Rosner et al. (1978) and, thus § = 1.5 which 1s no larger
than that predicted by conductive cooling models.

Therefore, we conclude that the proposal of Underwood et al. (1978)
15 incorrect; radiative ccoling cannot produce the steep emission measure
profile observed in some Elares. On the other hand, the conductive models
-~ are also inadequate. There are several possible explanations for the -
discrepancy. One is that the calculations of predicted line intensities
and of ‘A(T) are inappropriate for flare plasma; however, this does not
seem likely. The calculations assume that the plasma is optically thin,
is in ionization equilibrium and has standard abundances. Although one
“or more of these assumptions méy be violated during the primaryﬁheating
phase, they should hold for the long-lived decay phase.

Another possibility is that flare héating is responsiﬁle for the steep'
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profile. However, in that case strong heating would have to continue
well into the observed decay phase and have a very speciflic dependence
on density and temperature in order to reproduce the observations,

We balieve that the most likely explanation (assuming the observations
are not simply due to instrumental error), is that the models developed
so far are inappropriate. Various assumptions nave been made; the main
one being that all plasma velocities are subsonic. This assumption is
common to both radiative models considered here, and to the conductive
dominated models, (Antiochos and Sturrock 1976, 1978). Supersonic velocitiles
have been observed in cooling flare plasma, but only at low temperatures
(¢ 10%°% K), below those for which the emission measure profile exhibits
a steep dependence (see Underwood et. al. 1978). However, velocities are
difficult to observe in higher temperature plasma so that large velocities
way be consistant with the data. We intend to investigate flare decay
models with supersonic velocities in a subsequent paper, (Antiochos and

Sturrock 1979),
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FIGURE CAPTIONS

Graph of log Q versus log (T(s,t)/Tm) for the value of £ = 1,5, The
solid curve refers to the time t = 0, {.e., the initial emission measure

prufile, and the broken curve to the later time, t = ty.

Graph of the spatial dependence of log Q, i.&. log -[TS'Q'H(TBR""2 + 1)1,
versus log TB for two isobaric radi~tive models with % = 1.5. The solid

curve refers to the case with ¥ = 1 and v = 1, and the broken to the

.case with 4 = «2 and v = =2,
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