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I. Introduction

Observations in'fhe soft w-ray part of the spectrum indicate

that most flares produce a hot quasi-thermal plasma at coronal heights
with maximum teumperatures of order 3 X 107 K. The dominant cooling
processes are believed t«< be radietion and conduction to the chromosphere
(Culhane et al., 1970). Simple estimates based on é specific flare
model {Sturrock, 1968) indicate that, in this temperature regime,
conduction cooling is more important than radiation. This conclusion
is supported by detailed calculations by Strauss and Papagiannis (1971)
on the same flare model, and by date analysis carried out by Moore and
Datlowe (1975) on 17 small flares. |

- If conduction is indeed the dominqht cooling mecharism, then
megnetic-field'gedmetry wiil have a strong influence on the cooling
rate, Optical observations (see, for instance, Fisker, 1971) show
that the coronal post-flare plasma typically has a loopvliké'structure,
presumably'due to the influgnce,of.magnatic fields; Rust and Bar (1973)
have dedgced_from their observations that the fleld in post-%Zlare
regions is well represented by a pqteﬁ:iél fiel&h;éﬂpécially=at large
heights. In thé case whick they inVestigatéd (th&_flére oquugust Ts
1972), the field,gtrength_at the top-df the loops was of,otdEr SO‘gaﬁés‘
‘whilelthat at the bése of the loops was over 1000 gausé;f'Thiéushoﬁs ”

that there is aplarge change in cross section of a. £lux tube along its

length, a factor-which is not'taken 1nto account 1n calculations mentioned ;ff

- above.
It therefore seems aesirable td study the,evoiution of a hot

'post-flare pl&sma confined to a flux,tube which has substantial
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variation of magnetic f£ield strength along its length. We shall concern
ourselves with the phaée in which the plasma cocls primarily by thermal
conduction to the chromosphere. This %s a substantial simplification
of the.real problem, which involves also radiatiqn and mass motion.
Nevertheless, we consider this study to be a useful first atep in

trying to understand the influence of magnetic-fleld geometry on the

cooling of flare plasma.
II. Model

Since thermal conduction across magnetic-£field lines is négligible
in comparison with thermal conduction along field lines, we may consider
the cooling of a small flux tube independently of all other flux tubes,
We edopt the model shown in Figure 1, Bhpwing a symmetrical flux tube
which extends a height H above the top of the chtomﬁaphere which is
the base of our model-. The Indepéndent variable s measures distance:
along the loop,ftom the top of Ehe loop. ;The variation of cross-
sectional area is described ﬁy a function A(s), normalized to unity
at the top of the léop. | |

More specitically, we‘aasume the field to be current-free above

the chromosphere and to be identical with the field produced either by

a horizontal line dipole (L) ‘or by a hotizontal point dipole (P) at

.4 depth D below the chromosphere._-lt is-convenient-to uqe the angle

B-defined in-Figu:e_l;in placg,qf_éiasfthé'1ndépendéhtuvar;ablé;° Tﬁe;'

-..-r'e};ati‘.bn‘af_:ipv between & and § 4s glven by
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_the flux. tube and the 'éhtanidsphgre , it follows that g = congtant 's_o that B

- % in 8 (143 sin®e)V/2 4 b3 L 3-1/2 5 131/2 o108 + (143 s1020)Y2] (2.1.7)

m o

where

R=H+D , (2.2)

and we repeat equations for the line-dipole and point-dipole models,
as neceasary. The area function A(8}; normalized to unity at 8 = O,

is given by

A(8) = cos 2q (é.3.L)
or

A(8) = cos®8 (L + 3 sinZe) /2 | (2.5.7)

For a plasma of temperature 107 K, the scale height is approximately
the same as the solar radius. As a resulk, it is a reasonsble approximatién
to ignore gravitdtional gffects,

The key simplificaticn in our model is to assume that each dependent
variabkle may be expressed as a function of s multiplied by a function
of t. In particular, we assume thgt the electron density n is expressible

as

CaFEE) e . (2

If, in additiqn,_we ésaumg §ha£.thereVis néﬂgxchange:uf'plasma between

;'# - Fi(é);a;{l- . j.j:‘  : .:;;},_ ;_ .lf_(2}5)fi“-

S

:It now Edliowa from the equation cf'cuntinuity that the plasma is at&tic. 'f:“

- Then, ignoring\gravitational effects,.ibﬂfollaws from the equation of S

= ?35?;}1‘29?hf11‘
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- only of‘s.\ HEnce each side.of Ehe equafion musg.b_“equ"'

motion that the plasma must be izobariec, so that

b= p(t) » (2'6)

where p ig the total plasma pressure. For a fully ionized hydrogen

plasma, p and n are related by
= 2nkT . (2.7)

Since heating and radiation losses are being neglected, the heat

equation is simply

8 (o) = L 3_fae 3T
&-(3nk1) = 5 & (A as) - 8)

vhere K is the thermal conductivity. We adopt the Spitzer (1962) form

K = Q’Tsla : . (2.9)

P
where, with accuracy sufficient for our needs, we may take & = 10 °,

On using equations (2.5), (2.6) and (2.7), we find that the heéat

equation may be rewritten in the following form,

3 ,-7/2dp _ad g dc | |
L Ada-(A-d_a) (2.10)
where we have introduge&.the‘symbql
_' 's'('s) ;g%[ékn(s)j""f'/"’ A )

It is to. beAnoted that terms on the 1eft-hand s;de of equation (2 10)

,V'are functions only of c;whereas terma on the right-haﬂd side are functiona' 

l .—, .

! to a constaqt
’!f ; v

‘ = L R SR
47' which We take co be -37-1p65/2 -'With thia choice we fﬂhd that p(tD 33 SRR R




expresgsible as

p(t) = p (1 + /1) 25 (2.12)

where p = Po at t = 0. For the two éaaea considered, we find that
_ _ .3 .1 .2 -5/2 -1 .
G(e) = Gy -39 R pg T .8 ¢tan @ (2.13.L)
or
. 2
_ _ 3,1 2 -5/2 _-1 s8in"@
G(e) = G -T0% Ropy "7 . ;;;E; yl(e) : {2.13.P)

where

1(1(8) = ?01- (64 + 32_-;0329 - 11 COsha - 15 cosse) . (2.14)

Since YI(B) is a slowly‘varyihg fﬁncéign-ﬁf 8, ?Onfined to the range
0.91 < y < 1,09, we replace it.by unity in subéequent formulas.
We denote by Bb the value of 2 at the_"base"'qf thé mﬁdeilidentified :
with the chromoaphere.‘ This is related to the height of the Iodﬁ and
the depth of :the dipole by

H=Rsin°0, D = R cos”6, (2.15.L) "

or
"H = R(; - cosBQ)- ,, D=RrR cgs3eb-'. ' | {2,15.P)
On ndting thaE:G(Bb) R 0, We qeé‘ffom equa;iohs_(2,13a.that T_ig'

. expressible as
TETy et (216a)

c : Ty e
T T Rl Bec8y

L




In this expression, p, = p{0) and Too = T(0,0).

0
On using equations (2.7) through (2.17), we obtain the following

expression for the temperature:

tos eb 8 gin @ a
. 7(e,t) = To(t) {L - o, sin 6, cos € s (r.18.L)
or
Lo 2/7 _
cos 2
T(8,t) = Ty(t) t1 il slnu?l , (2.18.p)
sin eb cog ' ©

where To(t), the temperature at the top of the loop, 1s given by
T(0,t) = To(t) = Tbo(l +-t/¢)f2/5 . (2.19)

From equatioas (2.9) and (2,18), we find that the heat flux is

given by
cos B - e : -
o iy 8 + 8in B.con B
F(6,t) = F,(t) =2 . A (2.20.L)
0 eb sin Bb | 5 coqae
o¥ _
) ’ cqsueb_ ‘gin § s :
F(s,t).m_Fo(t) B = ya(e) : ~{2.20.7)
sin eb_ cos g . : .
"~ where
F (t) T772 (n) . S (a2.e1)
and

| :yé'(e)_z . ‘(1‘--53‘ 85152'9 )ﬁ” ?' & <etno 4 ‘;%igﬁ-‘é -% sin‘-"_-e_) - ea)

;'}fif‘ - ;t is found that yé(e) also is a alowly varying function of 8, varying ﬂ-.g

in the range 91 < Yé < 1 05 Hence in subsequenﬁ calculations we

W g

{:ﬁf;, replace Yé b? “nity'zﬂ'f“'f
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The heat flux Fb(t) at the base of the tube is found to be

1 1
» F (t) = Fo(t) { 26, + Bm(aeb)} . (.23.L)

or

1
ain ab coageb

Fb(t) = Fo(t:) . . (.23.P)
The total energy loss rate, referred to unit cross-sectional

area at the top of the tube, is given by
5= A(g,) F,(t) (2.24)

which leads to the expressjien
s . °°9295.- _ 1 '
(8 ,t) = Fo(t) -——e;—--+_lcot eb’ _ . (2.25.L)

. _ _ S(8,,t) = aFO(t)'-coa3'eb cot & (1 +3 si‘r’zgeb)"ug . (2.25.P)

. III. Coolipg Rate

4 In discussi&g_;ﬁpuits-of our analysis of this model, it is convenient

to introduce the symbpl I' for the "compression factor" defined either as -
the area ratio C

L

" or as the magnetic fleld ratio

ea
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. 13(1969) We find for the proposed ﬁarametera, that &)

We see from equation (2.3) that I' is related to Bb by

I = seceeb (3.3.1)
or

I - aec69b (1 + 3 sinaeb)lle . (3.3.P)

We may now compare the cooling time T(I') of a loop structure with
compreasion factor I' to Tps the cooling time of a planar model with the

same loop length 8y Since Tp is related to TO by

Ty = 1, (8,/R)? (3.4)

we may calculate from equation (2.11) end (2.16) the dependence of
T(F)TP on T, as shown in Figure 2. We note that the cooling time is
a sensitive function of I'.- The analysis by Rust and Bar (1973) of the
loqps produced by the flares of August, 1972, show that, for those
events, I' took a range of vélues froﬁ_h to 30. -Such values clearly have
an important effect in influencing heat ioga.

The initial temperatureé and densities of_flare-produced soft
x-ray-emitting regions.are typically T = 10?'5 K and n.asloll ¢:m--3

vith H ~ 10°*7 cm. On using equations (2.17) and (3.1), we find that

Tp R 102 8. By comparison, ti> radiative cooling time may be estimated

from

o ) | o =3-.....__L_ ’ R | N O
e REAm R

. where A(T) 13 the radiatiOn loas function calcuiated by Cox,and Tucker

3. 5
Rkaslo If

{:the compreasion factor F Ia large enough, the conduction cooling time
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may be increased by an order uvf magnitude to make it comparable with

T In any case, radiation must é&ventually dominate since, as the

R*
plasma cools, TP increases ag T decreases, Figure 2 indicates that
radiation will dominate at a higher temperature in a loop structure
with large compression factor than it would in a loop structure with
small compression factor, The fact that tha influence of the magnetic-
field geometry is to increase the cooling time, by comparison with a
planar model, implies that a larger fraction of the initial energy
will be radiated., Since it is unlikely that T will exceed 10°, it

appears that the present model should be valid for the initial cooling

phags of post-flare plasma loops. -

1v¥. Heat Flux and Evaporation

Since the cooling rate decreases with inereasing'compresaion
factor, it is clear that the total energy loss rate into the chiomosphere
must decrease as I’ increases., The ratio of the energy loss rate of a
flare loop to that of a planar model is plotted'againet ' in Figure 3,
where we have used

Fp = Fo(t) - Rfsb_ . )

for the heat flux in the:planar medei We see that the energy loss by

thermal conduetion may be decreased by an order of magnitude or more

.'by the influence of lagnetic-field gecmetry.

The ratio of the hea* flux af a loop model to that of Y] planar

o model 18 shown in Figure 4 from which we see that the heat flux .'

e (pe* unit area) in greater fbr a Ioop structure than for a planar T

- iatructure._ The magnetic field_acté aa a funnel increasing the heat
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flux per unit area, but not rapidly enough to compensate for the
decrease in area, so that the total energy loss by thermal conduction
decreae=gs as the compression factor increases.

Even in the case of a planar model, one faces the difficulty that
the high heat flux into the chromosphere from a post-flare loop, of
ordexr 109 erg cm"a 3-1, eannot be maintained in the chromosphere
becauge the thermal conductivity there is too low, Such fluxes are

also toe high to be converted into chromospheric radiation. it seems

most likely that the excess heat flux into the chromosphere results

in evaporation of chyomospheric material., Since phe heat fluxes are
even higher when the éffect of magnetic-field geometry is téken.into‘
account, the likelihood of evaporation Bgcdmga g:gqtet. Ev#bdiﬂtiOn_
will 1n§reaae éhe dérisity in the 1ébp,_thqs.Iegﬂiﬁg-fo-g‘highef'feﬁe -
of energy loss by radiation, - | | . R

We recognize that & complete trea%hent'of tﬁe e#biﬁtion‘uf flﬁfe

plasma must teke account of evaporanion.' We are developing the present .

model tO'include this process. This mote general study wihl help

to delineate the. range of applicability of the present model which

1gnores &1l plssna motion.' Our present asneaament ia that evaporation

will oeeur maﬂnly‘nt,$he 1nit1a1 stage 1n development af flare plasma,
probably in Pespoﬁvu to bombardmenc of tbe’chromoaphere by a flux of

high-euergy particlen‘ After the plasma ia evaporated there should

bc-ﬁ'secand ntage de:cribed approximateiy by the preaent model After fﬁ

furthet conling, tadiation willﬂbecome the do”inaht cooling mechanirm

“l}

anﬂ thls ﬁjprelantn 2 third ntage wﬂich;jj_iﬁ

.. "““m bains fprezbared r:fﬂr pubucatmn.”_- \
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V. Discussion -

R
)

The model developed in this article i{s believed to be relevant

PSS

b 4 to the early decay phase of pogt-flare plasma. Although the model

leads o a very simple form for the dependence of plasma temperature
! on time (equation (2.19)), it is unlikely that this law can be
‘ compared dirsctly with soft x-~ray observations from post-flare plasima,
since such plasma will typically occupy £lux tubéy covering a wide
range of height and the_decay-constgﬁt‘?:will vary from_tubé tg tube.
In order to test the model, absérvationa of high apatial and'temporaiAEH
. resolution are necesséty so that both the témpegature evolution and*'
the geonm‘try of a flare loop can be dgketmined.-_AiternagiVely, it
stould be poseible to'coﬁéidgr fhéiﬁéhéﬁiof bf;a_ﬁé&élréoﬁﬁtisiﬁg'g
finite fénge of field lines andftolintegrate.qhe totai x=rdy emission
from this model. Such results might then be compared diractly with
. o * observational data, o oy o
The main aim of_this;agpicle was-tb'invescigate-the,inf1aen¢e; -
upon flare'ﬂodlihg:of tea11§t1¢ magnetic-field geométriesi"This 18
sunmnrized by Figurea 1 through L, -in which the important parameter
-characterizing tbe geometry is the "compressian factor" T'. We sea o
_‘that magnetic-field geomacry can. have a large effect on the flare'
:fhehavior 1nd1cat1ng that it mﬂy be quite misleading to traat the‘A
_evp;ution of—flare'plasmaVon~the:bagis.pg a-plane-parallel‘model. '}"' 'L' _‘f

e
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Figure Captiong

Figure 1: The geometry of our loop model. s is the distance along a
- field line measured from the top of the loop. A(s) is the

croass=-sectional érea of the flux tube.

Figure 2: Ratio of cooling times for & loop and for a plaﬁér-(anstant
crosa-ﬂection) model as a function of T, the ratio of the
“field sttength at the base of the loop to that at the top,
The solid Iine refers to a poiut dipole and the broken line

to a 1line dipnle.

Figure‘3:__Ratio.of-epgrgy-loskgéatesjfb; a1iaop~énd for“a'pigggy.(cqqétaﬁt
. éan§¥sﬂé£ibn)=mb&ei:a§ia;funéfion.of-F;ithé”féiid'of the -
‘fiéld_i;tehéth_aézthe base of the loop td'thaﬁ.at the top.
The soltd 1iné refers to a point dipole ‘and the broken Iine

I ' - to a line dipolel

. Figure b Ratio of bage heat fluxes for axloop and for a. planar. (constant :

croas-aectiun) modal s a fuaction af r, the tatin of the

. '_.'«\‘.\.‘\_.: B}
B

field strength at the base of the locp to that dt'tﬁe top._,

The sol!d line refera to & Qpint dipole and tﬁe broken.line
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