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Abstract

We have re-analyzed the X-ray flare on Algol which was observed with EXOSAT  (White et al. (1986)). 
The common practice o f estimating loop volume and length from the decay time of the flare is discussed 
extensively. We show that during the decay phase of the flare both scaling laws for coronal loops are valid. 
This implies a unique determination of loop volume and length and allows a check whether additional heating 
occurs in the decay phase of a flare.

1. Determination of loop volume from cooling time scales

A serious limitation for the interpretation of stellar flares is the unknown volume. Normally this is 
obtained by equating the decay time of the light curve to the conductive or radiative loss time, This practice 
is wrong because the light curve decay time is not equal to the characteristic time on which the thermal 
energy decreases.

Assuming that the flare occurs in N identical loops with total length L, height II =  L/ir and diameter 
d to length L ratio a  =  d/L, tire flare volume V is given by

V  =  ^ir4 II3 N a 2 cm3. (1)

The energy equation during flare decay is given by

d(3nckT)  _  „  „
dt - ~ E' - E ‘ erg cm -3  s V (2)

with the radiative (Mewe et al. 1985, 1986; T >  20 MIv) and conductive losses (Dowdy et al. 1985):

in T 7/ 2 T 7/2
Er =  n2* 0T - i  =  1.86 10"25n2T° 25, Ec =  =  2>0 1 0 ~6 ~U~' (3)

where temperature T  in K, loop length L in cm and electron density ne in cm-3 .
Define the radiative and conductive loss times by

3 ntkT  
Tr =  — ’

T C
3nekT
~ e T ‘

(4)

The observed quantities are the decay time r<i of the X-ray light curve and the decay time v? o f the temper
ature, i.e.

Er(t) =  Er0 ' - ‘ lT‘ , T (l) =  2 ie '- ' / 'r , . (5)

with index 0 indicating the start of the decay phase at time / =  0. Using Eqs. (1), (4) and (5) we can 
evaluate Eq. (2) at t=0, resulting in (see Van den Oord et al. 1988)

or

1 _  7 /8  [ 1/2
T e f / TT Td

(6a)

H3'2 -All - D = 0 , (66)
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with
8 K° 7'05' 2 1/8 2 <t0 E M ' l *  Tt„

21 k E M XJ 2 eff ’ 3tt2 it T 0 75 N 1/2a  ’

where EM  =  f  n2dV is the emission measure. In Fig. 1 we plot the loop height II as derived from 
observations (Van den Oord and Mewe 1988) against N ocqA (’’ cooling curve” ). The loop height and the 
volume V still depend on the assumed N a 2, which reflects the unknown ratio (p1 =  rr/ r c) of radiation and 
conduction cooling times. Since p ‘ a  IINet2, determining p' implies determining the flare geometry.

2. Cooling of flare loop according to scaling laws

The situation changes when the loop cools quasi-statically according to the scaling laws. For a loop 
heated at constant rate Ep  the local energy balance is:

0 = Ep  -*■ Er — Ec erg cm -3  s " 1. (7)

For a uniform pressure p in the loop, eq. (7) results in two scaling laws (see e.g. Kuin and Martens 1982):

Eu =  n2tf»0T° (SL1), =  /* - 1/2

#0
1/2

T 13/8 (SL2). (8)

The first scaling law expresses that the average heating in the loop is balanced by the average radiative 
losses, whereas the second scaling law gives a fixed ratio p =  (7/4)/F =  (7 /4 )rr/ r c, which depends only on 
the exponent of the radiation loss function. In our case: p =  0.18 (or p‘ — 0.1), which is confirmed by the 
observations of the decay of the X-ray flare on Algol (Van den Oord and Mewe 1988). In Fig. 1 the curve 
p ’ =  0.1 is drawn and for comparison also curves p1 =  1 (this is often assumed, but not correct), and p' — 10. 
The temperature T  and electron density n appearing in the scaling laws are the values at the inflection point 
of the temperature distribution, where the radiative losses equal the mean over the loop. Therefore these 
values arc the mean values for the loop that can be identified with the corresponding observed quantities. 
The local energy balance for a loop in the decay phase of a flare reads

<K b)
di — £// — Er — Ec, (9)

with Ep accounting for a uniform additional heating in the decay phase. Comparing Eqs. (7) and (8) gives

d( ̂ p)
En =  - - +  (10)

where Ep  is now a slowly varying function of time. From Eqs. (8) and (10) we find that the time evolution 
of a loop cooling quasi-statically is given by

dT(t) _  -I L / V * o V /a . . , 3 , ,  
dt 63 k \ K 0 )  U

" (0 ( i/ 2 )=  f e ) 1/2 7,(013/8 (SL2)- ( l l i )

The solution of Eq. (11a) is

‘"-irju7 / 2
(SLl), (11a)

with

(12)

(13)
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3. Results

By fitting solution (12) to the observations we found that r=5618 s and £ji=0  (i.e. no additional 
heating), resulting in V =  1.4 1031 cm2 3, L=  1.6 10u cm and Nc*2=0.004 (cf. also Fig. 1, /t'=0.1). The 
resulting fits to the observed values of temperature T {t) and emission measure E M (t) are shown in Fig. 2. 
We note that our method contains no free parameters and therefore results in a unique determination of the 
flare parameters. Eqs. (11) allow us to express the evolution of all relevant physical quantities in an analytic 
form (see table 1, which gives all relevant flare parameters T, n, velocity v, mass flux and energies).

We successfully applied the model for two-ribbon flares by Kopp and Poletto (1984) to the initial phase 
of the flare. Details about the application of this model and about the quasi-static cooling treatment can be 
found in Van den Oord and Mewe (1988).
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Table 1. Parameters of the decay phase of the X-ray flare on Algol

conductive timescale xcQnd = xcond(0) {l ♦ )

t = 0
a )

temperature
r t 1-8/7 

T = To ( "  3 f )
57.6 MK

density
i ,  1 i- i3 / ; 

n = "a l '  * 1 7  1
2.62 1011 cm 3

velocity ^
L dn _13 f ,  

v _ 2 n dt "21  Vo 1

t I " !

+ 3 x  J
80 105 cm s 1

mass flux
13 (, t

n v =  2T novo l 1 * 1 7

j-20/7
2.3 X)18

__ -2 -1
cm s

kinetic energy
1 2 1 2 f.
5 PV = 2 m n n 0 V0 l '

t 1~27/7 
3t J

16.98
-3

erg cm

thermal energy
f p = 3 % k T 0 ( i

6251 erg cm 3

radiative energy
Er»d = "o ’ ’o T0A  {' ’

. i f 4 * * *
3t  I

1.11
-3 -i

erg cm s

conductive energy E ^  = 4X“ T“/ 2 [ 1 .  
cond 1

l p
3t J

0.20
-3 -i

erg cm s

radiative timescale
Vad = V ad 101 ( '  * 3 7 ) s c)

c)

2 P V _ (13\2 2 H 0 0 f + _t_ 1-6/7
3 p/2 ' 21' 3 n„ k T„ 1 + 3 t lo o

0.003

density decrease (2/L) f n v d t  = ( 2 n  v t ) / L = n  2.6 10M cm 3
________________________o_____________ _______ ___________________________

a )  At t = 0 the quasi-static cooling phase starts. This corresponds to t = 0 in Fig. 2

b )  v Q = L /  (2t ) = 142.2 km s "1 ; c )  t  = 5618 s. , p = 0.18
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Fig. 1. Height II (cm) of flaring re
gion as a function of the number N of 
flaring loops times the aspect ratio a  =
(d/L) squared, normalized to a value of
0.1 as typically observed for Solar coro- e 
nal loops. From a comparison with the x  l2 
ME observations E M = (J.5 1053 cm -3 , ^
T=64 MK and effective decay time tcjj °  
=5217 s were assumed. Also drawn are 
curves of constant / / :  /*' =  0 .1, 1,10 ,,
(from Eqs. (1), (3)-(6 ): /i' =  rr/rc ~
0 .0G//ioA^«o.i w‘^ 1 //io  »•» 1010 cm).
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Fig. 2. Results of the fits to the observations for quasi-static cooling for temperature T  (panel a) and 
emission measure EM  (panel b). The best-fit parameters are Ej{ —0 (no additional heating), r=5618 s, 
To =57.6 MK and EM q=9.S 1053 cm-3 . Time 1=0 corresponds to 10:20 UT on 18 August 1983.
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