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Abs tract

The equa tions of ther mal equi li brium along a sym me tric co ro nal loop with a cons tant
cross- sec tio nal area in clu ding gra vity is in ves ti ga ted. A co ro nal hea ting func tion de pen ding on
dis tan ce along the loop is con si de red. The effects of varying the va lues of the pa ra me ters in vol -
ved in the go ver ning equa tions are also analyzed. It is found that the re is a cri ti cal de cay length
of the hea ting, be low which a hot co ro nal loop does not exist. It is sugges ted that ther mal non- e -
qui li brium occurs, allowing for the exis ten ce of ca tas trophic coo ling. In addi tion, it is shown
that pro mi nen ce- type equi li bria are pos si ble. A dis tor tion of the mag ne tic field si mu la ting a dip
is also stu died.
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Condensaciones térmicas en lazos coronales hidrotáticos

Re su men

Las ecua cio nes del equi li brio tér mi co  a lo lar go de un lazo co ro nal si mé tri co con sec ción
trans ver sal cons tan te in clu yen do gra ve dad se in ves ti gan. Una fun ción de ca len ta mien to co ro -
nal de pen dien do de la dis tan cia a lo lar go del lazo es con si de ra do. Los efec tos de va riar los va lo -
res de los pa rá me tros im pli ca dos en las ecua cio nes que go bier nan tam bién se ana li zan. Se en -
cuen tra que hay una lon gi tud crí ti ca del de cai mien to del ca len ta mien to por de ba jo de la cual un 
lazo co ro nal ca lien te no exis te. Se su gie re que ocu rre un de se qui li brio tér mi co, per mi tien do la
exis ten cia de un en fria mien to ca tas tró fi co. Ade más, se mues tra que los equi li brios tipo pro mi -
nen cia son po si bles. Una de for ma ción del cam po mag né ti co que si mu la una de pre sión del mis -
mo tam bién se es tu dia. 

Pa la bras cla ve: Calen ta mien to co ro nal; hi dro di ná mi ca; la zos co ro na les; pro mi nen cias;
sol. 

1. In tro duc tion

The so lar co rona is en tirely struc tured
by the so lar mag netic field, mostly into
loop- like closed flux tubes. It is be lieved that 

these fea tures are the build ing blocks of the
so lar co rona and their emis sion domi nates
the X- ray co ronal lu mi nos ity. In or der to ac -
count for the ob ser va tions, the ther mal
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struc ture of co ronal loops, have been mod -
elled by sev eral authors. The key as sump -
tions in these mod els are that the plasma
beta (de fined as the ra tio of the plasma pres -
sure to the mag netic pres sure) is small in
the co rona so that a one- dimensional ap -
proxi ma tion can be used in which the mag -
netic field acts only to de fine a rigid tube ge -
ome try, and that the loop heat ing var ies on a 
time scale long com pared to radia tive cool -
ing so that static ap proxi ma tion can be
used. For in stance, Ros ner et al. (1), Hood
and Priest (2), Craig et al. (3), Hood and An -
zer (4), Steele and Priest (5), have in ves ti -
gated loops for which so lar grav ity can be
ne glected. In this cate gory Hood and An zer
(4), Steele and Priest (6) in cluded the ef fect of 
cross- section area varia tion. Steele and
Priest (7, 8) in cluded the con sid era tion of a
co ronal ar cade rather than sim ple loop. Re -
cently, Mendoza- Briceño and Hood (9) stud -
ied the ef fect of spa tially de pend ent heat ing
on the ther mal equi lib rium of co ronal loops.

The ef fect of so lar grav ity was in cluded
by Vesecky et al. (10), Wragg and Priest (11),
Se rio et al. (12), She et al. (13), Hood and An -
zer (4), Steele and Priest (14) and Mendoza-
 Briceño (15).

In the pres ent pa per the tem pera ture
struc ture along a co ronal mag netic loop is
stud ied in the pres ence of grav ity as well as a 
mag netic dip. The cross- sectional area is
con sid ered con stant and a heat ing func tion
which de cays with al ti tude is as sumed.
Since one of the mo ti va tions in this pa per is
to model promi nences, great em pha sis will
be put on find ing those so lu tions which give
hot- cool loops.

2. Equa tions of Ther mal
Equi li brium

For static, steady co ronal loops, the
varia tion of di men sion less tem pera ture T
(nor mal ised to 105 K) and di men sion less
pres sure (p) along a co ronal loop obey the
equa tions for hy dro static equi lib rium and
the en ergy equa tion i.e.
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with bound ary con di tions,
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Figure 1. The summit tem pe ra tu re T
s
 as a func -

tion of the boun dary tem pe ra tu re T
b

(a) for diffe rent va lues of the de cay

length of the hea ting s
*
. Pa ra me ters

used are L
*
 = 1248.0 and h

*
 = 3.96 × 10-2,

(b) for the case gra vity without dip

(dashed line) and with dip (so lid line).



dT

ds
= 0 at s = 0   summit,

T Tb=   p pb=  at s =1  footpoint [3]

where s rep re sents the po si tion in the loop,
and c and a are radia tive loss co ef fi cient
Hild ner (16). These equa tions are gov erned
by three di men sion less pa rame ters, namely
L* pro por tional to the loop length, h* is the
base heat ing and s* is the de cay length of the 
heat ing. g(s) is the com po nent of so lar grav -
ity along the mag netic field which has two
com po nents, one de scrib ing the gen eral
semi cir cu lar shape of the field and the other
one a dip rep re sent ing the dis tor tion of the
mag netic field
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where L0  is the half- length of the loop, L is
the gravi ta tional scale- length, and g1 is the
am pli tude of the dis tor tion which is taken in
pa per as g1 = 0.5  Mendoza- Briceño (15).

The ob vi ous con se quence when grav ity 
is in cluded is that the pres sure is no longer
con stant and that it must de crease along the 
loop from foot point to sum mit.

3. Nu me ri cal Re sults

3.1. Hydros ta tic Ther mal Equi li brium
       without a Mag ne tic Dip

When the ef fect of the mag netic dis tor -
tion is ne glected g1= 0, Fig ure 1a shows the
sum mit tem pera ture as a func tion of bound -
ary tem pera ture, for fixed val ues of L*=
1248.01, h*= 3.96 × 10-2. These pa rame ters
cor re spond to a loop length of 4 × 107 m and a
heat ing at the base of 10-4 Wm-3. The dif fer ent
curves are la belled with the cor re spond ing
value of s*. Every point in the curve of this fig -
ure cor re sponds to a static so lu tion, whereas
every curve is a fam ily of so lu tions.

When one con sid ers the case where a
par ticu lar bound ary con di tion is taken, for
ex am ple Tb = 5, so lu tions at equi lib rium ex -

ist only when s* £s*c (= 1.05 × 10-1). From this
value up wards there are two- valued so lu -
tions where sum mit tem pera ture in creases
in the up per branch while it de creases in the
lower branch. If the value of s* is in creased,
there is a value at which a hot so lu tion ex -
ists. Very high val ues of s* would cor re spond
to a uni form heat ing, as ex pected.

The pa rame ter s* is the heat ing depo si -
tion scale height. When s* is de creased the
heat ing along the loop is more con cen trated
at the base of the loop. The in put of en ergy at
the sum mit is then re duced and the en ergy
bal ance should be es tab lished by the ther -
mal con duc tion. If less en ergy is sup plied
into the struc ture, then the sum mit tem -
pera ture of the struc ture is low ered.

De creas ing even fur ther the value of s* a 
criti cal value is reached and the ther mal
con duc tion be comes un able to bal ance the
en ergy los ing and hot so lu tion does not ex -
ist, as far as the static con di tion is con -
cerned. How ever, if dy nam ics is taken into
ac count the struc ture should evolve to a new 
equi lib rium with a cooler sum mit Men doza
and Hood (17).

3.2. Hydros ta tic Ther mal Equi li brium
       with a Mag ne tic Dip

The ther mal bal ance of loops has been
stud ied by as sum ing that the mag netic con -
figu ra tion of the loop is speci fied through the 
func tion g(s) which is the com po nent of the
grav ity along the field line. This func tion g(s)
for a semi cir cu lar loop has al ready been in -
ves ti gated in the pre vi ous sec tion. In this
sec tion, we are in ter ested in fo cuss ing our
at ten tion on the ef fect of a dip on the mag -
netic con figu ra tion, which is of great im por -
tance for sup port ing promi nences ma te rial
(Kip pen hahn and Schlüter (18); Ku pe rus
and Raadu (19). A number of mod els of
promi nence for ma tion show ing the ad di -
tional ef fect of the dip have been pre sented
by sev eral authors (Po land and Ma riska (20); 
Mok et al. (21); Antio chos and Klim chuk
(22); Van Ho ven et al. (23).
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Po land and Ma riska (20) con structed
the ini tial equi lib rium with a gravi ta tional
po ten tial well at the mid point whereas other
authors viz., Mok et al. (21) and Van Ho ven
et al. (23) added the dis tor tion of the pro -
jected gravi ta tional force as the con den sa -
tion forms. In par ticu lar, it was added when
a sub stan tial con den sa tion (with den sity > 5 
times the nearby co ronal value) formed.
Mok et al. (21) also found promi nence for -
ma tion with out dip and ar gued that it was
not clear in Po land and Ma riska ‘s case
whether the re versed grav ity is es sen tial to
draw the plasma to the cen tre dur ing the
con den sa tion pro cess.

In this sec tion the hy dro static model is
em ployed and the ef fect of a dip on the mag -
netic con figu ra tion is stud ied.

The sum mit tem pera ture as a func tion
of bound ary tem pera ture is shown in Fig -
ure 1b. This fig ure shows the ef fect of the
dip; if one lo cates at the turn ing point then it 
is shifted to the right when the dip is in -
cluded. This ef fect is very in ter est ing be -
cause for fixed val ues of the pa rame ters the
ef fect of the in clu sion of the dip is to re duce
the ex is tence of ther mal equi lib rium.

The pres sure and tem pera ture pro files
have been plot ted in Fig ure 2 for dif fer ent
val ues of s*. In this case only the hot so lu tion 
for those val ues of s* have been drawn. In
Fig ure 2a, the tem pera ture pro file shows
that the sum mit tem pera ture de creases
when s* de creases, how ever, for s* > 0.147
ther mal equi lib rium is no longer found. The
tem pera ture also de creases when s* de -
creases in Fig ure 2b, but the value of s* at
which there is no ther mal equi lib rium is at
s* > 0.16. As can be seen in this fig ure, the ef -
fect of in clud ing a dip is to shift the criti cal
de cay length of the heat ing for the ap pear -
ance of non- equilibrium to higher val ues. It
is seen from this re sult that a co ronal loop
un der par ticu lar con di tions namely, fixed
val ues of L*, s* and h*, could suf fer a cata -
strophic cool ing when a dip starts to form.

3.3. Hot- Cool So lu tions

Gravi ta tional ef fects were con sid ered
by Hood and An zer (4) and Steele and Priest
(14). None the less, hot- cool so lu tions were
not found. Steele and Priest (14) by con sid er -
ing a small value of grav ity, found sev eral so -
lu tions, but hot- cool so lu tions were dif fi cult
to find and were only pos si ble for un re al is tic
val ues of grav ity. More re cently, van den
Oord and Zuc car ello (24) ar rived at the same
con clu sion that for loops in hy dro static
equi lib rium a hot- cool so lu tion can not be
found. How ever, when the heat ing func tion
has a spa tial de pend ence, as con sid ered in
this pa per, cool con den sa tions (hot- cool so -
lu tions) can be ob tained. First of all, as sum -
ing that the typi cal promi nence val ues are
known from ob ser va tions, then the in te gra -
tion is started from the sum mit to the foot -
point. Sec ondly, the val ues of the pa rame -
ters L* and h* were fixed, and an it era tion of
the pa rame ter s* was per formed.

Fig ure 3 is a plot of tem pera ture as a
func tion of s for the val ues of the pa rame ter
L*, h* and s* given in Ta ble 1. In this fig ure,
prominence- like so lu tions are shown where
the cool sum mit is at Ts = 0.2 (in units of
105K) and a hot co ronal part can be seen be -
tween the sum mit and the foot point. Here
the foot point tem pera ture is at a chro mo -
spheric value.

In Fig ure 3, the tem pera ture pro files
show a maxi mum of tem pera ture close to s =
1 (foot point) which is shifted to the right
when L* is in creased. This shift oc curs as a
re sult of the de cay length de creas ing to sat -
isfy the bound ary con di tions.

Fig ure 4 shows the pres sure pro files for 
the tem pera tures shown in Fig ure 3. As seen 
the pres sure in creases from the sum mit to
the foot point. The four curves start from p =
1 at the sum mit due to the fact that the in te -
gra tion starts from known promi nence pres -
sures and tem pera tures. Here, one sees that
the pres sure at the foot point in creases when
L* in creases.

Scien ti fic Jour nal of the Ex pe ri men tal Fa cul ty of Scien ces,
at the Universidad del Zulia Vo lu me 15 Nº 1, January-March 2007

64 Ther mal con den sa tions in hydros ta tic co ro nal lo ops



Scien ti fic Jour nal of the Ex pe ri men tal Fa cul ty of Scien ces,
at the Universidad del Zulia Vo lu me 15 Nº 1, January-March 2007

C.A. Men do za- Bri ce ño / Cien cia Vol. 15, Nº 1 (2007)  61 - 67 65

Figure 2. Tem pe ra tu re and pressu re pro fi les for diffe rent va lues of the de cay length of the hea ting s
*
 for

a) no dip and b) with a dip.

Ta ble 1

Pa ra me ters ob tai ned for pro mi nen ces so lu tion

L* S* h* Tmax

1   936.01 3.76 x 102 3.96 x 10E-2 11.01

 2  1247.01 3.09 x 102 3.96 x 10E-2 12.33

3  1560.01 2.71 x 10-1 3.96 x 10E-2 13.50

    1872.02 2.44 x 10-1 3.96 x 10E-2 14.36

4  1968.43 2.37 x 10-1 3.96 x 10E-2 14.80



In Fig ure 5 T5/2dT/ds is plot ted as a
func tion of T. This is the phase plane dia -
gram for the same so lu tions as in Fig ure 3.
The flux in creases when L* in creases. Now, it 
is in ter est ing to note how the con tours from
the foot point (which start at non- zero nega -
tive value of T5/2dT/ds) to the sum mit where
T5/2dT/ds = 0 are closed con tours. This is the

char ac ter is tic be hav iour of non-
 autonomous sys tems.

4. Summary and Con clu sions
The pres ent pa per has mod elled a co -

ron al loop by a sin gle field line, along which
the plasma is in both ther mal and hy dro -
static equi libria.

Grav ity in the hy dro static equa tion was 
con sid ered to have two parts, (i) one part as -
sum ing that the loop has a semi cir cu lar
shape and (ii) the other part simu lat ing a dis -
tor tion of the loop sum mit due to a dip in the
mag netic field.

In Sec tion 3.2 the ef fect of a dip was
stud ied. It was found that the pres sure first
de cays and then in creases along the loop
start ing from the foot point. The ef fect of a dip 
is to in crease the sum mit pres sure, which
in creases the ra dia tion (the heat ing does not
change) and so re duces the sum mit tem -
pera ture be low the value for grav ity with out
a dip.

It was ob served, that the lack of equi lib -
rium Hood and Priest (2); Rob erts and
Frank en thal (25) can oc cur when de cay
length of the heat ing is de creased. How ever,
the criti cal value of s* is higher when the dip
is con sid ered.
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Figure 3. The variation of temperature along a

loop from the summit at s= 0 to the

footpoint at s = 1. The numbers refer

to the listed values given in Table 1.

Figure 4. The variation of pressure along a loop 

from the summit at s = 0 to the

footpoint at s = 1. The numbers refer

to the listed values given in Table 1.

Figure 5. The phase plane diagram for the

solutions given in Figure 3.



In con trast with other authors e.g.
Steele and Priest (14), prominence- like so lu -
tions were found in this study. The dif fer -
ence be tween their work with the pres ent
study is in the form of the heat ing func tion.
The heat ing func tion con sid ered here has a
spa tial de pend ence. The in clu sion of grav ity
as can be seen by us ing a phase dia gram
Hood and An zer, (4); Steele and Priest (14)
pro duces a open con tour when a heat ing
does not have a spa tial de pend ence, but
when it is con sid ered with spa tial varia tion
in which it de cays along the loop from the
sum mit pro duces a closed con tour as it was
shown in Fig ure 5.

In con clu sion, this pa per has there fore, 
shown that hot and hot- cool loop
(prominence- like so lu tion) are pos si ble in
hy dro static equi lib rium when heat ing func -
tion is con sid ered to de cay with al ti tude.

Re fe ren ces

1. ROS NER R., TUCKER W.H., VAIANA G.S.
As tro phys J. 220: 643-665, 1978.

2. HOOD A.W., PRIEST E.R. As tron As tro -
phys 77: 233-251, 1979.

3. CRAIG I.L., McCLY MONT A.N., UN DER -
WOOD J.H. As tron As tro phys 70: 1-11,
1978

4. HOOD AW., AN ZER, V. So lar Phys 115:
61-68, 1988.

5. STEELE C.D.C., PRIEST E.R. So lar Phys
125: 295-319, 1990a.

6. STEELE C.D.C., PRIEST E.R. So lar Phys
132: 293-306, 1991a.

7. STEELE C.D.C., PRIEST E.R. So lar Phys
127: 65-94, 1990b.

8. STEELE C.D.C., PRIEST E.R. So lar Phys
134: 73-95, 1991b.

9. MENDOZA- BRICENO C.A., HOOD A.W. As -
tron As tro phys 325: 791-802, 1997.

10. VESECKY J.F., ANTIO CHOS S.K., UN DER -
WOOD J.H. As tro phys  J  233:  987-997,
1979.

11. WRAGG M.A., PRIEST E.R. So lar Phys 70:
293-313, 1981.

12. SE RIO S., PERES G., VAIANA G.S., GO LUB
L., ROS NER R. As tro phys J 243: 288-300,
1981.

13. SHE Z.S., MAL HERBE J.M., RAADU M.A.
As tron As tro phys 164: 364-372,1986

14. STEELE C.D.C., PRIEST E.R. As tron As tro -
phys 292: 291-303, 1994.

15. MENDOZA- BRICEÑO C.A. The non lin ear
ther mal evo lu tion of co ronal struc tures,
(Ph. D. The sis), Uni ver sity of St. An drews,
St. An drews, Scot land, pp. 140, 1996.

16. HILD NER E. So lar Phys 35: 123-136,
1974.

17. MEN DOZA C.A., HOOD, A.W. As tro physi -
cal Let ters and Com mu ni ca tions 34:
107-112, 1996.

18. KIP PEN HAHN R., SCHLÜTER A. Zs Ap 43:
36-62, 1957.

19. KU PE RUS M., RAADU M.A. As tron As tro -
phys 31: 189-193, 1974.

20. PO LAND A.I., MA RISKA J.T. So lar Phys
104: 303-312, 1986.

21. MOK DRAKE, J.F., SCHNACK D.D., VAN
HO VEN, G. As tro phys J 359: 288-231,
1990.

22. ANTIO CHOS S.K., KLIM CHUK, J.A. As tro -
phys J 378: 372-377, 1991.

23. VAN HO VEN G., MOK Y., DRAKE, J.F. So lar 
Phys ics 140: 269-287, 1992.

24. VAN DEN OORD G.H.J., ZUC CAR ELLO F.
Pro ceed ings of I AUSymp. Stel lar Sur face
STRUC TURE, Ed. K.G. STRASS MEIER. pp.
76, 1996.

25. ROB ERTS B., FRANK EN THAL S. So lar
Phys 68: 103-109, 1980.

Scien ti fic Jour nal of the Ex pe ri men tal Fa cul ty of Scien ces,
at the Universidad del Zulia Vo lu me 15 Nº 1, January-March 2007

C.A. Men do za- Bri ce ño / Cien cia Vol. 15, Nº 1 (2007)  61 - 67 67


