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ABSTRACT

A two-dimensional hydromagnetic model is proposed for a quiescent prominence in which
the material, treated as a compressible fluid of infinite electrical conductivity, is in hydrostatic
equilibrium under gravity, pressure gradient and Lorentz force. The previous models proposed
by Menzel, Dungey and Kippenhahn and Schliiter are examined for the postulated magnetic
fields and volume currents in them and the difficulty in their realization is pointed out. In
the proposed model the field distribution may perhaps be realized from a magnetic field
associated with a bipolar sunspot zone idealized for the sake of simplicity to be a line dipole,
by the motion of the chromospheric material forming the prominence which carries the lines of
force along with it due to high electrical conductivity.

1. Recent studies of the prominences by L. and M. d’Azambuja (1953) have
provided valuable information about the quiescent prominences. A full-grown
quiescent prominence may have the following typical dimensions: length = 2 x 105
km., height = 4 x 104 km. and width = 6x10% km. The prominence has the form
of a vertical blade which is generally curved. If we neglect the effect of the
differential rotation of the sun, a quiescent prominence lasts for many solar
rotations without any significant change in its structure. These considerations led
Menzel (1951) to propose a two-dimensional hydromagnetic model for quiescent
prominences in which the prominence material was assumed to be in hydrostatic
equilibrium under the action of the gas pressure, gravitational attraction of the sun
and the Lorentz force due to a magnetic field of a very special type. His work was
followed by Dungey (1953) and Kippenhahn and Schliiter (1957) considering
different types of magnetic field. We shall give a brief discussion of these solutions
in section 3. Recently, Brown (1958) has shown, using a variational method, that
Menzel’s solution is stable for vertical displacements and he surmises that it is
stable for horizontal displacements also. As will be seen in the following section,
the main difficulty about these solutions is how to realize the assumed magnetic
fields or the associated current systems. The prominences, in general, are associated
with the sunspot zones. Even when a spot is absent, the photospherical region
near the base of a prominence has a great magnetic activity. One would, there-
fore, certainly like to associate the assumed magnetic field in the hydromagnetic
models with these active zones. Consequently, in the final section we discuss a
simple two-dimensional model in which the lines of force start from and terminate
in a point in the chromosphere. The postulated field may perhaps be realized from
the magnetic field associated with a bipolar sunspot, idealized, for sake of simplicity,
to be a line dipole stretching parallel to z-axis by the motion of the chromospheric
material forming the prominence which carries the lines of force along with it due
to high electrical conductivity. The question of the stability of the solution will
be taken in a subsequent paper, which will also contain a few more two- and three-
dimensional solutions.

2. The equations of magnetostatic equilibrium, in the usual notation, are :

0= —Vp--pgfc-}-ﬁr(curl OyxHd .. .. .o (2)
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and
0= div g, L2y
where £ is unit vector directed vertically upwards.

In two-dimensional case, we shall take quantities independent of the z-
co-ordinate and take z-axis along k. In view of (2.2) then we assume

oF oF
ﬂ-:(o,—g,'ég) . . - . (23)
so that (2.1) becomes
Vo+pgh = —ﬁ_r(vzp)vzf 29

and the equation to the lines of force in any plane x = constant * is
F(y, z) = A, .. .. .. .. (2.5)

where A is constant along a line of force but changes from one line of force to
another.

If we assume the prominence material at the same temperature Ty, then the
equation of state may be written as

RT
= ghop, ho = —2,

(2.6)
where hy is the scale height for the isothermal atmosphere in the absence of the
magnetic field.

Using (2.6) in (2.4), we get

{V2F. exp (zhe)} VF .. o (27

, p
v {pexp (zhy)} = -0

50 that p exp (z/hg) is a function of F, say

I

P exp (ko) = — £ J M(FYAF .. .. .. (2.8
7
and F is determined by
ViF = M(F) exp (—z/hg) .. .. .o 2.9

These general equations have been obtained by Brown (1958). It is clear that a
wide variety of solutions is possible due to arbitrary character of M(F) on one hand
and the wide variety of the choice for the complementary solution of (2.9).

3. Menzel’s solution : Menzel’s solution corresponds to

M(F) = AF-1-2 R £ % )
F = f(y) exp [—#/2ke(g+1)] .. .. . (32

where f satisfies the equation
ARAg+D2(f)2 = fo(l+r)=fe—rfa(f, 12, .. .. (33

* Henceforth we shall consider the phenomenon in the y-z plane without making any
reference to x-co-ordinate.
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where f = f, and 7 is the ratio of the gas pressure to magnetic pressure when y = 0.

For g =
— 3
f()_f0(7+1)[1-—-:—+—%cos3%;] e (34

so that the equation to the lines of force is

r—1 Y
z = —2hq log, A+2h4 log, [1 e co ‘)h\,] .. .. (3.5)
Hence the lines of force constitute a family of parallel periodic curves with
period 4nhy for which z attains the minima at y = 0, +4xh, . ..
The gas pressure and density are given by

2

mfy
P = pghy = T55m h) (fo/ )? exp (—z/2hy) .. .. (3.8)

50 that p and p are also periodic in ¥ having maxima where the lines of force have
minima and vice versa. Consequently, Menzel’s prominence appears as a series
of thin columns of gas, each extending parallel to zz plane with magnetic lines of
force running across them.

We can easily show that in this solution the current density is given by

¢ rfee” itk 3/2
=15 TR {(r+1) (r—l)coth} , 0,0 (37

so that the current flows in the z-direction and its density is periodic in y.

It is difficult to understand how such a periodic field and the associated current
system are realized. However, under the action of the postulated field Menzel’s
prominence is stable for vertical displacements and probably for horizontal dis-
placements also (Brown, 1958).

Dungey’s solution : Dungey’s solution corresponds to

M(F) = constant .. .. .. .. (3.8)

and

F = 1+exp (—z/hg)—2 cos (2h ) exp (—z/2hy) .. . (39
Dungey also showed that any function of # also provides a solution of the
equilibrium problem. The equation of the lines of force is given by

F = constant = A+1, (say) . .. .. (3.10)
or

Z = —2hy log, { cos (y/2hg) £/ cos(y[2hg)+A}. .. .. (3.11)

We can easily check that for A > 0, the lines of force are infinite wavy curves and
for A < 0 they form closed loops, which repeat themselves with period 4zh,.
The gas pressure, density and the current density are given by

P = ghop = erF exp (—z/hg) .. .. .. (312)
and

c .
L_I=[E’;_§exp(—-z/h0),0,0]. e e e (303)
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Dungey’s prominence is bounded by two closed loops A; and Ay outside which
the magnetic field is assumed to be zero; further, the solution requires currents,
oppositely directed near these surfaces, as pointed by Cowling (1957). Here again
the prominence lies across the lines of force. Besides, it is difficult to understand
how the required current system is realized.

Kippenhahn and Schliiter’s solution: The solution given by Kippenhahn and
Schliiter corresponds to the choice

M(F) = exp(—A4F), A = constant, .. .. .. (3.14)
and
F=fi2)+foly), .. .. .. .. (3.15)
where
z
and
2. )* AK? | .
Sfoly) = loge l(Als cosh N _/+L) ( .. (34T
so that
H, = ,}h , Which is constant throughout .. .. {3.18)
PR /0]
.A» N
H, = K* tanh (Af . ) 319
when y—> o, H, —>K‘~—H ' (zay), .. .. .o (3.20)
hence
(o}
;) : 7 2
H, = H ' tanh (2haHy g/-rL) .. .. .. (3.2

Kippenhahn and Schliiter choose L = 0 so that the lines of force cut y = 0 ortho-
gonally as in Menzel’s solution.
The equation to the line of force is

2hy =1 { b (L _y)% A 3.2
2{2hg = log, 0051( H, k) +A, .. .. .o (3.22)
and p and p are given by
‘ H™
D= =-i_f (®)y2 4a 2; z y% B
p = ghoP o {H,"}?sech Ty 3§ .. <. (3.23)

o0 that they do not depend on z. From (3.18) and (3.19), the magnetic field inten-
sity also does not depend on z. The current density is given by

(o0}
¢ (@) y)
S = [S-rho H, sech (H o) 0 00

so that the current flows in the wx-direction and its density is proportional to the
material density p
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The lines of force form a family of similar curves having minima at ¥ = 0 and
asymptotically tending to the lines having slope tan=1 (4" /Hy). The gas pressure
and the material density have maxima on y=0. The equidensity surfaces are
planes y = constant, and density decreases rapidly as|y| increases. Consequently

the prominence in this case will look like a sheet extending infinitely both in
z- and z-directions, with lines of force running across it.

4. TFollowing Dungey, we also assume
M(F)= — M, a constant .. . oo 4

and then the general solution of (2.9) may be written as

F=— Jl[k L exp (—2/hg) 4+ d1(z41y) F Pu(z—7y) (4.2}
choosing
K 1 K 1
P=S ey BT 2 agas (+:3)
where K and a are arbitrary constants, we have
— — MR exp (—zhy)+ Klat2)
= — MFE exp ( z“/LO)+(a+z)2+y2 s (4.4)

with K>M kg a

The magnetic field, current density, pressure, material density and total
pressure are given by :

K{(a42)2—y2}

H, = — Mhy exp (—2z/h 4.5
y 0 (“(p( ! 0)+ {(a+z)2+y2}2 ( )
—2ky(a+2)
H,y= 4.6
*T e} 0
J = [— ~;11”—1:_;e1q) (—z/ho), O, O] . .. . @
p = ghoP = E% MF exp (—z/hg) .. .. .. (48)
and
HZ 123 2,9 K2
P=p+E = B Mo 22/h) A e
p_*j 8 8‘”[ o XP (=2 0)+{(w+z)2+y2}
2 —2
2MK exp (—z/hy) T 2(h O+a+z)+(a+2)2(0:+2—hg)} .. (4.9)
{(a+2)2 492}

The solution involves four parameters kg, @, K, M. The scale height 2q is
fixed by the assumed uniform temperature of the prominence. The remaining
parameters are fixed up by assuming the magnetic field intensity, gas pressure at
(y = 0, z = 0) and the position of the point from where the lines of force originate.

The equation of the lines of force is

F=) R % 01!



MODEL FOR A QUIESCENT PROMINENOR 385

or
oyt = K(a+z) —(a+2)2, R P § )
A MEexp(—zfh)
50 that all the lines of force originate from and terminate in (y =0, z = —a). The

line of force A =0 extends to infinity and forms the natural boundary of the
prominence as all along it the prominence material density is zero. The lines of
force corresponding to A > 0 are closed loops. When A— co, the lines of force
shrink into the point (y = 0, z = —~a), while for small A, the lines of force after
certain height depending on A approximate to circular arcs with centres on y = 0
plane. Thus the lines of force have crests on y = 0 in contradistinction with the
magnetic fields in the solutions discussed in §3. From the above it is clear that a
is determined by the position of the source of the magnetic field.
From (4.5), (4.6) and (4.8) we have

s K
and
K
Hy = "‘Mho'f‘;z

which determine M and K in terms of py, and Hgyy for the assumed values of
hy and a.

From (4.7) we see that the volume current associated with the assumed
magnetic field flows in the z-direction and its density decreases exponentially with
z. Comparing (4.7) and (4.8) we conclude that along a line of force, the current
density varies as the material density which varies as 1 for a fixed z.

const. 4 y2

In the figure, we draw a few typical lines of force and the equidensity lines
for the following choice of the parameters :

Ty = 5,000°K., pgo =600 dynes/ecm.2 (1,000 times the chromospheric pressure),
Hgo = 100 gauss

a=hy=15%x107 cm.

The equidensity lines show a flat top and the lines of force appear to extend
along the length of the prominence. If we assume that only that part of the
prominence whose density is greater than a certain multiple of the coronal density
is visible, the equidensity curves will give directly the appearance of the prominence
when seen from the transverse direction. The equidensity curve for p= 107"
gm./c.c. has the height = 3,000 km. and extends on both sides of the plane y = 0
up to approximately 5X10%km. Evidently the height falls short by a factor of
ten while the length falls short by a factor of 4 approximately when compared with
the average dimensions of a prominence.

During the last phases of the sunspot the magnetic field will fall rapidly and
the total pressure would not be able to sustain the material against the attraction
of the sun. The flat equidensity curves suggest that the material near the top
of the lines of force will descend down more or less vertically carrying the lines of
force with it. This bowing of the lines of force will resist the quick collapse of the
prominence. Thus as the magnetic field becomes weaker, we expect the lines of
force to develop troughs on y = 0 as envisaged by Menzel and Kippenhahn and
Schlitter. When this is realized the prominence will look like a vertical sheet with
lines of force passing across it.
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