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:// Abstract

We adopt the position that spicules, macrospicules and surges are
manifestations of the same phenomenon occurring on different scales. We
therefore search for a mechanism which can be successfully applied to explain
the phenomenon on sll three scales.

We first consider the possibility that the mechsnism is the same as that
vhich operates in producing the solsar wind, except that the divergence of the
magnetic ducts is much more rapid. We find that the mechanism fails to
explain spicules, macrospicules or surges. For instance, if it produces
speeds typical of spicules, the maximum height is much too small; if it
reproduces the height, the required velocities are much too high.

We also consider a variant of this mechanism proposed by Uchida in which
th; gas pressure is supplemented by the magnetic pressure of a gas composed of

plasmoids. This mechanism also fails for similar reasons.

l
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I. Istrodustics

When the solar limb is observed vith s narrow-band filter centered on one
of the strong chromospheric emission lines (Ha or Ca II K), the chromosphere
is observed to consist of many rapidly changing hairlike features called .
“spicules” (Beckers 1972). Each spicule appears to consist of a tube of
diameter about 1,000 km extending to a height in the range 6,000-10,000 km,
with a velocity in the range 20-30 km -"1. The temperature is of order
10,000-20,000 K, and the density 3.1010 - 2.10llcn™3, Rgch spicule appears to
be ejected from the low chromosphere, and it may fsll back along the same path
and/or fade along its full length. The total lifetime is of order 5-10 m.
Spicules occur continually on the surface of the sun; Beckers '(1972)

estimates, that, at any time, there about 106 spicules on the sun’s surface.

It is now believed, on the basis of observations of spicules seen against the

solar disk (Simon and Leighton 1964) that spicules tend to occur at the
boundary of the supergranulation network. It is also worth moting that
Ix bright mottles tend to occur at the roots of spicules (Beckers 1972).

In & projected series of articles, of which this is the first, we plan to

examine several possible mechsnisms for spicules and also for surges (Svestks

1976; Tandberg-Hanssen 1974). When a flare starts, it is quite often
accompanied by gas ejections which manifest themselves as moving prominences
on the limdb or Doppler-shifted dark filaments on the disk. One type of such
ejection is a “surge", which typically has the form of s straight or slightly

curved spike which grows upward from the chromosphere with velocities in the

range 350-200 km s~l, It reaches & mazimum height in the range 20,000-200,000
km, and then falls back to the chromosphere, apparently along the original
trajectory. The lifetimes of these spikes are in the range 10-30 m. It

appears that many surges are preceded by a diffuse expansion of a part of the .
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flare. BRoy (1973) has identified these expansions with "moustaches" or
"Zllerman bombs™.

Surges usually occur at smsll, changing satellite sunspots which
represent islands of polarity reversal (Rust 1968) situated close to the edges
of sunspot penumbrae (Giovanelli and McCabe 1958). When satellite sunspots

disappear from the vicinity of a spot, surge activity ceases. It appears, «

i
4 therefore, that a surge is due to the magnetic field reversal of a satellite ¥
sunspot and that the process which gives rise to a surge also tends to i

eliminate the field reversal.
Apart from the differences in scales (length, time and velocity), there ]
is a strong similarity between a spicule and a surge (Tandberg-Hanssen 1974).
If & surge were scaled down in size snd in velocity to values typical of
spicules, it is probable that it would appear to be just amother spicule.
In support of the proposition that spicules and surges are due to basi-
cally the same mechanism occurring on different scales, wve also point out that

there exist "macro-spicules" which, according to Beckers (1977), resemble "a

small surge™ or a "giant spicule”. These appear in the polar regions of the
sun, rising to heights of up to 35,000 km with velocities of up to 150 km l-l,
lifetimes of up to 45 a, and diameters of up to 10,000 km. Hence the

characteristic dimensions of macro-spicules bridge the gap between those of
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spicules and surges.

For reasons indicated briefly above, we take the position that it is
reasonable to search for one mechanism responsible for spicules, -acro-.
spicules and surges. The appropriate values of physical parameters vill vary
from one category to another, but it is reasonable to assume that the same
basic process occurs in all cases. In searching for possible mechanisms of

spicules and surges, we attach prime significance to the fact that the height

of the spicule or surge is much greater than either the barometric scale




height or the ballistic scale height for the relevant velocity. PFor
temperatures usually quoted, the barometric scale height is in the range 300-

600 km. The ballistic scale height vleg is only 1,300 km for a typical

spicule velocity of 25 km o1

velocity of 100 km 0'1. It is clear, therefore, that spicules or surges

» and is only 20,000 km for a typical surge

cannot represent simple ballistic motion of chromospheric material ejected
from the chrowosphere by one means or another. This material must be subject
to an upward force which counteracts the effect of gravity.

It is also significant that this force must be comparable to the
gravitational force. Gravity acting alone can reduce an initial flow velocity
of 20 km s~} to zero in a distance of only 700 km. Similarly, if the upward
force were (for instance) twice that of gravity, an initisl flow velocity of
20 km sec”! would be increased to 40 km sec”l in only 2,000 km. Hence the
spicule mechanism must involve a force which is comparable with the force of
gravity and remains fairly constant during the duration of a spicule. Similar
remarks apply also to surges.

In this article, we examine briefly two methods of providing the required
suxiliary force. In Section II, we consider the possibility that a spicule is
driven by the pressure of the spicule gas itself. In order to attain
supersonic speeds, the spicule must then be produced by s mechanism analogous
to that responsible for the solar wind (Parker 1963), which can be provided by
an expanding magnetic flux tube. In order to simplify the analysis, we
consider an idealized model in which the flow hu' achieved a steady state. We
find that this model cannot produce flow heights much greater than one or two
ballistic scale heights.

In Section III, we consider s propossl of Uchida (1969), which may be

regarded as a modification of the sbove model. According to Uchida, the




material flowing upwards in a spicule may be composed of many plasma bubbles
or "plasmoids™. 1In this case, the magnetic pressure of the plasmoid
supplements the gas pressure. We follov Uchida in considering a steady-state
flow; this involves only a slight extension of the analysis of Section II.
Once again, ve find that this wmodel does not produce flow heights much greaster
than one or two ballistic scale heights.

The failure in each of these models to produce a large ratio of flow
height to ballistic height may be traced to the difficulty of producing an
almost constant force in an expanding region. In the first model, the
expansion which is necessary for the acceleration also causes cooling of the
spicule materisl. The acceleration is due to pressure, but the pressure is
reduced by expansion and the force becomes negligible as soon as the gas
cools. In the second model, the magnetic force depends sensitively on the
area of the tube. If large expansion occurs within the flow region, the
magnetic force will not remain comparable to the gravitational force. Im this
case either the spicule velocity becomes too large or the spicule height
becomes too small. If the scale-height for expamsion of the tube is
increased, the effects of expansion are reduced, but this reduction can be
offset by an increase in the assumed magnetic field strength in the plasmoids.
In this way, the parsmeters in the Uchida model can indeed be adjusted so that
the magnetic force nearly cancels gravity along the length of the spicule.
However, this solution is very semsitive to fluctuations in the flow velocity.
In the absence of a mechanism leading to this delicate adjustment of

parameters, the Uchida model does not seem to explain spicule behavior.

II. Stesdv-State Evirodvnmmic Flow
We consider steady flow along a thin flux tube which begine and returns

to the chromosphere which thus provides both s source and a sink for the gas




in the spicule. Hovever, since the basic requirement ¢f a spicule model is
that it explain the upward motion of chromospheric gas, wve shall restrict our
attention to the initial upwvard motion and igonore the subsequent downward

flow.

Por simplicity, we consider steady upward flow along a thin vertical flux
tube of which the area A is a given function A(z) of 3, vhere z is measured in

the upvard direction. Then the equation of continuity is

pappprrerpr-swaEMETrE e N

avA = J |, (2.1)

vhere n is the particle number density, v the velocity, and J (the particle
mass flux along the tube) is independent of 3. All quantities are measured in
c.g-s. units.

The equation of motion is

dv dp
nmv ’a‘; . - - d—.' ) (202)

where m is the mean particle mass, g the (downward) gravitational acceleration
and p the gas pressure.

The energy equation may be writtem as

3 d'l'-_gd_
-z-nkv-a: e (Av) ¢+ Q , (2.3)

wheze k is Boltsmann’s constant, T is the temperature, and ¢ is the net rate

of energy input per unit wvolume, taking account of energy loss by radiationm.

FJor the low temperatures and other conditionms chsracteristic of spicules and

surges, the role of thermal conduction in the energy equation may be igunored.
To the above equations we must add the relation

p = nklT . (2.4)




Por the temperatures and other conditions of interest, ionisation will play

only a small role and will be neglected. We therefore consider the mass m to
be the mass of a hydrogen atom. On the other hand, we consider that there is
sufficient ionization to insure that flow is along magnetic field lines.

We may use equation (2.4) to eliminste p, equation (2.1) to eliminate n,
and then' rearrange equations (2.2) and (2.3) to obtain expressions for dv/d:z

and dT/ds. The resulting equations are as follows:

(-"_2 dv___,cta 2a (2.5)
v/ ds A dz 3= ‘
3 c?\14ar g 14 (5 ¢\ aq
sf1-2)=S L2 =2, (2.6)
2 '2 T dz '2 Adz 3 v2 Jn(:2

vhere C is the sound speed defined by

o kT

T (2.7)

c2

We see that each of these equations has & "critical point" defined by the

same conditions:

Vo = Co (2.8)
and
A .
1_(2) _s _2h% o (2.9)
Ay \as/, 2 3 Jucd

Yor given physical conditions, such as flux-tube geometry, heat input snd

radiation losses, one may viev equations (2.8) and (2.9) as representing a

regulating mechanism for the mass flux J.
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For purposes of computing solutions of the above equations, it is

convenient to express them in dimensionless form.

following dimensionless variables,

g = s/H,
s =AlA,
£ = vlC,
t = T/T,

u o= Q/Q,
and the following dimensionless parameters,

= gﬂbc;z

In these expressions, B, is defined by

< -5 @,

The quantity I is the ratio of the scale length characteristic of the i
expansion of the flux tube at the critical point to the ballistic scale height

at the critical point. The quantity A may be viewed approximately as the

We therefore introduce the

(2.10)

(2.11)

(2.12)

ratio of the rate of emergy input in the neighborhood of the critcal point to

the kinetic energy flux st the critical point.

To these expressions, it is convenient to introduce a symbol demoting the

Mach number of the flow:
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In terms of dimensionless variables, equations (2.5) and (2.6) now become

w2 Ko, 18
(1 -NM kdc r+.dc Aay (2.14)

and

3 2, & 1 1da 3(5 _)

We see from equations (2.8) and (2.9) that the conditions at the critical

point may uow be expressed as

M, =1 (2.16)

and
' +A =1 ., (2.17)

It follows from (2.17) that T <1, i.e., that the expansion scale height ‘
H, must be less than 033'1, vhich is twice the ballistic scale height
corresponding to the speed of sound at the critical point. It also follows

from (2.17) that A < 1. (We are assuming that there is a net energy input

at the throat so that A > 0.)

We have computed solutions of equations (2.14) and (2.15) for s range of
assumed forms for the area function A(z) and heating function Q(z). A typical
solution is shown in Figure 1. For this particular case, the area A(z) is

assumed to grov exponentially from the throat on, as follows:-

0 for £ <0 ,

>

%‘%. 1/¢ 500 kn) for 0 < x < 2000 km , (2.18)

1/(5000 km) for =z > 2000 km .




For the heating function, we adopt the gaussian form

-(z - zp)2

Q(z) = Q, exp
"

’ (2.19)

which peaks at the value z, and has a width determined by H,.

The velocity v(z) and temperature T(z) resulting from this model are
shown in Figure 1. It is to be noted that the temperature decreases very
rapidly, due to adiabstic expansion. The velocity increases for temperatures
greater than 10,000 K but decreases rapidly when the temperature drops below
10,000 K. It is clear that this particular model does not meet the require~-
ment of a spicule model, that the velocity remains constant over seversl
ballistic scale heights.

The above result is not peculisr to the case specified by equations
(2.18) and (2.19); it seems to be quite genmeral. This property of the
bydrodynamic model may be understood as follows. In order for the flow to
contiunue to accelerate after it becomes supersonic, the equation of motion
(2.14) must be dominated either by the expansion term (1/a) (da/dz) becoming
large and positive, or by the heating term Aai becoming large and negative
(representing a large heat loss by radiation). In either case, we see from
equation (2.15) that the effect is to lead to a negative value of dt/d; , so
that the temperature decreases with height. However, if the temperature
decreases with height, the expansion term in equation (2.14) will soon become
negligible. The flow then becomes essentially ballistic. Ballistic flow and
a decresse in temperature wvith height are both inconsistent with spicule
observations (Beckers 1972).

This model also fails to reproduce the properties of surges. In order to
attain heights charscteristic of the largest surges (~ 1010 cm), ve require

that cf/zg attain this value. This then requires that Co = 107"‘. which in

10




turn requires a temperature T = 1083, This temperature is much higher than

the temperature of surge material, which is of order 104 x.

II1. Modified Uchida Model

Uchida (1969) has considered a model which is a variant of that con-
sidered in Section II., He considers that plasmoids are produced during the
reconnection process, each plasmoid containing gas and a closed magnetic
field. The gas pressure is then supplemented by magnetic pressure.

In this section, we follow Uchida in this general concept. However,
Uchida assumes that the magnetic field strength of the plasmoids is a known
fuaction of height. We prefer to estimate the magnetic field strength of the
plasmoids by an "equation of state™. We assume that the magnetic field is
"frozen" into the plasma. Then the manner in which the wmagnetic field
changes, in response to a change in the gas, depends on what assumptious one
makes concerning the relative directions of expansion and of the magnetic
field, For instance, if the expansion is along the magnetic field, then B is
independent of the gas density n. If, on the other hand, the expansion is
transverse to the magnetic field, then B is proportional to n.

We assume that the magnetic field is statistically isotropic, from which
it follows that B « n2/3. Since the magnetic pressure is proportionsl to Bz,

it follows that
Pp = /3 . (3.1)

We may therefore write

m )" 0.0




wvhere Pa,0 and o, will be interpreted as the values at the "throat”. On using

equations (2.1) and (2.10), (3.2) becomes

p- - ”'o ._‘,3 E -413 . (3.3)

The snalysis of this section follows closely that of the previous
section. The equation of continuity (2.1) and the energy equation (2.3) are

unchanged. However, the equation of motion (2.2) is now replaced by

dp dp
dv 2
i K - s dz - dz * .8

Another effect of the magnetic pressure is to change the wave-propagation

speed, 80 the speed of sound C is now replaced by K, where

SET 4 %
The "Mach number"™ will now be defined as
M= E N (3.6)

In equations (2.10) and (2.11), C, is nov replaced by K,» 80 that the

dimensionless variables and parameters become

L = z/H, s
a = A/A, ’
€ = v/x, ’ (3.7)
T = T/T, ’
¥ =Q/q, ’
12
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It is convenient also to introduce the

equations

(1-x-2)gi§.-r + ofi‘.
dg a

[al

an

3 _a, dT 1 de
put - —_—uwlX o -
2(l |} )d; 52 tldc

- ~2
r 8“0 ‘o »

o20%
3wl

. (3.8)

symbol

o = (R/K)? (3.9)

] which may be vieved as a normalized "effective temperature”.

With this terminology, ve nowv obtain, in place of (2.14) and (2.15), the

~Aap (3.10)

+2A6_“‘2+£T_) . (3.11)
2 552

We see that this pair of equations also allows a transition from subsonic to

supersonic flow at a critical point at which equations (2.16) and (2.17) must

be aatisfied.

Two numerical solutions of these equations are shown in Figures 2 and 3,

the former representing a case with moderate magnetic field strength, and the

latter a csse with strong magnetic field stremgth. The magnetic stress leads

to higher peak velocities and greater heights of the flow patterns. As

before, rapid cooling occurs in the expansion region, and the motiom is

essentislly ballistic beyond the height at which the velocity has its maximum

value. In the case studied in Figure

2, the maximum velocity (50 xm s~1) is

larger than is typical of spicules, yet the model does not extend to heights

13
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typical of spicules. In the case studied ia Figure 3, the flow extends to
heights typical of spicules, but the maximum velocity (75 km s~1) is much
larger than values typical of . spicules. From these and other examples, it is
clear that the Uchida model does not meet the requirements of s valid model of
spicules.

Ve have also investigated the possibility that the Uchida model may
represent the mechanism of surges. However, the model fails for the same
reasons that it fails to explain spicules. If the speed is correct, the

height is too emall; if the height is correct, the speed is too high.

IV. Discussion

We have shown that two of the conceptually simplest models of spicules
aud surges fail to reproduce their properties. Both phemomens require that
the gas move under the influence of s force which almost balances the force of
gravity over a height which is much lsrger than the barometric scale height
and much larger than the ballistic scale height. HNeither of the models
provides such a force.

Even if the above models had been able to reproduce the velocity curves
of spicules and surges, they would bave encountered snother difficulty. In
order to accelerate gas in a duct to supersonic speeds, it is necessary that
the duct expsud. The transverse dimension of the gas would therefore expand
with height. However, observationsl datas indicate thst the transverse
dimension of spicules, if anything, decrsages with height (Beckers 1972).

There are seversl variants of the above models which can be considered.
It is, for instance, possible that the assumption of steady flow somehow
rules out sn essential sspect of the spicule/surge mechanism. It is possible
that the cool gas which is visible in s spicule or surge is really being

expelled by the pressure of a very bot gas, just ss & low-temperature bullet

14
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is expelled by high-temperature gas in the barrel of a rifle. Hovever, these

varisats are likely to face the same objections as noted sbove concerning the
transverse dimension.

Anotber possibility is that the driving force for s spicule or surge is
provided by magnetic tension rather than gas pressure or magnetic pPressure.
This suggestion is embodied in & proposal advanced some time ago by Pikel’ner
(1969). This possibility sppears the most promising, and will be discussed in

our mext article.

This work was supported in part by MASA Grants NGL 05-020-272 and MAGW-~92
and the Office of Naval Research Countract W0014~75-C~0673.
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Figure 1| Hydrodynamic model vith the critical temperature equal to 20,000

degrees. The expansion and heating functions are shova in Figure

la). The velocity, shown as a function of height in 1lb), decays in a

distance comparable to the ballistic scale height of the maximum

velocity. The temperature also is shown in Figure 1b); note the

rapid cooling that occurs due to the large expansion near the

throat.

Uchida model with moderate magnetic field (V.-lo kn -'1. Cp=25 ka o1

at the critical point). Comparing this with Figure 1, ve find a

larger peak velocity and spicule height due to the magnetic force.

As in the hydrodynamic model, rapid cooling occurs in the expamsion

region, and the motion is essentially ballistic past the peak

velocity.

Figure 3 Uchids model with strong magnetic field (V =20 ka o'l. Cp=25 km D),
The acceleration occurs in the region of rapid expansion. The

spicule height is not much grester than one ballistic scale height

e R S TN STV . A9 . STy rnr

past the peak velocity. While the height is characteristic of long

spicules, the peak velocity (75 ka o) is much larger than observed

spicule velocities.
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