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ABSTRACT

We investigate how plasma structures in the solar chromosphere and corona can extend to altitudes
much above hydrostatic scale heights from the solar surface even under the force of gravity. Using a
simple modified form of equation of motion in the vertical direction, we argue that there are two extreme
ways of non-hydrostatic support: dynamical support and magnetic support. If the vertical acceleration
is downward and its magnitude is a significant fraction of gravitational acceleration, non-hydrostatic
support is dynamical in nature. Otherwise non-hydrostatic support is static, and magnetic support
by horizontal magnetic fields is the only other possibility. We describe what kind of observations are
needed in the clarification of the nature of non-hydrostatic support. Observations available so far seem to
indicate that spicules in the quiet regions and dynamic fibrils in active regions are dynamically supported
whereas the general chromosphere as well as prominences is magnetically supported. Moreover, it
appears that magnetic support is required for plasma in some coronal loops as well. We suspect that
the identification of a coronal loop with a simple magnetic flux tube might be wrong in this regard.
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1. INTRODUCTION

A well-known, but little-understood property of the
upper solar atmosphere — chromosphere and corona
— is that it has a multitude of diverse plasma struc-
tures that extend to heights much above pressure scale
heights expected in hydrostatic equilibrium. Spicules
seen beyond the solar limb (see Fig. 1), for example, ex-
tend to as high as 7,000 km (Lippincott 1957; Pasachoff
et al. 2009), which is far greater than a few hundred km,
the hydrostatic pressure scale height of plasma in the
chromosphere. The disk-counterpart of spicules is be-
lieved to be dark mottles in quiet regions. Fibrils usu-
ally seen in active regions are similar to, but are more
elongated and less high than dark mottles. Fibrils have
heights of about 4,000 km (Foukal 1971), which is still
far greater than the hydrostatic pressure scale height.
A similar situation arises even in the chromosphere it-
self seen beyond the limb which has a height of 5,000
km (Zirin 1996; Johannesson & Zirin 1996), and in solar
prominences that lie much higher than spicules, fibrils,
and any other chromospheric features (see Fig. 2).

Non-hydrostatic support seems to be needed even
in some coronal loops emitting Extreme Ultraviolet
(EUV) radiation (see Fig. 3). Aschwanden et al. (2000)
determined pressure scale height in a number of EUV
loops by analyzing intensity variation along each loop
and found that long loops usually have pressure scale
heights as large as three times hydrostatic pressure
scale height. This means that the visible portion of a

loop extends to a much higher altitude than is expected
in a hydrostatic equilibrium as vividly illustrated by
Aschwanden et al. (2001).

The non-hydrostatic support of plasma against grav-
ity in the solar chromosphere and corona is a chal-
lenging problem as is the heating of the chromosphere
and corona. These two problems may not be indepen-
dent of each other, and solving the problem of non-
hydrostatic support may be able to provide important
clues to the problem of heating. To solve the problem
of non-hydrostatic support, it is necessary to properly
understand its nature from a general point of view, to
consider probable solutions in each situation based on
previous observations and to carry out new observa-
tions that can be used to discriminate among different
possibilities. This kind of effort would be quite timely
with the advent of new observing facilities with 0.2 or
better resolving power that allow detailed comparison
between theory and observation. This is the motivation
of the present study.

2. PHYSICAL NATURE OF
NON-HYDROSTATIC SUPPORT

2.1 Hydrostatic Support

A medium of plasma is in a hydrostatic equilibrium
if it is static with the force of gravity being balanced by

— 55 —



96 J. CHAE

Fig. 1.— Solar chromosphere seen at the Ha centerline beyond the solar limb. The image was reconstructed from a set
of short-exposure (speckle) images taken by the 1.6 m New Solar Telescope at Big Bear Solar Observatory. The spatial

resolution is better than 0.2"” or 150 km.

that of gas pressure gradient in the vertical direction:

dp
= —— 1

where p and p are pressure and mass density of plasma,
g, gravitational acceleration, and z, vertical coordinate
increasing in the upward direction. This condition has
been commonly adopted for the study of stellar in-
teriors and stellar photospheres. With pressure scale

height
_ dlnp\ "
=~ (%2) @)

and hydrostatic scale height

p
H, = —, 3
o= 3)

the condition of hydrostatic equilibrium may be simply
expressed as
1 1
- =7 (4)
H, H,

which shows why pressure scale height and hydrostatic
scale height are often regarded as the same. Note, how-
ever, that hydrostatic scale height refers to pressure
scale height in a hydrostatic equilibrium, and in gen-
eral these two scale heights do differ from each other.
Pressure scale height H, measures the actual extent
of the medium of plasma or a structure of plasma in
the vertical direction, whereas hydrostatic scale height

H,, the theoretical extent in a hydrostatic equilibrium.
Note also that H; is positive-definite, but H) is not.
With the help of the equation of state for an ideal gas,
one can eagily derive the following specific expression
for H,

T 1.3 274 m s 2
H“J“<mmK)<F)( . )hm(®

which indicates that H, is determined by temperature
T and mean molecular weight u of the plasma as well as
by g. Its value is estimated to be about 140 km in the
photosphere with 7" = 6,000 K and p = 1.3, 240 km
in the chromosphere with 7' = 8,000 K and p = 1.0,
and 5 x 10* km in the corona with 7 =1 x 10% K and
p = 0.6, respectively.

2.2 Non-Hydrostatic Support

Non-hydrostatic support is required when the force
of plasma pressure gradient can not balance the force
of gravity. This happens either when the magnitude of
pressure gradient is too small or when its direction is
reversed, that is, downward. The small pressure gradi-
ent means a tall extent of plasma (H, > Hy), and the
reverse direction of pressure gradient obviously refers
to the existence of high-pressure features above low-
pressure ones (H, < 0). Both these cases are described
by the inequality condition

11 ©)
H,~ H,’
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Fig. 2.— Hedgerow prominence seen at the Ha centerline. The image was taken by the Solar Optical Telescope aboard

the Hinode satellite.

There exist two kinds of explanation for non-hydrostatic An important feature obvious from this equation is that

support: one is that there exist forces other than the
force of plasma pressure gradient that can balance the
force of gravity. As a matter of fact, the only other force
that can exist in ideal MHD is the magnetic force or
the Lorentz force. Therefore, non-hydrostatic support
is magnetic in nature. The other is that the system
may not be static at all: plasma may be moving under
the force of gravity. This corresponds to the case of
dynamical support. We fear that the terminology “dy-
namical support” might be misleading. The “support”
used in the present work is not to imply the existence of
some force balancing the force of gravity, but to gener-
ally refer to a mechanism or process to allow material
to exist at high altitudes, including the case of force
balance.

2.3 Magnetic Support

We assume that plasma in the solar chromosphere
and corona may be treated as an inviscid single fluid
where ideal magnetohydrodynamics (MHD) holds. Then
in the presence of magnetic field B, plasma carrying
electric current is subject to another force: the Lorentz
force

Fin(VxB)xB. )

Decomposing B into the vertical component and the
horizontal component

B =3B, + By, (8)

we can write the vertical component of the Lorentz
force as
1 0B; 1

Fp,=————"24+ _B;-VB,. 9
Lz 87r62+47r n- VB ©)

horizontal magnetic field By is crucial for the non-
zero vertical component of the Lorentz force, and hence
for the magnetic support of non-hydrostatic plasma.
This equation also indicates that, as is well known, the
Lorenz force may be split into two parts: the force of
magnetic pressure gradient and the force of magnetic
tension.

A magnetohydrostatic equilibrium requires the bal-
ance among the force of gravity, the force of plasma
pressure gradient, and the Lorentz force in the vertical
direction:

dp 10B: 1
=——-——"h4 - B,.VB,. (10
P9 52 87 0z amoh ? (10)
The last term in the right-hand side corresponding to
the vertical component of magnetic tension may be
written as 1

2_— 11
hRB’ ( )

where Rp is the radius of curvature of field line mea-
sured in the vertical direction. If the field line near the
point of interest is concave upward (downward), Rp is
positive (negative). With the introduction of magnetic
scale height

B,-VB, =B

6 In Bh -t
Hp =— 12
B ( 0z ) (12)
and a positive-definite dimensionless parameter
B
== 13
aB 4’/Tp ) ( )
equation (10) can be recast into the form
1 1 1 1
—_— = —+ . 14
T Hp+aB[HB+RB] (14)
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Fig. 3.— Coronal loops emitting EUV light at 171 A. The
image was taken by the Transition Region And Coronal Ex-
plorer.

The condition for non-hydrostatic support as ex-
pressed in equation (6) is satisfied if ap # 0 and

1 1
— 4+ —>0 15
e >0 (15)
which implies that magnetic field should differ from the
force-free field satisfying the condition
1 1
—+—=—=0 16
T TRy = (16)
for magnetic support to operate.

A special case of magnetic support arises when
1/H, = 1/Hp = 0: non-hydrostatic support purely
by the force of magnetic tension

1 aB

—_ == 17

T~ g 17)
The famous solution of Kippenhahn & Schliiter (1957)
for a magnetohydrostatic equilibrium belongs to this
category.

2.4 Dynamical Support

Suppose magnetic field does not contribute to non-
hydrostatic support at all, and the plasma is not static.
The hydrostatic equation is then replaced by the verti-
cal component of the equation of motion

= —K5_ Z 18
P9 5, P9 (18)

with vertical acceleration a, given by
o — ov,,
oot

This equation may be rewritten in terms of scale
heights

+v-Vu,. (19)

1 1 |
1_1 el 20
H, Hp g H,
which indicates that the dynamical support of non-
hydrostatic plasma operates when

a, <0. (21)

This is not surprising at all; since the force of plasma
pressure gradient can not balance the force of gravity
and there is no other force, the plasma should be sub-
ject to a net vertical acceleration downward.

The point is that whether the non-hydrostatic sup-
port has a dynamical origin or not can be decided based
on the value of vertical acceleration. If the dynamical
support is the only way of non-hydrostatic support, the
acceleration should be close to the theoretical one given
by o

S

a; = g(Hp 1). (22)
Since non-hydrostatic support implies that H;/H, is
significantly smaller than unity, a, should be a sig-
nificant fraction of —g. The extreme case of free-fall
a, = —g corresponds to the case of Hy/H, = 0 in
which case hydrostatic support by pressure gradient is
negligible.

Once a constant value of a, is assumed, it is easy to
investigate the observable characteristics of dynamical
support from the solution of equation of motion:

v, = a,t (23)

and

z= 1azt2 (24)
2

where time ¢ and height z are measured from the in-
stant when, and the position where the vertical speed
becomes zero. The h = |z| may be interpreted as
the vertical extent of the non-hydrostatic structure;
T = 2|t|, as the dynamic lifetime of the structure and
Um = |a.t|/2, the average vertical speed of the struc-
ture. Then we obtain the following relations for 7

T =+/8h/|a,| (25)

and v,
Vm =V |az|h/2 (26)
expressed in terms of a, and h. For example, if we

choose h = 10* km and |a.| = g, we find that 7 = 9
min and v,, = 37 km s~ .

The consideration above followed the Lagrangian ap-
proach in which case it does not matter whether motion
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is steady or not. As a matter of fact, one can derive the
same expressions for a purely vertical steady flow with
a constant vertical acceleration as well, by integrating

the equation
Ov
a, = Uza—zz ) (27)
What would be the effect of steady horizontal flows
on dynamical support? To see this, we consider the
case
ov,

or

with constant a,, constant vy, and v, = 0 at x = 0.
The integration of this equation results in

a, =vp Vv, = vp (28)

az
==L 29
ve =L (29)

where L is the horizontal displacement from z = 0. For
the flow to remain predominantly horizontal, it should

hold
v > +/a,|L (30)

2L
m=""<2VL/a, (31)
h

where 7y, is the duration of the period during which the
flow can remain predominantly horizontal.

There are a couple of characteristics we can infer
from these conditions. First, purely horizontal flows
have nothing to do with dynamical support: they need
some forces to balance the force of gravity anyway. In
the dynamical support, it is natural for a flow to follow
a curved trajectory that is concave downward. Second,
the necessary condition for the flow to remain predomi-
nantly horizontal is that the speed of horizontal motion
should be high enough. For example, with the choice
of L = 10° km, and |a,| = g, we obtain the specific
conditions: v, > 165 km s~!, and 73, < 20 min.

and hence

2.5 General Non-Hydrostatic Support

In general, both magnetic support and dynamical
support may be responsible for the hon-hydrostatic
support, as can be expressed in the equation

1 1 1 1 a, 1
—_— = — — | - — = 32
o, Hp+aB[HB+RB] g H, (32)

or

1 1 1 1 a.\ "
— == - 4+ 14+ 2 .
m = (mren | m)) (45) -

Note that this equation is equivalent to the vertical
component of equation of motion in ideal MHD, be-
ing written in terms of scale lengths and dimensionless
parameters whereas the original equation of motion is
written in terms of physical variables p, p, v, B and
their spatial gradients. We think it is convenient to

work with scale lengths since these are good measures
of the spatial variations of the physical parameters and
may be inferred from observations more easily than the
physical parameters themselves. Moreover, the other
lengths such as h and L introduced above can be di-
rectly determined from observations.

The general condition for non-hydrostatic support
now reads
H, H,

HB+RB

a
——= + ap(
9

)>0, (34)

from which it is obvious that if ap = 0 (zero horizon-
tal magnetic field), it should follow a, < 0; the plasma
should move with a downward acceleration (dynami-
cal support). On the other hand, if a, = 0 (static
or constant motion), it should follow ap # 0; there
should exist significant horizontal magnetic fields with
a suitable configuration (magnetic support). To decide
between the two ways of non-hydrostatic support, it is
crucial for one to determine the vertical acceleration of
a non-hydrostatic feature.

3. MEASUREMENTS OF PARAMETERS

In principle, the way of non-hydrostatic support can
be fully understood based on the quantitative evalua-
tion of dynamical support and magnetic support if the
parameters H,, Hp, a,, Hp, Rp, and ap are deter-
mined from observations.

3.1 Hydrostatic Scale Height

Hydrostatic pressure scale height Hy; depends on
temperature 7', mean molecular weight y, and gravity
g. Even though the precise determination of T" and
from observations is not a trivial task, rough estimates
can be readily obtained once the spectral window is
specified. For example, chromospheric features well vis-
ible through the Ha line should contain enough number
of neutral hydrogens (hydrogen should be either neu-
tral or partially ionized), which suggests T ~ 10* K
and p ~ 1, and hence Hy; ~ 300 km. On the other
hand, coronal features well visible through a filter cen-
tered either on 171 A or 195 A must be fully ionized
plasma with T ~ 108 K, and p ~ 0.6, so it follows that
H, ~ 50,000 km.

3.2 Pressure Scale Height

The determination of pressure scale height H,, is a
little difficult. In principle, it is necessary to determine
temperature, mass density, mean molecular weight as
functions of height, to obtain the height dependence
of pressure from which H, can be determined. This
requires a detailed analysis of density diagnostic at dif-
ferent heights.

The scale height of a feature H; can be directly,
if not precisely, measured from the variation of inten-
sity. We find it possible to relate Hy to Hp, using some
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simplifying assumptions suitable in each situation. For
instance, a spicule beyond the limb emits the Ha radia-
tion mainly by scattering the light illuminated from the
photosphere. If the spicule is optically thin across, the
intensity should be proportional to the optical thickness
across it. Supposing that diameter and temperature are
uniform along the spicule, Hy inferred from the inten-
sity variation along the spicule is found to be the same
as that of pressure variation H,. Thus H), in this case
is roughly the height over which intensity is reduced to
e~! = 0.37 of the original value. In contrast, a coro-
nal loop emits the EUV radiation mainly by collisional
excitation followed by radiative de-excitation. Suppos-
ing again that diameter and temperature are uniform
along the loop, the intensity variation along the loop
reflects the variation of square of electron and hence
that of the square of pressure, so that we have the re-
lation Hy = H,/2. In other words, H, is roughly the
height over which the intensity is reduced by a factor
of e72 & 0.14.

3.3 Dynamical Parameters

The determination of vertical acceleration a, is one
of the observational challenges in the solar research. By
decomposing the agceleration vector a into the line-of-
sight component a;I and the transverse component ast,
Wwe can express a, as

a,=a-2=af-2+al-%. (35)

In principle, we can determine a; from the analysis of
a time series of images, and a; from a time series of
Doppler shifts of a spectral line.

When there exists a prominent discrete feature on
the images, its position can be tracked as a function
of time using optical flow techniques such as the well-
known local correlation tracking (LCT, November &
Simon 1988) or its improved version, non-linear affine
velocity estimator (NAVE, Chae & Sakurai 2008). The
output of these techniques is position vector, its time
derivative (velocity vector), and its second time deriva-
tive (acceleration vector a;t) on the plane of sky. If the
feature linearly moves toward a direction ¢, the time-
slice technique is quite conveniently used. This tech-
nique stacks a time series of thin stripes each of which
is taken along a designated line in each image, and pro-
duces a map of intensity in the time-distance domain.
This map is useful in displaying the position of the fea-
ture as a function of time, from which one can derive
velocity and acceleration a; along the direction t.

The component of acceleration along the line of sight
a; can be determined from a time variation of Doppler
shift of a spectral line emitted by the feature. When
the spectral line is in emission, the Doppler shift can
be determined from the central wavelength of the line
without much difficulty. But when the spectral line is
in absorption as in the case of Ha disk observations of
chromospheric features, the central wavelength of the

line should not be used for the Doppler shift. This is be-
cause the line is mostly formed in the photosphere, and
the chromospheric feature observed through the line
modifies the spectral shape of the line only a little. The
central wavelength of the line measures the weighted
average of the line-of-sight velocity of the photosphere
and the line-of-sight velocity of the chromospheric fea-
ture with the chromospheric weight being much smaller
than the photospheric weight. One should rather de-
termine the line-of-sight velocity of the chromospheric
feature from the central wavelength of the absorption
profile of the feature after taking into account the effect
of radiative transfer through the chromospheric feature
on the observed line profile. One simple approach is to
adopt the cloud model of radiative transfer where the
source function and other parameters are assumed to
be constant inside the chromospheric feature. For the
details of this issue, readers may refer to Chae et al.
(2006).

Note that knowing a; and q; is not enough for the de-
termination of a,. The orientation of the z-axis should
be determined somehow so that the values of ¢ - 2 and
[ - Z can be specified.

In many cases, it is much more difficult to determine
the vertical acceleration a, than to do the vertical ve-
locity v, since the determination of a, requires the
knowledge of the time variation of v,. When the infor-
mation on the time variation of v, is not available, one
can infer a, roughly from the typical vertical speed vy,
and the vertical extent of motion h using equation (26).

3.4 Magnetic Parameters

The direct determination of magnetic field in the up-
per solar atmosphere is quite demanding. The recent
progress in the analysis of the Hanle effect on the po-
larization of light at the wavelengths in the spectral
lines opened the door to the measurement of vector
magnetic field in chromospheric features that lie much
above the limb such as prominences (Lépez Ariste &
Casini 2003; Casini et al. 2009) and spicules (Lépez
Ariste and Casini 2005). Being combined with the
high resolving capability of the new generation tele-
scopes, this technique will provide a good opportunity
for investigating the magnetic structures of prominence
and spicules sooner or later. The inference of magnetic
structures of other chromospheric features is more diffi-
cult, and may not be possible in the near future. Limb
observations are not good at resolving individual struc-
tures, and disk observations are difficult to analyze be-
cause of strong and non-uniform illuminating light from
below.

The direct determination of coronal magnetic field
is extremely demanding. The Zeeman effect on the
spectral lines in the UV and visible wavelengths can
not be made use of to determine coronal field since
the Doppler broadening dominates over the Zeeman
splitting in these lines. Instead, near-infrared coronal
emission lines can be used to measure the polarization
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resulting from the Zeeman effect (Lin et al. 2000), or
gyro-resonance radio emission can be used to directly
infer the field strength (Lee 2007). The measurement
of coronal magnetic field is one of the major scientific
goals of the next generation telescope such as the Ad-
vanced Technology Solar Telescope (Keil et al. 2003).

Despite the fast development of solar observing in-
strumentation, it would not be possible to obtain the
magnetic parameters of our interest directly from ob-
servations for a while. What we need is much more
than the average value of the total field strength only;
we need to obtain the horizontal field strength, and its
vertical scale height, and its radius of curvature in the
vertical direction.

4. CURRENT UNDERSTANDING OF NON-
HYDROSTATIC FEATURES

4.1 Spicules and Dynamic Fibrils

Spicules seen beyond the limb of quiet regions, mot-
tles seen on quiet regions on the disk, and dynamic
fibrils seen in active regions on the disk are qualita-
tively very similar to one another. Observations have
provided ample evidence that these features are mainly
dynamically supported against gravity. The most com-
pelling evidence is that the top of each feature usually
moves up and falls back along a line with a constant de-
celeration that is a significant fraction of gravity (Sue-
matsu et al. 1995; Christopoulou et al. 2001; De Pontieu
et al. 2007). That the deceleration is smaller than that
of gravity was usually explained by supposing the line
of motion is inclined from the vertical direction whereas
most studies implicitly neglected the effect of pressure
gradient on the dynamics.

We pay special attention to the reported values of
dynamic lifetime because their measurements are in-
dependent of the perspective of the observer. The re-
ported mean lifetimes of spicules are 7 min from limb
observations (Pasachoff et al. 2009), and 10 min from
disk observations (Suematsu et al. 1995). It appears
to us that the lifetimes measured by Suematsu et al.
(1995) may have been overestimated since they mea-
sured the distance from the location where the ballistic
motion of the feature is not identified. If we confine
the identification of the feature to the period of time
when the ballistic motion is clear, we find from Fig. 4
of their paper that the lifetime should be decreased by
a factor of about 1.4, which gives about the same value
of the mean lifetime as that of limb spicules reported
by Pasachoff et al. (2009). This value is equal to the
theoretical lifetime determined from equation (25) with
a, = —g and h = 6,000 km. This choice of h is quite
consistent with the observed range of spicule heights
(Pasachoff et al. 2009). Interestingly, the mean value
calculated using equation (26) with the same parame-
ters is found to be 29 km s~1, which is again very close
to the mean value of 27 km s~! reported by Pasachoff
et al. (2009). These results strongly support the notion

that spicules are dynamically supported.

4.2 Prominences

Even though prominences traditionally refer to all
the cool features that appear prominent, especially in
Ha, above the chromospheric layer outside the solar
limb, we restrict the usage of this terminology to the
Ha features outside the limb that correspond to dark
filaments seen on the solar disk. There are a variety
of prominences on the Sun. Depending on the activ-
ity, prominences may be classified into eruptive promi-
nences or quiescent prominences. Depending on the
photospheric region of location, prominences may be
classified into active region prominences, quiet region
prominences, or intermediate prominences.

Quiescent prominences are an extreme example of
non-hydrostatic support in that they represent cool
plasma lying much above the chromosphere, not to
speak of the photosphere. They apparently keep sta-
ble for relatively long periods as long as many days,
so that it has been thought that quiescent prominences
are static, and a number of prominence models (e.g.,
Kippenhahn & Schliiter 1957; Kuperus & Raadu 1974)
have been proposed to explain the magnetic configu-
ration necessary for the magnetic support of plasma
against the force of gravity.

This traditional picture of magnetic support, how-
ever, is now being challenged by recent observations of
fine-scale structures in prominences that reported the
common occurrence of flows. The primary advocate is
Zirker et al. (1998) who argued that their finding of Ha
flows streaming along threads not only in the spine, the
upper horizontal portion of a filament, but also in in
the barbs, the lower portions looking like legs, is evi-
dence against the presence of horizontal magnetic fields
that are essential for magnetic support. The speeds of
the reported flows were from 5 to 20 km s~!, and the
distances tracked, from 10% to 10* km. Soon thereafter,
Wang (1999) reported flows with higher speeds of or-
der 30 km s~! from HeII A\304 images, and regarded
prominences as a system of chromospheric jets, a dy-
namic entity. Since then, there has been accumulating
evidence for streaming flows in Ha (Chae et al. 2000;
Lin et al. 2003, 2005; Chae et al. 2007, 2008) and in
EUV (Chae 2003; Kucera et al. 2003).

Could the existence of streaming flows be used as
evidence against magnetic support, and for dynamical
support in prominences, as Zirker et al. (1998) sug-
gested? We think not. The reason is quite simple: the
speeds of observed flows are too low. If magnetic sup-
port does not operate at all, and plasmas are wholly
dynamically supported, then the speed should be con-
sistent with equation (26) in case of vertical flows and
with equation (30) in case of horizontal flows. Based on
the picture given by Zirker et al. (1998), we can reason-
ably choose h = 15,000 km, and L = 50,000 km, which
leads to v,, = 45 km s~ ! as the theoretical estimate of
the mean speed of flows in the barbs, and v, > 120
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km s~! for the speed of flows in the spine. These speeds
are much higher than the observed speeds: 5 km s—!
in the barbs, and 20 km s~ in the spine, respectively.
No Ha observations have ever reported such high speed
flows so far. It seems that at least Ha emitting plasmas
in prominences should be magnetically supported, and
the existence of streaming flows does not negate such
need.

Flows may be important in prominences from the
veiwpoint of mass supply and its redistribution (Litvi-
nenko & Martin 1999; Chae 2003), but their relevant
dynamics should be understood in the framework of
a moderate deviation from a magnetohydrostatic equi-
librium, with the notion of magnetic support not being
totally thrown away (Litvinenko 2000). Chae (2010)
demonstrated that this conclusion holds for descending
motions of knots as well that are often seen in hedgerow
prominences.

4.3 General Chromosphere

Ha centerline images of the limb show a fairly con-
tinuous emitting band about 5,000 km high, in addi-
tion to spicules (see Fig. 1). Zirin (1988, 1996) argued
that this “general chromosphere” is distinct from the
spicule forest since it is not visible near the Ha off-
band at which spicules are most conspicuous. The Ha
brightness scale height of the general chromosphere is
of order 1,000 km, and the CICM model (Ewell et al.
1993) constructed from eclipse observations at a sub-
millimeter wavelength indicates a pressure scale height
of about 500 km, and an electron scale height of 1,000
km. These results strongly suggest that the general
chromosphere is not in hydrostatic equilibrium, unlike
the widely used VAL model (Vernazza et al. 1981) that
yields 2,000 km for the height of chromosphere. The so-
lar chromosphere requires non-hydrostatic support. So
far, however, few studies have been done on this issue.

We agree with Zirin (1996) that the non-hydrostatic
support of the general chromosphere is magnetic in na-
ture. The reason is that the general chromosphere is
not likely to be moving at fast speeds, as can be inferred
from the observational fact that the general chromo-
sphere is more conspicuous at the Ha center than at
offbands, unlike spicules.

Zirin (1996) attributed this component to intranet-
work regions in which spicules are absent, and he identi-
fied the general chromosphere with the “intranetwork”
chromosphere. We, however, think about the general
chromosphere in a little different way. We recall that
for magnetic support to operate, not only magnetic
fields are required, but also the fields should be sig-
nificantly horizontal. We also note that magnetic field
may be significantly horizontal at regions where field
lines connect to poles of opposite polarity. Such mag-
netic loops should be small enough to be confined in-
side the chromospheric layer of 5,000 km height. Thus
we propose that the general chromosphere is supported
by numerous magnetic loops with footpoint separation

of 10* km or smaller. These loops may include mag-
netic bipoles inside intranetwork regions, and hence the
general chromosphere should include the intranetwork
chromosphere as well.

4.4 Coronal Loops

According to Aschwanden et al. (2000), some coro-
nal loops visible in EUV have very large pressure scale
height indicating the value of H,/H, as large as 3, re-
quiring non-hydrostatic support. Suppose these loops
are dynamically supported. With the choice of h = 10°
km and a, = —g, equation (26) indicates that the mean
vertical speed should be about 120 km s~—!. Flows as
fast as this value have not been observed in quiescent
loops, even though downflows as fast as 40 km s—!
were reported (Winebarger et al. 2002). Therefore the
non-hydrostatic support of coronal loops can not be
explained by dynamic support in a vertical field. A
similar conclusion was reached by Petrie (2006) as well.

The inadequacy of dynamical support of the non-
hydrostatic loops leaves magnetic support as the only
possibility. This obvious conclusion has a crucial phys-
ical implication: coronal loops should have horizontal
magnetic fields. This requirement is not compatible
with the common picture that identifies a coronal loop
with an untwisted flux tube. Thus the implied mag-
netic support suggests us to reconsider the magnetic
configuration of coronal loops; either the flux tube may
be twisted or a totally different magnetic configura-
tion may be required. This necessity arises also from
another unresolved problem of how coronal loops can
keep more or less constant width, despite the inferred
expansion of a flux tube with height (Watko & Klim-
chuk 2000).

Recently, Plowman et al. (2009) identified the axis
of coronal loops with field lines called separators and
found that the observed coronal loop expansion prop-
erties can be well explained. We think that this is an
interesting idea from the viewpoint of magnetic sup-
port as well, because magnetic fields in the immediate
regions surrounding a separator should have significant
components perpendicular to the separator itself. This
means that even when the axis of a coronal loop is verti-
cal along a separator, the non-axis part of the loop can
be permeated by magnetic fields that are significantly
horizontal. Therefore we propose that such a configu-
ration can provide magnetic support. A rigorous theo-
retical investigation of this aspect is quite worthwhile.

5. SUMMARY AND CONCLUSION

The existence of plasma structures at altitudes much
above hydrostatic scale heights suggests that these
structures are not in hydrostatic equilibrium; the force
of plasma pressure gradient is not strong enough to
balance the force of gravity, and hence these structures
need non-hydrostatic support. We find that the physics
of non-hydrostatic support is relatively simple and can
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be fairly well understood using the modified form of the
vertical component of equation of motion. With the as-
sumption of ideal MHD, the Lorentz force is the only
force other than the force of plasma pressure gradient
that can balance the force of gravity. Therefore there
are basically two possibilities of non-hydrostatic sup-
port: either the system is not static at all (dynamical
support) or the Lorentz force balances the force of grav-
ity (magnetic support). Whether a non-hydrostatic
plasma structure is dynamically supported or not can
be determined using the value of vertical acceleration; if
the vertical acceleration is downward and its magnitude
is a significant fraction of the gravitational acceleration,
the structure is far from a static equilibrium and is dy-
namically supported. If not, the structure must be in
a magnetohydrostatic equilibrium where the magnetic
force balances the force of gravity. An obvious, but
important property of magnetic support is that there
should exist significant horizontal components of the
magnetic fields.

We have considered the physical nature of non-
hydrostatic support in each of the several kinds of non-
hydrostatic structures using observational results pre-
viously reported. Observations seem to be quite con-
sistent with the notion that spicules in quiet regions
and dynamic fibrils in active regions are dynamically
supported. This means that these structures are a dy-
namical consequence of initial supply of enough vertical
momentum in low altitudes. How they come to have
such momentum is another issue and is actually the
heart of research on these structures. On the other
hand, the general chromosphere as well as prominences
seems to be magnetically supported and they should
be pervaded by horizontal magnetic fields. The pres-
ence of flows in prominences does not necessarily mean
that these structures are dynamically supported. Non-
hydrostatic support of plasmas in cool coronal loops
emitting EUV does not seem to be dynamic in nature,
either. If this is the case, magnetic support is required
even for coronal loops and a magnetic configuration
other than a simple magnetic flux tube is required to
be consistent with the implied existence of significant
horizontal components of magnetic fields.

We conclude that considering the non-hydrostatic
aspect of plasma structures in the solar chromosphere
and corona is helpful in understanding their magnetic
structures and relevant physical processes. The physics
of non-hydrostatic support is so simple as to be eas-
ily made use of, which gives us a strong motivation
to properly measure physical quantities such as scale
heights, dynamical parameters, and magnetic parame-
ters using the coming advanced observations, and com-
bine them to make a consistent picture.
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APPENDIX A. Derivation of Eq. (11)

Let’s denote magnetic field at the point of interest
To by
Bo = Bpot + B,oZ (A].)

where h is the direction vector of the horizontal compo-
nent. The line of field b = B — B,y % is then horizontal
at ro. Unless purely horizontal, this line of field near
o may be fitted by a circle with a radius, say, Rp.
We choose the convention that Rp is positive if the
field line is concave upward. A position on the circle
is specified by the position angle 6 that is measured
counterclockwise and hence is related to the horizontal
coordinate h in the way the relation

h = Rpsinf (A2)

and the behavior of b in the neighborhood of the point
of interest ¢ is described by the relations

b, = DBpocosl (A3)
b, = Bpgsinf. (A4)
Thus we have
ob, 1
Bh-vBZ:bh%:BiOR_BCOSG (A5)
which is reduced to
1
B, VB, =B} — (A6)
Rp

in the limit 8 — 0 corresponding to the point of our
interest rq.
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