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Solar atmosphere is filled with plasma and magnetic field. Activities in the atmosphere are due to plasma
instabilitiesin the magnetic field. To understand the physical mechanismsof activities/ instabilities, it is necessary
to know the physical conditions of magnetized plasma, such as temperature, density, magnetic field, and their
spatial structures and temporal developments. Multi-wavelength imaging is essential for this purpose. Imaging
observations of the Sun at microwave, X-ray, EUV and optical rangesareroutinely going on. Dueto free exchange
of original data among solar physics and related field communities, we can easily combine images covering wide
range of spectrum. Even under such circumstances, we still do not understand the cause of activities in the solar
atmosphere well. The current standard model of solar activities is based on magnetic reconnection: release of
stored magnetic energy by reconnection is the cause of solar activities on the Sun such as solar flares. However,
recent X-ray, EUV and microwave observations with high spatial and temporal resolution show that dense plasma
is involved in activities from the beginning. Based on these observations, | propose a high-beta model of solar
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activities, which is very similar to high-beta disruptions in magnetically confined fusion experiments.
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1. Inroduction

Solar flares and other energetic phenomena occur in
the solar corona. The solar coronais the upper solar atmo-
sphere where the temperature is around 2 million K and
the density is around 10%* m~3. In active regions (around
sunspot), temperature is several million K and the den-
sity is larger than 10 m3. Mgjor elements of the corona
are Hydrogen and Helium. Due to high temperature, they
are in plasma state. The reason why such high tempera-
ture atmosphere can extend above 6000 K surface, which
is called photosphere, is not yet known. Coronal heating
problem is one of the most important problems for solar
physics and also for astrophysics. Magnetic field strength
of thecoronaisseveral to hundred gauss. Hence the plasma
beta value (= plasma pressure/magnetic pressure) is very
small in normal condition.

Solar flares and other high-energy phenomenaare sud-
den energy release phenomenain the solar corona. Before
the release, energy needs to be stored in the corona. In the
low beta corona, it is assumed that the energy is stored in
the form of magnetic field. Major part of the magnetic field
inthe coronais potential field. Free magnetic energy isdue
to electric current flowing in the corona. In the standard
model of solar flares (e.g. [1]), it is assumed that the cur-
rent isin the form of very thin sheet and the current sheet
create anti-parallel magnetic field perpendicular to the cur-
rent. When localized anomal ous el ectric resistivity appears
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in the current sheet, the current will disrupt and the anti-
parallel magnetic field will reconnect. Reconnected field
will move aong the field due to magnetic tension force
and hit the closed magnetic field region and the flow ki-
netic energy will be converted to thermal energy. The ther-
mal energy is used to heat up lower atmosphere and supply
hot and dense plasma into the corona. This reconnection
model is supported by observations such as cusp shaped
hot plasmaloop found by soft X-ray telescope[2] and hard
X-ray loop top source found by hard X-ray telescope [3].
However, key elements for this model are not yet clear.
There are no direct observations of magnetic reconnection
and thin current sheets. How to create thin current sheet
and sustain such thin current sheet for a certain moment
beforedisruption is not clear. Cause of anomal ous resistiv-
ity isnot yet known.

In the following section, new observational evidences
are presented which show involvement of high-betaplasma
from the beginning of solar flares. In section 3, high beta
plasma physics is briefly reviewed and is applied to the
solar coronal plasma. Then, anew solar flare model is pro-
posed based on these observations and on high beta plasma
physics.

2. New Observations

Recent multi-wavel ength imaging observations of so-
lar flares with high-cadence and high spatial resolution
show that there are many flares without anti-parallel mag-
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Fig. 1 EUV imagesof asolar flare observed by TRACE satellite
on Nov. 1, 2001. The top panel (a) is in the very early
phase of the development when many plasmafingers are
seen along a long filament. The bottom panel (b) isin
the developed phase when whole loops are occupied by
heated plasma.

netic configuration and al so show involvement of high den-
sity plasma from lower atmosphere in the very beginning
of flares. Other observations also show many evidences
of involvement of high-density plasma in the beginning
(e.g.[4]).

Figure 1 shows images taken by Transition Region
and Coronal Explorer (TRACE) satellite in EUV range.
TRACE isasolar dedicated satellite operating in EUV, UV,
and optical range and has been taking solar images since
1998 [5]. The top panel () is in the very early phase of
the development when many plasma fingers directed up-
wards are seen along along filament. The bottom panel (b)
isin the well developed phase when the whole loops are
occupied by heated plasmainjected as fingers.

Figure 2 shows images of another flare taken by
Nobeyama Radiohédiograph (NoRH) in microwave range.
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Fig. 2 Microwaveimagesof asolar flare observed by Nobeyama
Radioheliograph on Jan. 2, 1993. The top pand (a) is
in the very early phase of the development when small
plasma cloud is injected into a large loop. The bottom
panel (b) isin the developed phase when the whole loop
is occupied by heated plasma.

NoRH isasolar dedicated radio interferometer with 84 ele-
ment antennas and has been taking solar imagesat 17 GHz
since 1992 and 34 GHz since 1995 [6]. The top panel (a)
is the very early phase of the development when a small
plasma cloud is injected into a large loop from one of the
loop footpoints. The bottom panel (b) is the well devel-
oped phase when the whole loops are occupied by heated
plasma.

These observational evidences suggest involvement of
high beta plasmain solar flares not only asthe result of en-
ergy release, but also asthe cause of energy release. Dense
plasmaislifted inthevery early phase of solar flaresbefore
hot plasma appears.

3. Magnetic Properties of Plasma

Properties of magnetized plasmaare well described by
magneto-hydrodynamic (MHD) equations. However, the
MHD treatment cannot explicitly describe non-linear and
diamagnetic nature of plasma. In this section, plasma is
treated as el ectromagnetic media.
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3.1 Magnetic moment of plasma

Moving charged particles in magnetic field gyrate
around magnetic field due to Lorenz force, which is per-
pendicular to both magnetic field and velocity. In normal
solar active regions, gyration radius (or Larmor radius) of
protons and electrons are about 2m and 4 cm respectively.
As the Coulomb mean free paths of electrons and protons
are about 400 km, both electrons and protons are well mag-
netized. Gyration of charged particles createsring currents
and they are equivalent to magnetic moment. Asthe direc-
tion of the charged particles depends on the sign of elec-
tric charge, the direction of the ring current is the same for
both electrons and protons. In case the plasmaisin thermal
equilibrium state with temperature T, magnetic moment
per unit volumeis:

o[22y

where B is magnetic flux density, N is plasma density and
kg is the Boltzmann constant. For simplicity, it is assumed
that solar corona plasma consists of electronsand protons.
This expression clearly shows the non-linear and diamag-
netic nature of plasma. Magnetic flux density is related to
magnetic field (H) and magnetic moment as follows:

B = uo(H + M). )

The ratio between the magnetic moment (2nd term on the
right hand side) and magnetic flux density (left hand side)
isthe plasmabeta. This meansthat magnetic moment term
isignored in the low betatreatment. The vector rotation of
the left hand side givesthe total current and that of thefirst
term of the right hand side gives the true current. The ro-
tation of the second term gives the magnetization current
which flows perpendicular to B. The magnetization current
isthe result of the gyration of charged particlesdueto ther-
mal motion and Lorenz force. Hence, Joule dissipation of
the magnetization current is not expected. This current is
also neglected in thelow betatreatment. The scalar relation
of equation (2) along Bis:

B?/2up — HB + 2NkgT = 0. ©)
The condition that B has rea values which satisfy
Equation (3) is,
2NkgT 2NkgT
= <1l/2orB = <2
B3/2u0 fzorp B2/2uo

where By = poH (1o is the magnetic permeability of
the vaccum). When plasma beta exceeds this limitation,
plasma needs to be separated into two parts; one satisfies
Equation (4) and the other, which has no magnetic field.

Bo 4)

3.2 Magnetic energy and magnetic force
Caculation of magnetic energy of non-linear mag-
netic mediais different from that of linear magnetic media.

Magnetic energy increment is calculated as follows [7]:
sU=H-6B= 6(82/2/10) + 2NkgT (6B/B).  (5)

The second term is due to the interaction between
plasma and magnetic field. Magnetic force can be calcu-
lated as the energy decrease against displacement as fol-
lows:

U 5(B/2m) 2NKgT 6B

T 5s 5s B s ©)

The second term is the magnetic force acting on plasma.
In the particle view, this is the mirror force. This force
does not depend on magnetic field strength but depends
on magnetic field structure or magnetic scale length. Due
to this force, plasmas are pushed toward weak magnetic
field region. In the solar corona, magnetic field decreases
outwards; hence we expect ubiquitous plasma up-flows
against the strong gravity force. The condition that mag-
netic force exceeds gravity forceis:

Lg < Hy (7)
where

1 _1dB _ 2kgT

L—BZEE, andHT— n’go’ (8)

misthe proton mass and gy is the surface gravity accelera-
tion. Lg and Hy are the magnetic and the hydrostatic scale
lengths respectively. In the open radial magnetic field re-
gion, upward forceis:

F = ANKksT/r, 9)

where r is the distance from the center of the Sun. This
force is the same as the driving force of solar wind [8]. In
the closed magnetic field, plasmas are compressed around
the top of the loop where magnetic field is the weakest.
Astheresult, localized high-beta region is created sponta-
neously around the loop top. In ahighly asymmetric closed
magnetic field, plasma flows from strong magnetic field
region toward weak magnetic field region. Localized high
beta region created around the top of the curved magnetic
field, and plasma flow along curved magnetic field, are
unstable against interchange mode of instabilities due to
outward centrifugal force. Because both ends of magnetic
loops are anchored at the lower atmosphere, localized in-
terchange mode, called ballooning instability, is expected.
In the above process, magnetic field plays as a converter of
thermal random motion into coherent flow motion and in-
stability, not as an energy source because the Lorenz force
is perpendicular to the velocity.

3.3 Ballooning instability

To realize nuclear fusion in magnetically confined
plasma such as Tokamaks, it is necessary to increase
plasma density and temperature. To be economic, weak
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magnetic field for confinement is preferable. These con-
ditions result in high beta plasma. It is well known that
high-beta plasma of more than several percent are unsta-
ble. This value depends on the magnetic field and plasma
configuration and mainly depends on the ratio between the
minor radius to the major radius of the plasmatorus. When
the plasma beta exceeds the limit, the confined plasmawill
disrupt and this is called high-beta disruption. The actual
mode of plasma disruption is mainly the ballooning insta-
bility (e.g. [9, 10]). A lot of efforts are going on to sup-
press the instability with higher beta value. This means
that if the plasma betaincreasesin the solar corona, it will
easily disrupt. From the Earth, we can only observe well-
developed non-linear phase of the instability, which is not
observed in laboratory experiments due to conductors sur-
rounding plasma. In the solar corona, plasma flows play
important roles. Strong plasmaflow along curved magnetic
field lineswill result in the similar results as high-beta dis-
ruption [11].

4. A New Solar Flare Model

In the previous section, we learned that plasma flows
in the solar atmosphere are ubiquitous and that high-beta
regions are spontaneously created due to diamagnetic and
non-linear nature of plasma. We apply this nature of so-
lar plasma to explain activities in the solar atmosphere,
mainly solar flares [11]. High-beta plasma around the top
of curved magnetic loops and plasma flows along curved
magnetic loops are unstable against localized interchange
mode, called ballooning instability. With the particle view
of plasma, outward centrifugal force is generated by ther-
mal random motion and/or coherent flow motion along
curved magnetic field. Plasma particles drift perpendicular
to both magnetic field and the centrifugal force and cre-
ate drift current along the arcade ridge. Small ripples of
plasma boundary along the ridge create space charge and
hence electric field. The ripples are enhanced due to force
and eventually disrupt. This is the particle view of high-
beta disruption. Particle acceleration is expected due to
electric field (caused by space charge) along magnetic field
lines [12]. The disruption creates turbulent region above
the arcade of loops. Turbulent energy and particle beam en-
ergy will eventually converted to thermal energy of plasma.
Energy source of these phenomenais flow kinetic energy
and thermal free energy dueto confinement. This high-beta
disruption model of solar flares can explain dynamical be-
havior of plasmain very early phases of solar flares shown
by recent high-resolution and high-cadence images at var-
ious wavelengths. In this model, it is assumed that each
plasma particles in the solar atmosphere have enough en-

ergy in the form of thermal and/or flow. How to supply
enough energy to particlesis the question of coronal heat-
ing mechanisms. This problem is not touched here.

5. Summary and Future Directions

Recent imaging and non-imaging observations of so-
lar flares show many evidences of involvement of high-
density plasmain the very beginning of the events, not as
the result of energy release process in solar flares. These
observations suggest that high-beta plasma plays impor-
tant roles in solar flaring mechanism. Based on studies of
diamagnetic and non-linear nature of plasma, it is found
that plasma flow is ubiquitousin solar atmosphere and that
high-beta regions are spontaneously created in the solar at-
mosphere. These behaviors of plasma in the atmosphere
suggest a new model of solar flares: high-beta disruption
model [11].

To prove the high-beta disruption model of solar
flares, it is necessary to know physical parameters (density,
temperature, flow speed, magnetic field) of pre-erupting
plasma in magnetic loops. Also, high-cadence and high-
spatia resolution imaging of eruption itself is very im-
portant to identify the instability mode during the erup-
tion. Imaging of non-thermal particles by microwave and
hard X-ray imager is necessary to identify particle accel-
eration mechanisms associated with eruptions. For these
purposes, multi-wavelength imaging is inevitable. Fortu-
nately, we have many solar dedicated telescopes onboard
satellites and on the ground. Especially, recently launched
HINODE satellite hasoptical, EUV and soft X-ray imagers
with high-spatial resolution and high-cadence and can di-
agnose plasmaparametersincluding magneticfield. | hope,
this new set of telescopes and existing telescopes will pro-
vide datasets to prove the high-beta model of solar flares
and other activities.
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