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Structure Formation and Function of Gaseous,

Biological and Strongly Coupled Plasmas

Motohiko Tanaka, Editor

‘National Institute for Fusion Science, Toki 509-5292, Japan

The word ” plasrgé“ can refer eithgr to a biological fluid in living cells or to a high-
temperature ionized gas in space and fusion studies (Webstér New World C’oilege Diec-
tionary, 3rd. edition). The objective of the series of lectures in this proceedings is to
find the cross-disciplinary relationships of these two i(inds of plasmas, ﬁ;hich a.re‘ usﬁali&
never discussed in a singlé workshop. However, it has Beén foimd thﬁt stron;gly couple&
laboratory plasinas, charged polymers, DNA/RNA threads in living organisms, and
hydrogen-bond networks in water are all Cloéely' related under Coulsmbic interé.’c‘t.io'ns.
Furthermore, from a technical point of view, particle (i.e., kinetic) and fluid descriptions
are common to solar-terrestrial, fusion, and biological investigations of plasmas. -Both
technical aspects and applications in these wide areas of plasmas are presented in this

proceedings. .

Keywords: hot (gas) plasma, }-strongly"coﬁpl'ed plasma, biclogical plasma,
molecular machinery, charged polymers, DNA folding, h}?drogen-bond”network' '

in water, rotating magnetoplasma, magnetic reconnection, solar-terrestrial physics.
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Toward the Creation of an Artificial Cellular System

Kenichi Yoshikawa and Shin-ichirou Nomura
Department of Physics, Graduate School of Science,
Kyoto University, Kyoto 606-8502

With the development of molecular biology and biochemistry, knowledge of the
details of biological molecules has been increasing rapidly. On the other hand, the
phenomenon of life itself remains a mysterious matter. Individual biological cells of several
and several tens of micrometers maintain life by themselves in a self-organized manner. It is
obvious that the essence of life cannot be understood as the simple accumulation of the
knowledge of individual biological molecules.

We are currently studying life phenomena, based on the view that living organisms
exist with  self-organized supramoleculer assemblies under nonequilibrium
thermodynamically open conditions. Over a number of years, we have focused our efforts
on the development of the physical chemistry of the folding transition of giant
macrpmolecules, with special emphasis on giant DNA molecules.

The results of our research are summarized as follows. "

(1) Individual single duplex-DNA molecules with a size over 10 kbp exhibit large discrete
transition, or first-order phase transition, between the elongated coiled state and the
collapsed globule state, whereas the physicochemical characteristics in an ensemble
average of DNA chains exhibit a continuous nature in the transition. In other words,
there exists no phase-transition at the ensemble level of molecular chains.

(2) There is a rich variety of morphology in the collapsed DNAs,ve.g. toroid, spherical,
spool-like structures. By controlling the thermodynamic parameters as well as the
kinetic parameters, various kinds of folded structures can be created with high
reproducibility.

(3) With the choice of suitable condensation agents, the all-or-none character in the folding
transition of DNA is changed and, as a result, intrachain phase-segregated structures are
generated.

(4) The above experimental results have been discussed with the help of theoretical
considerations. We have purposed a phase-diagram for single macromolecules as the
function with interaction parameter and chain stiffness (see Fig. 1).

As we have alréady published these results elsewhere,” in the present article we would

like to describe our attempts to develop an artificial cellular system as an extension of the



results in our current research under the project, as an indication for the future direction of
the study.
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Figure 1. Schematic representation of the phase diagram with the parameters of chain stiffness and solvem

quality, showing the morphological change depending on temperature and stiffness.’

Preparation of a Cell-sized Liposome

To establish the methodology for obtaining a cell-sized liposome 1s an important
step toward the creation of an artificial cellular system. Although many efforts have been
made to develop techniques to prepare a giant liposome from neutral phospholipids, only

multi-lamellar liposomes have been obtained under mild conditions such as natural
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Figure 2. Dark-field microscopic images and the intensity I, of the scattered light for giant liposomes of

DOPC prepared by three different procedures: (A) unilameliar vesicle prepared by ether vaporization method,

(B) unilamellar vesicle prepared by natural swelling method with 10mM HEPES bufter (pH=7.0} containing

10mM MgCl,. (C) multilamellar vesicle with natural swelling method with 10mM HEPES buffer (pH=7.0).
The intensity I is taken along the horizontal line shown in the picture of the liposomes and is nomalized with

reference to the scattering from a latex bead with a diameter of 9.975pm, Duke Sci. Corp.



swelling.*” Recently, we have found that giant unilamellar liposome can be prepared from a
neutral phospholipid with the procedure of natural swelling in an aqueous solution
containing magnesium ion.’

Figure 2 exemplifies the dark-field microscopic images on giant liposomes of 1,2-
dioleoyl-sn-glycero-3-phosphocholine, DOPC, prepared by the following procedures: (A)
ether vaporization method, (B) natural swelling in the presence of Mg™, and (C) natural
swelling in the absence of Mg”. It is well established that the unilamellar vesicle is
produced by the ether vaporization method.” 1t is also known that the multilamellar vesicle
is obtained with usual natural swelling.ﬁ'7 Thus, it is clear that the spherical vesicle, obtained
by natural swelling in the presence of Mg™ (method B), is classified as a unilamellar
liposome. The remaining question is the fact that the scattering intensity I in B is much
weaker than that in A. As discussed in our previous report, the liposbme obtained by
method B is expected to be induced by the osmotic effect owe to the binding of Mg™ to the
phosphate group in the natural phospholipid. This suggests that the liposome by method B
has high osmotic pressure inside, whereas in the liposome obtained by method A the
osmotic pressure inside the vesicle would be almost the same as that of the buffer solution.
Thus, there would be large fluctuation within the length of the optical wave length for the
liposome by method A. On the other hand, the bilayer membrane would be stretched
significantly for the liposome by method B. Such a difference in the fluctuation of the
bilayer membrane of the liposomes obtained by methods A and B may result in the large

difference in the scattering light intensity between the unilamelilar vesicles.

Figure 3. Fluorescence microscopic images of T4 dcDNA molecules: A) in 10mM MgCl,/10 mM HEPES
buffer solution (pH=7.1); and B, C) in the buffer solution with closed phospholipid liposomes outside and

inside the liposomes, respectively. The bar represents 10pm.



Developing the Model of an Artificial Cellular System

By combining the results of our recent studies on DNA and on giant liposomes, we have
tried to establish the methodology for preparing giant vesicles entrapping giant DNA. Fig. 3
shows the actual examples of the DOPC vesicles entrapping T4 DNA molecules.” Here
again, the presence of Mg™" is essential for preparing the giant liposomes.

We have adapted the procedure of natural swelling of DOPC film in the
magnesium solution containing T4 DNAs. It has been found that an artificial cellular
system constructed in this way has an efficiency of about 1/30 of the whole number of the
liposomes. It is noted that the giant DNAs undergo intrachain and translational Brownian

motion inside the vesicles.
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Spatiotemporal heterogeneity and Rugged Energy Landscape in Liquid Water

M. Sasai
Graduate School of Human Informatics, Nagoya University, Nagoya, 464-8601, Japan

Abstract
Study of water should provide a key to reveal physics of liquids and glasses through its prominent static and
dynamic anomalies:Specific heat and compressibility become anomalously large and can be fitted by an

, /2 .
algebraically divergent formula, C, =Ky =~ |T—Ts| " with = — 46°C at least for the temperature region

T> -30°C at t atm [1] and viscocity and the diffusion constant show n=1/D=|T~ El_y with ¥ =~1.8and
T, =T, {2]. It is still an open question, however, whether there is a common physical basis underlying both static

and dynamic anomalies in supercooled water. The molecular dynamics (MD) analyses suggest a scenario to
understand these anomalies.

Leocal Structure Index

There have been accumulating evidences in experimental and simulation data that the transition between
high density amorphous (HDA)-ice and low density amorphous (LDA)-ice is responsible for the thermodynamic
anomalies of supercooled water [3]. HDA-ice and LDA-ice experimentally observed in the low temperature
regime should undergo glass transitions to turn into high density liquid (HDL) and low density liquid (L.DL) and
the HDA-LDA cransition line can be extrapolated to the HDL-LDL transition line. The anomalous fluctuation of
supercooled water might be associated with the fluctuation around the HDL-LDL transition. To see whether this
hypothesis is indeed valid, a suitable order parameter has to be defined and fluctuation should be examined in
terms of the order parameter. In Ref4 it was shown with the MD simulation that density of molecules in the

region bound by two spheres 3.2A <r <3.8A around each centered molecule can be used as a sign of local
strucutral ordering and was quantified by a parameter termed local structure index (LSI). Molecules with large
LSI were called structured molecules and cnes with small LSl were called- destructured molecules. Each
molecule alternatively goes through structured and destructured periods and lifetime of the period is
hierarchically distributed from several hundred fs to 10ps at 0°C at 1 atm. Structured molecules tend to gather
together to form microdomains. By calculating the neutron-weighted radial distribution function around each
molecule it was shown that the structured domains are LDA-like and the destructured domains are HDA-like[4].
In Fig.1 the LDA-like regions and the HDA-like regions are separately shown for the same configuration of the
MD snapshot.

Fig. }. A snapshot of 512 water molecules simulated with the SPC/E potential at temperature 273K with
density p= 0.997gfcm_3. Positions of LDA-like molecules (white spheres) and positions of HDA-like molecules

(dark spheres) are separately shown in the left and in the right figures, respectively. Liquid water can be regarded
as a composite of the LDA-like regions and the HDA-like regions.: :



Unstable Modes are Localized in the HDA-like Regions

Normal modes are derived by diagonalizing the Hessian of the energy of the instantaneous configuration of
the MD trajectory. It should be noticed that at every configuration examined in the MD simulation at 7>T; there
always exist the unstable modes with certain fraction, 3.47% of total modes in average at 273K. Energy surface
has the negative curvature in the direction of the eigenvector of these modes. Thus, the system is always around
the saddle points. There is extremely small chance for the system to visit near the energy minimum. Thus, it is an
incorrect notion to describe walter dynamics above T, that the trajectory staying near the minimum suddenly
surpasses the energy barrier to jump to the next minimum, but it is more suitable to express water dynamics as
successive transitions from saddle to saddle. Unstable modes represent the diffusional motion of molecules
associated with the structural rearrangement [5].

In Ref. [6] it was shown that the fraction of unstable modes decreases as lowering temperature and was
extrapolated to 0% around 7. This behavior is consistent with the description based on the mode coupling
theory [6, 7). As approaching T, , saddle-to-saddle motion becomes more difficult and the dynamics should alter
its feature from saddle-to-saddle to minimum-to-minimum motion with the activation-type temperature
dependence.

We denote the component of the eigenvector of the unstable mode with the imaginary frequency i@ at the
kth molecule as e(k, a;i®), where a=1 - 3 is the translational component and @ =4 - 6 is the rotational
component of the kth motecule. In Fig.2 the translational components of an unstable eigenmode are exemplified.
We can see that the eigenvector of the unstable mode is localized in the HDA-like regions in this example.

~-714.116244

Fig.2. Translational components ( e(k1;i®),e(k, 2i®), e(k,3;iw) ) of the eigenvector of an unstable
mode with frequency I;cul =74116244cm™ are shown by lines. Length of lines is proportional to the amplitude

of e(k,a;iw)and the center of the kth line is located at the center of the kth molecule. Positions of LDA-like
molecules are shown with spheres. The same configuration as in Fig.1 is used.



The correlation between the HDA-like regions and unstable modes is calculated by the following qﬁantity;

Nopoae 6
B(n)unstablc Z 7\]1: z 2 (e(k’a;iw#))z ! (])
u=1

"“Od k = molecules which have ]2=!

n strutured neighbors

where # is the number of structured molecules around the centered molecule and sum over k is the sum over the
centered molecules which have n structured neighbors. N, is the number of molecules which have » structured

neighbors. Sum over L is the sum over unstable modes and N, 4, is the number of unstable modes. In Fig, 3
B(myyeapte 15 plotted for various temperatures. There is a clear correlation between n and B(n)ypgatle
B(Dyustable ! B3 unsable = 1.8 at 263K with p=0.997g/cm’® and = 2.65 at 207K with p=0.97g/cm’. The same

quantity was calculated for the stable modes (modes with real frequency ) and no significant n dependence was
found for B(n)game 5 B abic / B3 )stape =0-97 at 243K. Thus, unstable modes have larger amplitude at the
molecules which have less structured neighboring mo]ecules In other words, the unstable modes have larger
amplitude in the HDA-like regions.
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Fig.3. Averaged amplitude of unstable modes B(n)y,qapie iS Plotted against the number of structured neighbor
molecules n. 207K (triangle) with p=0.97g/cm’ and 263K (open circle) and 333K (filled circle) with
p=0.997g/cm®. Note that the temperature in SPC/E water is shifted from temperature in real water, so that
T, in SPC/E water should be around 190K [8]. '

From “Saddle-to-Saddle Motion” to “Minimum-to-Minimum Metion”

When dynamics is dominated by the saddle-to-saddle transition through the motion along the direction of
unstable modes, diffusional motion of each molecule should be governed by the amplitude of e(k, a;i®) of
unstable modes. Then, the motion of each molecule is determined by the degree how unstable modes are
localized in space. Thus, the motion of molecules is rather entropy-driven than energy-driven, C.A. Angell
explained the slow dynamics of supercooled water in terms of the entropy change needed to evoke the collective
motion localized in space [9]. The finding in the present paper provides a systematic .way to understand the
implication of the phenomenological model of Refs.[9] and [10]. ‘ ,

As temperature is lowered, motion of the system changes its feature from the * ‘saddle-to-saddle” to
“minimum-to-minimum” type. It is plausible to assume that this alternation of characteristics of motion
corresponds to the transition of the liquid type from “fragile” to “strong” one. The presen analyses showed that



the transitoion between strong and fragile liquids shoutd be intimately connected to the transition between LDL
and HDL. A schematic scenario of this transition is shown in Fig.5. With this mechanism of transition of kinetic
features, either the thermodynamically discontinuous transition or the continuous transiton is possible between
LDL and HDL. When the density of states decreases abruptly at the temperature around the kinetic transition
takes place, then the thermodynamic change can be discontinuous. When the density of states does not change
much upon the kinetic transition, then the transition between HDL and LDL should be thermodynamically
continuous. Thus, the energy landscape picture should provide a framework to understand the mechanism of
anomalies of water.

i motion at T >Tc

e'motion atT=Te

Fig. 5. A schematic diagram of encrgy spectrum of the
configurations of energy extrema. X3N% represents the
saddle point configurations and === represents the
energy minimum configurations. At T > Tc the system
moves from saddie to saddle without approaching the
minimum and at around Tc the system begins to be
trapped in the energy minimum and liquid changes its
nature from "fragile" to "strong",
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Mole'cular Dynamics Study of Single/Multichain Coulomb Polymers
and the Effects of Salt Ions

Motohiko Tanaka!, A.Yu Grosberg®?, and Toyoichi Tanaka?

! National Institute for Fusion Science, Toki 509-5292, Japan
2 Massachusetts Institute of Technology, Cambridge, MA 02139, USA
3 Institute of Biochemical Physics, Russian Academy of Sciences,

Moscow 117977, Russia

Abstract

The dynamic behaviors and equilibrium properties of charged polymers of random
sequences (polyampholytes) are studied for both the single-chain and multichain cases
with the use of molecular dynamics simulations. Single-chain polyampholyte has three
temperature regimes under neutral condition, which are characterized by an elongated
Gaussian coil and a very dense globule for high and low temperatures, reépectively,
and by a transition between them at medium temperature. The size of a single-cha,iﬁ
polyampholyte shows hysteresis against slow cyclic temperature changes under the
Coulomb force and short-range attraction force. The multichain polyampholyte takes a
segregated globular phase at low temperature, and the wall-bound one-phase state with
separated chains at high temperature. The polyampholyte chains overlap significantly
below the critical temperature, at which glass transition takes place. Added salt ions
screen the electric field between the monomers and make the polyampholyte soluble
when their density is comparable to that of the polyampholyte.

I. Introduction

The polymers that are composed of electrically charged monomers have a wide range
of industrial applications. They are also important building blocks of live organisnis
such as DNA and RNA. Because of the microscopic scales of Angstrom ranges, these
polymers constitute a strongly coupled system, where the Coulomb energy prevails over
the thermal energy, €/ ebksT > 1, where € is electron charge, € electrical permitivity, b
the average monomer distance, kg the Boltzmann constant, and T temperature. The
charged polymers are classified into two typical groups (or regimes) called polyelectrolyte
and polyampholyte. The former that consists of monomers of only one charge sign takes
an elongated conformation at equilibrium due to electrostatic repulsive force, which is
usually surrounded by a cloud of neutralizing counter-ions. The structure of the latter,



that includes nearly equal number of positively and negatively charged monomers, can
be quite variable upon charge sequences, temperature and existence of salt ions.

With regard to polyampholytes, most of the recent studies are concerned with the
quenched ones whose charge state and sequence are predetermined by the synthesis
chemistry!. The properties of these polymers were extensively studied experimentally’»2
theoretically®~®, and also numerically®=®. In this paper, we present molecular dynamics
(MD) simulations™® of single and multichain polyampholytes, and the effect of added
salt on them.

The motion of charged polymers in thermal and viscous medium (such as water and
alcohol) is described by

dv; 3kgT
m—— = Frr(r:) — ( ;; ) (2ri — rip1 — Tica) + Fon — vmvy, (1)
dl‘i _ A
@ v .

These are the set of Newton-Langevin equations for N monomers. Here, r; and v; are
the position and velocity of the 4-th monomer (i = 1 ~ N) at time £, respectively, m the
monomer mass, a the normalization length close to the bond length, and v the friction
constant.

As shown above, we have four force terms acting on the monomers. First, the
long-range Coulomb force Fy g is calculated by direct sums among the monomers,

FLR I‘2 ZZZ € (3)

where Z;e is charge state, and ¥;; a umt vector along (r; — r;). The second force

r3|2’

arises from connection of adjacent monomers. The average bond length, which can be
arbitrary in Eq.(1), is held nearly constant due to entropic nature of elastiéity adopted
in the equation. On top of them, random thermal kicks F,; and momentum absorption
are executed by surrounding medium to equilibrate polyampholytes in solution. In
order to handle monomer collisions, exclusion volume with radius a.y is introduced,
instead of the Lennard-Jones potential force. For such cases, the time step of molecular
dynamics simulation At = 0.02w is adequate, where w, = (2me?/ma?)'/? is the plasma
frequency (typically, for the CHz monomer in pure water, 1w, ~ 0.1 ps).

The most important controlling parameter in Eq.(1) is the electrostatic coupling
constant I' (or temperature T'), which is defined by

I'=e*/eakpT. (4)

Other implicit parameters are the exclusion radius of monomers, the number of chains
and monomers, and charge sequence of the chains. The polyampholyte used in this



study consists of randomly co-polymerized one or several chains, each of which includes
both positive and negative monomers. More specifically, the sum of all the charges,
Q= ZiNzl qi, is first determined, but the sequence of charges are made quite at random
on any of the chains by shuffting procedure. Thus, individual chain has typically the
net charges of eN'/2, As will be shown in Sec.Il and III, the typical equilibration
time is 200 ~ 300w, ",
performed for nearly twice this period.

which corresponds to 20 — 30 picoseconds. Simulation runs are

I1. Single-Chain Polyampholytes
The effect of unbalanced charges on the structure of polyampholytes’ is depicted in
Fig.1, where equilibrium conformations in the bird’s-eye view plots and time histories

of the gyration radius,

LN 1/2
R, = (W Y (rj—<r>) ) , (5)

i=1
are shown on the left and right columns, respectively, for medium temperature T/Tp =
1/2 (see Fig.2). The amount of excess charge N = N, — N_ on the chain is (a) below,

(a) Z 4.0w
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0.0_ | ] |
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Y .
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(c) 12.0F ' B—
R, . ]
0.00 L 1
X y ¢ 200 460 600

Fig.1. The effects of unbalanced charges are shown by equilibrium conformations (left
column) and time histories of gyration radius (right column), for (a} nearly neutral,
(b) mirginal, and (c) non-neutral cases. The polyampholytes here consist of randomly
co-polymerized 256 monomers of either positive or negative charges, with temperature
T = %Tg (Ty is the temperature for which the Coulomb energy equals the-thermal
energy, and w, the plasma Langmuir frequency). The conformation (c) is reduced to
53% that of the real size. .



(b) just, and (c) above the critical value §N; = N'/2, When the charge imbalance is
smaller than N'/2, the polyampholyte chain collapses to form a globule. The relaxation
time is roughly 200w, 1. This relaxation time falls in a few tens of picosecond range for
the CH, monomer in pure water (¢ = 80). Above the critical charge imbalance, the
chain takes a stretched conformation that resembles that of polyelectrolytes.

The temperature dependence of the gyration radius is shown in Fig.2 for balanced
(neutral) polyampholytes. The gyration radius increases with temperature. We find
the low (T' < Tp), medium, and high (T" > Tp) temperature regimes, where the base
temperature Ty is defined by ' = e?/eaTy = 1. These regimes are characterized by
a dense globule, a loose globule, and an elongated Gaussian coil, respectively. The
elongated coil at high temperature is not stationary, but it repeats contraction and
stretching motions.
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Fig.2. Temperature dependence of gyration radius is shown for neutral single-chain
polyampholytes of 64, 128, and 256-mers. Three regimes are identified at high (T/7, >
1), medium, and low (T'/Ty < 0.3) temperatures. The latter two are the regimes in
which the Coulomb force organizes the structure of polyampholytes. The low temper-
ature regime, which is due to intensive folding of the chain, was first obtained by the
present molecular dynamics simulation of non-lattice type.

The above high and medium temperature regimes correspond, respectively, to the
high and low temperature regimes of the Flory theory* for the © solvent. The dense
globule at low temperature, which results from intensive folding of the chain — in good
analogy with protein folding'®, was first obtained by the MD simulation of non-lattice



type’. The velocity distribution of the monomers is almost Gaussian exp(~v?), which

shows thermal equilibration of the globule.
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T/Ty
Fig.3. A hysteresis for the gyration radius is observed against slow cyclic changes
in temperature under the Coulomb and attractive short-range forces. In the heating
phase, the gyration radius takes the lower branch, whereas it goes along the upper
branch in the cooling phase (a neutral, single 64-mer polyampholyte is used).
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Fig.4. (a) Degree of swelling of SSS-VBTA gels in pure water as a function of monomer
composition, and (b) the temperature dependence of the AMPS/MAPTA polyam-
pholyte gels. The 79 wt% ethanol shows the first order transition with hysteresis!!
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The volume of neutral polyampholyte undergoes a hysteresis against slow cyclic
changes in temperature when the long-range Coulomb force and short-range attraction
force cooperate’. If we start from a compact globule at low temperature in Fig.3,
the polyampholyte chain keeps a small volume until a critical temperature T = T3 is
reached, at which the volume jumps up due to unfolding of the chain. In the cooling
phase back from high temperature (I" > Tp), the volume takes a larger value than
for the heating phase until the chain suddenly collapses to a globule at T = T3, with
T} > T». This phenomenon reveals existence of double local energy minima around the
critical temperature. Despite the hysteresis, the whole process is reversible (the path
loop is closed) unless a dissipation term other than viscosity is introduced in Eq.(1).

Volume swelling under the non-neutrality condition and also the hysteresis against
temperature changes have recently been observed in charged gels experiments'!. Gels
-are network polymers that contain large amount of water inside, which causes drastic
swelling of gels. The gels used in the experiments are stylene sulfate SSS which is
negatively charged and vinyl benzen trimethylanmonium VBTA which is positively
charged. They are mixed and combined with a cross-linker in water, Figure 4(a) shows
the gel diameter as a function of SSS-VBTA mixing ratio. These PA gels with small
side chains are collapsed under a certain amount of charge imbalance, and they get
swollen when the net charge within the gels exceeds the critical value. The gel volume
dependence on the charge imbalance closely resembles that of the polyampholytes by
the molecular dynamics simulations shown in Fig.3.

Figure 4(b) shows the first-order transition of the diameter of the AMPS:MAPTA=
40:60 gels against temperatures. The experiment for the gel processed in 79wt% ethanol
shows the transition with hysteresis. This hysteresis is close to the molecular dynamics
study of neutral polyampholyte under the Coulomb force and the short-range attraction
force®.

III. Multi-Chain Polyampholytes

The time histories of the gyration radius of the whole system (chains) R, o, the
average of gyration radii of the chains Ry, and the z-component velocity of one specific
monomer are shown in Fig.5 for the multichain polyampholyte at high temperature®.
Here, the polyampholyte is composed of eight 32-mer chains, each of which has net
charge because of random charge sequences. The gyration radius of individual chain
does not change appreciably, while the system gyration radius increases more in extent
to a wall-bound equilibrium in 7., ~ ZOOw'p‘l. The large increase in the size of polyam-
pholyte is attributed to separation of the chains, which is a new feature of multichain



polyampholyte compared to the single-chain one.
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Fig.5. Time histories of the average elastic energy per monomer W, the Coulomb
energy per monomer $gg normalized by the base thermal energy Tp, the average
bond length of connected monomers Ar(¢), the system gyration radius including all
the monomers R s, the average of gyratibn radius of chains R,;, and one compo-
nent of monomer velocity V;; are shown for the multichain polyampholyte consisting
of randomly co-polymerized eight chains of 32-mers. The temperature isT/Ty ~ 1.

The typical conformations of multichain polyampholytes are shown for (a) high
(T/Ty ~ 1), and (b) low (T/To = 1) temperatures in Fig.6. The one-phase state
at high temperature consists of wall-bound separated chains with a large void space
among the chains. On the other hand, the segregated phase at low temperature is
characterized by a collapsed globule resembling that of a single-chain polyampholyte.
At high temperature, the gyration radius /24 of each chain and the velocity of monomers

undergo slow oscillations compared to the friction time v~'.

The oscillations of R,
which arises from folding /unfolding motions of the chains occur simultaneoﬁsly with
gather and scatter motions of the chains. On the other hand, at low temperature in
(b), the gyration radius Ry does not show oscillations, which implies the glass nature
of a collapsed globule®. "

A brief summary is placed here on the effect of specific charge sequences®. ‘Thermo-
dynamically, it was shown that a charged polymer with an alternating sequence is very
different from the one with random charge sequence®. The present MD simulation finds
that this is true for multichain polyampholytes with a completely alternating sequence.
However, polyampholyte with a longer alternating interval whose block length (of the
equal-sign charged monomers) is as small as four already behaves like polyampholyte

with random sequence®. Therefore, only the charge sequence of the block length one or



two should be regarded as special.

(a)

Y

Fig.6. The typical relaxed conformations of multichain polyampholytes are shown for
(a) high (T'/Ty = 1), (b) medium (T/Ty = 1/4), and (¢) low (T/Ty = 1/8) temper-
atures. We obtain the one-phase state with wall-bound separated chains for (a), and
the segregated phase with a compact globule in (¢). The phase transition occurs at the
temperature slightly below that of (b).

The gyration radius and the filling index { = N!/°R,,/ Ry oys (N the number of
chains) of multichain polyampholytes depend on stiffness, molecular weight and the
number of the chains. The critical temperature at which chain overlapping begins is
proportional to the molecular weight of the chains, 7. ~ M,. Detailed results are
described in Ref.8.

IV. The Effect of Salt

Addition of salt to polyampholyte solution is known to enhance its dissolution in
pure water!, and to control DNA configurations in living cells'?. A new set of molecu-



lar dynamics simulations are performed for the system consisting of multichain polyam-
pholyte and free salt ions®. The salt ions are represented by the same number of positive
and negative free counter-ions whose mass and charge are identical with those of the
polyampholyte monomers. A typical equilibrium conformation of the polyampholyte
is depicted in Fig.7, where scattered small pluses and dots represent salt ions. The
surface of the globule in Fig.7(b) now becomes quite fuzzy due to the presence of large
number of the salt ions. This is clearly contrasted to the dense globule shown in Fig.7(c)
without salt under the same temperature.

YJ

Fig.7. Typical relaxed conformation of randomly co-polymerized polyampholyte (six
32-mers) in salt-added solution for temperature T/Ty = 1/8: (a) polyampholyte and
salt ions; (b) only the polyampholyte. The positive and negative salt ions are marked
with + and e, respectively. The ralaxed conformation for the salt-free case is shown in

(c).

The denseness of the polymer chains (or, the degree of chain overlapping) is well
quantified by the filling index ( = NY3Ry /R, ¢ys, where N, is a number of chains



composing of the polyampholyte, Ry, Rgsys the gyration radii of each chain and all
the chains, respectively. This value equals or exceeds unity, ( > 1, when the chains
closely overlap each other; it becomes small for the polymers of separated chains. Thus,
we can judge that the polymer is soluble if the filling index becomes less than unity,
¢ < 1.
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Fig.8. Effect of salt addition for the case with 512 salt ions (256 positive and negative
free ions), and for the case of enhanced electrical permitivity ¢ = 2¢; without salt
ions. The polyampholyte is composed of randomly co-polymerized six 32-mers, and the
panels show (a) the system gyration radius Ry s, (b) the average gyration radius of
the chains Ry, and (c) the filling index NY3Ry1 /Ry sys.

Figure 8 shows the filling index { for the multichain polyampholytes in salt-free
solvent {triangles), and in salt-added solution (filled and open circles). Quite evidently,
the value of the filling index is reduced in solutions with salt ions. The charge density
with 512 salt ions (256 positive and 256 negative ions) is comparable to that of the
polyampholyte inside the globule. Half the density of the salt ions is still effective
at high temperature, as the polyampholyte takes a larger volume to have less charge
density; it is less effective at low temperature. As has been shown clearly in Fig.8, the



added salt ions act to screen the attractive electric field and separate the chains, which
causes dissolution and swelling of polyampholytes>®

The effect of salt can be approximately'treated by means of enhanced electrical
permitivity e in Eqgs.(1)-(3). However, at low temperature when a dense globule has been
formed, the subtlety of added salt including the relaxation time is properly described
only with the use of molecular dynamics simulations®. For example, unfolding of the
globule due to addition of salt occurs by one order of magnitude more slowly than
for the case with enhanced electrical permitivity. This is because the size of the salt
ions is non-negligible compared to that of the void space among chained monomers of

- polyampholytes.

References

1. References in F.Candau and J.F.Joanny, Encyclopedia of Polymeric Materials, 7,
5476.(edited by J .C.Salomone, CRC Press, Boca Raton, 1996).

2. J.M.Corpart and F.Candau, Macromolecules, 26, 1333 (1993).

3. P.G.Higgs and J.-F.Joanny, J. Chem.Phys., 94, 1543 (1990).

4. A.V.Dobrynin and M.Rubinstein, J.de Phys.II, 5, 677 (1995).

5. R.Everaers, A.Johner, and J.-F.Joanny, Macromolecules, 30, 8478 {1997).

6. Y.Kantor, M.Kardar and H.Li, Phys. Review, E49, 1383 (1994).

7. M.Tanaka, A.Yu Grosberg, V.S5.Pande, and T.Tanaka, Phys.Review, E56, 5798
(1997).

8. M.Tanaka, A.Yu Grosberg, and T.Tanaka, J. Chem.Phys., 110, 8176 (1999).

9. T.Soddemann, H.Shiessel and A.Blumen, Phys.Review E57, 2081 (1998).

- 10. Protein Folding, edited L.M. Gierasch and J. King (Amer. Assoc. for Advance.
Sci., Washington D.C., 1989).

11. Y.Takeoka, A.Berker, T.Enoki, A.Grosberg, M.Kardar, T.Oya, K. Tanaka. G. Wang,
X.Yu, and T.Tanaka, Phys. Rev. Lett., 82, 4863 (1999).

12. S.Takagi and K.Yoshikawa, Langmuir 15, 4143 (1999).
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Abstract

We performed a theoretical study on the nature of the collapsing, or folding, transition of polyelectrolyte chains
entrapped in a narrow closed space, as a model of living cells enclosing giant DNA chains. We adopted a
theoretical treatment with a mean-field approximation by taking into account the effect of the translational
entropy of small ions. For a system with two, long and short, chains trapped in a narrow space, we found that,
with an increase in the concentration of an added trivalent cation, Pt the short chain collapses first while
the long chain remains an elongated coil. With increased P*, the long chain collapses while the short chain
decollapses. Finally, with an excess of PT, both the short and long chains collapse. For a system with stiff
and flexible chains, with increased P*, the flexible chain collapses while the stiff chain remains an elongated
coil. With increased P*, hoth the stiff and Aexible chains collapses. The state with collapsed stiff chain and
elongated flexible chain is metastable state for the whole concentration region of trivalent cation. It may be

worth examining such theoretical expectations by actual experiments.

Introduction

In living cells, DNAs on the order of 10* - 10%um long
are usually packed in a narrow closed space on the order
of only 0.1—1pum, i.e., the cytoplasmic space in prokary-
otes and the nucleus in eukaryotes. The information
stored in the sequence of bases along the DNA chain is
transformed into proteins based on the code stored in
RNA.! The entire process of information transduction
from DNA to protein molecules is referred to as “gene
expresgon”. It is obvious that the tightly packed DNA
chains in the intracellular environment must unfdd to
perform gene transcription from DNA into RNA i.e.,
dissolution, or unfolding, of the compact DNA chain is
necessary for “gene expression”.

The purpose of the present article is to report a
working hypotheds to interpret the underlying physico-
chemical mechanism of the selective unfading, or decd-
lapsing, of multiple different DNAs enclosed within the
intracellular space. In many living cells, not only the
mdecular weight but also the base composition {(G/C
content) is different between coexisting DNAs. To sim-
plify the discusdon,n the present report we will con-
sider a system with two, long and short (stiff and flexi-
ble), polyelectrolyte chain with the same stiffness (con-
tour length).

It is well known that the condensation of DNA
mdecules is highly cooperative.? Recently, based on the
observation of single DNA chains, it has been found
that a single duplex DNA chain undergoes a large dis-
crete transition, or a first-order phase transition, from a

spatially elongated unfdded state to a collapsed folded
state (coil-gobule transition) with the addition of var-
ious kinds of condensation agents, including multiva-
lent. cations such as pdyamine polyamines®?
ions,” neutral flexible polymers,® cationic surfactants”
and alcohols.® Among the various condensation agents,

or metal

polyamines are chemical species that exist generally
both in prokaryotes and eukaryotes. Based on theoreti-
cal and experimental studies of the mechansm of DNA
collapse induced by polyamines, it has become clear that
ion-exchange between a monovalent cation and a multi-
valent cation plays a crucial role on this transition.>—?
The phys co-chemical mechanism of the collapsing tran-
dgtion induced by a multivalent ion can be summarized
as follows. Through exchange with multivalent cations,
many monovalent cations are released from within the
effecti ve voluine of an unfdded DNA chain into the ex-
ternal solution, and this effect causes a large increase
in entropy in the system. In other words, ion-exchange
between monovalent and multivalent cations induces an
osmotic pressure that favors a decrease in the size of
elongated coiled DNA. When the effect of the increase
in the translational entropy of the counter ions over-
comes the destabilization due to the increase in elastic
energy, a long DNA chain undergoes a collapsing tran-
gtion from an elongated coil to a fodded compact state.
Based on this representation of the collapsing transition
as a kind of first-order phase transtion in a mesoscopic
system, it 1s naturally expected that the change in the
volume of the aqueous environment enclosing the DNAs
should have a crucial effect on the collapsing transition.



Especially, if the space enclosing the DNAs is small, the
entropy gain due to ion-exchange is small. As a result,
the nature of the collapsing transition of DNAs in a
pm space, as in a living cellular environment, should be
markedly different from that observed on a min-scale
in a test tube. Furthermore, when multiple DNAs ex-
ist in such a narrow space, the interaction between the
DNAs through the exchange of counter ions and multi-
valent ions should significantly affect the nature of the
cdlapse transiion. The purpose of the present arti-
cle is to report a theoretical prediction of the nature

of the collapsing transition for muliple DNA chains.

entrapped in a narrow space in relation to the above-
mentioned problem in biology. In the next section, we
give the free energy of a system of polyelectrolytes in
a finite voluine taking into account the contributions of
the translational entropy of monovalent and trivalent
ions and also the exchange of counter ions between dif-
ferent polyelectrolyte chains. The result obtained for
the transition of polyelectrolytes induced by a trivalent
cation can be generalized to that induced by divalent
and other multivalent ions.

Theory

We consider a closed system of volume €, entrap-
ping two polyelectrolyte chains; the 1 chain and the 2
chain consisting of Ny and N3 Kuhn segments of length
by and by, respectively. In this article, two different
chain conditions are studied for this system: (i)long
and short chains with the same stiffness; Nyby > Noby
and b; = by, (ii)stiff and flexible chains with the same
contour length; Nib; = Noby and by > by, In DNA,
the length & and width d of a Kuhn segment are usu-
ally ca. 100 nm and 2 nm, respectively. DNA chains,
howeve, exhibit rather marked diversity with regard to
their base composition, or G/C content. The G/C-rich
part is stiffer than the A/T-rich part, in other words
persistence length of G/C-rich part is longer than that
of the A/T-rich part.l® Therefor, in case of (i) there
is no difference in the base composition between two
cahins, while in case of (i1) the ratio of G/C pair of the
1 chain is less than that of the 2 chain. The “effective
charges” in the 1 and 2 chains are 2, and (9, and the
total number of monovalent cations as counter ions are
1 + (@2, where the “effective charge” reflects the num-
ber of monovalent cations exchangeable with trivalent
cations associated with the cdlapsing transition. Thus,
the ¢ values never directly correspond to the number of
free negative phosphate charges, as in the counter ion

Figure 1 : {(a) Model system of a cell containing short and long
(stiff and flexible} DNA chains. (b) Four different states for the
conformations of the 1 and 2chains.

condensation theory.!! Thus, the (7 values are related
to the net change in the translational entropy that ac-
companies the cadlapsing transition. Based on a recent
experimental study'? concerning the effect of temper-
ature on the collapdng transtion of T4 duplex DNA,
166kbp or 32- 10% phosphate groups, induced by the
addition of a trivalent ion, spermidine, the net entropy
change is 32k per DNA chain. This result implies that
the “effective charge”, or the number of exchangeable
ions, can be estimated to be on the order of several tens,
as adopted in the parametrization of (@ in the present ar-
ticle. A detailed analysis of the individual contributions
to the change in entropy in the collapsing transition has
been presented elsewhere.!? For simplicity, the direct in-
teraction between the 1 and 2 chains is neglected, i.e.,
the total effective vdume of the chain is smaller than 0
(see Fig. 1(a)). The total free energy of the system is
written as,

Ftomt=F1+F2+cht (1)

where F is the free energy in the sdution outside the
effective volume of the chains. F; and F, are the free
energies within the region of the effective vaume in the
individual polyelectrolyte and consist of four different
components: elastic energy F®®, interaction between
the segments F**t  entropic term due to the tranda-
tional freedom of small iens F¥278 and electrostatic
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energy Fele.
«Fi — Fieia +Ff"t + Fitrans + Ffte (?‘ — 112) (2)

The 1 and 2 chains have contour lengths of Nb; and
Nobs, respectiwly. TFor rather long polyelectrolytes,
such as a DNA mdecule of more than seweral tens of
kilobase pairs, the electrostatic term, Ffle, would be-
come relatively smaller than the other terms, for the
fdlowing reason.® In the elongated state, the distance
between the segments in a chain is on the order of
102-10°nm, while the Debye length is on the order of
Inm, and quasi-electroneutraliﬁy in the effective volume
of the DNA coil will hdd. Accordingy, the contribu-
tion of this electrostatic term is almaost negligible. In
the collapsed state, due to charge neutralization with
the enhanced binding of the counter icns, the electro-
static repulsion between the bare negati ve charges along
the DNA chain again becomes less important. In other
words, the essence of the electrostatic term can be in-
corporated into the interaction term, F/™t. Thus, we do
not. consider F£* in an explicit manner.

The elastic free energy, F#, is described by the en-
tropy loss due to deformation from the Gaussian coil.!3

Fe /KT = 3(a? + o7?) 3)

where k& is the Boltzmann constant, T is temperature, o
is the swelling coefficient of the chain, a; = (V;/V2)V/3,
V; is the effective volume of a chain, and V2 is the vd-
ume of a Gaussian chain, V0 = 47r/3(b,1Ni1/2)3.

The free energy of interaction, Fi™, between seg-
ments of the chain is given in the form of a virial ex-
pansion for the concentration of segments within the
effective volume of the chain, n; = N;/(V a?).

Fit kT = N;(Bn; 4 Cn}) (4)

where B and C are the second and third vidal
coefficients.® To focus on the effect of the change in
translational entropy that accompanies ion-exchange
and on the interaction between chains through mono-
and multivalent cations, we smply set these values con-
stant: B/b* = —0.15 and C/b® = 0.01 for the case
(i), as in previous studies.’® For the case (ii), the re-
lation, B1/B; = (b1/b2)* and C1/Cy = (h1/b)° are
used.? With the combination of the elastic and inter-
action terms, F#* and F™, one can dipict the double
minimum in the free energy for' a giant DNA 5-8.12.13
In other words, the Coulombic term can be effecti vely

renormalized with this s mple theoretical model, includ-
ing the effect of charge neutralization in the collapced
DNA.8’12

The free energy, FI™**°, represents the trand ational
entropy® of small ions moving inside the effective vol-
ume of the chain, while the third tenn, Fez; in eq. 1,
represe nts the translational entropy of small ions in the
free space of the soclution outside the space occupied by
the chains.

. g . (P
Fi /kT = q; ll'l (—‘}:) -|'jDI ]Il (71) -+
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where ¢, p=-+ and p; are respectively the number of
counter ions of the monovalent cations, tri valent cations
and monovalent counter anions indde the effecti ve vol-
ume of one chain, while ez, ply, and p_,, are the cor-
responding ion numbers in the external solution and
Vere is the volume of free solution, ie, Vege = 1 —
Vi — V2. Based on the principle of the conservation of
the particles, the fdlowing relationships are obtained
B+ @+ e = Q1+ Qu T+ pf + Pl = P
Pl + Py + Pext = P, where PT and P~ amre the to
tal number of trivalent cations and their counter ions,
i.e., P~ = 3P*. For the region near the polyelectrolyte,
the electroneutrality condition yields

3pf + i = Qi +p7. (7)

The equilibii um number of each ion is defined by min-
imizing the total free energy of the system with respect
to g1, g2, pT, p¥. In this context, near the critical con-
centration of fri valent cations, the free energy profile for
one polyelectrolyte has double minima for & < 1 and

‘@ > 1, corresponding to the collapsed compact glob-

ule and spatially elongated unfdded coil states, respec-
tively. The total free energy of the system is calculated
for the four possible states in the system; (1 chain, 2
chain) = (coil, cdl) as state I, (globule, cdl) as state
11, (cdl, globule) as state III and (globule, globule) as
state IV; cf., Fig. 1(b).

Results and Discussion
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Figure 2 ; Change in the free energy for the four different states
with the concentration of the trivalent cation [PT]. Fise: and
Free are the free energy in the system as depicted as in {a) and
that in the solution of the trivalent cation in the absence of poly-
electrolyte chains, respectively. The number of Kuhn segments in
the 1 and 2 chains are 150 and 100, respectively.
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Figure 3 : Probability distributions of the four different states
with a change in the concentration of a trivalent ion, as deduced
from the result given in Fig. 2.

i. Long and short chains. Figure 2 shows the re-
sult of the numerical calculation for the total free energy
of the system , where Ny = 150, No = 100, ¢); = 30,
Q2 =20 and © = 10(V? + V7). The longitudinal axis
gives the difference in free energy between Fiyq; (see eq.
1) and Ffree; Firee is the free energy for the system with
free vdume @ where the concentration of the trivalent
cation is [P*], and that of the monovalent counter anion
is [P~] ([P~] = 3[/P*]), in the absence of any polyelec-
trolyte chain. When the concentration of the trivalent
ion [P7] is low, both the long and short chains take the
elongated coil conformation. When the concentration of
the trivalent ion [P*] is large enough, both chains take
the collapsed compacted conformation as the state at
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Figure 4 : Change in the swelling ratio o in the short and long
chains with the concentration of the trivalent cation. The solid

" line indicates the state with the free energy minimum.

the free energy minimum. At the intermediate concen-
tration for [P*], one chain takes a cdl conformation and
the other takes a callapsed conformation. Interestingly,
the short chain cdlapses and the long chain remains a
coil when [P*] is 0.5—0.8 (x10~*). On the other hand,
when [P*] is 0.8—1.2 (x10~%), the state with a coiled
short chain and a collapsed long chain becomes most
favorable with respect to the free energy.

Based on the result for the free energy given in Fig.
2, Fig. 3 shows the probability distributions for the four
different states with a change in the concentration of the
trivalent cation. The symbols in Fig. 3 are the same as
those in Fig. 2. The the long and short chains again
show an interesting conformational behavior. Due to
the effect of thermal fluctuation, different states coex-
ist in the transition regions. Howewr, all of the four
different states are almost "pure” at different P con-
centrations. '

Figure 4 shows the change in the swelling ratio o of
the long and short chains with respect to the corre-
sponding Gaussian conformation. The solid line indi-
cates the swelling ratio for the state with the free en-
ergy minimum, and the broken line indicates that for
the metastable state.

The curious trandtion in this system is caused by
the difference in the gain in trandational entropy nec-
essary for the cdlapse transition between the shorter
and longer chains, and also by the interaction between
chains through the solution. ‘

ii. Stiff and flexible chains. Figure 5 shows the
result of the numerical calculation for the total free en-
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Figure 5 : Change in the free energy for the four different states
with the concentration of the trivalent cation [P*]. (a)N; = 160,
Ny = 200, by = 1.2562 ,(bB)N1 = 200, Nz = 210, by = 1.05b2,
bz = 100nm.

ergy of the system : {a)Ny = 160, N, = 200, b; = 1.255,
and (b}Ny = 200, Ny = 210, b, = 1.05b,, therefor the
1 chain is stiff and the 2 chain is flexible. Both axes in
Fig.5 are the same as those in Fig.2. When the concen-
tration of the trivalent ion [P*] is low, both the stiff
and flexible chains take the elongated coil conforma-
tion. When the concentration of the trivalent ion [P1] is
large enough, both chains take the cdlapsed compacted
conformation as the state at the free energy minimum.
At the intermediate concentration for [P*], the flexi-
ble chain takes collapsed state and the stiff chain takes
elongated coil state, while the state with collapsed stiff
chain and elongated flexible chain is metastable over the
whole concentration for [P*]. -

Figure 6 shows the probability distributions for the
four different states with a change in the concentration
of the trivalent cation. For the condition (a), in which
difference in the stiffness of the chain is large, proba-
bility of the state (stiff, flexible)=(globule, coil} is al-
most zero at any concentration of [P*], and the other
three different states are almost ”pure” at different [P¥)
concentrations. For the condition (b), Kuhn length of
stiffer cahin is only 1.05 times longer than that of flexi-
ble chain, the difference in the free energy between the
states (stiff, flexible) = (coil, gobule) and (gobule, cail)
becomes several times kT, and hence these two states

1
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Figure 6 : Probability distributions of the four different states
with a change in the concentration of a trivalent ion, as deduced
from the result given in Fig. 5.

are indefinite states, when [P*] is 0.2-0.4 (x10™4).
The difference in Kuhn length is small, only 5 percent,
while the difference in the probability of the state (coil,
globule} is about 9 times larger than that of the state
{globule, cal). This result shows that the difference in
the stiffness of DNA mdecule, or G/C content, affects
largely the collapse transition, in other words the stiffer
chain, or G/C-rich chian, tend to unfold with decrease
of [PH].

This result indicates that it is possible to select the
chain to unfoled or collapse among plural polyelec-
trolyte chains with different length and stiffness by the
control of concentration of trivalent cation. In actual
living cells, as mentioned before, DNA chains exhibit
rather marked diversity with regard to their base com-
position. Besides, there is the band pattern on the chro-
mosome dyed by the dye specific for A/T-pair.! Accord-
ingly, it is possibly considered that the length and the
stiffness of a chain, or portion, is concerned with the
selective unfold of DNA molecule.

Although the present theoretical study is only prelim-
inary, the hypothesgs proposed in this article may con-
tribute to understanding the experimental observations
on the dynamical change of long DNA chains in living
cells. The stepwise folding/unfolding of long DNAs is
expected to be closely associated with the mechanism of
the selfFregulation of gene expression in living systems.
This theoretical prediction of exotic behavior in a con-



fined space is not a unique charactenstic of
DNAs, but rather should be a general feature of
pol yelectrolytes.
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Abstract

Recently, it has been established that single DNA molecule exhibits dis-
crete transition between the elongated coil state and the compact folded
state, and that there considerable width on the concentration of condens ng
agents such as pdy(ethylene glycol) and polycations. In this work, we stud-
ied the eflect of temperature on the bimodal distribution of conformation
for the ensemble of TADNA chains (166kbps) at a fixed concentration of
poly{ethylene glycd) udng single-chain observation with fluorescence mi-
croscopy. From the van't Hoff-type relationship, the entropy change in the
transtion is AS = +11.3k/molecule, and the change in the heat content is
AH = 44.77 x 10~2°J /molecule at T, = 306K, where k is the Boltzmann's
constant. The positi ve value of AS with the unfolding trans tion is discussed
in relation to the increase in the translational entropy of counterions.



Introduction

It is well known that giant DNAs generally ex-
ist in a highly compact state in living cells. For
example, in E-coli a DNA molecule with a con-
tour length of 1.4mm is packed into a narrow cy-
toplasmic space on the order of ym. In viruses, gi-
ant poly-nucleotides are also compacted into a cap-
sid; e.g., T4 phage DNA with a length of 37um is
packed into a space of less than 1ym. Almost all ge-
netic activities, such as transcription, duplication,
repairing, etc., are believed to be closely related to
the conformation of the DNA molecule. In order
to investigate the compaction or packing of giant
DNAs in living cells under very complex conditions
in the presence of thousands of different cherical
species, in vitmo experiments on DNA condensa-
tion are useful for understanding the mechanism of
DNA compaction. It has been found that a neutral
hydrophobic polymer such as poly{ethylene glycol)
(PEG) induces the condensation of DNA [1]. Such
a phenomenon is called polymer salt-induced con-
densation, or ¥ condensation [2, 3]. Since actual
cellular fluid is usually crowded with hydrophilic
macromolecules, or proteins [4], the in witro con-
densation of DNA by PEG is expected especially
to serve as a good model for the compaction of

DNA in cellular systems. However, despite inten-

sive work on ¥ condensation, most experimental
studies on condensation have been performed with-
out clear distinction between the folding of single
molecular chains and the aggregation of multiple
chains [5, 6, 7, 8]. Thus, the term ”condensation”
has often been applied to events involving multiple
DNAs in conventional studies of ¥ condensation.
Very recently, it has been found that individ-
ual giant DNA molecules exhibit an all-or-none-
type transition between the elongated coil state and
compact folded state using single-chain observation

with fluorescence microscopy [9, 10,-11]. If has also

become clear that the transition in the ensemble
of DNA chains seems continuous, indicating that
there is a rather wide region for the coexistence
of unfolded and folded chains with respect to the
change in the concentration of the condensation
agent, such as poly(ethylene glycol) or polyvalent
cations. The purpose of the present study is to ex-
amine the effect of temperature on the switching
of the higher order structure of giant DNAs. By
adding a temperature-controlling unit to the sys-
tem for single-chain observation by fluorescence mi-
croscopy, we have measured the change in the size
distribution (long-axis length) of DNA as a func-
tion of temperature. Based on these experimental
data, we discuss the thermodynainics in the folding

phase- transition on individual DNA molecules.

Experimental

Bacteriophage T4 de¢ DNA (166 kbps) was pur-
chased from SIGMA. The fluorescent dye 4’ 6-
diamidine-2-phenylindole (DAPI) and the antiox-
idant 2-mercapto-ethanol {2-ME) were obtained
from Wako Pure Chemical. Poly(ethylene gly-
col) (PEG, average MW, 4600) was obtained from
Aldrich. The sample solutions were prepared as
follows. First, PEG was dissolved in distilled wa-
ter (~ 55°C). Next, the PEG solution was ad-
justed so as to contain the following chemicals;
PEG, 100(mg/ml) ; 2-ME, 2 %(v/v) ; DAPI, 0.6
(uM) ; and DNA in nucleotides, 0.6 M, where
these concentrations were fixed throughout the ex-
periments. The prepared samples were allowed to
stand at ambient temperature 23 +2°C' for 30 min
before the observation. _ _

Fluorescence images of DNA were obtained with
a Carl ‘Zeiss Axiovert135TV microscope equipped
with a 100 x oil-immersed objective lens. They
were recorded on videotape with a high-sensitivity



Hamamatsu SIT TV camera and analyzed with an
Argus 50 image processor (Hamamatsu Photonics).
The temperature of the samples was controlled by a
water-circulating system. The accuracy of the tem-
perature was +0.5°C. To characterize the size of
DNA, we measured the long-axis length L, which
was defined as the longest distance in the outline of
the DNA image. In the analysis, we only counted
the moving DNAs in the bulk solution and omitted
the DNAs adsorbed on the glass surface. Due to
the high sensitivity of the SIT camera and the res-
olution limit associated with the wavelength of the
observation light, there is a blurring effect of about
0.3 pwm [12, 13].

Results and Discussion

To examine the effect of the temperature on
the all-or-ncone-type transition of indiﬁidual DNA
chains, we tried to find a suitable experimental
condition for the folding transition of DNA. Fig-
ure I shows the dependence of the long-axis length
L of individual DNA chains on the sodium chlo-
ride concentration [Na(l] at a fixed concentration
of poly(ethylene glycol) (100mg/mli) at 23°C, to-
gether with the statistical errors. It is shown that
the addition of NaCl promotes the folding tran-
sition of DNA chains [12]. This observed effect
of salt corresponds well to the results in previous
studies on DNA condensation [7, 14], although the
previous studies do not seem to have distinguished
the folding transition of single DN A molecules from
the aggregation, or condensation, of multiple DNA
molecules. At least 50 chains were measured at
each NaCl concentration. Figure 1 indicates that
the value of L changes in a discontinuous manner at
[NaCl) = 0.4M and that the unfolding and folding
states coexist there. Thus, at around this sodium
chloride concentration the folding transition pro-

5 . . -
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[NaCl] (M)
Fig.l: Long-axis length L of individual T4DNA

chains vs.  the sodium chloride concentration
[NaCl]. The ensemble average was obtained at
least 50 molecules at each concentration. I changes
in a discontinuous manner at [NaCl] = 04M.
Typical fluorescence images of the elongated coil

and folded compact states are shown.

ceeds in an all-or-none manner at the level of indi-
vidual DNAs.

Based on our results regarding the eflect of salt
as shown in Fig. 1, we chose a concentration of
[NaCl] = 0.4M for the sample solution to ex-
amine the effect of temperature. Figure 2 shows
the distribution of the long-axis length at differ-
ent temperatures, and clearly presents a bimodal
profile. The portion corresponding to the unfolded
coil state tends to increase with an increase in tem-
perature. By evaluating the relative populations of
the folded and unfolded states, we can estimate the
free energy difference A between the elongated
and folded states: AG/KT = —InP;/P,, where
Py and P, arc the probabilities of the folded com-
pacf and unfolded coil states, respectively. Figure
3 shows that In(P; /P,) changes linearly with 1/7".
From this figure, the temperature at P; = P, is
306K ; ie., the critical temperature in the first-
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Fig.2: Distribution of the long-axis length L of

T4DNA molecules at different temperatures, The
temperature is 23°C (a), 33°C (b), 40°C (c}, 45°C
(d) and 50°C' (e). The left and right peaks in each
graph correspond to the folded and unfolded coil
states, respectively. With an increase in tempera-
ture, the probability of the unfolded coil state in-
creases while that of the folded state decreases.

order phase transition is 7. = 306K. From the
slope, AS is calculated to be +11.3%k per DNA
molecule. The heat content of the transition at T
is AH = +4.77 x 1072 frolecule (28.7kJ/mol).
Here, we will discuss briefly the mechanism of the
transition. ¥ condensation has been interpreted in
the following theoretical framework [2, 3]: Contact
between DNA and PEG is considered to be ther-
modynamically unfavorable, due to the large dif-
ference in persistent length between them. Thus,
the effective volume of a PEG molecule serves to
decrease the free space in unfolded DNAs, but not
that of other coiled PEG molecules. As a result, the
solvent quality for DNA becomes poorer upon the
addition of PEG, and there is effective attraction
between the components of a DNA chain. At some
critical concentration of PEG, DNAs undergo a col-
lapsing transition or coil-globule transition. Unfor-

tunately, previous studies have considered, at least

0.4
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0.0}
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04
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0.8
14631 32 33

/T (10°K™)
Fig.3: Temperature-dependence of the ratio of the
probability of the folded and unfolded states as
L plot.
slope of this linear relationship and the tempera-

34

3.5

shown by a In(P;/P,) vs. From the
turé at Py = F,, the thermodynamic parameters
AS and AH can be estimated to be +11.3%4 and
+4.77 x 10~ 2°J /molecule(28.7kJ /mol) at 306 K.

implicitly, that the coil-globule transition is steep
but continuous, or a kind of second-order phase
transition [15, 16]. Furthermore, most previous
theoretical studies have been devoted to models
that do not consider counterions.

Recently, we described a theoretical model to in-
terpret the intrinsic property of the folding transi-
tion of single DNA molecules, including the effects
of counterions and coexisting low-molecular-weight
salt jons [12]. Within this theoretical model, we an-
alyzed the free energy of a DNA chain distributed
in PEG solution under the folding framework. The
free energy of a single DNA chain, F, can be ap-

proximated as follows 12, 17, 18],

F=Fm£x+Fela+Ftra (1)

where Frniz, Ferq and Fir4 are the free energies from
the mixing of DNA and linear polymer, the elastic
contribution of DNA chain and the translational

entropy of small ions in the system (counterions



and salt ions), respectively. Skipping a detailed
explanation of these individual contributions to the
free energy, it has become clear that the éhange in
translational entropy before and after the folding
transition plays a significant role in determining the
free energy. The translational entropy of small ions

Sirq 18 represented as follows,
14 Q
Stra = [Z Nilnm]in + [Z: Nil??--]\}‘lj]qqt (2}

where N; is the number of ion (charge #), V the
effective volume of DNA and £ the volume out-
side DNA. Figure 4 shows a schermatic representa-
tion of the distribution of small ions around a sin-
gle DNA chain in the environment containing PEG
molecules. It has been confirmed that the change in
the effective volume in the folding/unfolding transi-
tion is very large; Vi, /V} s 10% ~ 10° [13], where V,,
and V; are the effective volumes in the unfolded and
folded states, respectively. Thus, one can expect
a signiﬁcént increase In S;.q upon transition from

the compact to the elongated state. Using a known

folded compact state unfolded coil state-

Fig4: Schematic Tepresentation of the distribution
of small ions around a DNA chain in the unfold-
ing/folding transition driven by a change in tem-

perature in a PEG solution.

value of ¥, /Vy [13], Eq. (2) gives the increase in en-
tropy in the unfolding transition of a single T4DNA
molecule; AS,,, = +10°% ~ 108k, This estimated
entropy difference A S, is much larger than the ex-
perimental value of AS ~ +11.3%, although both
values are positive. This difference is attributable
to the so-called hydration effect [19, 20]. It has
been well established that small ions interact rather
strongly with water molecules. Thus, the increase
in the translational entropy of small ions upon dis-
sociation is almost compensated for by the decrease
in entropy accompanied by their ”complexation”
with water molecules [19], and the residual small
entropy change corresponds to the observed change
of entropy in the experiment. Interestingly, temr
petature effect on the folding/unfolding transition
of DNAs by a multivalent cation is opposite to
that by PEG. We recently examined the effect of
temperature on the folding transition of TADNA
in the presence of a fixed amount of spermidine,
‘ We found that unfolded
DNA molecules tended to be folded into a compact

a trivalent amine [21].

state with an increase in temperature. According
to van’t Hofl reiatiouship, the decrease in entropy
from the folded to the unfolded state has been eval-
uated as AS = =32k [21]. Such a temperature
dependence is attributed to the increase of the to-
tal translational entropy due to the ion-exchange
accompanied by the folding transition in relation
to the ion-exchange between monc- and trivalent
cations. Further experiments on the change in the
conformation of individual DN As at different NaCl
concentrations and also with different monovalent
cations such as Lit, K+, and Rb* should provide

useful inforination for estimating the contribution

of hydration to the change in entropy.



Conclusion

We observed the unfolding transition of sin-
gle DNA molecules in poly(ethylene glycol) so-
lution. Based on the temperature-dependence
of the relative probability of the elongated and
compact folded states, T., the changes in en-
tropy AS and enthalpy AH at 306K are es-
timated to be +11.3(k/molecule) and +4.77 x
10-2°(J/molecule), respectively. The sign of the
entrapy change is opposite that in the unfolding
transition of DNA in the presence of multivalent
cation. This characteristic effect of temperature in
the transition is attributable to the change in the

translational entropy of the counterions.
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Masayoshi Y. Tanaka and Mitsuo Kono*
National Institute for Fusion Sciences, Toki, Gifu 509-5292, Japan,
* Faculty of Policy Studies, Chuo University, Hachioji,
Tokyo 192-0393, Japan

Abstract
Evolution of low frequency perturbations in magnetized rotating plasma is
formulated, and the eigen-value problem for the perturbed potential is numerically
solved to show the existence of spiral solutions. Remarkable characteristic of
this solution is that the eigen-value (frequency) becomes zero for particular case.
Formation of stationary spiral structure, which was experimentally observed in
an ECR plasma, is theoretically confirmed.

Recently, two-arms spirals have been commonly observed in both ECR plasmas [4]
and gun-produced plasmas [5], and in particular the spiral structures observed in the
ECR plasmas have interesting features: (1) stationary spiral structure is observed in
a certain range of the background pressure, (2) the direction of the arm stretching is
reversed when the magnetic field is reversed, and (3) the arm winding is identified as
an Archimedes spiral. '

In an ECR plasma with cylindrical geometry, there is radial electric field of the
order of T, /rq (T,: electron temperature, rq4: plasma radius), and the plasma rotates
azimuthally with the E x B drift. The ion-neutral collision is small compared with the
ion cyclotron frequency ( v;/§2; ~ 0.05 }, but not negligible, In this circumstance, the
primary motion of the plasma is azimuthal rotation due to the E x B drift. Then we
consider evolution of low frequency perturbations in a rotating magnetized plasma.

In this paper, we show that low frequency instability in an azimuthally rotating
plasma may develop into spiral structures, which, in particular case, are stationary.
Low frequency instabilities such as collisional drift wave instability, centrifugal instabil-
ity and Kelvin-Helmholz instability are taken into account, and the linear eigen-value
problem for the perturbed potential is numerically solved to show the existence of spiral
solutions.

Plasmas in a cylindrical vessel are inevitably driven to rotate with the Ex B drift due
to the ambipolar potential. Then the ions are subjected to centrifugal force and their



rotation frequency is affected by this effective gravitational force, while the electrons
are driven by both the E x B drift and the diamagnetic drift. The difference between
the azimuthal drift velocities of the ions and electrons induce charge separation which
cannot be fully neutralized by the electrons whose axial motions are dragged by the
collisions with neutral particles. Thus fluctuations are excited and azimuthal motions
are organized in such a way that the core part of the plasmas is rotating almost rigidly,
while the outer part lags behind the core part because the azimuthal drift velocities do
not increase in proportion to the radius, consequently producing a spiral structure.
Equations for ions and electrons in magnetized plasmas read

2 1 Vinava) = 0, (1)
gp TVe VVa = L -(CV4+TvexB)
1
- 5a,e_vPa_VaVa- (2)
nm

(23

where n,, v, and v, ( @ = e or i) are the density, velocity and collision frequency with
neutral particles of electrons and ions, respectively, and ¢ is the plasma potential.
In the following, physical quantities are divided into the stationary parts and fluc-

tuating parts:

n g (T: z) nE(T: z)
| =| dolr,2) |+ | delr,2) | @ +ce
v vo(r, z) O\ vil(r, 2)

For the ion drift, an effective gravitational drift due to the centrifugal force is taken
into account in the azimuthal direction, and is neglected in the radial direction since
v;/§; << 1. For the electron drift, the diamagnetic drift is dominated over the gravita-
tional drift due to the centrifugal force. The rotation frequencies of the ion and electron
azimuthal drift now read

g w
wy ~ wg(l — —é’:), wg ™~ Wi + w,, (3)

where wg and w, are the frequencies associated with the E x B drift and the diamagnetic
drift, respectiv_ely, defined by ' ) )
_Cfldd)o _ wildlnng _
S e I “
where C? = T,/M, v% = T./m, Q = eB/Mc and 2, = eB/mc (M: ion mass, m:
electron mass). The normalized potential e¢,/T, has been replaced by ¢y in Eq.(4).

The second term in the expression for wj is a contribution from the centrifugal force.



The space potential produced by the ion radial transport is short-circuited by the
electron axial transport so that we have V(nivj) = V(n¢v§), which determines the
profile of the equilibrium density and potential. Since the solution of this equation is
sensitively dependent on the boundary conditions at the end of the field lines unless
the plasma is so long that parallel diffusion can be neglected altogether, it is unlikely
to obtain a self-consistent solution ng(r, z) and ¢o(r, 2} to the problem of ambipolar
diffusion across magnetic field. Instead, in the following we take a phenomenological
approach to assume the density and potential profiles compatible with those observed
in the experiment.

The fluctuating parts of electron velocities given by Eqs.(1) and (2) are

v2 i, - e i} ng
i =m0 2 ) 26 - 2,
e _  Up e @v§ 8 ille(w) g
Vg = Eg(w) [(QB Wy dr )67’ + r ](¢3 nO)}
_ v 9,
W“n@wﬁ )

where u, v§, w§ are the radial, azimuthal and axial component of v§, respectively, and

Cfw) = ve—ilw— &),

d €
z&g:(mfmmm—%—iﬂ+nm%
On the other hand the fluctuating parts of ion velocities are given by
i Cf ZE(Q1 + 2&)3) Oy
Uy = ‘Zi(fu‘)[ r ¢2+Fi(w)‘§;-]a
' C? . dud 0y  ifD;(w)
i £ Qz’ i et _ 1
ve i(w) (8 + dr ) or r ¢e),
o O 0 |
¢ [i(w) 8z’

where the meanings of u}, v}, w} are the same as for the electron, and -

Lifw) = vi—iw- fwl),
dv}
dr

Substituting the above velocities into the electron and ion continuity equations,

Si(w) = (Q+ 2+ wh + —=2) + Ti(w)™.

invoking charge neutrality n§ = n} = ng, and assuming the axial dependence of the

potential with the normalizations £ = r/rz and 5 = z/ry4 as

¢'z(§,’?) = &)g(g)e—(n—ik)n’ . oo o ’ (5)



we have
d>
dg?
where the quantity 3(£) is given by

(s —1k)*Q0, dw,
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In deriving Eq.(6), we have neglected the terms of the order of or less than O(Q;/¢2.)

and O(w)/€;), and used the following approximation derived from the electron or ion
continuity equation,

ne Ve 9, 1dlnng bw,

ng o _Q_§w~2(w8—w*)r dr qbezw_&qubg. ©)

Equation (6) describes low frequency fluctuations excited by collisional drift wave in-
stability (the first term of 3(£)) [7] and flute mode instability such as the gravitational
instability due to centrifugal force acting on ions (the second term of 3(£)) [8] and
Kelvin-Helmholz instability (the third and fourth terms of 8(£)) [9]. The difference
between Eq.(6) and the equation derived by Rosenbulth and Simon [6] is that the colli-
sional drag is taken into account and the charge neutrality is assumed in Eq.(6), while
in Ref.[6] the collisional drag is not included and the ion diamagnetic drift is taken into
account instead of the electron diamagnetic drift. Putting that ¢.(€) = 1¢(€)/+/ne(£),
Eq.(6) is transformed to

Cve 199 ae) - L=, (10)

Where 1 dinng, 1,d 1.dhn
0 0

A(E) = B(E) - 1~ ) - 5(35 + g) T

The ratio of the contribution from the drift wave to that from the flute mode is estimated
to be (k% + &?)(Qe/ve)(ra8%/Cs). Therefore the collisional drift wave instability is dom-
inant when &2 + k% >> (ve/Q.)(C,/r48) is satisfied. The quantity (ve/Q,)(C,/r4S%)
is of the order of 10™* to 10~° for the ECR plasmas and thus we only consider the

fluctuations due to the collisional drift wave instability:

(K — k)220 (w — )
Pe(w)li{w) (w— fwg)

Af) =

Now the characteristic features of the solutions for Eq.(10) can be examined as
follows. The solution is approximated in the case of weak £-dependence of the zero-
th order quantities by 1,(£) ~ Jo(§V/A), where J, is the Bessel function of the first



kind. The real part of the argument of the Bessel function should be positive to give a
convergent behavior while the imaginary part is responsible for spiral structure, which
comes from the imaginary parts of w, I'.(w} and T';(w}. Multiplying ¥} to Eq.(10) and
integrating the resultant equation from the center to the edge of the plasma under the
boundary condition ,(0) = 1,(1) = 0, we have

1 d 2
[} UG + Zohbe - 4@l ) =0 (1)

From the imaginary part of this equation we have

[ sla@erweerds =o, (12

which corresponds to the Rayleigh condition. For a collisional drift mode, we have at
the marginal instability (v ~ 0) with k >> &

Vo2 Q{w, — ) (wy — Lwi) (wy — fwp)
Te(w)PTaw)P[(wr — bwp)? +97

S{A(6)] =

from which the Rayleigh condition holds even when w, = 0, indicating the formation
of stationary spiral structures. The winding direction of spiral arms is reversed when
the magnetic fields is changed in sign since the imaginary part of A(§) is proportional
to odd power of the magnetic field for w, = . Certainly rotating spirals exist as well.

Here we solve Eq.(6) numerically with the boundary condition ¥,(0) = (1) = 0.
Since, according to the experimental observations, the profile of E x B drift frequency
wg has one zero between £ = 0 and £ = 1, we have used the wg profile as shown in
Fig.1 in the calculations. Furthermore, the density profile ng(r) has been assumed to
be Gaussian, from which the diamagnetic drift frequency w, is depicted in the same
figure. We have both the stationary (w, = 0) and rotating (w, # 0) spiral solutions for
a given profile of the zero-th order quantities ny(r) and wg(r). The numerical results
for the stationary solution (¢ = 2) are shown in Fig.2, where Fig.2(a) is the radial
potential profile, and Fig.2(b) the density perturbation contour calculated by Eq.(9).
The spiral structure is identified as an Archimedes spiral, which is seen from the eikonal
approximation for the solution of Eq.(6); in the case of weak £—dependence of §(£),
be(€) exp|ild] ~ expli f IV BdE + i€8] ~ exp[iS[V/Bl€ + i£6] and the spiral curves are
given by £ oc 8. The density contour structure is similar to the observed spiral.

The vector field plot of the ion velocity {u}, vi} associated with this spiral structure
is depicted in Fig.3. In the figure, each arrow is colored by red for positive radial
velocity u5 > 0 and by green for negative radial velocity ub < 0. The flow pattern
exhibits the similar spiral structure, which well explained by the E x B drift due to the
perturbed potential ¢;. It should be noted that the spiral structure induces both the



outward-going (anticlockwise) flow and the inward-going (clockwise) flow, exhibiting a
material circulation between the core and peripheral regions.

The imaginary part of the eigenvalue vy decreases with the azimuthal mode number
¢, which corresponds to the fact that the observed stationary spirals are always with
tWo arms. _

The mass ratio of ion and electron is taken to be 80000 in the above calculations
since the experiments were curried out in an argon plasma. The spiral solutions are
independent on the mass ratio and also obtained for the hydrogen case (M/m = 2000).

Even when we neglect the contributions from the centrifugal and the Kelvin-Helmholz
instabilities in Eq.(6), there is no change in the pattern of the spiral. Thus, the spiral
structure formation for this choice of parameters is attributable to the collisional drift
wave instability.

In the numerical calculations, we have used the special profile for the ny(r) and
wg(r) since we need to compare the numerically obtained spirals with those observed in
the experiment [4]. However, it has been confirmed that the spiral solutions of Eq.(6)
are insensitive to the profiles of these quantities.

For the different parameters, granulated density structures are obtained, which is
regarded as a formation of vortex crystal. Although the vortex crystallization has been
reported in pure electron plasmas [2], this type of structures may be general entities
excited in magnetized plasmas.

Formation of spiral structures is a rather general characteristic of magnetized ro-
tating plasmas since the energy stored in the plasma inhomogeneity such as density
and velocity shear is released to give instabilities, which cause the phase difference be-
tween the real and imaginary parts of eigen-functions, driving a spiral structure. The
instabilities could be the collisional drift wave instability, centrifugal instability, and
Kelvin-Helmholz instability, although the collisional drift wave instability is dominant
for ordinary laboratory plasmas. Even in stable cases, collision plays the same role as
instabilities in producing phase difference between the real and imaginary parts of the
eigen-function. Therefore collision is also essential to the formation of spiral structure.
Under the special condition that wg(£) becomes zero somewhere between £ = 0 and
& =1, the characteristic of the stationary spiral structure becomes similar to those ob-
served in the experiment. For a wide variety of density and potential profiles, rotating
spiral structures are normally excited.

‘We have obtained the linear eigen-functions to show the spiral structure formations
in magnetized rotating plasmas. The next step is to‘study the nonlinear stage of
evolution and to show why spiral structures are so robust. We are also planning to
develop our theory to understand the spiral structures observed in a gun-produced
plasma [5]. It is worth noting that our study may contribute for understanding the



mechanism of spiral galaxy formation.
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Figure 1: The radial profiles of the normalized E x B drift frequency wg/$2; and the
normalized diamagnetic drift frequency w, /§;.

Figure 2: The numerical results for a stationary spiral solution {M/m = 80000, x =
0.0675, k = 0.0225, v/Q = 0.024). (a): the radial profile of the perturbed potential
@2(€), in which the solid line is the real part, and the dotted line the imaginary part.
(b): the density perturbation contour R[(ns/no) exp(ifd)].

Figure 3: The vector field plot of ion velocity associated with the spiral structure
corresponding to Fig.2 (u} > 0: black; uj < 0: gray).
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Two-Dimensional Strongly Coupled Plasma Experiments using Charged Balls
System
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1. Introduction

When the dimensionless coupling constant of
a plasma, I'=(q2/4nd)/kgT, is larger than
unity, a long range Coulomb interaction plays
a dominant role on the collective phenomena
and such a plasma is called a strongly coupled
plasma (SCP), where T, q and d are tempera-
ture ,charge and inter-particle distance of the
plasma, respectively. Several experiments have
been conducted to study SCP in the laboratory
by increasing charges of small particles in a
liquid [1], air {2] and in a low density plasma
[3-4]. We demonstrate a simple system of
two dimensional (2-D) SCP, where I is easily
controlled by external parameters.

2. 2-D charged ball system
Experimental setup is shown m Fig.1. Small

stainless steal balls (1mm ¢) are placed on the -

Si wafer to minimize the friction between the
balls and the surface. The balls are charged up
by applying DC high voltage V (< 50kV) refer
to the mesh electrode above. The charged balls
are confined by the potential of the metal ring
of 90mm in diameter, which is placed on the
Si wafer. The charge g can be easily controlled
and measure from the critical voltages Vg,
where the electric and gravitational forces ex-
erting on the balls balance each other.

The random kinetic energy of the balls is given
through random oscillations of the wafer
caused by the sound pressure from the speaker
placed underneath the wafer.

3. Solidification of 2-D plasma
The statistics of the ball velocities are analyzed
from the ball motions taken by a video camera

through the mesh. The effective temperature
of balls is measured by fitting the velocity dis-
tribution of the balls to 2-D Maxwellian one.
We include the rotation energy of the balls and
the image charge on the wafer induced by the

‘ charge on the balls to calculate I". The trajecto-

ries of the balls-in 2 seconds with different T’
values are shown in Fig. 3(b). When ['=95,
the solidification starts to be seen and stable
crystallization appears (Fig. 3(a)). The peaking
of the radial distribution functions of the balls
also indicate the crystalline alignment near
I'=95. The freezing transition of SCP to the
triangle Wigner crystal is predicted at I'~137
by the computer simulation [5], which is near
to the experimental result.

4. Diffusion in SCP

~ The mean square displacement of N balls,

<R*(t)>, can be written as

1 N
(1'«12 (1)) = <ﬁ Yinm- ri(0)|2>

i=t
, where 1, (t) and r; (0) are distances of ith ball
from the origin anywhere in the system at time
t and 0. It is observed that the balls diffuse
proporticnal to time when I' is small and
<R*(t)> tend to be constant around T" ~03
(Fig.4). A diffusion coefficient D can be de-
fined in the limit when t goes infinity as
(R?@)=4D1+a (t—>)

, Where o is some constant value.

D is plotted versus I in Fig. 5 and the abrupt

decrease in D is obtained I'~100 where the
crystallization is predicted

— 44—
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An Equilibrium Equation of a Magnetized Plasma

Including Electric Fields
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1. Introduction

The equilibrium of a Tokamak plasma is sustained by a toroidal current and de-
scribed by the Grad-Shafranov equation [1]. On the other hand, Stix [2] proposed the
plasma confinement by a magnetoelectric torus where the poloidal plasma rotation re-
duces the charge accumulation. Here, in case of neglecting the convective derivative
term, we derive an equilibrium equation of a magnetized plasma including electric fields,
which gives the description from the Tokamak to the magnetoelectric torus, continu-
ously.

2. An Equilibriumm Equation
In order to get an equilibrium equation, we work from MHD equations. The mo-

mentum balance equation of a steady state is
nm(v-Vv=3xB—-Vp—p.Veo. (1)

Here, v is the fluid velocity. n, m and p are the plasma density, the ion mass and the
plasma pressure. j and B are-the electric current density and the magnetic field. p.
and ¢ are the electric charge density and the plasma potential, respectively. Ohm’s law

in case of zero resistivity is

T.

-———Vp). '
Te + ’YTz p) (2)

1.,
-Vé+vxB=—(jxB
en

Here, T, and T; are the electron and ion temperatures. 7 is the specific-heat ratio of
ions.
We treat an axisymmetric plasma by using the cylindrical coordinates r,8,z. The

poloidal magnetic flux function ¢ and the poloidal current flux function I are defined
by ' '

. 1 . N ' . '
B (Ve nhld), )



i -1 -
| = —(VIx 80— —Ly8
J 2?1_7_ ( x ,U;[] E’l/) )‘J (4)
respectively. Here;, Ly = 73/dr(/rdr) + 0% [d2> 6 is the unit vector in the
azimuthal direction. The electric charge density p. is determined by Poisson’s equation
€ V2h = —p,. € is the dielectric constant of vacuum.
By taking the scalar product of Eq. (1) and V4 /|V3|?, the generalized Grad-

Shafranov equation is derived as

1 [ty VIV v
@)z | o HO TV Vo2

The magnetic, current, equipotential and isobaric surfaces are defined by ¥, I, ¢, p =

] ; [Vp ~ (@V)Vé+nm(v- V) =0. (5)

constant, respectively. The scalar product of Eq. (1) with 8 leads to an equation indi- -

cating the deviation of the current surface I from the magnetic surface ¢ as follows,

1 a(,4)
nm[(v . V)U]9 —'(277—7')2 6(7" z) . (6)
Similarly, the scalar products of Egs. (1) anld (2) with the magnetic field B yield
mlo- Vo) B = gombbl (7)
dg) 1, T. dpv) |
Nr,z) es'n(fﬂ3 + 7T,:) alr,z) (8)

Thus, the convective derivative term nm[(v - V)v] induces the derivations of the
current, isobaric and equipotential surfaces I, p, ¢ from the magnetic surface ¥». Con-
versely, if the convective derivative term is negligibly small, all of the surfaces 1, p, ¢, v
are coincident. Now, we get the Grad-Shafranov equation including electric fields in
case of neglecting the convective derivative term, as follows.
ol ] dp 6q{>

) =0, (9)

1
ey [17 vt rolay

3. Calculations of Magnetic and Potential Surfaces

Here, we discuss a torus plasma where the minor and major radii are @ and R,
respectively. Thus, we use the toroidal coordinates p,8,w; r = R+ pcosw,z = psinw.
In order to survey the nature of the solutions of Eq. (9), we solve this under simple
assumptions as follows. 1(a) = 0, and ¢(a) = 0. In the plasma, dp/Jdy = constant,
101]8¢ = constant, and 3¢/dy = C (= constant). The inverse aspect ratio a/R and
the toroidal beta is considerably smaller than 1.



It is convenient to use the ratio & of (gV?@)d¢/d% with L1/ (2nr)*uy in Eq. (9).
. Under the above assumption, this is rewritten as & = (e£?2(a)/2)/(B%(a)/21e) =
(27 R)2equoC?. We put § = (1 — &)/(1 + &). Then, § = 1 and -1 means the pure
Tokamak and the pure magnetoelectric torus, respectively. The change of § leads the
plasma from the Tokamak to the magnetoelectric torus continuously.

The solutions of Eq. (9) under the above assumption are

Your = —¥(0){2In g +[In Z + A (1 — —z;)]%cosw}, (10)
boui = —CP(0){2InE 4 [-in + 01 - 2—2)1% cosw}, (11)
b = =90 {=(1 = 5)(1 + 2L cosw) }, (12)

and di, = Copin. Here, Ay = (B+0.75)/6 — 1, A, = (8+0.75)/8, s = (3+0.75)/5 — 0.5.
B =<p>[(eEa)/2+ B:(a)/2u0) and indicates the generalized poloidal beta.

§d=1 éd=-1
\
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Fig. 1. Equilibrium magnetic surfaces 1 of a Tokamak (6§ = 1) and equilibrium
potential surfaces ¢ of a magnetoelectric torus (6§ = ~1). f=1.4,a/R=0.2.
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Fig. 2. Equilibrium magnetic surfaces and equilibrium potential surfaces with 4 as
a parameter. = 1.4,a/R =0.2.

The equilibrium surfaces of a Tokamak and a magnetoelectric torus are shown in
Fig. 1. The toroidal hoop force is sustained by the steep magnetic surfaces on the
outer side of the Tokamak, and by the steep potential surfaces on the inner side of
the magnetoelectric torus. As shown in Fig. 2, the parameter § changes the surfaces,
continuously.

The parameter of the convective derivative term v is defined as the ratio of nm(v -
V)U-V¢/|V¢|2 with L1/ (2mr) 21— (€ V3)0¢/ . v is rewritten as v = 0.25{wyig /wein)*(1—
6)/é. Thus, the convective derivative term is able to be neglected when v <« 1.

4. Conclusions and Acknowledgments

Under the assumptions of neglecting the convective derivative term, we derive a
new equilibrium equation of the magnetized plasma including electric fields. This equa-
tion describes the equilibrium plasma from the Tokamak to the magnetoelectric torus,
continuously. |

We appreciate Prof. H. Sanuki and Prof. H. Sugama for their dxscusswn and Prof.

D. Grésillon for their cooperation.
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Three-Dimensional Hybrid Simulation Study of Interactions
between the Solar Wind and Unmagnetized Planets

Hironori Shimazu
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ABSTRACT

The interaction between the solar wind and an unmagnetized planet (Venus or Mars)
was investigated in the computer simulations by using a three-dimensional hybrid code
(kinetic ions and massless fluid electrons). The purpose of this study is to examine the
kinetic effects such as ion pickup and mass loading on macro-scale structures around the
planet. The results showed that the shock size and the magnetic barrier intensity were
asymmetrical in the direction of the convection electric field because of OF ions picked
up from the side of the planet to which the convection electric field was pointing.

1 Introduction

Magnetized plasma flow around an obstacle has been studied and the results of these
studies have been applied to the interaction between the solar wind and unmagnetized
planets {Venus and Mars). Studies of the interaction were summarized in Luhmann (1986)
and Luhman and Brace (1991).

Since the solar wind is supersonic and the mean free path of the plasma particles
constituting the solar wind is much larger than the size of planets, the collisionless shock
is formed in front of the planet. The gas dynamic theory has been used to explain the
location and shape of the shocks around Venus and Mars. The solar wind interaction with
these planets has also been the subject of magnetohydrodynamic (MHD) simulations.

Although the gas dynamic theory and MHD simulations have been useful in inves-
tigating many kinds of problems, they are invalid when the scale of the Larmor radius
of ions must be considered. Since the radius of Mars, for example, is comparable to the
Larmor radius of solar wind protons, we must therefore use some other methods taking
into account the kinetic effects of ions. The hybrid code is one of the best simulation
methods for studying the effects because it treats ions as gyrating particles. This paper
reports the results of three-dimensional hybrid code simulations in a global simulation
system (size of the simulation box > size of the planet) including the magnetotail. In
previous hybrid simulation studies (Brecht, 1997; Shimazu, 1999) the planet was-treated
as a solid sphere, and at the surface of the sphere particles were absorbed or reflected. In
this paper we introduce planetary plasma.

The most prominent feature caused by the kinetic effects is asymmetry in the direc-
tion of the —wv,,, x B convection electric field (v,,: solar wind speed, B: interplanetary
magnetic field). In the framework of the MHD all the physical parameters are symmet-
ric in this direction. However observations and the previous hybrid simulations showed



the asymmetry of the shock geometry and the magnetic field intensity. The purpose of
this study is to examine the kinetic eftects such as ion pickup and mass loading on the
asymmetry of macro-scale structures around the planet.

2 Model

The simulation used the three-dimensional Cartesian coordinate system in which the grid
cells were spaced equally and there were 64 in each of the z, y, and 2 directions. The
average number of particles in one grid cell was 16. The solar wind was emulated by using
a super-Alfvénic plasma (number density ng, velocity ve, = 4V4 where Vy is the Alfvén
velocity) continuously injected into the simulation system from the z = 0 plane. The bulk
velocity of the solar wind was parallel to the x axis, and the solar wind particles were
removed from the simulation system when they reached the other boundary. Planetary.
plasmas distributed uniformly in a sphere (radius R = 25.6¢/w,; = 6.4p, where c is the
speed of light, wy; is the proton plasma frequency, and p is the Larmor radius of the solar
wind protons) were placed at the center of the simulation box. The sphere is also a source
of planetary plasmas and the loading rate corresponds to 0.256w,;.
The initial ambient magnetic field B was given by the potential field:

s v(m( )} eem
0

(r < R),

where By/(4mming) /2 = V4 = 1.0 x 107%¢, r? = (z — L/2)* + (y — L/2)* + (= — L/2)?,
m; is the proton mass, and L {= 8R) is the size of the simulation box. The electrical
resistivity of the solar wind was assumed to be zero. The initial temperature of the ions
was assumed to be the same as that of the electron fluid and to be constant in space. The
ratio of the ion thermal pressure to the magnetic pressure of the solar wind (i.e., 8;) was
assumed in this study to be 1. At { = 0 the dynamic pressure of the solar wind balances
with the thermal pressure of the planetary plasma.

We compare the two cases; One is that the planetary ion species consists of protons
(case A) and the other is that it consists of oxygen ions (case B).

3 Results

Figures la and 1b respectively show the z component of the average proton velocity and
the magnetic field intensity at w.t = 37.5 in case A, where w, is the proton Larmor
frequency. These figures are cross sections for the y = L/2 plane, which cuts through the
center of the planet. Asshown in Figure la, on the upstream side of the planet the velocity
decreases sharply. A bow shock is generated there. Figure 1b shows that the magnetic
barrier, where the magnetic field is larger than the typical value in the magnetosheath,
is formed around the planet.” The magnetotail is formed on the downstream side of the
planet. Figure lc shows that the planetary protons are confined and that they do not
escape much to interplanetary space. " 'The magnetfc_barrigr can prevent protons from
escaping because their Larmor radius is less than the width of the magnetic barrier.
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Figure 1: The y = L/2 plane at w.t = 37.5 in case A: (a) the z component of the proton
velocity, (b) the magnetic field intensity, and (c) the distribution of planetary protons.
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Figure 2: The y = L/2 plane at wet = 37.5 in case B: (a) the z component of the ion
velocity, (b) the magnetic field intensity, and (c) the distribution of planetary O% ions.

Figure 2 show the results of case B. Clear asymmetry in the direction of the —v,, x B
convection electric field (—z direction) were found in this case. Figure 2a shows, for the
y = L/2 plane, the z component of the ion velocity. The flow near x = 150c/wy;,z =
140¢/wp; (upper side) is accelerated to a speed greater than that of the solar wind by the
Lorentz force, while the flow on the other side (lower side) is decelerated by mass loading
of the planetary oxygen ions.

Figure 2b shows that the magnetic barrier becomes weak downstream on the side of the
planet to which the convection electric field is pointing (lower side). As shown in Figure
2c planetary oxygen ions escape to interplanetary space on the lower side. Because these
escaping ions can be seen only on this side, they are picked up by the solar wind electric
field. These picked up ions stop formation of the magnetic barrier in the downstream
region because of the diamagnetic current.

Figure 3 shows the magnetic field intensity for the ¢ = L/2 plane at w.t = 37.5 in
case B. The cross section of the shock is an ellipse. The lengths of the major axis and
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Figure 3: Magnetic field intensity for the z = L/2 plane at wyt = 37.5 in case B.

the minor axis differ by 0.21 R. This difference is too large to be explained by the Mach
cone asymmetry. The shape of the boundary of the planetary plasma also changed from
an initial circle to an ellipse. The lengths of the major axis and the minor axis differ by
0.08 R. This is caused by the pinch effect of the magnetic field and the ion movement in
the direction of the electric field.

This figure also shows another asymmetry in the direction of the electric field. The
shock size is smaller on the side of the planet to which the convection electric field is
pointing (lower side) than on the other side (upper side). This asymmetry is caused by
the reduction of the Alfvén and fast mode velocity because of the mass loading of O%
ions on the lower side. However this asymmetry in shock size is opposite the asymmetry
actually observed at both Venus (Alexander ef al., 1986) and Mars (Zhang et al., 1991).
This discrepancy indicates that the observed asymmetry is due to effects not included in
this simulation. This discrepancy is a future problem.
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Simulation study of quasi-perpendicular shock waves
in a multiple-ion-species plasma

N. Terada

Department of Geophysics, Graduate School of Science, Kyoto University

Abstract: Supercritical perpendicular shock waves propagating in a plasma containing
electrons and two positive ions (i.e., protons and alpha particles) are studied using a one-
dimensional electromagnetic hybrid code. Tt is found that, as the number density ratio of
heavy ions to protons is increased, the shock with a moderately high Mach number becomes
more dynamic and changes its structure periodically. In this brief report, we show a typical
example of the multi-ion shock exhibiting a periodic variation of its structure, and discuss
the underlying mechanism of the dynamic process. '

1 Introduction

In a multi-ion-species plasma, there are many interesting subjects introduced by the
presence of heavy ion components. For instance, in the downstream region of a multiple-
ion perpendicular shock, a standing long-wavelength perturbation called the bi-ion hybrid
wave (or ion-ion hybrid wave) is generated by the coupling of protons and heavy ions
[Motschmann et al., 1991}. Even if we start from the same flow velocities, as the incident
ions pass through the shock transition, each ion component will have a different downstream

“bulk velocity due to the different reaction to the electromagnetic fields. The resulting
difference in the bulk velocities just behind the shock will lead to the generation of a bi-ion
hybrid wave downstream of the shock. Here, we show that, in a particular situation of a
supercritical perpendicular shock, the trailing bi-ion hybrid wave has a sufficiently large
influence to cause a periodic variation of the shock structure.

2 Periodic Variation of the Shock Structure

The numerical model we use is a one-dimensional electromagnetic hybrid code in which
electrons are treated as a massless fluid and the individual particle orbits of ions are followed
kinetically in the four-dimensional phase space (z,v;,v,,v,). We present here a simulation
result obtained with the proton Alfvén Mach number M4, = Vipoer/Vap ~ 9, the number
density ratio n,/n. = 0.1, and the upstream electron and ion beta 3, = B, = 1.0 and
Ba = 0.5, respectively, where Vi, = B.o/ m is the upstream proton Alfvén velocity,
3 is the ratio of thermal to magnetic pressure, and subscripts e, p, and o denote electron,
proton, and alpha particle (He**) species, respectively. The upstream thermal velocity of
the alpha particles is the same as that of the protons. The mass and charge ratio are taken



to be m,/m, = 4 and ¢,/q, = 2, respectively. We generate the shock by the reflection
method with physical piston boundary conditions. Particles are continuously injected from
the left boundary of the simulation box with the proton Alfvén Mach number of 6, and the
shock propagates toward the left side with the mean proton Alfvén Mach number of ~ 3
in the rest frame of the simulation box, that is, the Doppler-shifted propagation speed of
the shock is about My, ~ 9 with respect to the upstream flow.

Figure 1 illustrates the magnetic field profile, the z — v, phase space and the number
density profile for each ion species at four different time steps during one oscillation cycle.
In such a high M4, shock, the flow velocities of each ion component just downstream of
the shock are very different, such that a considerably large amplitude bi-ion hybrid wave is
generated. Therefore, the phase bunched motion of the alpha particles turns around and
even indicates “loop” structures in the z — v, phase space, where distinct enhancements of
ng, are observed. While the bi-ion hybrid resonance is a purely electrostatic mode [Smith
and Brice, 1964], the trailing bi-ion hybrid wave has a fairly long wavelength and involves
magnetic perturbation. Considering the quasi-charge neutrality condition, n, = n, + 2n,,
and that B, is nearly proportional to n., we expect magnetic field B, to have a relatively

large value in the region where n, and n, are relatively large.
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As can be seen in Figure 1, some fraction of the incident protons are reflected just
upstream of the shock and -then forms a gyrating stream in the downstream region in
a similar fashion for the single-ion-species shock, while the alpha particles change their
velocities only slightly due to their large inertia in the immediate vicinity of the shock.
In the downstream fields, the alpha particles begin to gyrate, and their phase bunched
gyrating stream dynamically shapes the number density profile. Since the mass-to-charge
ratio for the alpha particles is twice that for the protons, the 1st peak of n, locates between
the 1st and the 2nd proton density enhancement regions. We call these alpha particle and
proton enhancement regions “alpha particle pulse” and “proton pulse” in this paper. For
the sake of visualization, the 1st and the 2nd proton pulses and the 1st alpha particle pulse
in the panels for the number density profiles in Figure 1 are marked with thick solid curves
and thick dashed curves, respectively. Note that, for high M, shocks as in this case, the
gyrating stream of reflected protons 1s quite energetic and the proton density enhancement
regions are prominent [Leroy et al., 1982)]. '
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In Figure 1(a}, we can see that the alpha particles have a large number density at the
position of the 1st proton pulse, where we can also expect magnetic field to increase slightly.
If the amount of magnetic field increase is small (e.g., in the case of n,/n, = 0.05), it is
diffused through the electrical resistivity and a reasonably steady shock structure would
be achieved. In this case, however, newly injected protons are strongly deflected and
decelerated at the 1st proton pulse, and the 1st proton pulse moves forward while leaving
the alpha particle pulse behind (Figure 1(a)—(b)—{c)). Since alpha particles are deflected
in the downstream fields behind the shock ramp rather than completely decelerated just at
the shock foot and ramp regions due to their large inertia, the alpha particle pulse cannot
follow the movement of the 1st proton pulse coherently. Accompanied by the recovery of
the 2nd proton pulse, alpha particles are strongly deflected there and the alpha particle
pulse begins to move forward until it overtakes the 1st proton pulse in front of it (Figure
1(c)—(d)). The cycle is completed by a return to the state of Figure i(a), where B, at
the 1st proton pulse increases again. In addition, further downstream of the shock, similar
movements of the pulses can be observed, which result from the interaction between the
proton gyrating strearn and the alpha particle pulses. We illustrate a time series of the
number density profiles in Figure 2, where the time variations of the positions of the proton
and the alpha particle pulses can be clearly seen.

We have also performed simulation runs with a wide range of model parameters, and
found dependences on parameters such as the number density ratio, Mach number, up-
stream ion beta, heavy ion mass ratio and so on. In the upper panel of Figure 3, the
time-stacked profiles of the magnetic field B, for n,/n. = 0.1 are plotted, where quasi-
periodic back and forth movements of the pulses are seen, while the lower panel shows a
reasonably steady shock structure for ny/n, = 0.05. For My, ~ 9, 8, = Ban,/dn, = 1,
and 7 = 1.5§2,,/eow?,, the non-stationary structure appears when the number density ratio
No/ne exceeds ~ 0.07. By varying the Alfvén Mach number while maintaining the same
values for the other parameters, we found that the simulation results of multi-ion shocks
show the non-stationary structure discussed above, when M, exceeds the threshold value
of ~ 7. Detailed examination of these parameter dependences gives us the opportunity
to confirm the underlying mechanism discussed above and much deep insight into this

dynamic process.
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TIME EVOLUTION OF THE EARTH'S MAGNETOTAIL ASSOCIATED
WITH SUBSTORM ONSET: GEOTAIL OBSERVATIONS

S. Machida and Y. Miyashita :
Department of Geophysics, Graduate Schoo! of Science, Kyoto University,
Kyoto 606-8502, Japan

and
GEOTAIL/LEP-MGF team

Abstract. Temporal changes in the plasma flow and magnetic fields of the Earth's magnetotail
were studied by applying a superposed epoch analysis method to substorm events by employing
plasma and magnetic field data obtained by GEOTAIL spacecraft. The onset times of the
substorms were determined with Pi-2 pulsations at mid-latitude geomagnetic stations.

[t was found that the earthward flow from the distant neutral line was enhanced at least 20
min prior to the onsets, and that the tailward flow associated with plasmoids started about 2
min before the Pi-2 onsets. The earthward flow became somewhat coherent 1 min before the
onsets in the near tail region. The vanation of the northward magnetic field component was
found to increase at X ~ -10 R and decrease at X ~ - 28 R simultaneously in the premidnight
tail immediately after the onsets. These variations definitely correspond to the dipolarization
and plasmoid formation, respectively. Furthermore, it is possible to locate the center of the
highest possibility of a diffusion region, i.e., the near-Earth neutral line at (X, Y) ~ (- 19, 6)
R; . To interpret our observational results, we propose a thin-current reconnection model in
which very thin current layers extend from the diffusion region in both the earthward and
tailward directions.

1. Introduction

A number of substorm models have been proposed so far. Among these, the near-Earth
neutral line (NENL) model excels in the point that it can explain the generation of plasmoids,
and accordingly it is regarded as one of the primary substorm models [Hones, 1976]. However,
there is still some debate that the earthward flows during substorms known as bursty bulk
flows (BBFs) are always intermittent and that they are not capable of carrying the amount of
magnetic flux and energy required for a substorm [Angelopoulos et al., 1994]

In the meantime, auroral break-ups associated with a substorm occur in the region which
can be mapped to the premidnight tail at the distance of ~ 8 R;. Various changes in the



magnetic fields and current system, such as a dipolarization and a current disruption, take
place in that region. In order to explain such a transition from a quiet to a disturbed state,
various models, such as the ballooning instability [Roux et al., 1991], the kinetic drift instability
[Lui et al., 1990] or the unstable magnetosphere-ionosphem coupling system [Kan et al.,
1988], have been proposed. Those models have the advantage of explaining the location and
timing of the auroral break-ups, however, as a drawback, it is often said that they cannot
necessarily account for the creation of a plasmoid as a natural consequence.

Therefore, it is a matter of great importance to examine the timing of the plasma flow
changes, the magnetic field changes, and the variations in other parameters at X ~ - 10 R,
i.e., the vanations associated with the dipolanization or the current disruption, and those
observed at X ~ - 30 'RE associated with plasmoid formation. With such a timing analysis,
one can expect to solve the causality relationship issue and derive significant information to
~clarify the principal mechanism of substorms.

To demonstrate the temporal changes of the magnetotail, we separate our report into two
parts in which variations of the mid- and distant tail regions in terms of the earthward and
tatlward flow velocities will be shown first, and those of the near and mid-tail regions will be
described in the second part.

We used plasma moment and magnetic field data acquired with the Low Energy Particle/
Energy Analyzer (LEP/EA) and Magnetic Field Instrument (MGF) onboard the GEOTAIL
'spacecraft. The time resolution of both data is 12 sec. A detailed description of the LEP and
the MGF can be found in papers by Mukai et al. [1994] and Kokubun et al. [1994], respectively.

There may be several different ways to determine the substorm onset times, but we
determined them by investi-gating Pi-2 pulsations in the geomagnetic records taken at Kakioka
and Wingst stations located at (26.94° ,208.29° )and (54.15° ,95.26° ) in the geomagnetic
dipole coordinates, respectively. |

2. Results.
2.1. Mid- and Distant Tail Regions

In the first part of this study, we used the GEOTAIL data obtained during the period from
September 14, 1993 to February 28, 1995. The data around X ~ - 30 R, was obtained in
January and February, 1995. The spacecraft traversed regions around X ~ - 60 Ry in
September 1993 and February, 1994; X ~ - 90 R in January, 1994; X ~ - 160 R, in October,
1993 and October, 1994; and X ~ - 200 Rin April, 1994,

To determine the onset times, we used ground magnetic records at"Kakioka and Wingst.
We selected either a single onset or the first of multiple onsets requiring that the ground
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Figure 1. Scatter plots of Vx vs. Bx at six different locations as indicated at the top for
different time intervals relative to the Pi-2 onsets on the ground. Each dot corresponds to the
averaged plasma flow and magnetic field data for 12 sec.

geomagnetic activity was quiet at least 30 min prior to the onset, and ambiguous events such
as extremely small onsets or very gradual onsets was excluded in this analysis. With such
criteria, we selected 156 substorm events to be analyzed.

To demonstrate the time varniation of the magnetotail plasma flow in association with the
substorm onset, scatter plots, as shown in Figure 1, were made which reveals the relation
between the earthward flow velocity Vx and magnetic field component Bx at six different
locations in the magnetotail with respect to the onset time of Pi-2. Each dot corresponds to
the averaged plasma flow velocity and magnetic field for four spacecraft spin periods which
is 12 sec. The data spread more in the vertical direction, namely, cover wider IBx| values
when the spacecraft is closer to Earth since the lobe magnetic field is stronger in the near
Earth region and monotonically decreases as a function of distance from the center of Earth.
One of the most interesting signatures is the clear earthward flow observed at X ~ - 91 Ry, for



t = 0-5 min after the onsets. This earthward flow has been already apparent at least 20 min
prior to the onsets, i.¢. in the growth phase, and still continued in the expansion phase. This
flow continued even at t = 05-10 min or later in some cases. In the outermost region X ~ -
199 R, the tailward flow was observed throughout the substorm. The location of the flow
reversal is not clear, however, the positive and negative scattering of the dots in the region X
~ - 131 Rg and - 159 Ry indicates that it may vary considerably, depending on several
conditions, such as the solar wind velocity or the orientation of the interplanetary magnetic
field, and how they varied with respect to the onset time. Certainly, our primary interest is
the fast flow created in the near Earth region in association with substorms. This fast flow
appears at X ~ - 63 R in the time interval of t = 00-05 min, and then becomes more
prominent in the next time interval. A switch from the tailward flow to the earthward flow is
observed at X ~ - 91R,, The enhanced tailward flow appears in the time interval t = 05-10
min in the inner region of the tail, namely, the region with small values of IBxl. The
population of the earthward flow increases as time elapses in association with the progress of
the substorms. It is of interest that both the tailward and earthward flows are mixed at X ~ -
30 R in which the neutral line is statistically located in the vicinity. Also, the value of the
fastest flow does not reach to 2,000 km/s which can be often observed at X ~ - 63 Rgand - 91
Ry or at further distances. There are cases in which the flow velocity reaches up to 1,000
km/s, which is significantly fast compared to that found in quiet times at X ~ - 30 R

At the distance of X ~ - 131 R, unfortunately, the amount of available data was only about
50 % compared to other cases. However, it is evident that the tailward flow will become
dominant from t = 15-20 min, even though both earthward and tailward flows are mixed
together at the beginning. A similar tendency can be found at the distance of X ~ - 159 Re
In contrast, the earthward flow is rare and the tailward flow is mostly dominating at X ~ -
199 Ry, as pointed out earlier.

Our results clearly indicated an enhancement of the earthward flow from the distant neutral
line (DNL) during the growth phase. This earthward flow continued until about 10 min after
the onset of the substorms, i. e., even in the expansion phase. By extending the superposed
epoch analysis method used in this study, it is possible to obtain the structure of plasmoids by
investigating the plasma data such as number density, the flow velocities, and the temperature
as well as the magnetic field data. We will report on these results in a separate paper. Since
there were fast tailward flows which seem to have been created in the region around X ~ - 30
R;, associated with the onset of substorms as seen in the plots in Figure 1, we will focus on
describing the results of our analysis on the plasma flow and the magnetic field in the inner
region.

2. 2. Near and Mid-Tail Regions



As for determining the onset time of the ground Pi-2, 1 sec sampling records, from only the
Kakioka station, were used in this part of study, i.e., to study the near and mid-tail regions,
We restricted the substorm events to those which occurred during the interval from 1100 to
1900 UT (2000 - 0400 LT) having a positive bay within£7 min in the H-component of the
geomagnetic field relative to a Pi-2 onset. We also required that there were no other Pi-2
pulsations at least for 30 min before the onset for each case to be selected. Further, the
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Figure 2. From left to right, the columns show the earthward and tailward flow vectors (Vx,
Vy), and the positive and negative deviations of the northward magnetic field component ( A
Bz) from the averaged values from t = - 10.5 to t = - 7.5 min. The flow vectors are those
which have a maximum value of Vx| during the 1 min interval centered at the time indicated
on the left. The flow vectors corresponding to 200 km/s dawnward and tailward flows
together with the 3 nT and 6 nT magnetic field deviations are indicated at the top.



plasma data from the LEP instrument and the magnetic field data from the MGF instrument,
both onboard the GEOTAIL spacecraft during the period from September, 1993 to August,
1997, were used to derive the vanations in the magnetotail. The time resolution of both data
was, again, 12 sec. By combining the Pi-2 records and the spacecraft location from - 7.5 to -
52.5 R in the X-direction, and from - 10 to 15 Ry in the Y-direction in the GSM coordinate
system, we selected 243 substorm events for which onset-times were read in 1 min time
accuracy. ' .

Figure 2 shows the time evolution of the flow velocity vectors and the deviation of the
northward magnetic field component projected on the X-Y plane at 243 different spacecraft
locations. The first column is for the positive Vx data, i.e., earthward flows, and the second
column is for the negative VX data, i.c., tailward flows. The flow vectors corresponding to
200 km/s dawnward and the tailward velocities are indicated at the top of the figure. The
flow vectors for both earthward and tailward flows are those which have the maximum value
of IVx| during the 1 min interval centered at the time indicated on the left of the figures.

At t=- 4 min, there are some large earthward flow vectors, which we regard as having
originated from the DNL. However, there are also some large flow vectors of Vx < 0, but
most of these have also large duskward flow components. This tendency continued at least
from t = - 10 min. Then at t = - 3 min, some duskward flows of a velocity of about 200 km/s
appear in the region around (X, Y) ~ (- 30, 7) R, which evolve to pronounced tailward
flows, characterizing a structure known as a plasmoid. These flows have duskward flow
components of 100 km/s at t = 0 min, and show a slightly decreasing duskward velocity after
the start of their creation at t ~ - 3 min. After t = 1 min, tailward flows appear with some
dawnward flow components around the region - 25> X (Rg) > -30and - 10 <Y (Rp) < 0.
This can be related to the expansion of the plasmoid as pointed out by leda et al. [1998].

As for the earthward flows which comrespond to BBFs, it seems that they become somewhat
coherent at 1 min before the Pi-2 onset. However, if we separate them into parallel and
perpendicular components as shown in Figure 3, it turned out that these fast earthward flows
are mostly due to the contribution of the parallel motion of the plasma rather than the
perpendicular drift motion which is thought to carry the magnetic flux toward Earth.

Figure 2 also shows the temporal change of the north-south component of the magnetic
field by obtaining the deviation ( ABz) of Bz from its averaged value during the growth
phase from t = - 10.5 to - 7.5 min. The positive ABz events are shown in the third column,
and the negative ABz events are shown in the fourth column. The magnitude of ABz is
revealed by a radius of a circle as indicated at the top of the figure. It should be noticed that
the indicated values of ABz are those when the earthward and tailward flows are most
enhanced during each 1 min time interval. There is a tendency for the positive deviation of
Bz to gradually be enhanced in the central part of the tail, while the negative deviation of Bz
progresses in the region surrounding that of positive ABz. There are events in which ABz
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Figure 3. Flow vectors decomposed into parallel and perpendicular components. (a) Paratlel
velocity vectors for Vx > 0; (b) Perpendicular velocity vectors for Vx > 0; (¢) Parallel
velocity vectors for Vx < 0; (d) Perpendicular velocity vectors for Vx < 0. The flow vectors
corresponding to 100 km/s dawnward and tailward flows are shown in the top right comer.

increases associated with the BBFs in the central part starting at around t = - 2 min. It is not
necessarily clear, but they seem to be connected to a notable increase of ABz with a
magnitude about 5 nT occurring at around (X, Y) = (- 12, 1) R, soon after the Pi-2 onset on
the ground as can be seen from the data of t = 0, 1 and 2 min. Remarkably, a pronounced
decrease of A Bz, also about 5 nT occurs around (X, Y) = (- 28, 7) R at the same time. Most
of the negative ABz accompanies the fast tailward flow of the plasmoid. The region of
negative ABz also expands in dawnward and duskward directions in accordance with the
expanston of the negative VX region in the same directions. The positive enhancements of A
Bz in the near-Earth region correspond to the dipolarization of the Earth's magnetic field,
which significantly develops after the onset of Pi-2. The dipolarization region also expands
in both the dawnward and duskward directions in time. l

3. Discussion and Summary

As we have shown, considerable changes occur in the magnetotail during substorms.



Concerning the distant tail region, we found an enhancement of the DNL activity at least 20
min before the onset. The intense earthward flows definitcly affect the condition of the near
tail and the triggering of substorms. The activity of the DNL continued even after the onset
of substormis, and this earthward flow encountered the tailward flow due to the reconnection
at the NENL. It was also found that the plasmoid evolution occured not only in a localized
region around the NENL but in a much more extended region from X ~-30 R to X ~ - 90
R, i.e., in the mid-tail region.

Concerning the near tail region, we found significant increases and decreases of the Bz
field at distances of X ~ - 10 R; and ~ - 30 R regions which took place simultaneously at
around t = 1 min. The determination of the Pi-2 onset time has an inherent ambiguity of
about 1 min, since the charactenstic oscillation period of Pi-2 is from 40 to 150 sec by
definition. There are cases in which high-frequency components associated with a Pi-2 burst
may improve the accuracy of the onset-time determination. Regardless of these facts, we can
conclude that the increase of Bz which corresponds to the dipolarization in the near-Earth
region, and the decrease of Bz which corresponds to the plasmoid formation in the downtail
region take place simultaneously, and that the magnetic reconnection can be responsible for
creating such a time change of Bz. _

We found that the first earthward flow became somewhat coherent 1 min before the Pi-2
onset. This earthward flow is regarded as a substorm related BBF. However, upon decomposing
the flow vector, it turned out that the earthward flow was mos_ﬂy due to the parallel motion of
plasma, and the perpendicular motion was predominantly duskward or dawnward. To interpret
this observational fact, we propose a thin current sheet reconnection model in which thin
current layers are extended from the diffusion region in the earthward and tailward directions,
with a structure similar to the flux pile-up model proposed by Priest and Forbes [1986], but
the kinetic effect of ions has to be considered. The ions are unmagnetized in the thin current
layers, hence, the duskward ion flow is possible in the central plasma sheet due to the
meandering motion, and the diamagnetic drift at the boundary region of the plasma sheet also
gives rise 1o a large duskward flow velocity. The dawnward ion flow is also created by the
ExB drift under the existence of the electric field toward the center of the thin current sheet.
Meanwhile the magnetic field line across this thin current sheet is highly stretched and the
angle between this field line and the plasma sheet boundary is very small, hence, the parallel
velocity can be very high, but the perpendicular velocity in the plasma sheet boundary layer
is low even if this field line, i.e., the magnetic flux tube, moves with a very high velocity
toward Earth. |

The region of negative ABz is distributed very close to the Earth, surrounding the region
of positive ABz. Also, it is apparent that the middle point of these negative and positive A
Bz regions shifts to the duskward side and is located around (X, Y) = (- 20, 5) R While, the
tailward plasma flow seems to start around (X, Y) = (- 26, 6) Rg. If we use the plasma flow



to infer the location of the diffusion region, we have to pay special attention to the fact that
the region where the tailward flow becomes evident is the region where the ions start to be
unmagnetized. Specifically, this can be the tailward edge of the thin current sheet rather than
the diffusion region itself.

~ The earthward flow in the near tail region is very slow, and, it is not necessarily enhanced
severely in association with a substorm onset. As shown in a paper by Miyashita et al.
[1998], this can be clearly demonstrated when we plot the electric field on the X-Y plane.
Apparent enhancements of the duskward component to the comparable level of 2 mV/m
appear around X ~ - 10 Ry and X ~ - 28 R;; of the tail just before and after the onset of a
substorm. This supports the basic principle of the maghetic reconnection which transports an
equal amount of the magnetic flux in both the earthward and tailward directions. They also
found that the total pressure reduction occurred in the region centered at (X, Y) ~ (- 18, 7)
R, which is also regarded as a natural consequence of the magnetic reconnection. Synthesizing
those results, we propose that the location of the diffusion region is centered at around (X,Y)
=(-19,6) R

In the region of the thin current layer, we would definitely obtain erronecus values of the
rate of the magnetic flux transportation or the Poynting flux if we evaluate them from the
bulk flow velocity derived from ion measurements, since most of the ions are regarded as
unmagnetized. A study on the structure and characteristics of this thin current layer would be
significantly important in understanding the primary mechanism of substorms.

As for the downstream of the separatrix in the magnetic reconnection topology, the
magnetized ions are dominant outside the region of the thin current layer. A pair of slow
shocks will develop in the downtail region approximately from X = - 30 Ry down to X = - 90
R, generating a fully developed plasmoid as shown in the first part of this study. In contrast,
the electromagnetic coupling between the magnetosphere and the ionosphere under the con-
straint of the strong geomagnetic field are significant in the inner tail region of X > - 15 R,
which reveals quite different characteristics from those of the downtail region separated by
the diffusion region even though both can be categorized as the same downstream region of
the separatrix.

In this study, we determined the onset of substorms by the Pi-2 event on the ground.
Therefore, it should be emphasized that the substorm onset in this paper is actually the Pi-2
onset on the ground. In spite of those facts, the systematic vanations of the plasma flow and
magnetic fields such as simultaneous sudden increases and decreases of the A Bz corresponding
to the dipolanzation and the plasmoid formation, strongly support the validity of our method
to use the Pi-2 onset as a time mark. In contrast, the fact that the Pi-2 onset may be used as a
valid time mark also suggests that the Pi-2 is closely related to the magnetic reconnection.
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The Origins of Electrical Resistivity in Magnetic Reconnection

Motohiko Tanaka

National Institute for Fusion Science, Toki 509-5292, Japan

Abstract The inertia motion of electrons along the magnetic field, which is not included
in the MHD framework, has been identified by means of the macro-particte simulations
as the origin of resistivity (Ohm’s law) and reconnection in collisionless plasmas. The
finite Larmor radius effect of ions acts to suppress the reconnection rate by increasing
the X-point current that is carried by accelerated electrons due to charge separation
electric field. The multiple reconnection process is suggested to accomplish the global
size reconnection in the solar flares in which kinetic time and space scales are much less
than that of the flares.

I. Roles of Resistivity in Reconnection Process

The origins of resistivity in collisionless plasmas have been a mystery of magnetic
reconnection since 1960°s. By definition, there should not be resistivity in a collisionless
plasma, hence, no reconnection. Indeed, Faraday’s, Ampere’s and Ohm'’s laws

10B
EE = -V X E, (1)
.4
VxB= %TJ, (2)
|4
yield the equation that describes an evolution of the magnetic field,
168 v N o
Cat_ X(CXB)-FQVB (4)

(5)
For collisionless conditions 7 = 0, the magnetic field convects with the plasma element,
and never reconnects in the absence of dissipation.

The degree of collisionality is indexed by the mean-free path of plasma particles.
To have magnetic reconnection, it follows that the collisional mean-free path and the
collision time should be much less than the relevant plasma size and reconnection ﬁme,
respectively. For the magnetospheric plasma, the mean-free path is as much as the



sun-earth distance (1AU), and the collision time is even a few days. But, magnetic
reconnection does take place in less than an hour in such plasmas.

The role of resistivity becomes clear if one thinks of the following situation. Let’s
consider merging of two current filaments, J; and Jy (J1Jz > 0), that carry the same-
directional currents (Fig.1). Such filaments attract each other by generating the poloidal
magnetic field at the partner’s site, and the J x B force. Approach of the current
filaments condenses the magnetic field in the region between them, which generates
the electric field that is centered at the X-point via Faraday’s law. Nothing further
happens in vacuum, and the filaments merges in a time of 74//2, where 7, is the
poloidal Alfven time. In a collisionless plasma, the electric field accelerates electrons to
result in a large return current at the X-point, J3 (J1JJ3 < 0). This return current blocks
further approach of the two current filaments J; and J;, and magnetic reconnection does
not proceed in the collisionless plasma. Here, the role of reducing the return current is
apparent for resistivity (of any origins) in Ohm’s law,

Js=E/n. - (6)

In a collisionless plasma, one has 7 = 0 and J3 = c0. Then, no reconnection. Contfarily,
if resistivity is finite, then one has a small J;. The attraction between J;, Jo exceeds
the repulsion between J;, J3 and that of J3, J5. Thus, magnetic reconnection becomes
possible. The essence here is that large (finite) resistivity limits the growth of the return
current at the X-point and makes reconnection possible.

Attraction Repulsion

Fig.1 This sketch shows how the return current J; that suppresses reconnection is

generated between two current filaments Ji, J2 in a collisionless plasma (right panel).
The left panel is the case for vacuum.

The theoretical candidate of resistivity was first proposed in the late 1960’s, which
took account of electron inertia motion in the magnetic field!. The physics process is
that the electrons entering the reconnection region where the electric field F is present



spend a finite time 7 there. This accelerates electrons to make the return current
J = neAv, = (ne?/m)ET. The coefficient 7 in Ohm’s law J = E/n is then given by,
m

n= (7)

ne?r

This is electron inertia resistivity, which gave a reasonable value of the resistivity in
magnetic reconnection.

But, the (electron) inertia resistivity was rather forgotten, as anomalous resistivity
hypothesis, whose central idea is electron scattering by waves generated by plasma-
wave interactions, became so popular in the beginning of 1970. Most probable one
among various kind of waves was the lower-hybrid-drift (LHD) instability and asso-
ciated anomalous resistivity through the quasilinear effects?. However, there was a
serious pitfall for this instability since the LHD instability becomes stable in high-beta
plasmas®. The magnetospheric plasma sheet has a region of very weak magnetic field,
8 = nT/B? 3> 0. The plasma wave activities were found to be absent by the satel-
lite measurements in the vicinity of the magnetic nulls where magnetic reconnection
takes place. Therefore, one had to look for another plasma instability for anomalous
resistivity.

In recent years in the fusion studies, toe role of electron inertia was revisited and
used to account for rapid sawtooth oscillations and subsequent merging of magnetic
islands in a tokamak?. This was enough to explain the rapid merging in a few Alfven

times.

II. Electron Inertia Resistivity

Macro-particle simulations with collisionless conditions were performed®. Figure
2 shows the growth of the electric field F, and current J, at the X-point. These
quantities are built up in a few Alfven times. It is quite remarkable that the X-point
current increases with the electric field there, and that there is a proportionality relation
between the electric field E and the current J, £ o J. This is a direct consequence
of the electron behavior; the electrons spend a finite time around the X-point, and
consequently get finite acceleration. This finiteness is essential, as mentioned in Fig.1.
One should note that the electron motion along the magnetic field is a key process of
collisionless reconnection, which is treated only by particle methods, not by the MHD
theory. ' : |

The direct proof of this mechanism was made by artificially prohibiting electron
motion along the magnetic field®7. Figﬁre 3 shows the time history of magnetic flux
contained between the flux tube (current filament) and the X-point. The solid line
that decreases monotonically for ¢ > 1.57, shows constant reconnection for the normal



condition. The dashed line corresponds to the case where the parallel electron motion
is prohibited. Then, magnetic reconnection is blocked, as predicted. For this case, the
return current piles up at the X-point and a plasmoid is formed as shown in Fig.4.
Magnetic flux cannot flow into the X-point steadily when the electron parallel mass
diffusivity — current pump-out- effect, is prohibited.

150.0

100.0
dP“P
50.0

tfTa t/Ta

Fig.2. The time history of the reconnection electric field £, and toroidal current J,
(upper panel}, and the poloidal flux A¥ contained in the flux tube.

It is interesting to know that the plasma is compressible at the X-point even under
the presence of the ambient magnetic field. The divergence of the plasma flow is not
identical to zero for each species, V- V& = .V £ 0, (Many MHD simulations assume
incompressibility.} This compressibility arises from the parallel motion of the electrons,
and matching polarization drift of ions to maintain charge neutrality. Electrons are
easily compressed as they escape along the magnetic field. The electron thermal motion
promotes the reconnection rate.

6.0

5.0

4.0

3.0 [ '
0.0 1.0 2.0 3.0

t/TA

Fig.3. The reconnection rate for the normal condition (solid line), and for the case

where the parallel motion of electrons along the magnetic field is prohibited {dashed
line). ' |



215.

z(c/wpe)

185.

87. 2f(efwpe} 213.
Fig.4. The poloidal and toroidal magnetic field at the X-point when parallel electron

motion is suppressed.

I1I. Finite Larmor Radius Effect
The reconnection rate is shown as a function of ion Larmor radius in Fig.5(b). Finite
Larmor radius of ions suppresses magnetic reconnection. This occurs because the charge
separation electric field E, (pointing inward to the X-line) gives the electrons in the
current layer the E, x B drift, and intensifies the X-point current. This acts negatively
" to reconnection, as mentioned in Fig.1. Note that only the electrons are subject to the
drift; the ions are not magnetized, p;/Lg > 1 where p; is ion Larmor radius and Lg the

current layer thickness.
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Fig.5. The dependence of the reconnection rate on (a) the ion mass, and (b) the ion

Larmor radius (m;/m. = 100).

IV. Multiple Reconnection Process

It has been proven that the electron motion along the magnetic field carries away
the return current generated at the X-point, and makes magnetic reconnection possible.
On the other hand, the ion’s role was negative; the finiteness of ion Larmor radius



suppressed the reconnection process by enhancing the return current because of the
charge-separation electric field. Coupling of the electrons and ions produced the current
layer®” whose width was about the ion skin depth ¢/w,;. -
One astronomical question here is concerned with a large difference between the
solar flare size 10,000 — 100,000km and the ion skin depth, 1m. This large difference
in scales can be reconciled by a succession of small reconnection processes, which start
from smaller scales and proceeds to larger ones. Let a be the kinetic space scale of
magnetic reconnection, say ion skin depth (Fig. 6). By one reconnection, the space
scale is doubled, a + @ — 2a. The next reconnection yields the size 4a. After the
n-th reconnection, one has the scale 2"a = L. Thus, 2" = L/a ~ 7 x 107 gives the
repetition of n ~ 26 times. The whole reconnection time is given by a sum of all these

reconnection processes,

ié.}.L +£]
TA_?JAZ 7T o
L 2 1 i—1 L
“ma(z) o ‘ ®)

The global reconnection time is exactly what we expect for a single reconnection of the

space scale L.

mas
888 ” B "l

Fig.6. A sketch showing the multiple reconnection processes.
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EVIDENCE OF MAGNETIC RECONNECTION IN SOLAR FLARES
AND A UNIFIED MODEL OF FLARES

KAZUNARI SHIBATA

Kwasan and Hida Observatories
Kyoto University

Yamashina, Kyoto 607-8471, Japan

Abstract: The solar X-ray observing satellite Yohkoh has discovered var-
jous new dynamic features in solar flares and corona, e.g., cusp-shaped
flare loops, above-the-loop-top hard X-ray sources, X-ray plasmoid ejec-
tions from impulsive flares, transient brightenings (spatially resolved mi-
croflares), X-ray jets, large scale arcade formation associated with filament
eruption or coronal mass ejections, and so on. It has soon become clear
that many of these features are closely related to magnetic reconnection.
We can now say that Yohkoh established (at least phenomenologically) the
magnetic reconnection model of flares. In this paper, we review various
evidence of magnetic reconnection in solar flares and corona, and present
unified model of flares on the basis of these new Yohkoh observations.

1. INTRODUCTION

A few years ago, Akasofu (1995) published a nice popular science book
entitled “Introduction to Aurora” written in Japanese. In this book, he
wrate “Selar physicists have long tried to prove an assumpliion that flares
are caused by magnetic reconnection, bul not yet succeeded. They forgot
that magnetic reconnection was simply an assumption” ! This statement
is a big challenge to solar physicists. Though this might have been partly
true before launch of Yohkoh (Ogawara et al. 1991), the situation has been
dramatically changed by Yohkoh observations of solar flares.

Yohkoh is a solar X-ray observing satellite launched on Aug. 30, 1991,
under international collaboration between Japan, US, and UK. Yohkoh car-
ries two X-tay telescopes, soft X-ray telescope (SXT) (Tsuneta et al. 1991)
observing ~ 1 keV soft X-rays emitted from 2 — 20 MK thermal plasmas,
and hard X-ray telescope (HXT) (Kosugi et al. 1991), for observations of
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10 — 100 keV hard X-rays emitted from nonthermal electrons and superhot
plasmas. Yohkoh X-ray observations discovered a lot of evidence of mag-
netic reconnection in solar flares, e.g., cusps, plasmoids, loop top hard X-ray
sources, etc. Yohkoh discovered also various new dynamic phenomena in the
corona, such as X-ray jets, microftares, large scale arcade formation, etc. It
has soon become clear that these new phenomena are also closely related to
magnetic reconnection (e.g., Tsuneta et al. 1992a,b, Shibata et al. 1992b,
1995, Masuda et al. 1994, Shibata 1996, Kosugi and Shibata 1997).

The purpose of this paper is to review these new observations on evi-
dence of magnetic reconnection to convince Akasofu that magnetic recon-
nection is not an assumption but physical process actually occurring in
solar flares. Furthermore, on the basis of these new observations, we pro-
pose that various flares, including microflares, impulsive flares, LDE (long
duration event) flares, and large scale arcade formation associated with
coronal mass ejections, are all explained by a unified model, which we call
the plasmoid-induced-reconnection model (Shibata 1996, 1997, 1998).

2. FLARES AND PLASMOIDS

2.1. LDE FLARES VS IMPULSIVE FLARES

Solar observers have long thought that there are two types of flares, e.g.,
long duration event (LDE) flares and impulsive flares. LDE flares typically
last more than 1 hour, while impulsive flares are short lived, less than
1 hour. The latter is characterized by the impulsive hard X-ray emission
whereas the former shows more softer X-ray spectrum.

Yohkoh soft X-ray telescope (SXT) has discovered that many LDE flares
show cusp-shaped loop structures (Tsuneta et al. 1992a, Hanaoka 1994,
Tsuneta 1996, Forbes and Acton 1996; Fig. 1a), which are quite similar to
magnetic field cofiguration predicted by the classical magnetic reconnec-
tion model (Carmichael-Sturrock- Hirayama-Kopp-Pneuman model, here-
after called CSHKP model). There are a number of evidence of magnetic
reconnection in these LDE flares (Tsuneta 1996): (1) The temperature is
systematically higher in outer loops (as predicted by reconnection model;
e.g., see Hori et al. 1997, Yokoyama and Shibata 1997, 1998). (2) The cusp-
shaped loops apparently grow with time, i.e., the height of loops and the
separation of two footpoints of loops increase with time. (3) The energy
release rate and other physical quantities are consistent with the prediction
by magnetic reconnection model. (4) The plasmoid ejections are often seen
in the rise phase of LDE flares (e.g., Hudson 1994). :

From these observations and analyses, it was established that LDE flares
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are produced by the CSHKP-type magnetic reconnection mechanism. ! The
same physical process can also be applied to large scale arcade formation
associated with filament eruption or CMEs (e.g., Tsuneta et al. 1992b, Hiei
et al. 1994, Hanaoka et al. 1994, McAllister et al. 1996).

{a) 21 Feb 1842 (B) 13 tan 1982

Figure 1. (a) LDE flare on 21 Feb. 1992 observed with SXT (Tsuneia et al. 1992a).
(b) Impulsive flare on 13 Jan. 1992 which shows a loop top hard X-ray source above
soft X-ray loop (Masuda et al. 1994). Contours of hard X-ray (33 - 53 keV) intensity
distribution are overlaid on the soft X-ray (~ 1 keV) image.

The SXT images of impulsive flares, however, show only simple loop
structures, as already known from Skylab observations. Hence it was first
thought that these impulsive flares might be created by the mechanism
different from that for LDE flares, and the magnetic reconnection model
was questioned.

It was Masuda (1994) who changed this situation dramatically. He care-
fully coaligned the SXT and the HXT images of some impulsive compact
loop flares observed at the limb, and showed that there is an impulsive
HXR source above the SXR. loop, in addition to the footpoint impulsive

1Here, the “CSHKP-type magnetic reconnection mechanism” simply means the recon-
nection occurring in a helmet-streamer (or inverted Y type) field configuration in which a
vertical current sheet is sitnated above a closed loop. We should keep in mind that there
was no agreement on the formation process of this geometry in Carmichael (1964), Stur-
rock (1966}, Hirayama (1974), and Kopp and Pneuman (1976). For example, Hirayama
(1974) considered that MHD instability (causing filament eruption) is a key to form this
geometry, while Kopp and Pneuman {1976) thought that the solar wind opens the closed
field to form a current sheet. Only common point in these classical models is a helmet-
streamer (or inverted Y type cusp-shaped) field configuration. I take this standpoint in
this review for a definition of the “CSHKP” model. This model has been extended by
many authors (e.g., some of such extended models are Cargill and Priest 1983, Cliver
1983, Forbes and Priest 1984, Martens and Kuin 1990, Moore and Roumeliotis 1992). As
a historical remark, the term “CSHKP model” was first introduced by Sturrock (1992),
and has been often used in solar physics community.
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double hard X-ray (HXR) sources (Masuda et al. 1994; Fig. 1b). Since the
impulsive HXR sources are produced by high energy electrons, which are
closely related to the main energy release mechansim, this means that the
main energy release occurred above (outside) the soft X-ray (SXR) loop.
This means also that the flare models invoking the energy release mecha-
nism inside the SXR loops (e.g., Alfven and Carlqvist 1967, Spicer 1977,
Uchida and Shibata 1988) must now be discarded at least for these impul-
sive compact loop flares.

What is the energy release mechanism in these compact loop flares ?
Masuda et al. (1994} postulated that the basic magnetic field configuration
is similar to that of LDE flares and that the high speed jet produced by the
reconnection collides with the top of the reconnected loop to produce very
hot region as well as high energy electrons. (See Aschwanden et al. 1996
for independent observational evidence for acceleration site of high energy
electrons high above the SXR loops.)

2.2, X-RAY PLASMOID EJECTIONS FROM IMPULSIVE FLARES

If the impulsive compact loop flares occur as a result of reconnection in a
geometry similar to that for LDE flares, plasmoid ejections would be aob-
served high above the loop top HXR source (Fig. 2). Shibata et al. (1995)
searched for such plasmoid ejections using SXT images in 8 impulsive com-
pact loop flares observed at the limb, and indeed found that all these flares
were associated with X-ray plasma (or plasmoid) ejections. The apparent
velocity of these ejections are 50 -- 400 km/s, and their height ranges are
4 — 10 x 10* km. Interestingly, flares with HXR source well above the loop
top show systematically higher velocity. It is also interesting that there
is a positive correlation between the plasmoid velocity (Vji,emeiq) and the
apparent rise velocity of the SXR loop (V)

7£/;;las':rnoia! > (8 - 20) X V(‘oop- (1)

The SXR intensity of the ejections is very low, typically 10~% — 102 of the
bright SXR loop. The shape of these plasma ejections is loop-like, blob-
like, or jet-like, which are somewhat similar to the shape of CMEs. In
many cases, strong acceleration of plasmoids occur during the impulsive
phase (Ohyama and Shibata 1997, 1998; Fig. 4), and the temporal relation
between height of the ejections and the HXR. intensity is very similar to
that between CME height and the SXR. intensity of an associated flare.

Ohyama and Shibata (1997, 1998) and Tsuneta (1997) analyzed the
temperature distribution of plasmoids, flare loops, and ambient structure,
and haverevealed that the temperature of plasmoids is ~ 6--13 MK, slightly
less than that of flare loops, and the overall temperature distribution is
consistent with that predicted by the reconnection model.
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Vilmaia

plasmoid /filament

Figure 2. A unified model of flares: plasmoid-induced-reconnection model (Shibata et al.
1995, Shibata 1996, 1997).
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Figure 8. X-1ay plasmoid ejections from an impuisive compact loop flare observed with
Yohkoh SXT on § Oct. 1992 (Ohyama and Shibata 1998). The velocity of the ejections
is 200 — 450 km/s.
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Ohyama and Shibata (1997, 1998) showed that the kinetic energy of
plasmoids is much smaller than that of the total flare energy. This means
that the kinetic energy of the plasmoid ejection cannot be the source of
flare energy. Instead, the plasmoid ejection could play a role to trigger the
main energy release in impulsive phase, since in some events observed in the
preflare phase, the plasmoid starts to be ejected (at 10 km/s) well before
the impulsive phase {Ohyama and Shibata 1997; Fig. 4).
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Figure 4. Temporal variations of the height of an X-ray plasmoid and the hard X-ray
intensity in an impulsive flare on 11 Nov. 1993 observed by Yohkoh SXT and HXT (from
Ohyama and Shibata 1997).

2.3. RECONNECTION MODEL: PLASMOID-INDUCED-RECONNECTION
MODEL

On the basis of above observations, Shibata (1996, 1997) proposed the
plasmoid-induced-reconnection model, by extending the classical CSHKP
model. In this model, the plasmoid does not open magnetic field to create
current sheet, but instead the plasmoid is already situated in the current
sheet. In other words, the plasmoid (= flux rope’in 3D view) inhibit the
reconnection at the current sheet, as in Uchida et al. (1998)’s model where
they considered that dark filament (~ flux rope) inhibits collapse of current
sheet. Hence if the plasmoid starts to move, the anti-parallel field lines
begin to contact and reconnect. Once the reconnection starts, the released
energy help accelerating the plasmoid, leading to faster inflow into the
current sheet (i.e., faster reconnection), and the further released energy
again accelerate the plasmoid, and so on. This process is a kind of global
nonlinear instability (Ugai 1986). In this sense, the plasmoid ejections plays
only a role of triggering fast reconnection.

Let us consider the situation that a plasmoid suddenly rises at velocity
Vplasmoid- © Since the plasma density does not change much durmg the
eruption process, the plasma inflow with a velocity

Vinﬂow ~ pfasmoidelasmoid/Linflow (2)

2In this model, on the basis of observations, we gssume that the plasmoid is already
created before the flare, and is suddenly accelerated by some mechanism. Magnetic re-
connection could also play a role to form a plasmoid and accelerate it in such preflare
phase as noted by Ohyama and Shibata (1997)

—79—
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must develop toward the X.point to compensate the mass ejected by the
plasmoid (e.g., Ugai 1986, Magara et al. 1997), where Ljasmoig a0d Ly, 1100 (>
Lylasmoid) are the typical sizes of the plasmoid and the inflow. We consider
that the impulsive phase correspond to the phase when [,
ie.,

in flow ™ Lplasmuid)

Vinflow ™~ Vaplasmoid ™ 50 — 400 km/S (3)

Since the reconnection rate is determined by the inflow speed, the ultimate
origin of fast reconnection in this model is the fast ejection of the plasmoid.
(Of course, the force to compress the current sheet is magnetic pressure
around the initial current sheet containing plasmoid.) The equation (2)
predicts

V;-Jlasmoid o Vloops (4)

since Viyop ~ (Binflow/ Bloop}Vinslow fTom conservation of magnetic flux.
This nicely explains the observed relation, eq. (1). After the impulsive
phase, we expect that L;, ¢, becomes larger than L, ,.m.q because the
distance between the plasmoid and the X-point increases, and hence the in-
flow speed V;,, 415y, Would decrease much, leading to slow reconnection which
corresponds to the decay or late phase.

In this model, the electric field at the X-point (and surrounding region)
becomes E ~ Vj, s15, 8 /c and is largest during the impulsive phase. Hence,
it naturally explains acceleration of higher energy electrons in impulsive
phase than in decay phase. _

The magnetic reconnection theory predicts two oppositely directed high
speed jets from the reconnection point at Alfven speed,

B n -1/2
Vit ~ Vy o 2000(100G) (10100;_3) km/s, (5)
where B is the magnetic flux density and =, is the electron density (=
ion density). The downward jet collides with the top of the SXR loop,
producing MHD fast shock, superhot plasmas and/or high energy electrons
at the loop top, as observed in the HXR images. The temperature just
behind the fast shock becomes

Tloop—top ~ miVjet2/(6k) ~

g/ B \2 Ne -1

2x 10 (IOOG) (1010cm"3) K. (6)
where m; is the hydrogen ion mass and % is the Boltzmann constant. This
explains the observationally estimated temperature of the loop top HXR
source (Masuda 1994). We would expect similar physical process for the
upward directed jet (see Fig. 2). Indeed we find an SXR bright point during
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the impulsive phase somewhat far from the SXR loop. This bright point
seems to be located at the footpoint of the erupting loop. _

The magnetic energy stored around the current sheet and the plasmoid
is suddenly released through reconnection into kinetic and thermal/nonthermal
energies after the plasmoid is ejected. The magnetic energy release rate at
the current sheet (with the length of L, 1100 ~ Lptamoeid = 2 x 10 km) is
estimated to be '

dW/dt =2X }'-’glasmoide]Vi?"'-.flﬂw/‘,'1’7r

28 ‘/inﬂow B 2 Lplasmoid 2

~4x10 (100 km/s)(IOO G) (2 x 10° cm) erg/s. (7)
This is comparable with the energy release rate during the impulisve phase,
4 — 100 x 10?7 erg/s, estimated from the HXR data, assuming the lower
cutoff energy as 20 keV (Masuda 1994).

The reason why the HXR loop top source is not bright in SXR is that
the-evaporation flow has not yet reached the colliding point and hence the
electron density (and so the emission measure) is low. The key physical pa-
rameter discriminating impulsive flares and LDE flares (or impulsive phase
and gradual phase) is the velocity of the inflow, Vi, s0y,- I Viy j100, I8 large,
the reconnection is fast, so that the reconnected field lines accumulate very
fast and hence the MHD fast shock (i.e., HXR loop top source) is created
well above SXR loop which is filled with evaporated plasmas. On the other
hand, if V;, e, is small, the reconnection is slow and hence the fast shock
is produced at the SXR loop.

3. MICROFLARES AND JETS
3.1. TRANSIENT BRIGHTENINGS (MICROFLARES)

Shimizu et al. (1992) analyzed active region transient brightenings (ARTBs)
in detail, and found that these correspond to soft X-ray counter part of hard
X-ray microflares (Lin et al. 1984). The total thermal energy content of
ARTBs is 10?5 —10%° erg, their lifetime ranges from.1 to 10 min, their length
is (0.5 — 4) x 10* km, and the temperature is about 6 — 8 MK. According
to recent analysis of Shimizu (1996) on the comparison of Yohkoh SXT
images of ARTBs with LaParma ground based data, some ARTBs indeed
occur in association with emergence of tiny magnetic bipole, suggesting the
reconnection between emerging flux and pre-existing field. The occurrence
frequency of these ARTBs (SXR microflares) decreases with increasing their
total energy and shows power-law distribution; dN/dE « E-2, where dN
is the number of ARTBs per day in the energy range between E + dFE
and E, and o ~ 1.5 — 1.6 (Shimizu 1995). This is nearly the same as
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that of HXR microflares and larger flares. Since the index « is less than 2,
the SXR microflares alone cannot explain coronal heating. The universal
power-law distribution seems to suggest the universal phyiscal origin of
both microflares and large scale flares (Watanabe 1994).

3.2. X-RAY JETS

X-ray jets are defined as transitory X-ray enhancements with apparent colli-
mated motion (Shibata et al. 1992b, 1994, 1996, Strong et al. 1992, Shimojo
et al. 1996; see Fig. 5). Almost all jets are associated with microflares or
subflares, and the length ranges from 1000 to 4 x 10° km. Their apparent
velocity is 10 — 1000 km/s. The temperature of X-ray jets is about 4 - 6
MK, which is comparable to those of the footpoint microfiares. The elec-
tron density ragnes from 3 x 10% to 5 x 10° cm— and the kinetic energy
was estimated to be 1025 — 10%° erg.

There are a number of evidence of magnetic reconnection in X-ray jets.

(1) Morphology: Many jets show constant or converging shape (Shimojo
et al. 1996), implying the magnetic field configuration with a neutral point
near the footpoint of a jet as shown in Figure 6. In some jets (27 percent),
a gap is seen between footpoints of jets and brightest part of the footpoint
flares. This is also nicely explained by the reconnection model (Shibata
et al. 1996), since the reconnection creates two hot reconnected field lines
(a loop and a jet) with a gap between them. Shibata et al. (1996) noted
that there are two types of interaction between emerging flux and overlying
coronal field; one is the anemone type, in which emerging flux appears in
coronal hole and a jet is ejected vertically, and the other is the two-sided-
loop type, which occurs when the emerging flux appears in closed loop
region, producing two-sided loops (or jets). The morphology of these types
suggests the reconnection between emerging flux and overlying coronal field
and resulting formation of jets (or loop brightenings).

(2) Magnetic field: Shimojo, Shibata, and Harvey (1998) have revealed
that the magnetic field properties of the footpoint of jets are mainly mixed
polarities or satellite spots. This gives a direct evidence of the presence of
neutral points (or current sheets) near the footpoint of jets.

(3) Ha surges: Often Ha surges are associated with X-ray jets (e.g.,
Shibata et al. 1992b, Canfield et al. 1996), though there are also negative
cases (e.g., Schmieder et al. 1995). From observations of Ho surges associ-
ated with X-ray jets, Canfield et al. (1996) found several new evidence of
reconnection.

(4) Type III bursts: Some X-ray jets are associated with type ITI bursts
(Auras et al. 1995, Kundu et al. 1995). This indicates that high energy
electrons are accelerated in these small scale microflare/jet events, suggest-
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Figure 5. Left: An X-ray jet observed with Yohkoh SXT on 12 Nov. 1951 (Shibata
et al. 1992b). Right: NSO/Kitt Peak magnetogram for the same region with overlay of
contours of soft X-ray intensity distribution. Note mixed polarities at the footpoint of

the jet.
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Figure 6. Two types of interaction between emerging flux and overlying coronal fields
(from Yokoyama and Shibata 1995).

ing that the same physical process as that of larger flares (i.e., magnetic
reconnection) might be occurring in these events.
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3.3. MAGNETIC RECONNECTION MODEL: EMERGING FLUX MODEL

Yokoyama and Shibata (1995, 1996) developed magnetic reconnection model
of X-ray jets using 2.5D MHD numerical simulations (Fig. 7). In their
model, magnetic reconnection occurs in the current sheet between emerg-
ing flux and overyling coronal field as in the classical emerging flux model
(Heyvaerts et al. 1977, Forbes and Priest 1984, Shibata et al. 1992a). The
basic driving force is magnetic buoyancy, though the reconnection rate is
not uniquely determined by the rise velocity of emerging flux but affected
by the local plasma condition such as the resistivity and dynamics (Ugai
1986, Scholer 1989, Yokoyama and Shibata 1994). Yokoyama and Shibata
(1995, 1996} found following interesting features in their simulation results
based on the emerging flux model.

Figure 7. Emerging flux reconnection model of Yokoyama and Shibata (1995, 1996).
Note that plasmoids (magnetic islands) are repeatedly created in the current sheet and
are ejected upward.

The reconnection starts with the formation of magnetic islands (i.e.,
plasmoids). (In three dimension, they are seen as helically twisted flux
rope.) These islands coalesce with each other and finally are ejected out
of the current sheet. After the ejection of the biggest island, the largest
energy release occur. The reconnection jets from the X-point soon collides
with the ambient field to form fast shocks. The global jets are emanating
from the high pressure region just behind the fast shock, and propagate
along the reconnected field line. This suggests that observed X-ray jets are



KAZUNARI SHIBATA

not the reconnection jet itself, but hot jets accelerated by the enhanced gas
pressure behind the fast shock.

The emission measure of the X-point is the smallest at the X-point, since
the volume of the X-point is very small (Yokoyama and Shibata 1996). Thus
the X-point is not bright and hence is not easy te be detected. This may
be the reason why we observe a gap between a jet and the brightest part

“of a footpoint flare. In relation to this, Innes et al. (1997) recently reported
interesting observations of bi-directional plasma jets using SOHO/SUMER.
They interpreted that these jets corresponded to reconnection jets because
the intensity between two jets was largest and hence (they thought) the
brightest region corresponded to X-point. However, as discussed above, the
X-point cannot be a bright region, and hence it is likely that Innes et al.
(1997) observed different phenomena, e.g., bi-directional jets ejected from
high pressure region just behind the fast shock.

Yokoyama and Shibata found that not only hot jets (T' > 106 K} but
also cool jets (T ~ 10% — 10° K) are accelerated by the J x B force in
association with reconnection. The cool jets might correspond to Ho surges
associated with X-ray jets (Shibata et al. 1992b, Canfield et al. 1996, Okubo
et al. 1996). These cool jets start to be accelerated just before hot jets
are formed, and are ejected originally as plasmoids (or helically twisted
flux rope in three dimension) and form an elongated structure after the
plasmoids collides and reconnects with ambient fields. The initial phase of
the ejection of both cool and hot jets are seen as whip-like motion. In main
phase, the cool jets are situated just side of the hot jets with nearly the
same orientation. These features are indeed observed in several Ha surges
associated with X-ray jets (Canfield et al. 1996).

Okubo et al. (1996) extended Yokoyama and Shibata (1996)’s simu-
lations to the case in which twisted or sheared magnetic flux emerges to
reconnect with overlying field. They found that as a result of reconnection
between twisted (sheared) field and untwisted field, shear Alfven waves are
generated and propagate along reconnected flux tube. Since these Alfven
waves have large amplitude, they excite large transversal motion (or spin-
ning motion) of jets and exert nonlinear magnetic pressure force to cool/hot
jets to cause further acceleration of them, as originally suggested by Shi-
bata and Uchida (1986). Canfield et al. (1996) found that all Ha surges
(9 events) in his observations showed spinning motion at a few 10 km/s
(consistent with prediction from numerical simulation) whose direction is
also consistent with the direction of unwinding motion of helically twisted
flux tubes observed in the same active region 7260. (Schmieder et al. 1995
and Kurokawa et al. 1987 observed similar spinning motion of surges. See
also related numerical simulation by Karpen et al. 1998 on the reconnection
between sheared and unsheared fields and resulting formation of cool jets.)
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4. Summary: Unified View and Unified Model

As we have seen above, Yohkoh SXT/HXT observations have revealed vari-
ous evidence of magnetic reconnection, especially common occurrence of X-
ray mass ejections (plasmoids and/or jets), in LDE flares, impulsive flares,
and microflares. These are summarized in Table 1.

Table I Unified View of Various “Flares”

“flares” mass ejections mass ejections
(cool) (hot)

global restructuring He filament CMEs

(giant arcade) eruptions

LDE flares Ha filament X-ray plasmoid
- eruptions ejections/CMEs

impulsive flares He sprays X-ray plasmoid

ejections
transient brightenings Hg surges X-ray jets
(microflares)

On the basis of this unified view, Shibata {1996, 1997, 1998) proposed
a unified model, plasmoid-induced-reconnection model, to explain not only
LDE fires and impulsive flares but also microflares and X-ray jets.

One may argue, however, that the shape of X-ray jets and Ha surges
(i-e., collimated jet-like structure) is very different from that of plasmoids.
How can we relate these jets with plasmoids whose shapes are blob-like
(or loop-like in three dimensional space) ? The answer to this question is
already given by numerical simulations of Yokoyama and Shibata (1995,
1996; Fig. 6); a blob-like plasmoid ejected from the current sheet soon
collides with the ambient fields, and finally disappears (Fig. 8). The mass
contained in the plasmoid is transferred into the reconnected open flux tube
and forms a collimated jet along the tube. In three dimensional space, this
process would be observed as follows: an erupting helical loop (a plasmoid
ejected from the current sheet) collides with an ambient loop to induce
reconnection seen as a loop-loop interaction. Through this reconnection,
magnetic twist (helicity) in the erupting loop is injected into the untwisted
loop, resulting in the unwinding motion of the erupting loop/jet (Shibata
and Uchida 1986), which may correspond to the spinning motion observed
in some Ho surges (Canfield et al. 1996, Schmieder et al. 1995). This also
explains why we usually do not observe plasmoid-like (or loop-like) mass
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ejections in smaller flares (e.g., microflares). In smaller flares, the current
sheet 1s short, so that a plasmoid soon collides with an ambient field to
reconnect with it and disappear. Hence the lifetime of the plasmoid {or
loop-like) ejection is very short, of order of ¢ ~ L/Vyigsmeia ~ 10 — 100 sec.
It would be interesting to test this scenario using high spatial and temporal
resolution observatlons with Doppler shift mea.surement in a future mission
such as Solar B.

Ground based observations suggest that emerging flux plays an impor-
tant role in driving flares (e.g., Kurokawa 1987, Zhang et al 1998, Nishio et
al. 1997, Hanaoka 1997). For example, a famous X-class impulsive flare, the
15 Nov 1992 flare (e.g., Sakao et al. 1992), was driven by a moving satellite
spot (or emerging flux). Even the 21 Feb 1992 LDE flare {e.g., Tsuneta
1996), and a homologous to it on 24 Feb 1992 (Morita et al. 1998) seem to
be driven by growing flux (or emerging flux) (Zhang et al. 1998). Neverthe-
less, these flares clearly show filament or plasmoid ejections as well as the
morphology predicted by the CSHKP model. Thus there is a need to unify
the CSHKP and the emerging flux models. Such a unification is indeed
possible in our plasmoid-induced-reconnection model as shown in Fig. 8.

Finally, it should be noted that the basic physics of reconnection has
not yet been solved. In particular, the ion gyro radius and collisionless skin
depth (¢/w,.) in the solar corona (=~ 10 — 100 cm), which is a possible
minimum thickness of current sheet, 15 much smaller than the flare size
(/s 10000 km). The gap between these microscopic and macroscopic scales
is huge, so that it is difficult to connect microscopic plasma process (such
as anomalous resistivity and collisionless reconnection) and macroscopic
dynamics. The turbulent (or fractal) current sheet could be a key to connect
these vastly different spatial scales (e.g., Tajima and Shibata 1997, Pustlnik
1998).
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RELATIONSHIP BETWEEN THE TIME EVOLUTION OF
MAGNETOTAIL RECONNECTION AND SUBSTORMS

Tatsuki Ogino

Solar-Terrestrial Environment Laboratory, Nagoya University, Toyokawa 442, Japan

Abstract. Relationship between the time evolution of magnetotail reconnection and substorms has been
studied by using a 3-dimensional magnetohydrodynamic model when the interplanetary magnetic field
(IMF) turns from northward to southward. The time evolution of the magnetosphere is divided into four
phases: pre-growth, growth, main expansion and relaxation. It takes about 8 minutes from the onset
of tail reconnection up to the onset of main expansion phase of substorms. Full development of a near-
earth neutral line initiates the main expansion phase to generate strong earthward and tailward flows
and to enhance rapidly plasma temperature. Southward turning of the IMF leads to several transient
phenomena such as propagation of a convection front, stagnation of convection, tearing of the plasma
sheet and generation of field aligned currents. The kinetic energy flux to carry energy toward the earth
due to tail reconnection is quickly converted to the plasma pressure flux and then the Poynting flux in
the plasma sheet and inner magnetosphere.

1. Imntroduction

When the solar wind and the interplanetary magnetic field (IMF) change, the earth’s magnetosphere
responds in a complicated way [Fedder and Lyon, 1995; Walker at al., 1993]. The size of the magneto-
sphere can be well determined by the dynamic pressure of the solar wind, however the response time to
reach a new steady state depends on.the regions of magnetosphere. The dayside magnetosphere usually
responds to the variations in 10-20 minutes; on the other hand, the plasma sheet in the midnight region
does so in 40-60 minutes [ Walker at al., 1998]. Thus the earth’s magnetosphere has typical two response
times [Bargatze et al., 1999] to variations of the solar wind and the IMF. Moreover, wavy phenomena and
large scale fluctuations are easily excited in various boundary layer regions of the magnetosphere when
the upstream disturbance of the solar wind and IMF pass through the magnetosphere.

Phenomena such as flux transfer events (FTEs) in the dayside magnetosphere show that magnetic
reconnection in the magnetosphere does not occur in a steady manner. The plasma sheet usually does
not reach a static steady state as time elapses because tail reconnection may occur in an intermittent and
patchy manner. In particular, high level fluctuations or wavy phenomena can be seen in the plasma sheet
and at the magnetopause during southward IMF in the global magnetohydrodynamic (MHD) simulation.
Temporal variations in the solar wind and IMF may accelerate this complicated behavior. Therefore,
it becomes important to distinguish spontaneous phenomena associated with intermittent and patchy
reconnection and transient phencmena associated with upstream disturbances.

In the present paper, we have studied the response of the magnetosphere to variations in the solar
wind and IMF using a 3-dimensional global MHD simulation of interaction between the solar wind and
the magnetosphere. In particular, when the IMF turns from northward to southward, time evolution
of the magnetosphere is presented and the physical precesses are discussed in connection with magnetic
reconnection in the near-earth tail.

2. Simulation Model

We solved the normalized resistive MHD and Maxwell’s equations as an initial value problem by using
a modified version of the Leapfrog scheme which is a combination of the Leapfrog scheme and the two
step Lax-Wendroff scheme. The latest version of our MHD model was presented in detail by Ogino ef al.
[1992, 1994], so we will just mention the main different features here.

The normalized MHD equations are written as follows:

8p/8t = —V - (Tip) + DV?p
8ijot = —(F - VYT—VPlp+(TxBYp+G+&/p
OP/dt = —(T-V)P — yPV - T + D,V2P



8BJot =V x (¥ x B) + nV?B
J =V x(B- By

where p is the plasma density, ¥ is the flow velomty, P is the plasma pressure, B is the magnetic field,

By is the dipole magnetic field of the earth, J is the current density, § is the force of gravity, &= uv3i
is the viscosity, v = 5/3 is the ratio of specific heats and 7 is the resistivity. Subtraction of the dipole
magnetic field in calculation of the current density is to decrease numerical errors of finite difference near
the earth. The classical resistivity was taken to be p = 4,(T/T,) %/, where T = P/p is the temperature,

T, is the ionospheric temperature, 17, = 0.001. The diffusion coefﬁments are pfpe. = D = D, = 0.001,

where p,y is the solar wind density. The magnetic Reynord’s number is S = 7;,/r4 > 100, where
1, = Az?/n, and 74 = Azfva, Az is the mesh size and v, is the Alfven velocity. The diffusion and
viscous terms were added to suppress MHD fluctuations which come from unbalanced forces at the start
of the simulation. Since these terms are kept to be small values, they have no serious effects to s1mulated
global magnetospherlc configurations.

In the simulation a uniform solar wind with 1y, = 5 cm™3, v5, = 300 km/s and Ty, = 2 x 10° °K
flows into a simulation box. These parameters are on the low side of observed solar wind parameters
except for temperatures. The simulation box has dimensions of =130 B, <z < 30 R,, 0 <y < 40 R,
and 0 € z < 40 R,, because a grid of (322,82, 82) with a mesh size of 0.5 R, was used. Free boundary
conditions were used at = —130 R., vy = 40 R, and z = 40 R.. At y = 40 R, and z = 40 R, the
free boundary is at 45° to the z-axis. Mirror boundary conditions were used at y = 0 and z = 0. The
ionospheric boundary condition imposed near the earth was determined by requiring a static equilibrium.
We held all of the ionospheric parameters constant for r < 3.5 R,. A smoothing shape function damps
out all perturbations near the ionosphere including parallel currents. The mirror dipole field was used
at the initial state to eliminate the magnetic field in the upstream region. The time step was selected as
At = 4Az /vy = 1.87 sec in order to assure the numerical stability condition.

3. Simulation Results

In the simulation we first obtained quasi-steady state magnetospheric configurations for northward IMF
and southward IMF by running the code for 390 minutes before starting our studies. The IMF was zero
for the first 120 minutes and finite for the next 270 minutes. The IMF was suddenly changed again at
390 minutes and hereafter we refer the time of IMF changes to be zero.

Figure 1 shows two dimensional patterns of the electric potential and plasma convection in the polar
region for southward IMF, no IMF and northward IMF, after quasi-steady state magnetospheric configu-
rations were again reached. Two kinds of convective flow in the ionosphere were calculated: compressible
flow due to direct: mapping of the inner magnetospheric flow (middle row) and incompressible flow ob-
tained from the electric potential by assuming V- v = 0 (bottom row). A two cell convection pattern
is formed for southward IMF and four cells formed for northward IMF. For no IMF the high latitude
cells are small and resemble the high latitude cells for northward IMF. However, sunward flow at high
latitudes is negligible in the compressicnal flow pattern. The difference comes from the stagnation of How
by stretching magnetic field lines in the distant tail.

Figure 2 shows the time evolution of half of the cross polar cap electric potential when the IMF changed,
where S and N mean southward and northward IMF's, respectively. The first 10 minutes correspond to
the propagation time of the IMF discontinuity from the upstream boundary of simulation box to the
magnetopause. Therefore, the response time of the polar cap potential is about 20 minites for southward
turning and it becomes longer when the IMF turns to zero and northward. As is shown in Figure 3, the
near-earth neutral line starts forming at ¢ = 60 min and the main expansion occurs between 75 min and
105 min after the IMF turns from northward to southward. The dip of potential for ¢ = 75 — 105 min
corresponds to the accumulation of the magnetic field energy near the plasma sheet.

Figure 3 shows the time evolution of the physical quantities in the magnetosphere when the IMF turns
from northward to southward at £ = 390 min, where the northward IMF was imposed for. ¢ = 120:~-390
min. As mentioned previously, the time of southward turning is referred as zero. Then the time variation
can be classified to four phases: pre-growth, phase for 0 — 30 min, growth phase for 30 — 75 min, main
expansion phase for 75— 105 min and relaxation phase after 105 min. In the pre-growth phase the mergmg
site switches from ‘the high latitude tail to ‘the subsolar region at the magnetopause. In the growth phase .
tail lobe convection increases, a near—earth neutral line appears at 60 min and expands towards the dawn
and dusk magnetopause. In the main expansion phase both earthward and tailward flows develop rapidly,



and the plasma sheet is torn to enhance the plasma pressure in the near tail and to eject a plasmoid. After
the plasmoid ejection, the near-earth neutral line is maintained at = 13 — 15 Re, the plasma pressure
and earthward flow decrease and approach constant values in the relaxation phase. Thus quasi-steady
convection flow is formed for steady southward IMF.

Figure 4 shows the time evolution of two dimensional configurations of the magnetic field lines and
the plasma pressure when the IMF turns from northward to southward. At ¢ = 435 min (45 min), 435
min means the time from the start of simulation and 45 min the time from southward turning. Four
panels show the magnetospheric configurations for growth phase at 45 min, onset time of the near-earth
neutral line at 60 min, start of main expansion at 75 min and expansion phase at 90 min. At the onset
time the neutral line forms in a narrow region around midnight. Then it expands toward the dawn and
dusk magnetopause. The expansion phase starts with the sudden development of earthward and tailward
flow. In the main expansion phase the plasma sheet is torn, then the plasma pressure in the earth side
of plasma sheet enhances and a plasmoid is ejected.

Figure 5 shows three kinds of energy: kinetic energy, F(K) = % pv?, internal energy of plasma, E(P) =
2 P, magnetic field energy, E(B) = $B?, and the total energy, E(T) = E(K) + E(P)+ E(B) at the time
of 0 min (northward IMF), 45 min (growth phase), 60 min (onset time of near-earth neutral line), 75
min (start of expansion phase), 90 min (expansion phase) and 135 min (quasi-steady state for southward
IMF). Those values were calculated by integration in the y — 2 plane for r < (12 + z2)1/2 < 12 R,. Tt is
clearly seen that the magnetic field energy in the tail increases up to the start time of the main expansion
at t = 75 min. At ¢ = 90 min of main expansion phase, the internal plasma energy enhances in the near-
earth tail for £ > —10 R, and plasmoid ejection is also seen near z = —33 R,. The internal plasma energy
for southward IMF is much less than that for northward IMF in the middle tail for —30 R, <z < -10 R,
even though the magnetic field energy for southward IMF is greater than that for northward IMF,

Figure 6 shows temporal variation of magnetic field lines in noon-midnight meridian obtained by a
high spatial resolution when the IMF flips from northward to southward at ¢ = 300 min, where a grid of
(480,220,220) with a mesh size of 0.15Re was used. Parameters of the solar wind and the IMF were chosen
as Mgy, = 46/cc, vey = 412 km/s, T = 200,000°K and B. = +18.2 nT to simulate the 1997 January
events when abnormal solar-terrestrial phenomena for extremely high plasma density of the solar wind
happened. Thinning of the closed field region is occurring in the plasma sheet due to transport of magnetic
flux from dayside toward nightside after the IMF turns from northward to southward. The 2 component
of the magnetic field becomes negative for the first time at ¢ = 342 min in the plasma sheet. At that time
a very thin plasma sheet is created and a sharp transition of the magnetic field configuration from dipole-
like to tail-like appears a very near-earth region almost corresponding to the geostationary radius in the
midnight tail. The main expansion phase, which is characterized by rapid increases of the earthward and
tailward plasma flows and also the plasma temperature, starts at ¢ = 350 min, about & minutes later
from the onset of the tail reconnection. At that time all the closed field lines are reconnected and closed
field lines covering the magnetic island does not exist anymore, that is, the lobe open field lines begin to
engage the tail reconnection.

Figure 7 shows structure of the earth’s magnetosphere at time steps near the onset time of tail re-
connection (¢t = 342 min) and near the time of expansion onset (¢ = 350 min) obtained by using a high
spatial resolution MHD simulation as same as in Figure 6. A very thin plasma sheet structure with about
1Re thickness is clearly seen at ¢ = 342 min and the sharp transition of magnetic field configuration
from dipole-like to tail-like occurs near the geostationary radius because the solar wind dynamic pressure
is quite large as Foy = 15 nPa in the 1997 January events. At the time of the main expansion onset,
t = 350 min, strong earthward and tailward flows suddenly generate on both sides of the near-earth
neutral line (NENL). The plasma sheet is torn into two parts from the NENL and a plasmoid is just
ejected toward the tail. At the same time, the plasma temperature also suddenly enhances more than 5
times the previous steady value in the plasma sheet to imply formation of slow shock structure even on
the earth side the NENL. '

4. Discussion

In Figure 8 we have drawn a schematic diagram of the time evolution of the polar convection and the
reconnected field lines when the IMF turns from northward to southward. Four cell convection during
northward IMF changes to two cell convection for southward IMF in a short time of about 20 minutes.
The convection front corresponding to a discontinuity surface in the IMF propagates from the dayside to
the nightside across the polar cap and it can be seen in the compressible flow pattern. The flow velocity



is about 1 km/s in the ionosphere. The thick line in the field line plot stands for the discontinuity surface
of the IMF. The convection front approaches the nightside boundary of the polar cap in about 1 hour
and the antisunward flow once stagnates at the midnight boundary. The stagnation occurs just prior to
the onset of tail reconnection and it correspond to the last stage of growth phase.

Tail reconnection or near-earth neutral line (NENL) develops and expands toward the dawn and dusk
magnetopause. The development of tail reconnection again generates a sudden and strong flow toward
low latitudes in the midnight region of the polar cap, which corresponds to earthward flow in the mag-
netosphere due to tail reconnection. This process occurs during the main expansion phase in the present
simulation. The power in the earthward flow is quickly converted to Poynting flux. The energy is domi-
nantly transferred from nightside to dayside in the middle magnetosphere by Poynting flux.

Figure 9 shows a schematic diagram of the time evolution of magnetic reconnection in the noon-
midnight meridian, where ¢ = 0 is now the onset time of the NENL. Poynting flux carries the magnetic
flux from the dayside magnetosphere to tail lobes in growth phase for ¢ < (0 and hence the plasma sheet is
thinning and is continuously stretched| Walker at al., 1993; Papadopoulos et al., 1993]. Tail reconnection
develops for 0 < ¢t < 15 min and strong earthward and tailward flow is triggered to start main expansion
phase at about £ = 15 min. Then the plasma sheet is torn into two parts: an inner part corresponding
to enhancement of plasma pressure in the near-earth tail for # > —10 Re and an outer part where the
plasmoid is gjected.

Figure 10 shows a schematic diagram of magnetotail dynamics in connection with the energy transfer.
A strong earthward flow is generated by tail reconnection and the speed becomes comparable with the
solar wind flow. The earthward flow is localized near the midnight region. The parallel component of the
flow influences particle precipitation into the ionosphere, while the perpendicular component influences
dipolarization of the magnetic field lines and the distortion of closed field lines to generate region 1 type
field aligned currents through paralle! vorticity. In the torn plasma sheet, the earthward part of the
plasma sheet has two significant pressure gradients: an inner gradient corresponding to the inner edge of
plasma sheet and an outer gradient on the NENL side. The both gradients generate region 2 type field
aligned currents given by J o« Vp x VB [ Vasyliunas, 1980).

5. Conclusions

We have presented a 3-dimensional global MHD simulation of interaction between the solar wind and
the earth’s magnetosphere when the IMF turns from northward to southward, and discussed magnetotail
dynamics in association with formation of near-earth neutral line. After southward turning of the IMF,
time evolution of the magnetosphere can be distinguished in four phases: pre-growth phase, growth phase,
main expansion phase and relaxation phase. Initial appearance of the near-earth neutral line is in later
time of the growth phase and the main expansion starts when the neutral line expands up to the dawn
and dusk magnetcpause. In other words, all the closed field lines are reconnected and the lobe open field
lines begin to engage the tail reconnection.

Development of the tail reconnection generates a strong earthward flow as well as a tailward flow,
sudden increase of the plasma temperature and plasmoid ejection in the plasma sheet. The localized
earthward flow near the noon-midnight meridian creates distortion of magnetic field lines to generate
region 1 type field aligned currents and significant pressure gradients in the torn inner plasma sheet
to generate region 2 type field aligned currents. The large portion of energy for the earthward flow is
transferred fromn near tail to dayside magnetosphere by Poynting flux. Further detailed study of the
energy transfer and tail reconnection waits for future simulation with higher spatial resolution.
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Figure 1. Two dimensional patterns of the electric potential and plasma convection in the polar region
for southward IMF (B, = —5 nT), no IMF (B, = 0 nT) and northward IMF{B, = 5 nT).
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Figure 2. Time evolution of the polar cap electric potential when the IMF changes.
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Figure 4. Two dimensional configurations of the
magnetic field lines and the plasma pressure when
the IMF turns from northward (B, = 5 nT) to

southward (B, = —5 nT).

Figure 3. Time evolution of the physical quan-
tities in the magnetosphere when the IMF turns
from northward (B, = 5 nT) to southward (B, =
—5 nT) at { = 390 min.
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Figure 8. Schematic diagram of time evolu-
tion qf the polar convection and the reconnected
field lines when the IMF turns from northward to
southward.
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Abstract

A new scenario of substorm onset and current disruption and the correspond-
ing physical processes are presented based on the AMPTE/CCE spacecraft ob-
servation and a kinetic ballooning instability theory. During the growth phase of
substorms the plasma 8 is larger than unity (20 > 8 > 1). Toward the end of
late growth phase the plasma G increases from 20 to > 50 in ~ 3 minutes and a
low frequency instability with a wave period of 50 — 75 sec is excited and grows
exponentially to a large amplitude at the current disruption onset. At the onset,
higher frequency instabilities are excited so that the plasma and electromagnetic
field form a turbulent state. Plasma transport takes place to modify the ambient
pressure profile so that the ambient magnetic field recovers from a tail-like ge-
ometry to a dipole-like geometry. A kinetic ballooning instability (KBI} theory
is proposed to explain the low frequency instability (frequency and growth rate)
and its observed high g threshold (3. > 50). Based on the ideal MHD theory

é” HD ~ 1 and the ballooning modes are predicted to be unstable during the
growth phase, which is inconsistent with observation that no appreciable mag-
netic field fluctuation is observed. The enhancement of 3. over ﬁf’f HD s due to
the kinetic effects of trapped electrons and finite ion Larmor radii which provide
a large stabilizing effect by producing a large parallel electric field and hence a
parallel current that greatly enhances the stabilizing effect of field line tension.
As a result, B, is greatly increased over ﬁé"f HD by a factor proportional to the
ratio of the total electron density to the un-trapped electron density, ne/ney,
which is > O(10%) in the near-Earth plasma sheet. The wave-ion magnetic drift
resonance effect produces a perturbed resonant ion velocity distribution centered
at a duskward velocity roughly equal to the average ion magnetic drift velocity.
This perturbed ion distribution explains the enhanced duskward ion flux during
the explosive growth phase and can excite higher frequency instabilities (such as
the cross-field current instability).



1 Introduction

A critical issue in the magnetospheric physics is the substorm process, in particular,
the substorm onset and current disruption. Recently a new scenario of the substorm
onset and current disruption has been presented [Cheng and Lui(1998)] based on the
AMPTE/CCE spacecraft observations. In the late substorm growth phase the plasma g
at the substorm onset site in the near Earth plasma sheet region is typically ~ 20 at ~ 10
minutes prior to the current disruption onset. At ~ 2 minutes before the substorm onset
{3 increases to > 50 and the pressure becomes isotropic [Lui et al.(1992)]. Therefore,
too much plasma energy is stored in the plasma sheet and the excess energy must be
release via instabilities and associated plasma and magnetic field transport. We have
found that a low frequency instability with a wave period of ~ 50 — 75 sec is excited
and grows exponentially to a large amplitude with §B/B > 0.5 at the onset. The
half wave period of the instability before the onset was previously called “explosive
growth phase” [Ohtani et al.(1992), Ohtani et al.(1995)] which lasts ~ 30 sec with an
enhanced duskward ion flux centered at ~ 500 km/s (below the ion thermal velocity of
2 1000 km/s)[Lwi(1996)]. This enhanced cross-tail ion drift population is responsible for
exciting higher frequency instabilities (with wave periods of 15 sec, 10, sec, 5 sec; etc.)
which together with the low frequency instability last throughout the current disruption
phase to form a strong turbulence for ~ 4 — 5 minutes. During the turbulent state
anomalously fast plasma transport takes place to modify the average pressure profile so
that the plasma sheet recovers to a lower energy state and the ambient magnetic field
relaxes from a tail-like geometry to a dipole-like geometry.

Previously the ideal MHD ballooning instability has been proposed to explain the
substorm current disruption and explosive growth phase [Rouz et al.(1991), Liu(1997},
Voronkov et al.{1997)]. The ballooning instability results from the release of free energy
. of nonuniform plasma pressure with a gradient in the same direction as the magnetic
field curvature. Analogous to the expansion of a balloon due to higher inner air pressure
around weak surface tension spot, the ballooning instability will relax higher plasma
préssure and hence move the magnetic fleld lines across the large field curvature surface
area toward the weaker pressure direction. Theories of ballooning modes based on the
ideal MHD model would predict a purely growing instability when the plasma g is
above a low critical value %P, In a dipole field or a more tail-like field gM#0 ~ 1
wit‘h. L, = 1Rg. This is inconsistent, with the AMPTE/CCE spacecraft observation
that no appreciable. magnetic field fl_uctuét_ions were observed throughout most of the
growth phase even when plasma A values are above BMAD (typically 40 > 8 > 1).

-In this paper we present a kinetic theory of ballooning instability (KBI) which
shows that kinetic effects of trapped particle dynamics, finite ion Larmor radii (FLR)



and wave-particle resonances are important in determining the stability of ballooning
modes. The kinetic theory of ballooning modes provides a proper understanding of two
key physical processes of substorm current disruption and subsequent magnetic field
dipolarization: (1) the excitation mechanism and the high plasma 3 threshold (> 50) of
the low frequency instability that underlines the explosive growth phase; (2) the physical
mechanism of the enhanced duskward ion fiux that occurs only during the explosive
growth phase and leads to excitation of higher frequency instabilities. In particular, we
show that the kinetic effects of trapped electrons and finite ion Larmor radii produce
a large parallel electric field and hence a parallel current that greatly enhances the
stabilizing effect of field line tension. As a result, the § threshold (3.) for KBI is
greatly increased over the ideal MHD ballooning instability threshold by > O(102),
which is consistent with the AMPTE/CCE observation of high 3. (8, ~ 50) for exciting
a low frequency instability just before the substorm onset. The kinetic ballooning
instability has a real frequency on the order of ion diamagnetic drift frequency which is
associated with ion FLR effects. Moreover, the wave-ion magnetic drift resonance effect
produces a perturbed resonant ion velocity distribution centered at a duskward velocity
which roughly equals to the average ion magnetic drift velocity. This perturbed ion
distribution explains the enhanced duskward ion flux during the explosive growth phase
and can excite higher frequency instabilities (such as the cross-field current instability).

In the following we first describe the derivation of the eigenmode equations for
kinetic ballooning instability based on the gyrokinetic formulation. We then present
the physical process of the kinetic ballooning instability and its application to under-
stand the critical substorm processes. Then, we discuss the difficulties in attemptihg
to explain the substorm process by the magnetic reconnection based on the near-Earth
neutral line model [Nagai and Kamide(1995)|. Finally, a summary is given.

2 Gyrokinetic Formulation

In order to properly address kinetic effects on the ballooning instability we will em-
ploy the gyrokinetic formulation to describe the particle dynamics. We shall consider
collisionless plasmas with isotropic pressure. The particle velocity distribution func-
tion is assumed to have no appreciable bulk flow velocity. Quasi-static equilibria with
isotropic pressure are determined by the system of equations in the rationalized EMU
unit: j x B=VP, VxB=J,and V-B = 0. For three-dimensional magnetospheric
equilibria the magnetic field can be expressed in a straight field line (¢, o, @) flux co-
ordinate as B = Vi x Va, where 9 is the magnetic flux function, o = ¢ — 8(%, @, 8),
@ is a generalized poloidal angle, ¢ is the azimuthal angle in the cylindrical (R, ¢, Z)
coordinate, and 6(v, ¢, 8) is periodic in both ¢ and 8. The intersection of constant
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and o surfaces defines the magnetic field line. The flux coordinate system is in general
not orthogonal, and Vip - V8 # 0, V¢ - Va # 0, and Va - VO # 0. Within a magnetic
surface the poloidal flux is ¥ = [ d®zb- V8/27 = 2mih. Note that o is a cyclic function
with a period of 27 for all constant ¥ surfaces. .

We consider low frequency perturbations with w << wy and k1L >> kL > 1,
where w is the wave frequency, w,; is the ion cyclotron frequency, L is the equilibrium
scale length, and k), are the parallel and perpendicular wave numbers, respectively.
Because the electron mass is much smaller than the ion mass and the temperatures of
electrons and ions are of the same order, the electron thermal velocity is much larger
than the ion thermal velocity. We consider electromagnetic perturbations with the
orderings: k) p; ~ O(1} and vyne > (wW/k)) > v [Cheng(1982b), Cheng(1982a)], where
p; is the ion gyroradius. With these orderings the following kinetic effects must be
considered: trapped electron dynamics, ion FLR effect and wave-particle resonance
with w — wg; = 0, where wy; is the ion magnetic drift frequency. We shall obtain
approximate solutions of the perturbed particle distributions based on the gyrokinetic
formulation [Cheng et al.(1995)].

We assume a WKB eikonal representation for perturbed quantities, i.e., 6 f(£,7,t) =
df(s,ky,v,t)expli(fdZ, - ki — wt)]. Including full gyroradius effects the perturbed
particle distribution function can be expressed in terms of the rationalized MKS unit
as 6f = (q/M)OF/FE[(WT [w)® — (1 — wT /W) (1 — Joe"‘”‘) ®| + ge¥’, where M is the
particle mass, g is the particle charge, the guiding center particle equilibrium distribu-
tion is assumed to be F' = F(, 1) so that the equilibrium pressure is a function of
and £ only, L = k x v- B/w.B, J; is the [-th order Bessel function of the argument
kivy/we, we = ¢B/M is the cyclotron frequency, B is the magnetic field intensity, &
is the pertﬁrbed electrostatic potential, and g is the non-adiabatic part of the per-
turbed distribution function. Based on the WKB-ballooning formalism the gyrokinetic

equation for g in the low frequency (w < w,) limit is given by

, q OF Wl
— Vig=—"-"==(1-—=
(w wq + v ||)g M OE ( ” )
X [(wdd) —avy - V”QJ) Jo + 2fli‘lLJuSB’“] , ) (1)
ki
where ¥ is the parallel perturbed electric field potential with Ej = -V, 4B is |

the parallel perturbed magnetic field, w! = B x ky - VF/(Bw.0F/8E), wg = k| - v4
is the magnetic drift frequency, v4 = (B/Bw,) x (v{k + pVB) is the magnetic drift
velocity, and & is the magnetic field curvature. Note that the vector potential, defined
by A = Aj—itA B xky/(Bk.), is related to ®, ¥ and 6By by wA | = —iV{$—T) and
0B = k; A;. We also note that the gyrokinetic formulation is still valid for the case
p; ~ L, if the the magnetic drift frequency is replaced by the pitch angle average value
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to account for the non-conservation of the magnetic moment [Hurricane et al.(1994)].

For electrons we shall neglect gyro-radius effects and consider |vV)| > w,wee.
Clearly, trapped and un-trapped electrons have very different parallel dynamics. The
un-trapped electron dynamics is mainly determined by its fast parallel transit motion,
and to the lowest order in (w/|vV|) the perturbed un-trapped electron density is given
by [Cheng(1982a)]

eNgy [Wee Wyee
o onemE[Te (-)), @
where w,e = B x VN, - k, T./(BmweN.) is the electron diamagnetic drift frequency,
New/N. = 1 — [1 — B(s)/ B;]'/? is the fraction of un-trapped electron at the field line
location s, B; is the maximum magnetic field along a field line. Near the minimum B
location N, /N, ~ B(s)/2B; « 1. Note that the first term in Eq. (2) is the adiabatic
response and the second term is due to the parallel electric field.

The trapped electron dynamics is mainly determined by its fast parallel bounce
motion and to the lowest order in (w/wpe)

PCAL: [""*e@ + (1 _ “"*E) A‘If] + Sy, @
T, | w w

where N,./N, = [1 — B(s)/B;]"/* is the fraction of trapped electron,

3 (W — wae) ¥)
A= - d U(Fe/Net) [1 — m] , (4)

biee = = [ d*v(eFu/T)(w = wi)/(w = (wee))] ((Wae/w)® + v} 6By /2wee),  (5)

and {wy.) is the trapped particle orbit average of wg.. Note that the contribution due
to the parallel electric field is small because A <« 1 for trapped electrons. Thus, it is
difficult to change the trapped electron density by the parallel electric field because of
their fast bounce motion relative to the parallel wave motion.

'To obtain perturbed ion distribution function we assume that w, wg; > |y V|, and
the non-adiabatic perturbed distribution function is given by

- eF,w —wz (wdiJo‘I’ n UJ.JI(SBI!) ] (6)

gi—?iw——wdi w k,

Note that the ion dynamics is mainly determined by its perpendicular motion and the
perturbed ion density is given by

elV; [W*i

- @+(1-‘i’§)(1—r)@]+5m, (7)

(5n;- =
W
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where w,; = B x VN - k, T}/ (BmwsiN;}, wapi = B X VP, - k. Ti/(Bmws B), T(b;) =
Io(b;) exp(—=b;), b; = k2T /Mw? = k3p?/2, Iy is the modified Bessel function of the
zeroth order, and 87; = [ d®vg;Jo.

;From the charge quasi-neutrality condition we obtain the parallel electric field

potential |
Neu+NetA) Te W — Wapi
V= - Z1-I)®
( N Tiw— Wi ( )
+5 (58 — 51) (8)
o, (O e

In comparison with the limit without trapped electron effects, the parallel electric field
is enhanced by N,/(Ne,+ NetA). Making use of the parallel Ampere’s law the perturbed
parallel current is given by §J; =~ iV3 V| (& ~ ¥) /w, which represents the enhancement
of stabilizing field line tension due to the enhanced parallel electric field resulting from
effects of trapped electron dynamics and ion FLR.

To obtain the eigenmode equation for ballooning instability we follow the derivation
presented in the paper by [Cheng et al.(1995)]. By multiplying the gyrokinetic equation
with particle charge, integrating it over the velocity space and summing it over all
species, and making use of the parallel component of the Ampere’s law we obtain

k3 W(w — wepi) 1 = T(b;)
LV |LB. — P
B V[BQB v(® )]+ T e
Bxk -k, {2BxVP -k, A
RLLL ( v @—wzapj)ﬂ o
j

where V4 = B/(n;M;)"/? is the Alfvén speed, and the non-adiabatic perturbed pressures
for each particle species are given by 6p; = M; [ d*v[(1—wT /w)(1— J§)P+g;o] (v} /2+
vﬁ) Note that the perturbed‘total pressure balance relation, B- B+ 4P ~ 0, is used
for low frequency instabilities with w <« ky V4 [Cheng(1991), Cheng and Qian(1994),
Cheng et al.(1995))]. A

Equations (8) and (9) form a coupled set of kinetic ballooning eigenmode equations
for solving ® and ¥ along the field lines and the eigenvalue w. We also need to obtain
the non-adiabatic contributions of perturbed electron density, é7.; and 67, and per-
turbed particle pressures, 6§ and §p,. The eigenmode equations include kinetic effects
of trapped electron dynamics, parallel electric field, full ion FLR, and wave-particle

resonarnces.

3 Kinetic Ballooning Instability

If we further consider the ordering w >>> wye, wy;, the non-adiabatic density and pressure
responses in Egs. (8) and (9) can be neglected and we obtain a kinetic ballooning mode
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equation that retains the trapped electron and ion FLR effects, and the local dispersion
relation for KBI is approximately given by
w(w — Wapi) 26 -VP
(14 b;)V2 B> _
where S = 1+ (b;/(1 + b;)) N T/ (Ney + Ny A)T; 3> 1, and we have adopted the Padé
approximation 1 — I" = b;/(1 + b;). The real frequency of KBI is w, 2 w.;;/2 and the

o Skﬁ - (10)

critical 3 is given by

ﬁ NS,GMHD'i‘ wEPiRcLP
e == O,

T +avy i

where R, is the radius of the magnetic field curvature and L, is the pressure gradient
scale length, and B}'/? = kiR.L, is the ballooning instability threshold based on the
MHD theory.

We now briefly summarize the physical processes of kinetic stabilization effects of
trapped electron dynamics and finite ion Larmor radii. In the substorm late growth
phase the temperatures of electrons and ions are of the same order and the electron
thermal velocity to be much larger than the ion thermal velocity. Because the frequency
of kinetic ballooning instability is on the order of the ion diamagnetic drift frequency,
its wave phase speed along the field line is usually much smaller than the electron ther-
mal speed, but much larger than the ion thermal speed. Therefore, with respect to the
parallel wave motion electrons move very rapidly along the field line with either transit
or bounce motion depending on the particle pitch angle. On the other hand, ions moves
very slowly with respect to the parallel wave motion and their parallel dynamics can
be considered as static. Moreover, electron and ion motions across magnetic field lines
are very different if the-perpendicular wavelength is on the order of ion gyroradii; the
electron perpendicular motion is essentially the E x B drift motion because of small
mass, but the ion perpendicular motion is governed by both the E x B and polarization
drifts. The difference in electron and ion motion across magnetic field lines can cause
significant charge separation. In order to maintain the charge quasi-neutrality a parallel
electric field must be produced to accelerate (or decelerate) electrons to positions where
there is excess positive charge. A parallel electric field can easily accelerate (or decel-
erate} un-trapped electrons to change its density distribution. However, it is relatively
harder to change the trapped electron density distribution by a parallel electric field
because of their rapid bounce motion along the field lines. Thus, if the trapped electron
population is larger than the un-trapped electron population, an enhanced parallel elec-
tric field will be produced to move electrons to maintain charge quasi-neutrality. The
large parallel electric field will then drive an enhanced parallel current which can greatly
increase the stabilizing field line tension over the value expected from the MHD theory
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just like high-pressured water increases the tension of a hose. As a result, a much higher
. than that based on the ideal MHD model is obtained with G & O({N, /N, }3MH0,
where N,,,/N, < 1 is the un-trapped electron fraction and gM#P is the critical 8 pre-
dicted by the ideal MHD theory. Therefore, for systems with a large fraction of trapped
electron population the ideal MHD ballooning mode theory underestimates the critical
- B for instability and it is necessary to use the more complete kinetic theory.

The kinetic ballooning instability can interact with perpendicular ion motion via
wave-ion magnetic drift resonance because ion moves much slower than the wave along
the field lines. If w ~ wy;, the wave-ion magnetic drift resonance can provide an addi-
tional channel to release the KBI free energy and the growth rate and critical £ can be
modified. To fully evaluate the effect of wave-ion magnetic drift resonance, we need to
retain ion non-adiabatic responses in perturbed density and pressures. Numerical stud-
ies of KBI have been performed for tokamaks previously [Cheng(1982b), Cheng(1982a)]
and the results indicated that the effect of the wave-ion magnetic drift resonance is to
reduce [, by about 20% and the real frequency of KBI will increase to w.y; at critical 3.
We expect the results for the magnetosphere to be qualitatively similar to the tokamak
case and the detailed numerical solutions will be presented in the future.

Another consequence of the wave-particle resonance is to produce a perturbed reso-
nant ion distribution in the velocity space centered around v, = vy; that oscillates with
KBI, where v, is the particle velocity in the duskward direction and vg; 18 the resonant
ion magnetic (VB and curvature) drift velocity which is approximately equal to the
average drift velocity. As KBI grows to a large amplitude, the perturbed ion velocity
distribution enhances the duskward ion flux in one half of the wave phase and vice versa
for the other half of the wave phase. The resulting change in ion velocity distribution
gives rise to 8f;/0v, > 0 near v, ~ vy, and provides an additional free energy source
for exciting higher frequency instabilities. '

One consequence of the wave-ion magnetic drift resonance is that as KBI grows
to a large value with 6B/B > 0.3 the perturbed resonant ion velocity distribution
has a positive slope near the duskward resonant ion magnetic drift velocity. This
can be clearly seen from the (w — wy;) resonance denominator in the perturbed ion
distribution. Because w, 2 w.pi/2, the wave-ion magnetic drift resonance will occur at
vg = TiB x VP,/(2¢ P,B*) = wy;p;/ 2Ly, where p; is the ion Larmor radius and Ly is
the ion pressure gradient scale length. Thus, |vg| ~ v for p; ~ Ly;. '

4 Magnetic Reconnection

An alternative popular idea in the space plasma physics community regarding the mech-
anism responsible for the onset of substorm expansion phase is the magnetic reconnec-
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tion [Sweet(1958), Parker(1963), Petschek(1964)]. There are two elements in the mag-
netic reconnection process [Kulsrud(1998)]: one is the change of magnetic field topology,
and the other is the rate of energy conversion from magnetic field energy to plasma ther-
mal and flow energies. The study of the physical process of magnetic reconnection is
still an intensive ongoing activity in the plasma physics community. Some critical issues
of magnetic reconnection are still being pursued: how current sheets form and what
the current sheet topology is; how magnetic field reconnects in a 3D sheared magnetic
field; what causes reconnection (external force or internal waves or instabilities); what
the reconnection rate is and is it steady or spontaneous; and how electrons and ions
gain ‘energy; etc.

Despite insufficient understanding of magnetic reconnection physics, there have been
constant attempts to propose the magnetic reconnection as the substorm onset mech-
anism. In particular, the near-earth neutral line model [Nagei and Kamide(1995)] has
gained popularity which postulates that the substorm expansion phase is caused by
magnetic reconnection in the near-earth plasma sheet. The near-Earth neutral line
model is based on the scenario that the plasma and magnetic field are pinched by
oppositely directed flows from north and south to form a current sheet in the equa-
torial near-Earth plasma sheet region. As magnetic reconnection occurs via plasma
dissipation, both Earthward and tailward flows are generated to transport plasma and
magnetic flux. In order for magnetic reconnection to be a viable mechanism for the
substorm onset, several serious difficulties of the near-Earth neutral line model asso-
ciated with both observational and theoretical constraints must be addressed. In the
following we discuss a few of these difficulties and how the kinetic ballooning instability
theory can naturally explain some critical substorm observations.

First, the effort by MHD simulations to find out whether magnetic reconnection
process can occur in the near-Earth plasma sheet region has been carried out. It is a
common conclusion that under normal-solar wind and IMF conditions observed dur-
ing substorms magnetic reconnection does not occur in the near-earth plasma sheet
region. Even when magnetic reconnection occurs in the near-Earth plasma sheet under
extremely unrealistic solar wind and IMF conditions in the MHD simulations, the re-
connection region is quite broad (> 3 hours in local time and > 3Rg in radial direction)
in the equatorial region [Ogino(1999)]. This is inconsistent with the observation that
the substorm onset is initiated in a small localized region of less than 1RE in radius in
the near-Earth plasma sheet at r ~ —10Rg around midnight. This corresponds to a
localized initial aurora brightening region of less than a few degrees wide in longitude
and less than one degree wide in latitude in the ionosphere. On the other hand, it is
natural for us to expect that the kinetic ballooning instability will be initiated in a
localized region in the near-Earth plasma sheet where the the plasma £ is large, mag-
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netic curvature is strong and field line tension is weak so that the driving free energy
is maximized.

Secondly, the AMPTE/CCE observation of magnetic field data during substorms has
clearly identified a low frequency instability which is excited before substorm ‘onset and
continues to evolve and develop into a strong plasma turbulence during the expansion
phase. There is no physical mechanism to explain the low frequency instability based on
the near-Earth neutral line model. On the other hand, the low frequency instability can
be best explained in terms of the kinetic ballooning instability which requires kinetic
effects of finite ion Larmor radii and trapped electron dynamics to properly understand
the high £, (> 50), the observed wave frequency and growth tate, and the associated
enhanced parallel electric field that is required to accelerate particle into and out of tle
auroral ionosphere.

Thirdly, it is required that the magnetic reconnection process in the near-earth
plasma sheet region must produce observable high speed Earthward plasma flows per-
pendicular to the field lines before and during the substorm expansion phase. It relies
on the Farthward flow to carry plasma and magnetic flux to cause magnetic field dipo-
larization in the near-Earth plasma sheet region. The near-Earth neutral line model
advocates have been arguing that the existence of high speed flows is manifested by
the bursty bulk flows (BBF). However, more recent analysis of the GEOTAIL data has
indicated that there is no statistically favorable evidence of large perpendicular Earth-
ward flows within 25Rg from the Earth in the night side [Machide(1999))]. Mofeov_er,
recent detailed data analysis indicates that Earthward flows are either field-aligned ion
beams or some types of MHD perturbations without significant B, flux.

5 Summary

In this paper we have identified a new scenario and physical processes of substorm
explosive growth phase, onset and current disruption observed by AMPTE/CCE. We
have found a low-frequency instability with a wave period of about 50 — 75 sec excited at
approximately 2 minutes before the current disruption onset, and we have interpreted
it as the kinetic ballooning instability (KBI}. The 3 threshold (> 50) for exciting KBI
is at least 10? larger than that based on the ideal MHD theory because of the kinetic
effects of trapped electron dynamics and finite ion Larmor radii which give rise to
a large parallel electric field and hence. a parallel current that greatly enhances the
stabilizing effect of field line tension. With the KBI theory we are able to explain
the enhanced duskward ion flux which occurs only during the explosive growth phase
(= 30 sec) and can excite higher frequency instabilities such as the cross-field current
instabilities {CCI) [Lui(1996)]. Thus, our new substorm scenario emphasizes KBI which
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can naturally account for the features of the explosive growth phase and the initiation
of current disruption through a combination of KBI and higher frequency instabilities
such as CCI. We have also discussed the difficulties of explaining the substorm onset by
the magnetic reconnection process as proposed in the near-Earth neutral line model.

Finally, we point out that even though progress has been made in understanding
the substorm onset mechanism from the model of kinetic ballooning instability, more
works are still needed to carry out a conclusive demonstration of substorm process by
both theory and observation.
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