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A large solar flare is the first link
In the long complicated chain of
physical phemomena that we call
the problem of solar cosmic rays




» Modern space experiments:

How are charged
particles accelerated In

a solar flare to highegte--

» Solar flaré physics: Tpexil:y

. In two steps

More specifically
?




The first step and the first problem!



Observational problem
No. 1

We do not see
the primary source of
energy
In a solar flare.

What do you see, inded?



For example: Temperature distribution

near the source of energy S

observe the
super-hot
turbulent-

current layer
(SHTCL,
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Magnetic reconnection interpretation

Release of
magnetic energy
Accelerated
electrons produce
HXRs and heat
plasma
RHESSI provides
the first pieces of
quantitative
evidence for
reconnection in
lares.




What does follow from the
theory?

Thermal and non-thermal XR
emissions from the corona can be
Interpreted involving a
reconnecting super-hot turbulent-
current layer as the source of
flare energy
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What is reconnection?
Why and how?



What is reconnection in vacuum 7?7

The magnetic field of two parallel currents |
(a) An initial state, 2/ Is a distance between the
currents

(b) The final state after the currents have been
drawn nearer by a dispacement Jd



Reconnection In vacuum iIs a real
physical process

Reconnection is inevitably associated with electric
field

i (1)

c Ot
where A is the vector potential, B = curl A..

If 6 is the characteristic time of reconnection, then

. (2)

Magnetic field lines move to the X-type neutral
point

The IS Induced and

particles



What about Reconnection in Plasma?

(a) The Initial state

(b) The pre-reconnection state with a
current layer (CL)

(c) The final state after reconnection



Flare Reconnection Models

Reconnection models
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Local Models

Reconnecting Current Layer

Super-Hot Turbulent-Current
Layer



Reconnecting Current Layer (RCL)

RCL is at least two-dimensional and two-scale
formation

The wider the RCL, the larger the magnetic
energy accumulated

A small thickness 2a is responsible for high rate
of



Super-Hot Turbulent-Current Layer
(SHTCL)

» Coulomb collisions do not play any role
because of a super-high temperature

» Collisionless reconnection (dynamical
dissipation; Syrovatskii, 1966) is a
primary effect

» Fast conversion from field energy to
particle energy (acceleration)



Super-Hot Turbulent-Current Layer
(SHTCL)

Powerful heating of electrons and ions results
from wave-particle interactions



Electrons and ions are heated in a different way:

Xef g?’?%g T gth e gth et Cfn

J s t
(1= Xef) Eteg + EMs = EF4 + K.
Here the magnetic energy flux

in
gmag —

A relative fraction y s of the heating is consumed by
electrons, while the remaining fraction (1 — x.f) goes
to the ions.

The SHTCL provides:
Quasi-thermal super-hot plasma
Supra-thermal accelerated particles




Global Models

» Standard model

» Topological models



Basic Standard Model of a Two-ribbon Flare

(a) An initial state: a region A of a high
resistivity
(b) Reconnection at the X-point

(c) Footpoint separation increases as new field
lines reconnect




Rainbow Reconnection Model

(a) A model distribution of magnetic field in the
photosphere

(b) A distorts the neutral line so that
it takes the shape of the letter S



Rainbow Reconnection in the Corona

A separator X appears above the S -bend of
the photospheric neutral line NL



Vortex flow generates two components of
the velocity field in the photoshere

w X
C ;\

— central part

The perpendicular component of velocity drives
reconnection in the corona

The component provides a of
magnetic field above the photospheric NL



Pre-flare Energy Accumulation

(a) An initial configuration

(b) Converging flows induce a slowly
reconnecting current layer (RCL mmmm)

An excess energy Is stored as magnetic energy
of the RCL



Reconnection and Energy Release

The apparent motion msmmpof the footpoints
due to reconnection

Footpoint separation increases with time

The apparent displacement is proportional to
a reconnected flux




Pre-flare Structure with Shear

(a) The initial configuration
(b) The converging flows creates the RCL

Shear flows make the field lines longer,
Increasing the energy in magnetic field



Motion of HXR Footpoints

(a) Pre-reconnection state of the magnetic field
with the converging and shear flows =)

(b) —

because of shear relaxation



The
model

predicts of motions
of the HXR kernels

» An increase of a distance between the
ribbons,
because of reconnection In
the RCLs

> A of the distance between
the kernels because of the



First Step
of
Particle Acceleration

» Acceleration by DC electric
field in Reconnecting Current
Layer



Acceleration in RCL

HenTpaibHbIN

He-HenTpanbHbIN

A particle spends an
Infinite time and takes
an infinite energy
from the electric field

A particle leaves the
RCL with a small
transversal field after
a finite time



Approximate Analytical Solutions
of non-relativistic
equation of motion of
a particle in SHTCL



Acceleration in a
3-component RCL

The stabilization condition
[B” ? _ mdE

> .
By aq B By

The maximum energy of accelerated electrons
1 (gab) 2
m

In the Super-Hot Turbulent-Current Layer (SHTCL),
Emax & 100keV.

gmax —
C




Electron Acceleration in a
3-component SHTCL

» The longitudinal magnetic field at the
separator increases an efficiency of
acceleration

» The Super-Hot Turbulent-Current Layer
(SHTCL) model allows us to interpret the
first step of electron acceleration



lon acceleration in an electrically
non-neutral RCL

Electron
current
layer

The detains the
protons and ions Iin the vicinity of the electron
current layer, thus increasing the acceleration
efficiency for ions




Non-relativistic and Relativistic
Particle Acceleration In a
RCL

by a Strong Electric Field

Exact solutions



“Simple”

Model
The equation of motion 3—]?: q (E + % 7% é]) L P= \/1 in;j?/c?
/ VN e
Bff
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1. Non-relativistic acceleration (v<<()
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Charge separation in the RCL
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Stable and unstable trajectories
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Conditions of the trajectory stability
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2. Relativistic Particle Acceleration

Particle trajectories are stable in the stron




Velocity in the electric field direction (the z -axis) is
close to the light speed c . Particles with different
signs of charges move in opposite directions along

the z -axis:
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According to our model ¥ =& = (E/By)t =10""t.

Thus, the observed valugs  for relativistic
electrons acquire
neacceel
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Second Step
of
Particle Acceleration
In Flares

Collapsing magnetic trap



Acceleration
In a Collapsing Trap

A magnetic trap
between the Super-Hot
Turbulent-Current Layer
(SHTCL) and a Fast
Obligue Collisionless
Shock (FOCS) above
magnetic obstacle (MO)




Fermi-type Acceleration
as a Second-step Mechanism

Decrease of the field
line length (collapse of
the trap) provides an
Increase of the
longitudinal
momentum of a
particle




Acceleration of Electrons

The second adiabatic invariant is valid. Therefore,
the parallel momentum of electrons
0) L(¢)

, where I(t) = L)




Acceleration

of protons

lon Acceleration

Each reflection of an
lon on a moving
mirror leads to a
jumpy increase of
parallel velocity

from
thermal energies



Two Effects in Collapsing Trap

Decrease of the field

line length provides

the Fermi
acceleration

Compression of the
magnetic field lines
provides betatron
acceleration




Both Effects Together

If the thickness of a collapsing trap decreases, the
energy of a particle

]C(l) _ L p%” + p%J_B(l)] (1)

2m | 2 B

increases faster than that without compression.
[ | However, at the time of particle’s escape from the
trap,

2 B
K = ]Cmax: g—?;B—? (2)

18 the same as without compression.




The Betatron Effect in a Collapsing Trap

As the trap Is
compressed, the loss
cone becomes larger

Particles escape from
the trap earlier

An additional energy
Increase by betatron
acceleration is exactly
offset by the decrease
In a confinement time




The betatron effect
Increases the
efficiency of the first-
order Fermi
acceleration because
an acceleration time
becomes shorter.

Collapsing traps with
a residual length
(without shock)
accelerate protons
and ions well



Spectra of Accelerated Particles



Betatron Acceleration
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Betatron mechanism makes the super-hot particles .
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Fermi acceleration

‘ \ \
[1 An initial thermal dlstrlbutlon with
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Transformation of Spectra in a Collapsing
Trap

Injection spectrum
( é Power-law ,

Mechanism Betatro Fer
N Wz 7» N mi

)( [ 1 | ~1
Power-law Power-law
I | | I

Spectrum of the captured
particles in a trap

Bogachev and Somov, Astronomy Lett. 33, 54, ZOE',



Formation of a double-power-law spectrum
In @ Collapsing Trap with Coulomb collisions

Initial distribution of electrons
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According to hard X-ray and gamma-ray
observations, flares generate
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Double-power-low spectrum
of a coronal hard X-ray source in the flare
on 23 July 2002 (RHESSI \ \ \
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Instead of Conclusions

In fact, we may proceed with
confidence from simplified models
to constructing the more
quantitative theory of particle
acceleration by magnetic
reconnection and collapsing trap In
flares.

Open issues of the theory: spectra
and composition of accelerated ions
as they detected by different space
missions.
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