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University X-ray and radio impact

of Glasgow

Most GPS receivers in the sunlit
hemisphere failed for ~10 minutes. (P.
Kintner) at Dec 6™, 2006

(tracking less than 4 s/c)

See Gary et al, 2008
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Solar flares: basics

GOES, WIND/WAVES, WIND/3DP

Tl Universit
of Gl asgowY

31.6-12.4 ke

(78]
. . % 2 3.1-24.8 ke
Solar flares are rapid localised = -
brightening in the lower X o
atmosphere. o | E -
D |
3| ¢ £
More prominent in X-rays, UV/EUV i N iMasi0?
and radio.... but can be seen from '-c.; '
radio to 100 MeV -
0.042
VISIBLE D)
INFRARED LIGHT uv <
— 3
MICROWAVE X-RAY N .E
@D S
*% E.; 104 517 keV
A S WM
: o hhmm 2200 2300 0000
:0.5 ; 0.0605 nanometers Apr 14 Apr 15

1cm = 10,000,000 nanometers
]

Figure from Krucker et al, 2007




g}%rcl;lﬁﬁélg%twy Solar Flares: Basics
z

Solar flares are rapid
SROMAS 170 24 Teb 20 H. D7:29:00. 240 LT localised brightening in
| | the lower atmosphere.
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Jf naversity “Standard” model of a solar flare/CME
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Energy release/acceleration

CME
front

Solar corona T~10°K => 0.1 keV per
particle

Flaring region T ~4x107 K=> 3 keV per
particle

Flare volume 10?” cm?® => (10 km)?

Plasma density 10! ¢cm

Photons up to > 100 MeV

Number of energetic electrons 103¢ per second
Electron energies >10 MeV

Proton energies >100 MeV

Large solar flare releases about 102 ergs

— / 'y HXR (about half energy in energetic electrons)
sphere ‘ g /TSSO 1 megaton of TNT is equal to about 4 x 1022
photosphere ergs

. Figure from Temmer et al, 2009



el aSgOWY X-ray observations

X-ray and gamma-ray
emissions
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Observed X-rays  Unknown electron distribution Emission cross-sections
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X-ray emission processes

Umver51ty
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For spatially integrated spectrum: Ie) 72 T\ / IRy Qe B dE,
T - Je
Thin-target case: For the electron spectrum F(E)~E°,
a) Electron-ion bremsstrahlung (free-free emission)

Dominant process for energies ~10 — 400 keV
the photon spectrum is ()~ €°1

In the simplest form Kramers’ approximation: Qe E) =  —

b) Electron-electron bremsstrahlung (free-free emission)

Dominant process for energies above 400 keV
the photon spectrum is |(€)~ €°

c) Recombination emission (free-bound emission)
Could be dominant process for energies up to 20 keV
the photon spectrum is shifted by ionisation potential and |(€)~ €92

(The process requires high temperatures and detailed ionisation calculations)
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Soft X-ray coronal source
HXR chromospheric

o footpoints
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Jf Unaversity Typical solar flare: X-ray prospective
7 of Glasgow
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Using imaging spectroscopy, we can infer
spectra and numbers of energetic electrons
both in coronal and foot-points sources.

Above 30 keV, we have normally a few times
electrons more in the LT than in FP source.
Possible trapping by waves or mirror?

e.g. Simoes & Kontar, A&A, 2013 Battaglia & Benz, 2006
Emslie et 2003
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10755 b v opture ‘ October 28, 2003 X-
; 511 keV 2223 Me? 3 class flare

(Share et al, 2004)
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Imagmg of the 2.223 MeV
neutroncapture line (blue

contours) and the HXR 250
electron i
bremsstrahlung (red scof
contours) of the flare on
October 28, 2003. The ot-\ -

(ercoecs)

underlying image is from
TRACE at 195 A. The X-ray-. 0
and y-ray imaging shown |
here used exactly the same

selection of detector arrays

and imaging procedure. Note. -
the apparent loop-top source

450 |
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200-
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In the hard X-ray contours
Hurford et al 2006.
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Energetic particles at 1AU
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From the analysis of 16 “scatter-free” events
(Lin, 1985; Krucker et al, 2007) :

Although there is correlation between the
total number of electrons at the Sun (thick-
target model estimate) the spectral indices
.. do not match either thick-target or thin-
target models. S S /

electron spectral index &

RHESSI  Acceleration or transport effects?

photon spectral index y
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Radio emission — important basics




gffé‘gg‘gétwy Solar radio emission
plasma emission
T Flux, sfu gyrosynchrotron emission
10° /
Typical radio
104 spectrum from a
solar flare
103 |/
0ol 0.1 1 10 100 1000 GHz
lonospheric cut-off ~10 MHz Radio spectrum
guiet Sun

1 sfu = 10% Jansky



gj;ré\giés&twy Brightness temperature

We can always make a definition, common in radio

astronomy: Brightness temperature

At typical radio frequencies and temperatures hv <<kT = exp(%)—l ~ L

Hence B 2hv? 2v2 KT
" clexp(hy)-1] c?

112

Rayleigh — Jeans
approximation

log Ig

loghv, ., |Og hVV




University Optically thick and optically thin emission
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1 | If we model the absorption in the slab as:
d€1 dl =—1 xd/

1 | +dlI Absorption coefficient, which is not in general
constant, but depends on depth and frequency in the
atmosphere

The optical depth, denoted by 7 , so that Iobs = IO e’
@ 1f 7 =0 wedescribe the atmosphere as “transparent” and |0bs — |0
@ If 7 <<1 wedescribe the atmosphere as “optically thin” and Iobs ~ IO
@ 1f T2 1 we describe the atmosphere as “optically thick” and Iobs << IO

For example, free-free absorption coefficient (Dulk, 1985):

i 3 & T
k() = O.Q-nﬁT_ sy 2 (em ™)
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Radio emission mechanisms




Uan@l‘SltY Solar radio emission mechanisms
& of Glasgow

Free-free emission (collisions of electrons with
protons and other particles)

Gyromagnetic emission (cyclotron and
gyrosynchrotron)

Coherent emission due to wave-wave and wave-
particle interaction

eB

Vp = - ] <= gyrofrequency

<= plasma frequency




Free-free emission
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Photons are produced by free- Photon
free transitions of electron \N\)
electrons - also known as - |
Bremsstrahlung (‘braking \
radiation’) proton
4 Free-free emission from plasma
Flux density Thermal part

|

>
Frequency

Optically thin part

Optically thick part




Unlver51ty Free-free emission
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A rising spectrum from a compact (20”) source requires that the source is relatively
dense (n,~10% cm™3) and hot (T, ~10 MK).

10°E I T R

' T= 1.0e6K -7 _7

10 - -

2 10°: s ] |
x| _

E 102 - /‘( Thermal Density = - |
T atetzem®

1.0e12 cm™® N 4

4.0e11 cm™ 3 ;

1.0e11 cm™ . ) ]

10 100 1000 10000 10 100 1000 10000
Frequency (GHz) Frequency (GHz)

Thermal free-free radio spectra produced from a uniform cubic source with a linear
size of 20” for n,= 10 to 4 x 10'2 cm= and T, = 0.5-5 MK.
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Cyclotron Radiation

Any constant velocity component parallel to the magnetic field line
leaves the radiation unaffected (no change in acceleration ), and
electron spirals around the field line.

electron

\7’1 Photon

magnetic field

Electron cyclotron line has frequency

vg = Q./2n = eB/2nm.c ~ 2.8 x 10°B.

In ultra-relativistic limit, this radiation is known as synchrotron — it is strongly Doppler
shifted and forward beamed due to relativistic aberration.

In mildly or sub relativistic limit, this radiation is known as Gyrosynchrotron
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RELATIVISTIC RELATIVISTIC

log Ty

THERMAL//r <> 0
GYROSYNCHROTRON \I, o 8
THERMAL
‘} GYROSYNCHROTRON
THERMAL 2 THERMAL
BREMSSTRALUNG BREMSSTRALUNG
log v log v

Brightness Temperature and Flux density as a function of frequency for various
emission mechanisms (Dulk, 1985)



University Plasma emission mechanisms
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Electron Beam |
i electromf% Langmuir waves
Langmuir waves s
l &
Wave-wave g ) e
interaCtionS ionsound waves
1 k=ey W, k=ey NV,
wave number, k
Fundamental o
e e Coherent emission due to wave-
' wave and wave-particle interaction

Secondary waves

l v, = wy/2n = [n.e*/nm,]"* =~ 9000 n;/?

Harmonic radio emission plasma frequency




Plasma emission mechanisms
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Flux 4 X Emitted

Fundamental radio emission (at local e oh
s served
plasma frequency) ¥
1) lon-sound decay L=T+S
2) Scattering off ions L+I=T+i

Frequency

Harmonic radio emission (double
plasma frequency)

1) Decay and coalescence Vp 2vp
L =D’+S, L+D’=T

2) Scattering and coalescence
L+i=L+i’, L+L’=T

For each act of decay or coalescence we have the corresponding
conservation laws for momentum and energy require:

kK =K' +k, wk)y =wk)sr + wk),
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Radio emission from active
Sun
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B FClasgon Solar radio emission is complex!
e

A typical dynamic spectrum of an active Sun

mel{ic type 111 me}ic type V
100 =S : ' : J g ' = metric —
- B ' 1 _type Il
- T A 4 e
2 I e . b 1 metric
% : . B
0= : T type 111
sl - 1-narrowband
= = 1 spikes
?.. - -
g o —L-pulsations
Zl - 3 ——
& £ ] reversed
E + drift
z 1 type II1
2500— ]
‘“xm’- ik "- ‘ Sl ‘h\_\\\-‘\ ‘ . :' g i
l 1 1 l 1 1 l 1 1 1 1
v 09:33 09:35 \09:;7 hrot
time in UT gyro-syncnrotron
Benz, 2004
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Trapped particles

Microwsvye Decimetric

Buraet H#f Continuum

.
‘e

TIME SINCE FLARE™fminutes)

e
.
G
G
G
-
G
G
.
.
.
.
.
~
~
G
G
G
G
G
e
.

Signatures of energetic electrons
Signatures of shocks



Type |
— Emission

mechanism: plasma
emission

A Universit
of Glasgowy

GBSRBS

Exciter: hot plasma
with non-thermal tail?

mocy (MHZ)
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1000

£ CBSRBS iy Emission mechanism:

plasma emission
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Exciter: shock waves
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-.-1 Hz

| Formation and propagation of the
@ shocks and CMEs

}H-v-h"‘n’u'!"'l-

. .mrmwumﬂm (e e

T I L} 1 L ] L] I L ] L] T 1
15 20

Nangay RH 199804720

Type Il radio burst =» prime
diagnostic of outward-moving
coronal shock waves

O9:45:55 Ul 236 MHz J09:55:05 1 'Z"é MHz




ANEOWE Radio emission from Coronal Mass Ejections
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. ‘ Radio emission is
e &/  gyrosynchrotron from electrons
trapped in weak-field
structures:
—> electron energy distribution
-> magnetic field
strength/direction
- dynamic evolution of coronal
structures

Image of a CME at 164MHz using the
Nancay Radioheliograph (Bastian et al.
2001)

Key questions:

* What is CME/flare relationship?

« How do they develop and evolve into interplanetary disturbances?

« What are their effects on the surrounding solar/heliospheric plasma?



[ University Shocks and energetic electrons
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Type Il with herring-bone structure: acceleration of electrons by shocks

Standing shock accelerated electrons

F, MHZ .’0 . ‘," :’
10
20
|| —— | ()] I = | I IR —
30 .

11:42:00 11:44:00 11:46:00




University Type Il and type V bursts
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GBSRBS 20100731 _ _
Emission

mechanism: plasma
emission
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Emission mechanism:
plasma emission
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70

Frequoncy (MMz)

Exciter: trapped particles and
wave particle interaction with
MHD waves?

Summed ight o,




gré‘gilgétwy Acceleration

How are energetic particles
produced?




B iy
For a single particle, the equation of motion (Sl units)
m % =qgE+qgvxB
The change of kinetic energy
dv d (mv?
mva or ( > ) = qgvE

hence to have energy gain, we need gqvE>0

Although the energy gain does not depend on B explicitly, it
enters as an important parameter via v(t,r) — the evolution of the
velocity in space and time.




UﬂlVGl’SltY Electric field acceleration
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Let us consider electron in collisional plasma. For simplicity, we

consider fields parallel to electron velocity:

e'n,In A e'n,In A
modv/dt = eE—v.m,v where Ve=5aras =2 s 1oy

Is a collisional frequency.
There is a critical velocity that sets right hand side to zero.

Electrons with the velocities larger than the critical are accelerated.
The process is called electron runaway.

Assuming thermal distribution of electrons, there is critical electric
field, called Dreicer field (Dreicer, 1959):

e’n, In A
onez kT

E =




Acceleration: electric field

Putting the constants, one finds:

R lﬂ”ﬁl;Avm-‘

T Universit
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where number density is
measured in particles per cubic
meter and temperature in K.

CRITICAL ELECTRIC FIELD IN VOLTS/CM

Typical values of Dreicer field in
the solar corona ~0.01 V/m

DC electric field models can

: , : : be categorized according
Figure: Dreicer field as to the electric field:

a function of
temperature and density

(Dreicer, 1959)

DENSITY IN CM °

a) weak sub-Driecer
b) strong super-Driecer




UﬂlVGl’SltY Electric field acceleration: sub-Dreicer field
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Runaway acceleration in sub-Dreicer fields has been
applied to solar flares by a number of authors

(Koupers (1981), Heyvaerts (1981), Holman (1985), etc)

I T T T 1T I

wwea | Lnprinciple, such models can

T explain observations, e.qg.
Benka and Holman (1994)
demonstrate good spectral
fits.

Open questions:

1) Stability of the involved DC
currents

2) Large scale fields e.g., the size
of a loop 101%m

3) Issues with return current

Photon Flux (em? s keV)™




'Umvel’slty Electric field acceleration: Super-Dreicer field
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Models with super-Dreicer require smaller spatial
scales (e.g. Litvinenko (1996, 2003) etc)

Y The energy spectrum of particles near
\j\{/ an X-point is found to have a power-law
functions N(E)~E-,a in the range 1.3-2.0

X

Sub-Dreicer fields might be
responsible for bulk acceleration and
super-Dreicer field from super-
thermal seed (Aschwanden, 2006 as a
book).

Open questions:

1) Supply of electrons

2) Consistency of the
description
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S

,m* % N { . LA
S OOET PR | '™ Are particles accelerated within
=== == the loop?

Time:128.003

Multiple current sheets

Vlahos et al 1998, Turkmani et
al, 2005, Hood et al, 2008,
Browning et al 2008,
Gordovskyy et al, 2012

Time:136.003

Time:160.002

= Plasma turbulence acceleration
b I Sturrock, 1966, Melrose, 1968

5 Miller et al 1997, Petrosian et al,

1994: Bian et al, 2012

- | Time:240.001

Simulations by Gordovskyy, et al 2012




gré‘gﬁgé%twy Acceleration

Fermi acceleration




Uﬂlvel’sltY Observation of cosmic energetic particles
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The story started in 1936. Austrian physicist V. Hess
measured radiation level in 1912 balloon experiment.

Interesting enough, C.T.R. Wilson observed radiation
with cloud chamber experiment (1902) in a railway
tunnel near Peebles, Scotland. However, concluded that
the radiation cannot be cosmic.




g}%réﬁggétwy Fermi acceleration
-

PHYSICAL REVIEW VOLUME 75, NUMBER 8 APRIL 15, 1949

On the Origin of the Cosmic Radiation

Exrico FErMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and acceleratedpuimenip=s ETSTCIAr Spate O ETaany Iy roiisiors-rreinetamayine mag-
=tic nelds. One of the features of the theory is that it yields naturally an inverse power law for the

al distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straigh

forward way the eavy-racierob
I. INTRODUCTION where H is the intensity of theAnagnetic field and
N recent discussions on the origin of the cosmic ¢ is the density of the intergtéllar matter.
radiation E. Teller! has advocated the view One finds according to the present theory that a
that cosmic rays are of solar origin and are kept particle that is projeCted into the interstellar
relatively near the sun by the action of magnetic medium with enepgy above a certain i_njecti?n

. ¥ 1 T 1 1 11* *

Fermi (1949) explained the acceleration ef cosmic-ray particles by
reflection on moving magnetic clouds:

Naturally explains inverse power-law distributions.
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L V=V 42V ()

V (t) > 0 => energy gain
V (t) <0 => energy loss
Let V() =Acos(wt)

Net energy gain: <V’ >2—<V>2=2A°

No energy change in the frame of the racket!

1) Exchange of energy per collision is small
2) Head-on collisions are more frequent




Shock acceleration

“x/f rastshock | C,, 1S the velocity of the shock structure
1) (e.g. magnetic field acting as a mirror) then
the change in particle energy for one
collision is

Tl Universit
of Gl asgowy

The probability of head-on collision is
: proportional to v+c,, while the probability of
upstream downsteam - OVEIrtaking collision is proportional to v-cy,

Taking into account the probabilities the average gain per

collision is VG V= Coh oG

SV Yoo .
2v 2v 2

The energy change proportional to the velocity of the shock is first
order Fermi acceleration; proportional to the square is called
second order of Fermi acceleration (original Fermi model).




Uﬂlvel’sltY Power-law distribution
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The average rate of energy gain can be written
(e 2{'1_'3 5 . o fa
E —~ _— -(E- £, => (A ) Zpexp (:) .
where we introduced “collisional” time.

Let E=bE, be the average energy of the particle after one collision and
P be the probability that the particle remains within the acceleration
region after one collision. Then after k collisions, there are N=N,Pk
particles with energies above E=bXE,. Eliminating k one finds

InP/Inb
N_(E
NO E0

Therefore we find N (E)dE oc E-""P/M0)gE

It can be shown that that the spectral index should be >=2




a1 Universit
of Glasgowy

SHOCK

Acceleration In flares and CMEs

In solar physics, first-order Fermi acceleration

e . . .
L Is often called shock-drift acceleration
- (Priest, 1982; Aschwanden, 2006 etc)

.:3—— - - :;’: Reconnection diffusion region

] | —_— < g—

Vo Inflow

e Slow shock

- m— Outflow _/ f}l?d lines \d\ \\
u . v l\‘\‘\‘\‘
upstream downstream
Fast shock

Figure: Diffusive shock
acceleration (second-order
Fermi acceleration)

Open guestions:
1) Large areas required
2) Number of accelerated electrons

Loop-top hard
X-ray source

First-order acceleration is viable
for 10-100 keV electrons under
certain conditions and the energy
gain is sufficiently fast

(Tsuneta & Naito, 1980)
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The resonant condition is when the wave has
zero frequency in the rest frame of particle:

Cherenkov resonance (unmagnetised plasma):
w—k-v=0

Cyclotron resonance (magnetised plasma):

W —sQ =k =
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Figure: Electron energy spectrum and the spectral density of fast
mode waves (Miller et al., 1996)

Various models have been developed to model acceleration of
electrons by whistler waves (e.g., Hamilton & Petrosian, 1992;
Miller, 1996, 1997)
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Figure: Proton distribution function and Alfven waves (Miller &
Roberts, 1995)

Stochastic acceleration naturally explains enhancement of heavy ions.

Open questions: relatively strong turbulence and its origin
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\ A Leee o Chen & Petrosian, 2010-2013
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Reasonable agreement with SA model 100
Electron Energy (keV)

=> Although it requires rather steep spectrum
of turbulence,

And interestingly scattering timescale is
rather large at low energies

=> Transport is treated rather simplistically
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Energetic particles

Energetic particles are good emitters of X-ray, gamma-rays
and radio waves
— Diagnostics of energetic particles

Large number of particles are accelerated in solar flares,
CMEs. The energetic particles are observed from the Sun to

the Earth.

The exact mechanism of particle acceleration is still not
known. A number of mechanisms are considered each with

advantages and disadvantages.




