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Solar flares
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Flares

Physical mechanism — overview
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Different possible configurations
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Physical mechanism — overview
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- Magnetic reconnection

= Plasma (electrons) accelerated away from reconnection site

as oppositely directed hot jets.

@- Downward streaming of fast particles

= Hit denser plasma in chromosphere below,
emission of hard X-rays via bremsstrahlung

@- Consequence: Heating (‘evaporation”) and
upward streaming of plasma from lower atmosphere

Primary energy
release

Non-thermal

electrons |/ ﬁ

Corona

Chromosphere

Thick target model rown 1971)

Microwaves

Hard x-rays
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Solar Flare on 6

Soft X-rays 1.5-12 keV

Hard X-rays 114-119k

4

13:30 14:00 14:10 14:20 14:30 14:

Universal Time

Thermal emission dominates

Soft x-rays (Soft X-rays, Ha, ...)

"Afterglow”

Correct model? Thin target model? Still debated.


http://adsabs.harvard.edu/abs/1971SoPh...18..489B
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Flares
Thick target model +

- Magnetic reconnection

Turbulent acceleration
theory

= Plasma (electrons) accelerated away from reconnection site
as oppositely directed hot jets.

‘-» Downward streaming of fast particles

= Hit denser plasma in chromosphere below,
emission of hard X-rays via bremsstrahlung

: ek Turbulence acceleration
Reconnection o region, Coronal X-ray
emission
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Thick=target footpoints Liu et al (2008)
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Impulsive and gradual phase
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Impulsive and gradual phase
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Thermal radiation — Bremsstrahlung

Emission mechanisms

positively chamed
nuckeus

Non-thermal radiation — plad bremsstrahiung
_Synchrotron radiation % photons
Radiation
Polarization
Magnet]
Electron N poir%t negatively charged
electon
Magnetic Field
Non-thermal g:;l;rtent
Radiation Microwaves
K. R. Lang, Tufts University

N
. . . \/\
 Electrons accelerated to relativistic speeds

= Synchrotron radiation becomes beamed
for electrons moving at relativistic speeds

Soft X-rays

Field lines
after reconnecti

« Bremsstrahlung when particles are
decelerated when hitting denser plasma  Hard X-rays "™
and/or in hot plasma due to thermal and gamma rays
particle motions (spectrum related to 100p
plasma temperature)

Lysenko et al. (2020)/Shibata et al. (1995)



'lypeY Type [ Flore Contlwum

Typel
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Typef[ Type i Flare Contmuum

Typel
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TypeX Typel Flare Continuum

Radio Bursts

- Type lll: during impulsive flare phase,
simultaneously with hard x-ray emission

. Fast frequency drift corresponding
to velocities of 104- 105 km/s
(consistent with 10-100 keV electrons)

- Typell: occur after type Il

Frequency (MHz)

«  Move more slowly (v ~ 103 km/s),
consistent with velocity measured
for the coronal mass ejections

 Explanation: Source propagates

S70 M2

outwards through corona (shock LI e T\ 11

wave generated by a flare or
eruptive prominence) —

- Type I: Noise storms due to plasma
emission in Active Regions

w
=
x
2
=4
-
'
)
1
o~
.4
o
-

Frequency (MHz)

- Type IV-V and additional types:
associated, less common
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Observational evidence for reconnection
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Numerical simulations

wv

At the same time, magnetic forces eject plasma away from the Sun.

}‘
™ - .
— -
sunspot sunspot
Violet : Plasma with temperature less than 1 million Kels
Red :Plasma with temperature between 1 and 10 million Kelvin

Green: Plasma with temperature greater than 10 million Kelvin M. C. M. Cheung, M. Rempel et al. 2018, Nature Astronomy
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Flares — Challenges for understanding and modelling

e Spatial scales:
« Particle trajectories on scales: ~1cm (electron Larmor radii)
 Typical thickness of a current sheet: ~100 — 1000 m
« Coronal loops, filaments — height, length: several Mm to 10-100Mm

e Time scales:
« Kinetic processes: as small as 109 s
« Global flare evolution: minutes to hours

- Plasma conditions (especially in the current sheet) cannot be described adequately using fluid
approach (i.e. (ideal) MHD)

m» Requires kinetic description (i.e. on particle level)

« Current numerical approach:
« Simplifying assumptions and approximations needed to render problem computationally

feasible 7 P
« Particle-in-cell (PIC) method TR mm‘ A
» Iterative method for solving the evolution of a system of particles ... :;:::::-:/.pmes ’
(here: charged particles in a magnetic field)
Update Accumulate

« Uses macro-particles to represent many real-particles Spatial Domain felds «wms
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Bastille Day FIaH‘ o

 July 2000

o X5.7-class!

« (Observations
with NASA's
TRACE satellite

« (Causeda

Coronal Mass
Ejection ana
then a
geomagnetic
storm with
minor damage
to satellite and
power grid
infrastructure

NASA/Goddard Space Flight Center Scientific Visualization Studio




AST5770 - UiO - S. Wedemeyer

“Best observed flare ever” — X-class — March 29, 2014

O A CTER R T R
RIS | ., . 2832
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Occurrence of major (X-class) flares over the solar cycle

. Flares occur in Active Regions
m Number of flares (and X-class flares) thus varies with the number of present sunspots and

Franas Reddy

thus with the solar cycle
Flare Locations
24097 | |

Sunspots vs. X Flares

[ Smoothed monthly mean sunspot
numbers, Sept. 1975 to March 2003

|:| Months with X-class flares

[[] X80 or greater
X13.0 or greater %4

T
-
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500+

'1000 . SV T Sy W . I SRy - ).
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Cycle 23
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Occurrence

. TJotal number per day depends on flare intensity!
« Solar minimum: on average one per day
. Solar maximum: on average as high as 20 per day

« Flare rate is very irregular!
 There can be long periods of time at solar minimum with no detectable flare!
. Alarge active region can produce many flares in just a few days.
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Flares as a scalable phenomenon

Magnetic field on the Sun is structured on a larger range of scales

. “Stored” magnetic energy in stressed magnetic field scales correspondingly

« Magnetic reconnection can trigger 10°
energy release in structure over a large
range of spatial scales.

Quiet Sun §

Nanoflares .

« From small to large: N(E)-E-1-54:0.03

-

o
o
[

. Nanoflares

«  Microflares Active Region

i Transient brigthen
N(E)-~E"1-55£0.0

Aschwanden & Parnell (2002)

« (normal) flares

Flare frequency N(E) [10'50 s1em™2 erg'1]
=)
&
|

Active Region

Hard X-ray Flares
N(E)~E-1-5320.02

10-10

I 1 I 1 I 1 I 1 I
1024 1026 1028 1030 1032

Flare energy E [erg]
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Flares as a scalable phenomenon

Magnetic field on the Sun is structured on a larger range of scales

“Stored” magnetic energy in stressed magnetic field scales correspondingly

Magnetic reconnection can trigger
energy release in structure over a large
range of spatial scales.

From small to large:

Flare frequency [erg™ 'star 'year™ ')

Na;\dlares('Asctmand'en et al.2600) ' '
oo b dN/dE=<E~""®
. Microflares ( Shimizu 1995 ) 3
deE“ E—l.s"\ % N&“ E-1 14 S/
102 | 5
Strongest 3
solar flare o
10°% | :
N <C
Solar flares ( Crosby et al. 1993
dNdE<E™™S® T
107 | w
1079} 1 ‘ ‘ -
10* 10% 102 10¥ 102 10* 1% 1%

Flare energy [erg]
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Flares as a scalable phenomenon

Magnetic field on the Sun is structured on a larger range of scales

. "Stored” magnetic energy in stressed magnetic field scales correspondingly

« Magnetic reconnection can trigger

energy release in structure over a large _ Narv';ﬂ.a.sn: oectoleinid
. -20 L 2
range of spatial scales. 10 |
% .« Microflares ( Shimizu 1995 ) 8
« From small to large: g INGEE-18  \ INVE<E 74 g
> =
Ty 107 : 12
8 Strongest ?
'g, solar flare ES
Z 100} Flareson xCet - g
§ andEKDra
&
g ~-35
g 0S| 1 ~
. I
Sun-like § ;
109 } (P>104; ml N -
10 10% 10®  10¥ 102 10* 10%® 1%

Flare energy [erg]
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Stellar flares

Superﬂares Maehara et al (2012) ] R m————
0.025 o
- Kepler observations 355 | _
0.015 !
0.0 0.2 0.4
0.010 Time from flare peak (d) o
Relative flux variation (AF/Fa): 1.4% 0.005 |- -
. 0.000 .
« Flare duration: 3.9 h
-0.005 )
 TJotal released energy: 5.6 1034 erg ¢ ¥ Cuse362
%_ 960 965 970 975 980 985 990 995 1,000
3 BJD — 2,454,000
2 0.100 . . . . . . .
5 € 010
o 0.08
: S 0.080 3 o
Relative flux variation (AF/Fav): 8.4% o
: i 0.02 l
« Flare duration: 54 h 0.060 0.00
0.0 0.2 0.4
- Total released energy: 3.0 103 erg 0.040 |- Time from flare peatc (@ -
0.020
 In total: 365 superflares from ~83000 stars

0.000

observed over 120 days.

KIC 6034120
-0.020 l l l l l l

m Superflare occurring on a star once every ~350 yr. 25 30 35 40 45 50 55 60 65
BJD - 2,455,000
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' X100,000

Credits: NASA's Goddard Space Flight Center/S. Wiessinger
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Megaflares

. Megaflares on M-dwarf stars:
The flare can outshine the whole
stars for minutes

- Prominent examples:

 Proxima Cen: Flare on May Eae
lasted just 7 seconds, brightest®
ever detected flare in millimete
and far-UV wavelengths.

« AD Leo: Well-studied flare star.

A Light Curve for AD Leonis

—r—r—r——r—r—r—

Intensity

R B g ———— ——

i 1
1000 2000 3000 4000
Time in Seconds Since 04:40 UT on April 12, 1985 Credits: NASA'S Goddard Space Flight Center/S. Wiessinger



