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Some energetic ion observations in impulsive flares

• In solar flares energetic electrons up to MeVs and ions up to 
GeVs are measured

• A significant fraction of the released magnetic energy appears in the form of 
energetic electrons and ions (Lin and Hudson ‘76, Emslie et al ‘05)

– Must explain such extraordinary efficiency and link particle energy gain to 
magnetic energy releasemagnetic energy release

– The energetic electron b can approach unity in over-the-limb observations 
(Krucker et al 2009)

• Correlation between > 300keV energetic electrons and  > 30 MeV ions (Shih 
et al 2009) 

– Common acceleration mechanism?

• In impulsive flares see enhancements of high M/Q ions (e.g., 
Mason ‘07)



Main Points

• A single x-line model of flares can not explain the observations
– Parallel electric fields are too localized around the x-line to explain the 

large numbers of energetic electrons(Drake et al 2005, Egedal et al 2009)
– Magnetic energy release does not take place at the x-line but downstream 

as the magnetic field line relaxes its tension

• Instead magnetic energy release takes place in regions with volume 
filling magnetic islands (Tajima and Shibata 1997, Onofri et al 2006, filling magnetic islands (Tajima and Shibata 1997, Onofri et al 2006, 
Drake et al 2006)

• Electron acceleration is dominated by first order Fermi acceleration in 
contracting islands (Kliem 1994, Drake et al 2006)
– Electron energy gain is linked to magnetic energy release



Main Points (cont.)

• Ion acceleration takes place in two steps
– Ions entering reconnection exhausts act like “pickup” particles and gain a 

thermal velocity equal to the Alfven speed 
• Abundance enhancements of high M/Q ions occur because during guide-field 

reconnection (typical for the sun) they more easily behave like “pickup” 
particles than protons (Drake et al 2009)

– Super-Alfvenic ions, like electrons, gain energy through Fermi relection in 
contracting islands 

• Links acceleration mechanism of electrons and ions

• Both ions and electrons gain energy through island contraction 
(increasing the parallel energy) until reaching the marginal firehose 
condition
– Providing the feedback discussed byOnofri et al 2006
– At the marginal firehose limit reconnection is throttled
– The energetic particle b approaches unity (e.g.,Krucker et al 2009)

• Balance of Fermi drive and convective loss leads to powerlaw 
distributions with spectral indices that can approach 1.5 in a low-b
system



A multi-island acceleration model

QuickTime™ and a
PNG decompressor

are needed to see this picture.

• Narrow current layers spawn multiple magnetic islands in 
reconnection with a guide field
– Must abandon the classical single x-line picture!!



TRACE observations of downflow blobs

• Data from the April 
21, 2002, X flare

• Interpreted as patchy 
reconnection from 
overlying reconnection 

QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.

overlying reconnection 
site (Sheeley et al 
2004, Linton and 
Longcope 2005)



Multi-island reconnection

• Give up single x-line model 
• How are electrons and ions accelerated in a multi-island 

uin

CAx

• How are electrons and ions accelerated in a multi-island 
environment?
– Fermi reflection in contracting magnetic islands increase the parallel 

particle energy

– Rate of energy gain independent of  particle mass 
� Thermal  protons are not fast enough to bounce

since are sub-Alfvenic -- need seed heating mechanism

CAx

�

deP
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~ 2eP

cA

Lx



Seeding super-Alfvenic ions through pickup 
in reconnection exhausts

• Ions moving from upstream cross a narrow 
boundary layer into the Alfvenic reconnection 
exhaust

• The ion can then act like a classic “pick-up” 
particle, where it gains an effective thermal velocity particle, where it gains an effective thermal velocity 
equal to the Alfvenic outflowTi ~ micA

2

• Energy proportional to mass(Fujimoto and Nakamura, 
1994)



Ion acceleration 
during anti-parallel 

reconnection

• PIC simulation with 
mi/me=25

• Sharp increase of Tin the • Sharp increase of Ti in the 
exhaust

• In pickup picture 
DTi ~ mi Dv2/3 ~ mi cA

2/3



Particle acceleration in a periodic magnetic field

• Simulations of particle 
acceleration in a realistic 
sheared magnetic field is 
intrinsically 3-D
– Not feasible in PIC model

• Treat a system with periodic 
reversals as a test bed
– Can study for the first time 

Jez

– Can study for the first time 
particle acceleration in a true 
multi-island environment with 
a PIC model

• Islands first grow on each 
current layer and then undergo 
merging with neighbors on the 
same current layer and then on 
adjacent current layers
– Island merging leads to 

magnetic energy release



Proton temperature

• Within islands 
Ti||  > Ti^

• In exhaust 
regions

Ti||

regions
Ti||  < Ti^

• What about  
firehose and 
mirror mode 
condition?

Ti^



Mirror and firehose 
conditions

• Data from PIC simulations
– Each point corresponds to a 

grid point in the simulation

• As reconnection strongly 

b^

firehose

mirror

• As reconnection strongly 
onsets both the firehose 
and mirror stability 
boundaries are violated

• At late time the firehose 
and mirror conditions act 
as constraints

b||



Mirror and firehose 
conditions

• Within islands bump 
against the firehose 
condition
– This condition 

limits island 
contraction

firehose
contraction

– Controls particle 
spectra 

• In current layers and 
along separatrices 
bump against mirror 
mode limit

• Self-consistency is 
crucial in exploring 
particle acceleration

firehose

mirror



Electron and ion energy spectra

• Both ions and electrons gain 
energy

• Include 5% population of  very 
hot particles 

• A key feature is that the rate of 

ions

electrons• A key feature is that the rate of 
energy gain of particles 
increases with energy

� first order Fermi

electrons

hot ions 

de
dt

µ e

E

f(E)



Distribution of most energetic ions

• The most enegetic ions 
are located in regions of 
island merging which 
leads to contraction of a 
very large island

• The particles circulate in • The particles circulate in 
the contracting islands 
and gain energy as they 
reflect from the ends of 
the island
– Energetic ions are 

accelerated through the 
contracting island 
mechanism

– A first order Fermi 
process



1-D Model equations

• Rate of energy gain: first order Fermi

Ý v =
dv
dt

=
1
t h

1-
4pp
B2
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�  
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• Model equation for the omnidirectional distribution function 
F(v,t) = 4p v2f (v,t)

• Above the source energy this is an equidimensional equation
� powerlaw solutions

¶F
¶t

+
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Distributions and spectral indices

• Exact steady state solutions for F(v)

• Spectral index

F(v) = g - 1( )v- g ds
0

v

� sg - 1F0(s)

g - -
4pp0 g - 1�  �  

1/ 2

=
t h

• Since the island sizes are much smaller than the system size, 
t h << t L 

� spectral index controlled by marginal firehose condition

(g - 1) 1-
4pp0
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Impulsive flare energetic ion abundance 
enhancement

• During impulsive flares 
see heavy ion 
abundances enhanced 
over coronal valuesover coronal values

• Enhancement linked to 
Q/M 

µ
Q
M

�
��

�
��

- 3.26

Mason, 2007



Abundance enhancement of  ions during impulsive 
flares

• Ions are seeded to super-Alfvenic velocities 
through interaction with reconnection exhausts 

• Once the ions are super-Alfvenic the Fermi island • Once the ions are super-Alfvenic the Fermi island 
contraction mechanism acts on all ions

• We suggest that the abundance enhancement is 
linked to a threshold on ion pickup, which 
depends only on  M/Q



Proton pickup behavior in reconnection 
outflows: anti-parallel versus guide field

• Protons behave like 
pickup particles in anti-
parllel reconnection

• Little proton heating 
with a strong guide field
– Protons become 

adiabatic so no pickup 

Bz0=0

Tp

adiabatic so no pickup 
behavior

Bz0=2

Bz0=2

DTp

y



Pickup threshold: guide field

mi=16mp

t

m

Ey

B = 5.0

• Protons and alpha particles remain adiabatic (mis conserved)
• Only particles behave like pickup particles gain significant 

energy � threshold for pickup behavior depends only on 
M/Q viy

D
»

0.1cApx

r sp

> Wi �
mi

Zi mp

>10
cps

cApx

t Bz0 = 5.0

For a given ion mass to charge this is a sharp 
threshold in the reconnecting magnetic field Bx



Abundance enhancements in impulsive flares

• Ion pickup criterion can be rephrased as a threshold 
on magnetic island width wc.

– Higher M/Q ions have lower island width thresholds

mi

Zi mp

>10
csp

cAxp �
cAxp ; ¢cAxpwc >10csp

Zimp

mi

�

��
�

��

– Higher M/Q ions have lower island width thresholds

• Rate of production of pickup ions
– Take powerlaw distribution of island widths: P(w) ~ w-a

– Match the Mason ‘07 observations if a ~ 6.26 

�

dNi

dt
: wc

3- a :
Zimp

mi

�
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Spectra of minor ion species

• Putting together the predicted rate of ion seeding with the 
spectrum resulting from Fermi acceleration yields the 
spectrum for minor ions

F(E) µ
M�  

�  
�  
�  

a - 3

E - (3+b0 ) / 2

• Match the Mason ‘07 observations if a ~ 6.26
• This is not yet confirmed with detailed PIC simulations but 

will be test in the near term by including a guide field and 
multiple ion species

F(E) µ
Q�  �  �  �  

E - (3+b0 ) / 2



Conclusions

• High energy particle production during magnetic reconnection 
involves the interaction with many magnetic islands
– Not a single x-line

• Ion interaction with the reconnection exhaust seeds them to 
super-Alfvenic velocities.
– Ions that act as pickup particles as they enter reconnection – Ions that act as pickup particles as they enter reconnection 

exhausts gain most energy
• M/Q threshold for pickup behavior
• Gain a thermal velocity given by the Alfven speed
• Wind and ACE observations support this picture

• Interaction with reconnection exhausts acts as a seed heating 
mechanism for ions



Conclusions (cont.)

• Efficient heating of super-Alfvenic ions through 
magnetic island contraction
– Balance of contraction drive and convective loss yields 

powerlaw solutions
– Spectral indices are controlled by the approach to – Spectral indices are controlled by the approach to 

firehose stability

• M/Q threshold for pickup behavior is a possible 
explantation of impulsive flare heavy ion 
abundance enhancements 
– This hypothesis can be tested with PIC simulations



10 -3

10 -1

101

103

P
ha

se
 S

pa
ce

 D
en

si
ty

  (
s3 /k

m
6 )

f(w) = f
o
w -5

H+

quiet time
tails

SWICS

4.23 AU

94 AU

Core pickup protons

Universal super-Alfvenic ion spectrum in the 
quiet solar wind 

Fisk and Gloeckler, 
2006

10-11

10 -9

10 -7

10 -5

1 10 100

P
ha

se
 S

pa
ce

 D
en

si
ty

  (
s

W     Ion Speed/Solar Wind Speed

f(w) = f
o
w

(in solar wind frame)

Solar wind protons

ULEIS

1 AU

• Proton spectra of the form  f µ v-5 are observed throughout the heliosphere



Ion acceleration during reconnection

• Fermi acceleration through island contraction is efficient 
only for super-Alfvenic ions
– Need seed heating mechanism for ions

• Ions gain significant energy through large-scale Alfvenic 
flowsflows
– Does not facilitate the production of particles in the 100MeV to 

GeV range in the corona � energy gain is reversible

• Ion “pickup” in magnetic reconnection exhausts is the 
dominant seed heating mechanism.


