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Outline 

Ø   Motivation: Magnetic Reconnection everywhere... and in the 
Lower Solar Atmosphere 

Ø   HiFi modeling framework and the partially ionized reacting multi-
fluid model 

Ø   Magnetic reconnection in a weakly ionized plasma 
q    Structure and scalings of a laminar reconnection region  
q    Onset of the plasmoid instability 
q    Asymmetric reconnection 
q    Ion inertial effects – the Hall effect 

Ø   Plasma compressibility in coronal reconnection sites – 
implications for particle acceleration 
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Magnetic Reconnection 

Ø   Local reconfiguration and 
annihilation of magnetic fields 
resulting in relaxation of the global 
topology of a magnetic configuration 
in such a way as to transfer energy 
stored in the stressed magnetic fields 
into kinetic (directed) and thermal 
(random) energy of the plasma. 

Where does/could magnetic reconnection play a role?  

Astrophysics: 
▪ pulsar magnetospheres 
▪ heating of interstellar and 
intergalactic medium 
▪ dynamics of accreting 
systems 

Space & Solar Physics: 
▪ solar flares, coronal mass ejections 
▪ solar corona heating 
▪ interaction of solar wind with 
planetary magnetospheres 

Magnetic Fusion Devices: 
▪ sawtooth crash and tearing 
instability in toroidal devices 
▪ coaxial helicity injection 
▪ self-reversal in  
Reversed-Field Pinch devices 

Dynamical coupling across orders of magnitude in spatial scales! 
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Physics! 



How Does Magnetic Reconnection Happen?    

1.  Free magnetic energy is supplied into some large-scale volume. 
a.  pre-existing magnetic structures are convected towards each other; e.g., 

two flux ropes are convected into each other; 
b.  magnetic fields are stressed in-place; this could be fast or slow (relative to 

the Alfven time), could be quasi-random on small scales or organized on 
large scales; e.g., magnetic loops tangled by field line footpoint motions in 
the solar photosphere;   

2.  Magnetic field lines begin to reconnect with each other over some set of  
small-scale sub-volumes; 

3.  Free magnetic energy is released in the form of flows, heat, radiation 
and non-thermal particle acceleration;  

Energy may be released locally within the reconnection sub-volumes [e.g., 
Joule heating, radiation, and particle acceleration], or globally due to the 
reconfiguration of the fields that has been allowed by reconnection. 

Generic High Level Timeline: 
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Key Questions in Magnetic Reconnection 

Ø   How fast can the magnetic energy be released? 

Ø   How is it possible that under some circumstances free magnetic 
energy can be slowly accumulated and then explosively released? 

Ø   What determines the released energy partition between thermal, 
radiation, bulk flow and non-thermal particles?  

Ø   Under what circumstances the reconnection sub-volumes are 
localized in 1D (a current sheet), 2D (a line current) and 3D (a point-like 
current density concentration)? 
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Magnetic Reconnection – Dedicated Experiments 

Terrestial 
Reconnection 
eXperiment 

(TREX) 
Olson, Egedal 

et al., PRL 
(2016) 

LArge Plasma Device 
Lawrence & Gekelman  

PRL (2009) 

Reconnection between Laser-Produced Plasma Plumes 
Fiksel, et al., PRL (2014) 
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Magnetic Reconnection – Magnetosphere 

Magnetosheath 
Reconnection 

(Cluster 1 spacecraft) 
Phan et al., GRL (2007) 

Magnetotail 
Reconnection 

(Wind spacecraft) 
 Øieroset, et al., 
Nature (2001) 
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Magnetic Reconnection – Magnetosphere 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
University of Michigan – Ann Arbor, September 19th, 2016 



Magnetic Reconnection – Solar 

Post-CME Current Sheets 
Lin et al., JGR (2008) 

Impulsive Flares  
Reames, ApJL (2002) 

Flux Emergence and  
Chromospheric Reconnection  

Schrijver, Adv. Space Res. (2009) 
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Magnetic Reconnection – Solar Corona 

Images courtesy of 
NASA / Solar Dynamics Observatory 

Magnetic activity in the solar corona, from active regions to formation of the fast 
and slow solar wind, is mediated by magnetic reconnection 
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Magnetic Reconnection – Solar Chromosphere 
Chromosphere is highly dynamic, much of it driven by 

magnetic reconnection

Image courtesy of Bart De Pontieu; NASA / Interface Region Imaging Spectrograph 
Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
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And  
     below  
          that… 



Solar Chromosphere 
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What is Unique About the Chromosphere?  
1.  A relatively thin, ~ 2 Mm, boundary layer between the pressure / flow / radiation 

dominated convection zone and the magnetically dominated corona 
ü  Average particle density changes by several orders of magnitude from the 

bottom to the top of the chromosphere 
ü  Plasma beta changes from  >> 1 at the bottom to < 1 at the top of the 

chromosphere 
2.  Due to the density and temperature variations with height, plasma ionization fraction 

varies from ~0.1% to ~50% 

ü  Non-equilibrium ionization-recombination effects can be dynamically 
important   

ü  While the plasma is hydrogen dominated, there are regions where the ionized 
fraction is dominated by heavy low first ionization potential (FIP) elements 

3.  Radiation transport is highly complex, changing with height from optically thick to 
optically thin 

ü  Radiation transport effects can also impact ionization and recombination rates 
4.  The above statements about height dependence are nominal… There are O(1) 

horizontal variations in magnetic field strength, particle density, temperature, etc. 
Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
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HiFi Multi-Fluid Modeling Framework 
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HiFi Multi-Fluid Modeling Framework 

Open-source 2D & 3D modeling framework with operational versions of the code 
freely available under a BSD-style license.  For more info, see: 

http://hifi-framework.webnode.com/hifi-framework/ 
 Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
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Ø   Open source platform to model behavior of fluid-based dynamical 
systems as initial value solutions of non-linear coupled PDEs 

Ø   High-order local spatial discretization and implicit time advance 

Ø   General standard “flux-source” format for equations to be solved 

Ø   Main algorithm compiled into a library that is transparently used by 
the user-specified physics file constructed according to a provided 
generic template 

Ø   Template designed for a computationally-oriented graduate student 

Ø   Allows user (application scientist) to specify: 

•  Application-specific input deck, initial conditions and spatial grid 

•  Desired PDEs in the coordinate system of one's choosing 

•  Desired boundary conditions 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
University of Michigan – Ann Arbor, September 19th, 2016 

HiFi Multi-Fluid Modeling Framework 



Reacting Multi-Fluid Model in HiFi 

charge-exchange 

ionization 
& 

recombination 
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Reacting Multi-Fluid Model in HiFi 

optically thin radiative losses 
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Reacting Multi-Fluid Model in HiFi 
Ohm's Law: 
We drop the electron inertia and the viscous part of the electron pressure tensor 
but include electron-neutral collisions as well as electron-ion collisions:  

“three-fluid” terms  
accounting for  

separate electron flow 
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Magnetic Reconnection in a Weakly 
Ionized Plasma of Solar Chromosphere 
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Key Questions in Magnetic Reconnection 
Ø   How fast can the magnetic energy be released? 

v  Could the partial ionization effects impact / accelerate the reconnection 
rate? 

Ø   How is it possible that under some circumstances free magnetic 
energy can be slowly accumulated and then explosively released? 

v  Could the partial ionization effects enable a transition from slow to fast 
reconnection in the chromosphere? 

Ø   What determines the released energy partition between thermal, 
radiation, bulk flow and non-thermal particles?  

v  How do the partial ionization effects impact the energy partitioning at 
different heights within the chromosphere? 

Ø   Under what circumstances the reconnection sub-volumes are 
localized in 1D (a current sheet), 2D (a line current) and 3D (a point-like 
current density concentration)? 

v  Could the partial ionization effects impact the physics of reconnection 
region localization? 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
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Magnetic Reconnection – Laminar Resistive Theory 

Parker (1957), Sweet (1958) 

=> { 

Ø  In the standard 2D cartoon, 
the local magnetic field 
annihilation takes place within 
an elongated current diffusion 
region: 

where D(η, J) is the magnetic diffusion operator. 
If magnetic field diffusion is resistive: 

Derived from the continuity 
equation. Assumes no 

sources / sinks of particles in 
the diffusion region 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
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Magnetic Reconnection – Weakly Ionized Regime 

Continuity Eq.: 

It follows that: 

If the system is in ionization – recombination balance, the reconnection rate can 
be enhanced due to the ambipolar diffusion effects, but the single-fluid resistive 

scaling does not fundamentally change. 

If recombination dominates, the Sweet-Parker outflow bottleneck can be avoided 
and the system allows for 'fast' resistivity-independent reconnection rate.  

Possibility of  
ionization  

non-equilibrium 
in the current sheet 

Vishniac & Lazarian, ApJ (1999); Heitsch & Zweibel, ApJ (2003) 

, where 
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Weakly Ionized Regime – 2D HiFi Simulations 

•   Length scale (L0) ~ 10 – 100 km 

•   Neutral-ion collisional mean free path, λni ~ 0.1 – 1 km 

•   Reconnecting magnetic field strength (B0) ~ 10 Gauss 

•   Background electron & ion number density ~ 109 – 1010 cm-3  

•   Neutral hydrogen atom number density ~ 1012 – 1013 cm-3  

•   Background ionization fraction ~ 0.1% 

•   Plasma temperature ~ 8500 K 

•   Alfven speed based on ion mass density ~ 100 km/s 

•   Alfven speed based on total mass density ~ 3.5 km/s 

plasma 
parameters 

characteristic 
of lower 
to middle 

chromosphere 

Leake, Lukin, Linton & Meier, ApJ (2012);  Leake, Lukin & Linton, PoP (2013) 
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Weakly Ionized Regime: Reconnection Region 

Inflows decouple when the resistive current sheet diffusion scale becomes 
smaller than the neutral-ion collisional mean free path, λni ~ 100 m. 

vertical  
flow  

horizontal  
flow  

decoupled  
inflow  

coupled  
outflow  
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Weakly Ionized Regime: Reconnection Region 

Recombination and, to a lesser degree, ion (electron) outflow balance the 
ion (electron) inflow into the reconnection region. 

inflow 

ionization 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
University of Michigan – Ann Arbor, September 19th, 2016 

recombination 

outflow 

further zoom-in 

note logarithmic 
color scale  



Weakly Ionized Regime: Reconnection Region 

As the fully nonlinear reconnection region forms out of the initial small and 
localized perturbation, the thickness of the current layer continues to decrease, 

while its length begins to increase.   

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
University of Michigan – Ann Arbor, September 19th, 2016 
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Weakly Ionized Regime: Reconnection Region 
Profiles of plasma quantities across the reconnection current sheet 

ion (electron)  
density 

ion inflow 
speed 

current 
density 

ion-neutral  
inflow drift  

1) ion density in the 
current sheet is greater 
than the background 
value by an order of 
magnitude  

2) ion inflow velocity 
increases just upstream 
of the current sheet – 
ions are sucked into 
the current sheet 

3) ion inflow is much 
faster than neutral 
inflow 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
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Weakly Ionized Regime: Aspect Ratio Scaling 

Note: 

and 

reconnection 
rate 
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Weakly Ionized Regime: Reconnection Rate Scaling 

Normalized magnetic reconnection rate Msim as a function of the Lundquist number. 
The red lines show the range in reconnection rate taken in three plasmoid-unstable 

simulations, after the plasmoids are formed.  
The dashed line is the Sweet–Parker scaling law M ∝ S-1/2.  
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Weakly Ionized Regime: Plasmoid Instability 

Highly elongated reconnection current sheets generate plasmoid structures with an 
order of magnitude electron density enhancement over the background electron density. 
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Chromosphere: Current Sheet width vs. λni 

Ø  Solid lines show two extremes of the calculations of the resistive width. The 
higher value uses a current sheet aspect ratio σ = 1/1000 and B=5 G, and the 
lower uses σ = 1/50 and B=1000 G.  

Ø  The dot-dashed line is the neutral-ion collisional mean free path, λni. 
Ø  Conclusion: Chromosphere is likely to have recombination-dominated 

magnetic reconnection sites with “clumps” of higher electron density 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
University of Michigan – Ann Arbor, September 19th, 2016 

Calculation with 
the FALC 1D solar 
chromosphere 
model.  



Asymmetric Chromospheric Reconnection 

Shibata et al. (2007) 

Ø  Chromospheric jets occur when newly emerged flux reconnects with pre-
existing overlying flux – asymmetric reconnection 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
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Weakly Ionized Regime: Asymmetric Reconnection 
Comparing ion and neutral inflow velocities

I Asymmetric decoupling between ions and neutrals in inflow

I Higher neutral pressure on bottom ! neutrals flow upward
across the current sheet

T1 = 9250 K
B1 = 10 G

T2 = 8750 K
B2 = 5 G

Viy Vnystronger 
magnetic field 

side 

higher neutral 
pressure side 

Murphy & Lukin, ApJ (2015) 
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Weakly Ionized Regime: Hall effect 
stronger 

magnetic field 
side 

higher neutral 
pressure side 
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T1 = 9250 K 
B1 = 10 G 

T2 = 8750 K 
B2 = 5 G 

Ø  Ion-neutral coupling increases the effective ion inertial scale  
     (c/ωpi)eff = c/ωpi×√[(ni+nn)/ni]  

Ø  Current sheet thinning below (c/ωpi)eff leads to generation of out-of-plane Bz 
with magnitude up to 50% of reconnecting Bx component 

Ø  Contrary to the hypothesis of Malyshkin & Zweibel, ApJ (2011), current sheet 
length remains macroscopic even for δCS < (c/ωpi)eff  



Dynamics of the plasmoid instability

I Plasmoids bulge into weak field upstream region

I High ion density in plasmoids
I Hall fields locally a large fraction of reconnecting field

I Plasmoid instability leads to structures on ⇠c/!pi scales

Weakly Ionized Regime: Plasmoids + Hall effect 
stronger 

magnetic field 
side 

higher neutral 
pressure side 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
University of Michigan – Ann Arbor, September 19th, 2016 

Slide courtesy of Nick Murphy 



Magnetic Reconnection in a Highly 
Compressible Plasma of Solar Corona 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
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Ø  For a given CME speed, Solar Energetic Particle (SEP) intensities vary by 3-4 
orders of magnitude (Reames 2000) 

Ø  Hard spectrum of suprathermal seed particles is required for the injection into the 
shock acceleration process at low MA-shocks close to the Sun (Laming et al. 2012; 
Zank et al. 2006) 

Credit K. Ko 

flare particles need to leak out to the interplanetary medium
from the flare site first, through perhaps interchange reconnec-
tion. In comparison, coronal and solar wind material that are
accelerated at the preceding shock can be processed by the
main shock easily if both shocks are propagating toward similar
directions. Consequently, pre-CMEs may provide more seed
particles than pre-flares. Now an extremely large SEP event
needs to have a large seed population, and since pre-CMEs can
provide more seed population than pre-flares, we conclude that
extreme events are those events where seed particles are
efficiently and dominantly produced at pre-CMEs. Conse-
quently the Fe/O ratios in extreme events are closer to coronal
values than flare values. Along this reasoning, we would expect
that in less extreme twin-CME events (e.g., events having peak
intensities smaller than 1000 pfu), the Fe/O ratio will scatter
and have a larger range. This is indeed what is shown in
Figure 2. Finally, note that all single-CME events (except one)
have small Fe/O ratios since there is no contribution of flare
seed material from pre-flares. A rule of thumbforlarge SEP
events from Figure 2 is therefore the following: (a) single
CMEs can rarely produce large SEP events with a peak
intensity larger than 100 pfu and the Fe/O ratios in these events
are often smaller than 2.0; (b) large events having peak
intensitieslarger than 100 pfu are almost all produced by

twinCMEs and the Fe/O ratio of these events have a large
scattering range andcan reach 8.0 if sufficient flare seed
material presents; (c) for very large events witha peak intensity
larger than 1000 pfu, the seed population is likely from pre-
CMEs than pre-flares and therefore the Fe/O ratio becomes
smaller again.
In the work of Ding et al. (2013), it was suggested that if the

twin-CME scenario is the cause for large SEP events, then the
peak flux intensity of these large SEP events (whichare caused
by twinCMEs), which is mostly controlled by the seed
population and the turbulence level at the shock driven by the
main CME, should have little correlation with the associated
flare class, or with the speed of the associated CMEs. For
extreme SEP events, the correlation should be even less.
Figure 3 plots the event peak intensity as functions of flare
class and CME speed. The upper two panels are for all events
and the lower two panels are for extreme events
(Ip > 1000 pfu) only. The blue dashed lines in each panel
are the linear fit to the result and the correlation coefficients are
shown in each panel. Clearly, we can see from panels (c) and
(d) thatfor extreme SEP events there is no correlation between
the peak intensity and the flare class or the CME speed. Even
for all events (panels (a) and (b)), the dependence of the peak
intensity on either the flare class or the CME speed is at most

Figure 3. Peak intensity of large SEP event plotted vs. the associated flare class and CME speed for all SEP events and extremely large SEP events. The blue line is
the linear fit curve.
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The Astrophysical Journal, 812:171 (9pp), 2015 October 20 Ding et al.

Extreme SEP events – no 
correlation with CME speed  

Ding et al. 2015 

SEP Production and Variability 

Slide courtesy of Elena Provornikova 
Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 

University of Michigan – Ann Arbor, September 19th, 2016 



Ion Heating and Acceleration During Magnetic Reconnection 233

Fig. 2 In (a) trajectories of a
typical proton (black) and α
particle (green) overlaid on an
image of Ey . In (b) the magnetic
moment per mass as a function of
time for the two particles in (a).
The red line denotes the time of
the Ey image

temperature increase is greater than the proton temperature in the perpendicular direction
(note the different color bar scales). Indeed, the temperature increase of the α’s is more than
mass proportional, consistent with observations (Kohl et al. 1997). This is also evident in
panels (e) and (f), which are cuts through the perpendicular and parallel temperature plots
for the α’s (red) and protons (black). The weak heating of the protons is consistent with the
adiabatic behavior shown in Fig. 2 and the predictions given in Eqs. (2) and (3). Differences
from the predicted values, in particular the changes in T⊥ for the protons and T∥ for the α’s,
presumably arise from corrections due to a mixture of adiabatic and non-adiabatic behavior
by the particles.

An interesting question is how the structure of the exhaust seen in this simulation relates
to the predictions of MHD, in which two rotational discontinuities (RDs) at the boundaries of
the exhaust drive the outflows. The magnetic tension associated with these RDs also drives
field-aligned flows of order B0xv0/B0 that point toward the midplane. These flows have
odd symmetry across the midplane of the exhaust. The collision of these flows produces
slow mode shocks with temperature increments that scale like ∆T ∼ B2

0xmpv2
0/B

2
0 . These

slow shocks have been proposed as heating mechanisms during flares (Forbes et al. 1989;
Longcope et al. 2010). There is evidence for the counterstreaming flows of the MHD de-
scription in the data from the simulation of Fig. 1. On the other hand the electric field Ey

(Fig. 2(a)) that drives the outflow exhaust is a fundamental part of the RD and we would
argue that this RD will produce strong heating through the pickup mechanism. Indeed, for a
large guide field the temperature increment in Eq. (2) exceeds that from the MHD descrip-
tion. Since the corona is essentially collisionless on the scale of the RD, we would suggest
that the pickup mechanism dominates the traditional slow shock mechanism.

2.2 Ion Acceleration in Multi Current Layer System

We now present the results of force-free, multi-current-layer simulations with low initial β
designed to gain an understanding of plasma heating and particle acceleration in the outer

Energization of high M/Q 
ions in reconnection exhausts 

Knizhnik et al. 2011 

M. Gordovskyy et al.: Particle acceleration in a transient reconnection

Fig. 10. The electron (left panels) and proton (middle panels) energy spectra for the model with initial CS width Y0 = 0.4 and dimensionless
resistivity S −1

1 = 3.2× 10−4 for different stages of the RCS evolution. The solid lines show the spectra of particles leaving the system, dashed lines
show the spectra of remaining particles. Note that the colour scale for the current density (shown on the right) changes between panels to enhance
the contrast. Upper panels correspond to the time t = 16tA while lower panels correspond to t = 128tA.

Fig. 11. The energy spectra for the model with Y0 = 0.25 and S −1
1 = 3.2 × 10−4. All other parameters are the same as in Fig. 10. Upper panels

correspond to the time t = 16tA, while lower panels correspond to t = 128tA.

3.4. Particle energy spectra

The particle kinetic energy is calculated as

Ek =
m
2

(v2|| + u2) + mµB (19)

where v|| is the particle parallel velocity, and u is particle drift
velocity (though, for high-energy particles outside the diffusion
region, the kinetic energy of parallel motion is dominant, m

2 v
2
|| ≫

m
2 u2 and m

2 v
2
|| ≫ mµB). The final energy spectra of test particles

at the end of each time “snapshot” calculated taking into account
their statistic weight χ are shown in Figs. 9–11 both for particles
ejected from the domain and those remaining.

The proton and electron spectra appear very similar during
the whole evolution of MHD system, which can be easily ex-
plained. Indeed, when acceleration occurs in a region with a
size comparable to particle gyro-radius, the non-adiabatic ef-
fects play a significant role, particle behaviour depends strongly
on particle mass, and proton and electron trajectories are
completely different (see e.g. Zharkova & Gordovskyy 2004).
However, when the scales of magnetic and electric field varia-
tions are much larger than particle gyroradii (which is the case
in the present study), the non-adiabatic effects may be ignored,
and protons and electrons behave rather similarly. Litvinenko
(1996) estimated the energy gained by electrons in CS with a
strong longitudinal magnetic field as E ≈ eaEB||/B⊥, where a

Page 9 of 13

Acceleration by electric field in reconnection 
regions 

Gordovskyy et al. 2010 

The Astrophysical Journal, 765:147 (11pp), 2013 March 10 Park et al.

(a)

(b) (c)

(d)

(f)

(e)

Figure 6. (a) and (d) Energy distribution vs. x-ranges where the By field is over-plotted with an arbitrary scale. The electron ((b) and (c)) and ion ((e) and (f)) energy
distributions in upstream (50 < x < 155c/ωpe) and downstream (155 < x < 250c/ωpe) at t = 8400/ωpe. In (b), the dotted line is a theoretical energy distribution
when the potential energy at the shock front is eΦ = −3.5(keV). We fit the thermal distributions with kappa distributions with κ = 10 (dashed lines).
(A color version of this figure is available in the online journal.)

(a)

(b)

(c) (e)

(d) (f)

Figure 7. (a)–(d) A typical electron tracking experiencing SDA. (e) and (f) A typical ion tracking experiencing SDA.
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Park et al. (2012) 

Drift acceleration at 
“termination” shocks in 
reconnection outflows 

f(E)~E-2 

E-1 – E-1.5  Ey 

Acceleration can take place in 
multiple reconnection sites. 

upstream downstream 

Particle Energization in Magnetic Reconnection 

Slide courtesy of Elena Provornikova 
Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 

University of Michigan – Ann Arbor, September 19th, 2016 



particle path 

waves from  
reconnection 

Alternative mechanism: acceleration in converging 
reconnecting flows 

How compressive can magnetic 
reconnection be in the solar corona?  

Ø  First order Fermi acceleration 

Ø  Ion’s mean free path is larger than the current 
sheet width but smaller than its length 

Ø  Spectrum index (Drury 2012) 

∂ ln f
∂ ln p

= −
3C
C −1

, C = nout
nin

C >>1 f (p) ~ p−3

is compression 
Similar to diffusive shock acceleration 

Slide courtesy of Elena Provornikova 
Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 

University of Michigan – Ann Arbor, September 19th, 2016 

Particle Energization in Magnetic Reconnection 



Resulting compression C  
in different configurations  

Isothermal 
β=0.02 

Isothermal 
β=0.8 
 

2T 
Full 
MHD 
β=0.8 
  

Force-free 
current 
sheet 

C ≈ 3.5 C ≈ 1.4 C ≈ 1 
 

Reduced 
guide field 

C ≈ 5 
 

C ≈ 1.5 
 

C ≈ 4 

Harris 
current 
sheet  

C ≈ 6 C ≈ 1.6 

Model 

Magnetic  
configuration 

Conditions for strong 
compressions: 
•  Low-β plasma 
•  Small guide field Bz 
•  Efficient cooling by thermal 

conduction and/or radiative 
cooling 

Bguide 

1 

1/2 

0 

In all simulations S = Re = 104 

Strong Compression in Reconnection Current Sheets 

Slide courtesy of Elena Provornikova 
Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 

University of Michigan – Ann Arbor, September 19th, 2016 



Compression in the 
current sheet  C ≈ 5  

log10(n/n0) 

Lorentz force 

In this simulation 
β=0.02, S=Re=105 

Merging and Reconnection of Magnetic Flux Ropes 

Slide courtesy of Elena Provornikova 
Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 

University of Michigan – Ann Arbor, September 19th, 2016 



Isothermal  
MHD model 

2T Full MHD model 
(including thermal 

conduction and 
radiative cooling) 

β=0.02 C ≈ 5 C ≈ 3 
 

β=0.07 C ≈ 3.5 C ≈ 2 
 

β=0.6 C ≈ 1.6 C ≈ 1 
 

Model 

Plasma 
beta 

Parametric study 

Slide courtesy of Elena Provornikova 
Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 

University of Michigan – Ann Arbor, September 19th, 2016 

Compression in Reconnection of Magnetic Flux Ropes 



Key Questions in Magnetic Reconnection 

Ø   How fast can the magnetic energy be released? 

Ø   How is it possible that under some circumstances free magnetic 
energy can be slowly accumulated and then explosively released? 

Ø   What determines the released energy partition between thermal, 
radiation, bulk flow and non-thermal particles?  

Ø   Under what circumstances the reconnection sub-volumes are 
localized in 1D (a current sheet), 2D (a line current) and 3D (a point-like 
current density concentration)? 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
University of Michigan – Ann Arbor, September 19th, 2016 



Conclusions I 
Ø  Magnetic reconnection in a weakly ionized plasma can be “fast” or “slow”, 

depending on scale separation between the neutral-ion collisional scale and 
the resistive scale.  In the chromosphere, both regimes are possible allowing 
for slow build-up of magnetic stress by photospheric forcing, followed by 
fast release via current sheets thinner than the neutral-ion coupling scale.  

Ø   The scale separation in the inflow and nearly perfect outflow coupling 
leads to rapid formation of high aspect ratio current sheets that are prone to 
onset of secondary instabilities and generation of “clumps” of higher 
electron (and ion) density within small-scale magnetic flux tubes. 

Ø   The Hall effect does not seem to impact the reconnection rate for current 
sheets thinner than (c/ωpi)eff but still thicker than c/ωpi. 

Ø   Asymmetry in the plasma parameters of the reconnecting magnetic 
structures can lead to particle transport across the current sheet 

Ø   So far, we have only explored a small part of the surface area of the 
spherical cow of magnetic reconnection in a weakly ionized plasma… 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
University of Michigan – Ann Arbor, September 19th, 2016 



Conclusions II 
Ø  Magnetic reconnection sites with high plasma compressions in the lower 

solar atmosphere are the potential locations where suprathermal particles can 
be produced with hard energetic spectrum.  

Ø   Sufficient plasma compressions ≥ 4 can be achieved in reconnection 
regions at magnetic nulls that are omnipresent in the solar corona. 

Ø   Further, enhanced emission may be expected from magnetic nulls in the 
lower corona/transition region due to density enhancements. 

Vyacheslav (Slava) Lukin, “Magnetic Reconnection in the Lower Solar Atmosphere” 
University of Michigan – Ann Arbor, September 19th, 2016 

Ø   Ongoing and future work includes 
a study of plasmoid generation in 
low beta current sheets behind 
erupting flux ropes, their impact on 
particle energization, and diagnostic 
of CME-associated reconnection 
sites via a study of heavy ion charge 
states within CMEs at 1 AU.  
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