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INTRODUCTION: Magnetic reconnection is
a physical process occurring in plasmas in
which magnetic energy is explosively con-
verted into heat and kinetic energy. The effects
of reconnection—such as solar flares, coronal
mass ejections,magnetospheric substorms and
auroras, and astrophysical plasma jets—have
been studied theoretically, modeled with
computer simulations, and observed in space.
However, the electron-scale kinetic physics,
which controls how magnetic field lines
break and reconnect, has up to now eluded
observation.

RATIONALE: To advance understanding of
magnetic reconnectionwith a definitive exper-

iment in space, NASAdeveloped and launched
theMagnetosphericMultiscale (MMS)mission
in March 2015. Flying in a tightly controlled
tetrahedral formation, the MMS spacecraft can
sample the magnetopause, where the inter-
planetary and geomagnetic fields reconnect,
and make detailed measurements of the plas-
ma environment and the electric andmagnetic
fields in the reconnection region. Because the
reconnection dissipation region at themagneto-
pause is thin (a few kilometers) and moves
rapidly back and forth across the spacecraft
(10 to 100 km/s), high-resolutionmeasurements
are needed to capture the microphysics of
reconnection. The most critical measure-
ments are of the three-dimensional electron

distributions, which must be made every
30 ms, or 100 times the fastest rate previously
available.

RESULTS: On 16 October 2015, the MMS tet-
rahedron encountered a reconnection site on
the dayside magnetopause and observed (i)
the conversion of magnetic energy to particle
kinetic energy; (ii) the intense current and
electric field that causes the dissipation of mag-

netic energy; (iii) crescent-
shaped electron velocity
distributions that carry the
current; and (iv) changes
inmagnetic topology. The
crescent-shaped features
in the velocity distributions

(left side of the figure) are the result of demag-
netization of solar wind electrons as they flow
into the reconnection site, and their accelera-
tion and deflection by an outward-pointing
electric field that is set up at the magnetopause
boundary by plasma density gradients. As they
are deflected in these fields, the solar wind elec-
tronsmix inwithmagnetospheric electrons and
are accelerated along a meandering path that
straddles the boundary, picking up the energy
released in annihilating the magnetic field. As
evidence of the predicted interconnection of
terrestrial and solar wind magnetic fields, the
crescent-shaped velocity distributions are diverted
along the newly connectedmagnetic field lines
in a narrow layer just at the boundary. This di-
version along the field is shown in the right
side of the figure.

CONCLUSION:MMShas yielded insights into
the microphysics underlying the reconnection

between interplanetary and terres-
trial magnetic fields. The persist-
ence of the characteristic crescent
shape in the electron distributions
suggests that the kinetic processes
causing magnetic field line recon-
nection are dominated by electron
dynamics, which produces the elec-
tric fields and currents that dissi-
patemagnetic energy. The primary
evidence for this magnetic dissipa-
tion is the appearance of an electric
field and a current that are parallel
to one another and out of the plane
of the figure. MMS has measured
this electric field and current, and
has identified the important role of
electrondynamics in triggeringmag-
netic reconnection.▪
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Electron dynamics controls the reconnection between the terrestrial and solar magnetic fields.The pro-
cess of magnetic reconnection has been a long-standing mystery. With fast particle measurements, NASA’s
Magnetospheric Multiscale (MMS) mission has measured how electron dynamics controls magnetic recon-
nection.Thedata in the circles showelectronswith velocities from0 to 104 km/s carrying current out of the page on
the left side of the X-line and then flowing upward and downward along the reconnectedmagnetic field on the right
side.Themost intense fluxes are red and the least intense are blue.The plot in the center showsmagnetic field lines
and out-of-plane currents derived from a numerical plasma simulation using the parameters observed by MMS.
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• We know the distribution function contains a wealth of data

• Obtaining a clean enough representation of the distribution function, and accessing 
this data is hard

• But well worth the effort since, for example, many energization mechanisms are most 
easily identified by the phase space structure they create

MMS electron data from Burch et al (2016).
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Two-Stream & Filamentation Instability
• The two-stream instability and 

filamentation instability are two oft-studied 
1D kinetic instabilities

• Two-stream from perturbations aligned 
with counter-streaming drifts

• Filamentation from perturbations 
orthogonal

• In 2D, two-stream and filamentation can 
compete with each other

• In addition, oblique modes can be present

• When drifts non-relativistic, many of these 
modes all have similar growth rates, the 
ultimate nonlinear evolution will involve a 
competition between these instabilities

• Non-relativistic system relevant for 
reionization epoch



The “hot” case
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The energy exchange
• In the “hot” case, the energy exchange is dominantly 

in one velocity dimension, resulting in a net 
temperature anisotropy

• In the “cold” case, the energy exchange is more 
isotropic, leading to the collapse of the magnetic field



What about protons?



Proton dynamics
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Comparing to the Particle in Cell Method



Looking for the collapse of the magnetic field

• When the counter-streaming beams are “cold” we have two extremes in the 
simulations presented

• Stationary protons -> collapse of the magnetic field

• Protons moving at the same speed as the electrons, but also cold -> growth of 
the magnetic field, with the current carried by the protons

• Let’s return to the stationary proton case, but with a PIC method, for comparison



Thermal Fluctuations in the magnetic field

blue = 12 ppc

green = 120 ppc

red = 1200 ppc

black = 12000 ppc



PIC “cold” data, 12000 particles per cell
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Summary and Future Outlook
• Parameter space for the competition between these instabilities is large

• If the proton species is initially stationary, magnetic field collapses

• If the proton species is moving at the same flow speed as the electrons, 
magnetic field grows and currents which support this field are driven by the 
protons (the proton energy density is very large)

• Because the system is “cold” have to worry more about quasi-thermal noise, but in 
the magnetic field, in equivalent particle-in-cell simulations

• “Cold” system most relevant to reionization epoch

• Want to understand what role plasma instabilities played in creation of a seed 
magnetic field for the turbulent dynamo

• Parameter space for reionization epoch also very large

• V. Skoutnev, A. Hakim, J. Juno, J. TenBarge. Temperature Dependent Saturation of 
Weibel-Type Instabilities in Counter-Streaming Plasmas, ApJ Letters, 2019

n ⇠ 104 � 108
1

m3
, T ⇠ 104 � 106 K, vshock ⇠ 102 � 104

km

s
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What about the “hot” case?

blue = 12 ppc

green = 120 ppc

red = 1200 ppc

black = 12000 ppc



PIC “hot” data, 12000 particles per cell
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Proton simulation, electron distributions



Proton simulation, proton distributions


