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C H A R G E  F O R  T H I S  TA L K

• From Bill Daughton —  
“What did we learn from the MMS mission about the basic 
plasma physics of kinetic reconnection?  What are the key 
theoretical challenges that remain for understanding 
magnetospheric reconnection – or other larger systems?” 

• Companion to Jim Burch’s earlier talk on observations 

• Much learned in the MMS era (~500 papers from  
MMS alone!); of course, much will be omitted 

• Target audience — early-career researchers and  
reconnection experts not on the MMS team

Image taken by speaker, March 11, 2015



M O S T  I M P O RTA N T  T H E O RY   
A C C O M P L I S H M E N T S  O F  T H E  M M S  E R A

• Asked for input from the MMS community to identify their thought of the most important  
theory/simulation results of the MMS era — received 27 responses from 19 people 

• Have added to them in what follows; won’t get to those listed below (names of those that recommended them) 

• Secondary reconnection in turbulent reconnection outflow regions (M. Zhou, M. Goldman) 

• Stagnation point shift in the outflow direction (R. Denton)  

• New framework to understand electron dynamics using electron canonical vorticity (H. Hasegawa) 

• Guide field influences crescent distributions and the location of energy conversion (J. Burch)  

• KH vortex-induced reconnection at magnetopause transports solar wind more efficiently than high-latitude reconnection (T. Nakamura)  

• Energetics - Poynting fluxes dominate at separatrices, ion-enthalpy fluxes dominate at neutral line (M. Goldman)  

• Cold ions remain magnetized inside separatrix, reducing Hall currents and electric fields, affects energy conversion (S. Petrinec) 

• Magnetic entanglement occurs when flux tubes/ropes collide (C. Russell) 

• Using crescents to develop asymmetric equilibria (J. Shuster)  

• Using machine learning to model dynamics of plasmasphere and global magnetosphere (M. Argall, D. Turner) 

• Stochastic particle acceleration mechanisms at quasi-perpendicular shocks (R. Nakamura)

Special thanks to respondents:  
Matt Argall, Jim Burch, Brandon 
Burkholder, Richard Denton, John 
Dorelli, Bob Ergun, Stephen Fuselier, 
Marty Goldman, Hiroshi Hasegawa,  
Yi-Hsin Liu, Rumi Nakamura, Takuma 
Nakamura, Steve Petrinec, Chris Russell, 
Jason Shuster, Misha Sitnov, Marc 
Swisdak, Drew Turner, and Meng Zhou



T H E  R E C O N N E C T I O N  R AT E  A N D   
M A G N E T I C  F I E L D  R E C O N S T R U C T I O N

• Simulations show the collisionless reconnection rate is ~0.1 (e.g., Birn et al., JGR, 2001);  
this is the necessary rate to explain observations (Parker, ApJ, 1973; Shay et al., GRL, 1999) 

• Liu et al., PRL, 2017: New model of why the reconnection rate is ~0.1 

• Techniques to “reconstruct” the 2D/3D magnetic geometry from (1D) spacecraft trajectory 

• Denton et al., GRL, 2016; Sonnerup et al., JGR, 2016; Hasegawa et al., GRL, 2017; 
Shuster et al., GRL, 2017; Genestreti et al., JGR, 2018; Egedal et al., PRL, 2019; Torbert et 
al., GRL, 2020; Denton et al., JGR, 2020: Reconstruction methods honed / developed 

• Observations (Chen et al., JGR, 2017; Nakamura et al., JGR, 2018; Pritchard et  
al., GRL, 2019; Burch et al., GRL, 2020): Direct measurements agree with ~0.1 

• Sitnov et al., JGR, 2019: Reconstruction of magnetotail geometry using machine learning

Figure 6. Reconstruction results compared with actual PIC configuration. Normalization: stream function by VAe0λe0; other
quantities as in Figure 5. Errors are in % of the maximum magnitude in the reconstruction domain.

Figure 5. Reconstruction from PIC simulation data. (a) Overview of actual field geometry, with electron jet speed vx ’ in
color, and spacecraft path indicated by the yellow arrow. (b) Double-branch relation vz(A) derived from the input data,
with the relation used in the reconstruction, an exponential fit, shown as a solid black curve. (c and d) Input values for
magnetic field and electron velocity taken at points along the spacecraft path. (e) Electron density and pressure along the
spacecraft path. Normalization: distances by λe0, velocities by VAe0, magnetic vector potential by B∞λe0, magnetic field by
B∞, number density by n0, and pressure by the magnetic pressure B2∞= 2μ0ð Þ.

Journal of Geophysical Research: Space Physics 10.1002/2016JA022430

SONNERUP ET AL. RECONSTRUCTION IN ELECTRON MHD 4288

Sonnerup et al., 2016

satisfying since the same rate is obtained even when islands
are absent [22,30].
In situ magnetospheric observations reveal (local) recon-

nection rates near 0.1 [31,32]. Solar observations suggest
(global) reconnection rates can be this high as well [33–35],
or somewhat lower [36,37]. Therefore, observations suggest
the local rate is 0.1, and the global rate can be at or below 0.1.
This also has numerical support; in island coalescence, the
global rate can be lower than 0.1 [38–40], while the local rate
remains close to 0.1 [38].
What causes the local reconnection rate to be∼0.1 across

different systems remains an open question [e.g., Ref. [41]].
In this Letter, we offer a new approach to this long-standing
problem.We propose that the local rate has a maximum as a
result of constraints at MHD scales (rather than physics
at the diffusion-region scale as is typically discussed). We
perform an analysis to derive the maximum local rate for
low-β plasmas, which we find is Oð0.1Þ. The fact that local
simulations produce rates close to this maximum value
suggests that steady reconnection proceeds at a rate nearly
as fast as possible. We show the predictions are consistent
with PIC simulations of a relativistic electron-positron
plasma and a nonrelativistic electron-proton plasma. In
this study, we restrict our attention to antiparallel recon-
nection for simplicity.
Simple model.—Let the thickness and length of the

(microscale) diffusion region be δ and L, respectively.
For collisionless reconnection, δ is controlled by inertial or
gyroradius scales [42]. If the opening angle made by the
upstream magnetic field is small, the diffusion region is
long and thin. Reconnection in this case is very slow, as in
Sweet-Parker reconnection [11,12]. As the opening angle
increases, reconnection becomes faster. This is true to a
point, but cannot continue for all angles for two reasons.
First, in order to satisfy force balance, the upstream region
develops structures over a larger scale, as in the classical
Petschek-type analyses [14,43]; this is what we define as
the local scale. Since the diffusion region thickness con-
tinues to be controlled by microscales, the diffusion region
becomes embedded in a wider structure [42,44,45] of local
scale Δz, where the magnetic field and plasma parameters
achieve relatively uniform upstream conditions. The mag-
netic field Bxm immediately upstream of the diffusion
region becomes smaller than the asymptotic magnetic field
Bx0. (The subscript 0 indicates asymptotic quantities at the
local scale and m indicates quantities at the microscale.)
This is crucial because it is Bxm that drives the outflow from
the diffusion region; as it becomes smaller, reconnection
proceeds more slowly.
The second reason reconnection does not become faster

without bound is that the J ×B force of the reconnected
field becomes smaller as the opening angle increases [46].
In the limit where the separatrices are at a right angle, the
tension force driving the outflow is canceled by the
magnetic pressure force, so reconnection does not occur.

These observations suggest the following: the reconnec-
tion rate has a maximal value for an intermediate opening
angle which is large enough to avoid the bottleneck for
extremely thin current layers, but is not too large to weaken
the reconnection drive. We present an analysis simply
capturing these main aspects using only the reconnection
geometry and force balance. We consider low-β systems in
the relativistic limit; a more general derivation should be
considered in future work.
The inflow region is illustrated in Fig. 1(a). With the

diffusion region at the microscale, the asymptotic (local)
magnetic field (at the top) must bend as it weakens toward
the diffusion region (at the bottom). In the β ≪ 1 limit,
thermal pressure is negligible, so to remain near equilib-
rium the inward-directed magnetic pressure gradient force
−ð∇B2=8πÞz must be almost perfectly balanced by out-
ward-directed magnetic tension B ·∇Bz=4π. Evaluating
these at point 1 marked in Fig. 1(b) gives

B2
x0 − B2

xm

8πΔz
≃

!
Bx0 þ Bxm

2

"
2Bzh

4πΔx
; ð1Þ

where Bzh is evaluated at the upstream field line near the
separatrix. (Note that the inertia of the inflowing plasmas
can be included in Eq. (1) using Vz ¼ cEy=Bx, but its effect
is negligible.)
We make the reasonable assumption the opening

angle made by the upstream field at the local scale,
θ≡ tan−1ðΔz=ΔxÞ, matches the opening angle of the
microscale field at the corner of the ion diffusion region,
ϕ≡ tan−1ðBzm=BxmÞ. Then, from geometry, we get

FIG. 1. (a) Sketch of magnetic field lines upstream of the
diffusion region (z > 0). (b) Geometry of reconnection at the local
scale. (c) Dimensions of the diffusion region at the microscale.
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U N D E R S TA N D I N G  V E L O C I T Y  D I S T R I B U T I O N   
F U N C T I O N S  ( V D F S )  I N  R E C O N N E C T I O N

• Hesse et al., GRL, 2014: Crescent-shaped distributions occur at/near  
the electron diffusion region (EDR) in asymmetric reconnection 

• Observations (e.g., Burch et al., Science, 2016; Rager et al., JGR, 2018):  
crescents measured; rotation relative to B is evidence of reconnection; 
carries current, dominates energy conversion; diamagnetism important 

• Chen et al., GRL, 2016; Bessho et al., GRL, 2016; Shay et al., GRL, 2016;  
Bessho et al., GRL, 2018: Crescents caused by electrons E x B drifting in  
Hall electric field; can deduce reconnection rate from shape of crescents 

• Egedal et al., PRL, 2016: Crescents occur along whole boundary, crescent 
shape set by electrons needing sufficient energy to overcome Hall E field 

• Bessho et al., GRL, 2014; Shuster et al., GRL, 2015; Lapenta et al., JGR, 
2017: Crescents due to meandering, should be in magnetotail 

• Observations (Torbert et al., Science, 2018) in tail reveal crescents

Figure 2. (a–j) One-dimensional spatial profiles alongN, on the dashed line through the X line shown in the 2-D image in Figure 2k. (k) EN, vertical dashed line is the location
of 1-D cuts, dotted line is the midplane, rectangles denote locations of distribution functions. (l–o) Electron distribution functions in (VM,VN) plane. Distributions are
integrated between Ve =±3 (in electron bulk flow frame) along the third velocity direction VL. Spatial domain sampled to create distributions shown in the title of each
panel. (p) Schematic of magnetosheath electronmotion in the vicinity of X line. (q–s) Distribution functions predicted from electronmotion in linear rampmodel of EN and
BL. In Figure 2p, the corresponding positions of the phase space densities (Figures 2l–2o) and temperatures (Figure 2j) are denoted by the circled numbers 1–4.

Geophysical Research Letters 10.1002/2016GL069034
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an extremely steep gradient of the
electron flow which is unphysical. Thus,
the presence of suitable gradients of
the electron pressure tensor is essential
to providing a valid solution, and this
fact is borne out in our simulation by
the dominance of the electron pressure
tensor contribution at the flow
stagnation point.

3. Electron Pressure
Tensor Model

In the following, we construct a model
for the pressure tensor. For this
purpose, it is illustrative to investigate
the structure of the electron
distribution at the flow stagnation
point. The reduced distribution F(vy,vz)
is shown in Figure 4.

The distribution consists of two parts:
a basically gyrotropic distribution

inflowing from above and a crescent-shaped element for larger velocities in the y direction, which, as we
verified, is formed by particles originating from below the field reversal. The latter are often referred to as
meandering particles [Horiuchi and Sato, 1994]. For simplicity, we will refer to contributions from particles
originating at z< 0 as “lower” and from particles from other z values as “upper.” The partial densities of
both populations and the total density are displayed in Figure 5. The apparent simple structure of the
distribution is deceiving, as a more detailed analysis reveals that the average motions of the crescent and

the inflowing distribution are quite
different. This feature is revealed in
Figure 6, which shows the velocities of
the meandering population, the
incoming population, and their total.

Figure 6 demonstrates that neither
contributing distribution is at rest at the
location of the stagnation of the average
velocity. Instead, meandering particles
move upward at a significant fraction
(~25%) of the Alfvén speed based on unit
magnetic field and unit density, whereas
the incoming population moves
downward at a much smaller but still
finite velocity. Similar signatures have
been modeled for ions [Nakamura and
Scholer, 2000]. The flow stagnation point
of the combined flow is therefore just at
the location where the upward flux of the
meandering population is balanced by
the downward flux of the incoming
population. Using this feature, we can
construct a model for the electron
pressure tensor near the flow stagnation
point. Any tensor component in the

Figure 4. Reduced distribution F(vy,vz) obtained by integrating the full
distribution function over the x component of the velocity. Velocities are
in the simulation frame.

Figure 5. Partial and total electron densities. The figure demonstrates
that the total density is dominated by particles originating at z< 0 until
z ~ 0.2.

Geophysical Research Letters 10.1002/2014GL061586
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C A U S E S  O F  L O C A L I Z E D  S T R O N G   
E L E C T R I C  F I E L D S  A N D  T U R B U L E N C E

• Observations (Burch et al., Science, 2016; Ergun et al.,  
PRL, 2016; GRL, 2016; GRL, 2018; Eriksson et al., PRL, 2016):  
Local parallel E fields far exceed rates 

• Cassak et al., JGR, 2017: Cannot be global reconnection  
rate because it would exceed observed global measures 

• Ergun et al., PRL, 2016; GRL, 2018; JGR, 2019; Price et al., GRL, 
2016; JGR, 2017: Huge E fields and energy conversion associated 
with tangled B fields, waves (including drift waves), and turbulence 

• Chen et al., JGR, 2017: Drift waves captured in global-MHD  
w/embedded-PIC, strong electric fields as in observations 

• Observations (Burch et al., GRL, 2018): localized  
oscillatory energy conversion with strong electric fields 

• Swisdak et al., GRL, 2018; Egedal et al., PRL, 2018: 2D PIC 
simulations reproduce structure, studied flow patterns and fields

Geophysical Research Letters 10.1029/2017GL076862

Figure 1. Simulation results from a region centered on the X-point. (a) The J ⋅ E term from Poynting’s theorem.
(b) In-plane electron flow field. (c) EN , the normal component of the electric field. (d) E∥ , the component of the electric
field parallel to the magnetic field. (e) BM − BM,0, the change in the out-of-plane component of the magnetic field
from its (spatially constant) initial value. (f ) SL , the horizontal component of the Poynting flux. (g) Electron energy
density. (h) vL − L electron phase space overlaid with contours. Magnetic field lines have been overplotted in panels
(a)–(g). Distances are normalized to the electron inertial length de0 = di0

√
me∕mi = 0.1di0.

to the particles. During symmetric reconnection the M component of the electric field drives an elongated
(in the L direction) layer of electron current density JM. The product JMEM matches the divergence of the incom-
ing Poynting flux associated with the reconnecting field (∼ EMBL). However, this scaling cannot explain MMS
measurements of magnetopause reconnection. For reasonable parameters—current density JM ∼ 1 μA/m2

and reconnection electric field EM ∼ 0.2 mV/m—the resulting JMEM ∼ 0.2 nW/m3 greatly underestimates the
observations, which can exceed 10 nW/m3 (Burch et al., 2016; Ergun et al., 2016; Eriksson et al., 2016). Hence,
the energy conversion processes that dominate during symmetric reconnection likely do not play a significant
role at the magnetopause.

We now show that high-resolution simulations of asymmetric reconnection can produce large rates of energy
conversion and discuss the underlying physical mechanism. Figure 1 gives an overview of the simulation at
t = 32Ω−1

ci , a time of steady state reconnection. The magnetosheath lies at the top of each panel and the
magnetosphere at the bottom (equivalently, earthward is down), while the horizontal axis roughly points
north-south because the MMS encounter occurred near the equatorial plane. The reconnecting component of
the field is in the +L direction in the magnetosphere and the −L direction in the magnetosheath; representa-
tive field lines are overplotted in panels (a)–(g). The color bar labels have been converted from the simulation’s
normalization to meter-kilogram-second units.

Panel (a) shows the structure of J ⋅ E. Strikingly, regions of positive (red) and negative (blue) signs coexist, the
latter representing a transfer of energy from the plasma to the fields, the opposite of the usual behavior during
reconnection. The rate of energy conversion in the electron frame (Zenitani et al., 2011), J⋅E′ = J⋅(E+ve×B∕c),
is essentially identical because the electron contribution dominates the current density (Cassak et al., 2017).

SWISDAK ET AL. 5262
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field parallel to the magnetic field. (e) BM − BM,0, the change in the out-of-plane component of the magnetic field
from its (spatially constant) initial value. (f ) SL , the horizontal component of the Poynting flux. (g) Electron energy
density. (h) vL − L electron phase space overlaid with contours. Magnetic field lines have been overplotted in panels
(a)–(g). Distances are normalized to the electron inertial length de0 = di0
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to the particles. During symmetric reconnection the M component of the electric field drives an elongated
(in the L direction) layer of electron current density JM. The product JMEM matches the divergence of the incom-
ing Poynting flux associated with the reconnecting field (∼ EMBL). However, this scaling cannot explain MMS
measurements of magnetopause reconnection. For reasonable parameters—current density JM ∼ 1 μA/m2

and reconnection electric field EM ∼ 0.2 mV/m—the resulting JMEM ∼ 0.2 nW/m3 greatly underestimates the
observations, which can exceed 10 nW/m3 (Burch et al., 2016; Ergun et al., 2016; Eriksson et al., 2016). Hence,
the energy conversion processes that dominate during symmetric reconnection likely do not play a significant
role at the magnetopause.

We now show that high-resolution simulations of asymmetric reconnection can produce large rates of energy
conversion and discuss the underlying physical mechanism. Figure 1 gives an overview of the simulation at
t = 32Ω−1

ci , a time of steady state reconnection. The magnetosheath lies at the top of each panel and the
magnetosphere at the bottom (equivalently, earthward is down), while the horizontal axis roughly points
north-south because the MMS encounter occurred near the equatorial plane. The reconnecting component of
the field is in the +L direction in the magnetosphere and the −L direction in the magnetosheath; representa-
tive field lines are overplotted in panels (a)–(g). The color bar labels have been converted from the simulation’s
normalization to meter-kilogram-second units.

Panel (a) shows the structure of J ⋅ E. Strikingly, regions of positive (red) and negative (blue) signs coexist, the
latter representing a transfer of energy from the plasma to the fields, the opposite of the usual behavior during
reconnection. The rate of energy conversion in the electron frame (Zenitani et al., 2011), J⋅E′ = J⋅(E+ve×B∕c),
is essentially identical because the electron contribution dominates the current density (Cassak et al., 2017).
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Journal of Geophysical Research: Space Physics 10.1002/2017JA024186

Figure 13. The lower hybrid drift instability (LHDI) at t = 3600 s. (a) Electric field EM(mV/m) along the direction that is
antiparallel to the magnetopause current direction in the z = −3 RE plane. Near y = 0, the current direction is almost
parallel to the y direction. (b–e) Zoomed in view of different variables for LHDI at z = −3 RE . (c) The Bz field in nanotesla.
(d) The ion density in amu/cm3. (e) The electron velocity along y direction. The black curves in Figures 13a–13e separate
the negative and positive Bz . (f ) The 3-D contour surface of EM = 4 mV/m colored by the ion velocity along the z
direction (uiz(km∕s)).

CHEN ET AL. 3-D MHD-EPIC SIMULATION OF MAGNETOSPHERE 10,332

Chen et al., 2017

Figure 1. Observations and model of an electromagnetic drift wave. (a) The magnetic field in rotated coordinated coordinates, which are detailed in panel (i).
(b) The plasma densities measured by the FPI instrument. The ion density is at a lower cadence than the electron density, so waves may not appear. (c) eBz in
the frequency band from 5 to 10 Hz. The vertical dashed lines mark the peaks and minimums of eBz during the electromagnetic drift wave. The electromagnetic drift
wave appears from ~01:07:39.8 to ~01:07:40.2 UT. (d) enein the frequency band from 5 to 10 Hz. (e) and (f) eEx and eEy in the frequency band from 5 to 10 Hz. eEx

undergoes a phase change as MMS1 crosses through the center of the current sheet. (g and h) eJ x and eJ y in the frequency band from 5 to 10 Hz. (i) The relative
position of theMMS satellites. Written on the panel are the plasma conditions in the center of the electromagnetic drift wave and the coordinate transformation to a
surface‐normal coordinate system. (j) The apparent MMS path though the drift wave. The dots and times correspond to the peaks and valleys of eBz . (k) A recon-
struction of the electromagnetic drift wave with common features from four events studied in the companion paper. The drift wave appears to be comprised of a
series of electron flow vortices (current vortices) that alternate in sense that result in the corrugation of the current sheet. It is important to recognize that eExdevelops
from the combination of current sheet displacement and amplitude modulation. A model of the static current sheet is at the bottom. (l) A 3‐D rendering of the
electron density corrugation associated with the electromagnetic drift wave. The electromagnetic drift wave is confined in X and in Z and may displace the X line.

10.1029/2019JA027275Journal of Geophysical Research: Space Physics
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Ergun et al., 2019



“ E L E C T R O N  O N LY ”  R E C O N N E C T I O N

• Observations (Phan et al., Nature, 2018; Stawarz et al., ApJ, 2019; Gingell  
et al., GRL, 2019; Gingell et al., JGR, 2020): magnetosheath reconnection 
downstream of quasi-parallel shock not coupled to ions; near shock too 

• Sharma Pyakurel et al., PoP, 2019; PRL, in prep; Mallet, JPP, 2020: 2D 
electron only reconnection faster than fully coupled reconnection  
and is well-described by a model based on kinetic theory wave speeds, 
3D localized electron only can be faster than 2D; study of onset 

• Califano et al., Front. Phys., 2020; Vega et al., ApJ, 2020; Arrò et al., A&A,  
2020; Boldyrev and Loureiro, PRL, 2019; Loureiro and Boldyrev, ApJ, 2020; 
Bessho et al., GRL, 2019: Electron only may be important to turbulence in 
volume-limited regions (and in general?), downstream of bow shocks 

• Caution — identifying “electron only” is non-trivial!  An absence  
of ion flow is not sufficient to imply electron only reconnection!

3

reconnection onset is around t ⇠ 46⌦�1
ce as shown in Fig-

ure 1(b). Before the onset, we measure the Ek at the
location where the X-line initially forms and after the
onset, we record the peak Ek around the vicinity of the
X-line. In 3D, the same method is applied except that on-
set occurs around t ⇠ 75⌦�1

ce . To remove fluctuations in
Ek associated with transient reconfiguration of the initial
current sheets, at each time the average of Ek is calcu-
lated at the center of the current sheet (a line in 2D and
a plane in 3D). This average Ek is subtracted from the
peak Ek to give the values shown in Figure 1b. As a
cross-check of this method, the reconnection rate in the
2D simulation is also shown calculated as the di↵erence
in magnetic flux between the X-line and the O-line, which
yields results quite similar to the method using Ek.

The di↵erence between the reconnection rate (Ek) in
2D and 3D is striking in Figure 1(b). Both simulations
show a fast rise in the reconnection rate resulting in a
peak rate about 54⌦�1

ce and 77⌦�1
ce after onset in 2D and

3D, respectively. The peak values of Ek for the 2D and
3D simulations occur at ⇠ 100⌦�1

ce and ⇠ 152⌦�1
ce , re-

spectively. In 3D, the peak value of Ek is 7.76 ⇥ 10�2,
approximately twice the peak value measured in 2D. 3D
physics is clearly allowing an enhancement of the recon-
nection rate.

To determine the cause of this enhanced reconnection
rate, for the remainder of this Letter we study the two
X-lines highlighted in Figure 1b at the times of peak re-
connection. The left and right panels of Figure 2 are for
2D and 3D simulations, respectively. In panel (b), the
measured Ek value at the X-line is enhanced, shown by
a small red oval around the center compared to the 2D
simulation in panel (a). The inflowing plasmas Vey are
also seen in Figure 2(c) & (d). The black contour lines
in Figure 2(a) & (c) represent the magnetic field lines
in 2D. For 3D, the black lines in Figure 2(b) & (d) are
short segments approximating projected magnetic field
lines on the xy-plane. In Figure 2(e) & (f), we show the
vertical cuts of Vey, Ve?y and Ek along y at the peak
locations of the Ek in red and darkgreen colors. The
cuts in panels (e) and (f) show that the strengths of the
peak values of Vey, Ve?y and Ek in 3D are approximately
twice as much than measured in 2D. In 3D, the peak
inflow velocity is 0.1 but 0.05 in 2D. The crux of the en-
hancement of reconnection rate in 3D compared to 2D
lies in the fact that the inflowing velocity in 3D is also
enhanced. In the same panels, it is seen that the cuts of
Vey and Ve?y are almost identical in the inflowing region
for both the simulations. In Figure 2(g) & (h), we find by
plotting the total electron flows Ve in xy-plane that the
equilibrium flows dominate the flows generated by ini-
tial reconnection configuration. In order to separate out
the flows generated by reconnection, we plot the electron
vector flows perpendicular to the local magnetic field in
Figure 2(i) & (j). The perpendicular flows show a dis-
tinct inflow and outflow population of the electrons close
to the X-line due to magnetic reconnection, indicating
similar dynamics in both the 2D and 3D simulations.

X(de)

Y(de)

Z(de)

36.07

28.36

21.85

7.28

52.7

62.1

FIG. 3. Isosurface (red) of Ek = 5.83⇥ 10�2 of the 3D simu-
lation with perpendicular vector field Ve? in the xy-plane at
z = 55.27. The Ek structure extends in z.

In 3D, however, the vector fields have additional
vortex-like structures on either side of the direction of the
primary perpendicular electron flows. For example, such
prominent structures are located at about (11.14, 34.27)
and (17.14, 30.0) in Figure 2(h). This complicated struc-
ture extends in the z-direction in 3D, giving an almost-
spiral electron flow dubbed as an “electron vorticity”.
Such structures are absent in 2D simulations, as seen in
Figure 2(g). Along with the extension of electron vortic-
ity, the Ek also extends in the z-direction.

In Figure 3, we show an isosurface of Ek = 5.83⇥10�2

extending in the z-direction, approximately from z =
51.41 to z = 59.98. Also in Figure 3, we draw the same
vector field shown in Figure 2(h) at the peak reconnection
site, i.e., at z = 55.27de. The peak value of Ek = 7.76⇥
10�2 is located at (x, y, z) = (14.14, 32.13, 55.27). The
Ek isosurface is shorter in the �ẑ-direction from the peak
location and longer in the opposite direction, indicating
non-uniform exhaust outflows. This feature is evident by
examining the structure of Ve? shown in Figure 4.

In Figure 4(a), the outflowing plasma is ejected away
from x = 14.14 but is mostly confined between z =
51.41 and z = 60.0. The exhaust is less prominent for
z < 51.41, where the Ek is weaker and the isocontour
of Ek = 0.0583 in the green curve is absent. A dot-
ted horizontal yellow line is drawn at z = 55.27 which
is the location of the peak value of Ek. For z > 55.27,
the Ek structure extends further out in the +ẑ-direction
as shown in Figure 3 and also seen in the Ek isocon-
tour. The outflowing plasma as seen in Ve? flows are
more prominent along the same direction, i.e., in the +ẑ-
direction. Similarly, the inflowing plasma seen in Fig-
ure 4(b) shows non-uniform flow. The Ve? is pointing in
the �ŷ-direction above y = 32.13 and in the +ŷ-direction
below y = 32.13. The inflowing electrons are confined to

the larger system sizes. We note that for the parameter regime simu-
lated here, the ions are fully coupled for a system size of about 40 di
and larger. In contrast, the study by Mandt et al.28 found that for sys-
tem sizes of 10 di or larger, the reconnection was fully in the MHD
regime.

To understandmore quantitatively the physics behind this transi-
tion from ion-coupled to electron-only reconnection, we study the
physics controlling the contraction of a strongly curved newly recon-
nected field line by approximating this field line as a linear wave. For
full ion-coupling, the wave is an Alfv!en wave as expected. For
decoupled ions, the wave is a kinetic Alfv!en wave. Using the linear
Vlasov theory for the Ti ! Te case, the transition between the two
regimes occurs at k qi ¼ 1.44,45 Although reconnection is a nonlinear
phenomenon, this type of analysis has previously been used success-
fully to predict the electron outflow speed at sub-MHD length
scales41,46,47 and to study the propagation and damping of the Hall
magnetic fields generated during reconnection.48,49 It has also been
used to motivate why the global reconnection rate is “fast” or

independent of the dissipation mechanism and system size,39,42 but
this conclusion has been the source of significant and ongoing contro-
versy (e.g., Refs. 37,50–53). In this study, we exclusively focus on using
this type of model to give predictive insight into the ion reconnection
exhaust velocity, and we find that linear theory successfully predicts
the scaling of this velocity.

The predicted ion outflow velocity is the bulk ion flow speed
generated by the wave, which in the MHD limit becomes the
Alfv!en speed based on the inflowing plasma conditions. The wave-
vector k is taken to be along y with the background field

B0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
y þ B2

z

q
, where Bz is the guide field Bg in Table I; By is cho-

sen to be the value at the location of peak ion outflow, which is
0.18 for run E. The angle of propagation relative to the background
field is h ¼ tan $1ðBz=ByÞ and the wave is obliquely propagating.
The perturbation field is Bx, which is Bup in Table I; Bup ¼ 1 for all
of the simulations.

To determine the magnitude of k, we examine the width d of ion
Vx along y as shown in Fig. 6(a). The cut is taken at the location where
ion jVixj is peaked to the right of the x-line in Fig. 2(d), which is
denoted by the vertical green line. The width d ' 3:3 di, which is the
full width at half maximum, is converted to a wave number using
k ' 2p

2d ' 0:94 d$1i .
Numerical solutions for the linear dispersion relation were

calculated using the PLUME numerical solver.54 For a set of equi-
librium background parameters, in this work bi, Ti/Te, and vthi=c,
PLUME determines the normal mode frequency x

Xi
solutions of the

hot plasma dispersion relation as a function of wavevector kdi,
using a full Bessel function representation of the ions and electrons
as well as the associated eigenfunction fluctuations, e.g., the ion
velocity flow shown in Fig. 6(b). As k increases, the ion coupling to
the wave decreases leading to a slower Vix. The ion velocity has lit-
tle dependence on h ¼ tan $1ðBz=ByÞ for these oblique angles. The
two angles shown correspond to By ¼ 0.5 and 0.1 but the two
curves almost completely overlap. The dashed yellow vertical line
denotes the value determined from Fig. 6(a), k ' 0:94 d$1i , giving
the theoretical prediction for Vix ' 0:43 (dashed red line) shown
in Fig. 6(b).

For all of the simulations in this study, a comparison of the mea-
sured vs theoretical predictions for the peak ion outflow is shown in
Fig. 7. The Vlasov prediction organizes the data in a straight line with
a slope of approximately 0.75, shown as the dashed red line. The slope
is calculated using simple linear regression. For contrast, we also
include a prediction from the isothermal two-fluid theory from which
the calculation of the eigenvectors is straightforward (see Refs. 55
and 39). Clearly due to the relatively high ion b, finite ion Larmor
radius effects are playing an important role in the ion response to the
reconnection. Note that the error bars for run F are significantly larger
than the other simulations because of the lower particles-per-grid
used.

IV. IMPLICATIONS FOR RECONNECTION
OBSERVATIONS

Recent MMS observations of the turbulent magnetosheath6

found smoking gun evidence for magnetic reconnection in the form of
diverging super-Alfv!enic electron plasma jets. The event was novel
because it showed electron-only reconnection without ion coupling.
First, the reconnection current sheet showed no evidence of the

FIG. 4. (a) Run E: reconnection rate vs time. The straight black line is the steady-
state reconnection rate of 0.05, and the peak value is 0.06. (b) Reconnection rate
vs system size for all the simulations [(() denotes C2]: electron-only reconnection
has a reconnection rate significantly larger than the ion coupled reconnection rates.
Notably, the reconnection rate converges to 0.05 as MHD scales are realized.
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P H Y S I C S  O F  K I N E T I C - S C A L E  E N E R G Y   
C O N V E R S I O N  A N D  “ D I S S I PAT I O N ”

• Numerous proxies of energy conversion and dissipation;  
challenging to even define “dissipation” in collisionless plasmas! 

• Work done on/by electric field D (Zenitani et al., PRL, 2011) 

• Pressure-strain interaction Pi-D and P-θ (Yang et al., PoP, 2017) 

• Local Energy Transfer rate (LET) ε (Sorriso-Valvo et al., Solar Phys., 2018) 

• Pressure agyrotropy Q (Scudder and Daughton, JGR,  
2008; Aunai et al., PoP, 2013; Swisdak, GRL, 2016) 

• Quadratic non-Maxwellianity ξ (Greco et al., PRE, 2012) 

• Entropy-based non-Maxwellianity Μ (Kaufmann  
and Paterson, JGR, 2009; Liang et al., JPP, 2020) 

• Field particle correlation (Klein and Howes, ApJL, 2016) 

• Comparisons of proxies in kinetic models during reconnection  
and turbulence is underway (e.g., Pezzi et al., JPP, in prep)

Left — collisionless; right — collisional (Pezzi et al., in prep)

14

Figure 3. (Color online) Various dissipation surrogates evaluated at the maximum of the
turbulent activity in HVM simulations, t = t⇤. Two columns at left (right) refer to the Vlasov
(Boltzmann) run. Panels from (a) to (h) display: Dp, ✏` being ` ' dp, Pi-Dp, P-✓p,

p
Qp, ✏p,

M̄KP,p, and M̄ , respectively.

parameters confirms the presence of a regional correlations (Yang et al. 2018; Matthaeus
et al. 2020): peaks of these quantities perhaps do not occur at the same point (and/or
with a similar widht) but definitively in coincident spatial regions.

Vlasov and Boltzmann runs do not report significant differences when inspecting the
energy-based parameters. The inclusion of proton-proton collisional effects does not affect
the statistical characteristic of turbulence at proton scale. This can be explained since,
at variance with inter-species collisional effects, intra-species collisions do not generate a
resistivity-like term which affects the electric field and hence fluid/integrated quantities.
On the other hand, VDF-based parameters are dissipated by the presence of collisions,
this being a signature of the collisional thermalization. Since these parameters directly
look for the presence of out-of-equilibrium structure in the proton VDF, they are affected
by intra-species collisional effects. The effect of collision is less visible in

p
Qp since

collisions preferentially dissipate fine velocity-space structures (Pezzi et al. 2016), which
are not retained in

p
Qp but rather in ⇠p and in the entropy density-based proxies. The



A D VA N C E S  T O  F U N D A M E N TA L  K I N E T I C  T H E O RY

• Liang et al., PoP, 2019; JPP, 2020: Kinetic entropy (Boltzmann, Wiener Berichte, 1877) can be  
useful for studying dissipation; can decompose kinetic entropy into position space and 
velocity space kinetic entropy, velocity space kinetic entropy more natural to study local 
dissipation; new non-Maxwellianity measure; calculated kinetic entropy for model distributions 

• Observations (Matt Argall, unpublished): calculated entropy using MMS data 

• Goldman et al., JGR, 2020: New multi-moment approach to kinetic theory treats beams 
separately; relative bulk flow energy counts as bulk flow energy (it’s thermal in standard theory) 

• Observations (Shuster et al., JGR, 2019): can measure terms in Vlasov equation 

• Shuster et al., Nature, submitted: New understanding of how spatial gradients  
of VDFs determine contributions to the electron pressure divergence 

• Drake et al., PoP, 2019; Arnold et al., PoP, 2019; Wetherton et al., GRL, 2019; JGR, 2020: 
Kinetic-based closures for global fluid modeling; capturing electron Fermi acceleration  
in large-scale fluid simulations; “Egedal equations of state” (Lê et al., PRL, 2009) works  
from EDR scales to ~100 ion inertial scales

 

Goldman et al., 2020
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FIGURE 5. Two-dimensional plots of the Kaufmann and Paterson non-Maxwellianity at t = 41,
where the location of the X-point at this time is (x0, y0), for (a) electron M̄KP,e and (b) ions
M̄KP,i. Black solid lines are magnetic field lines. Vertical dashed lines in panel (a) at x − x0 =
0, 8 and 13 indicate cuts that are investigated further in figures 7–9. (c) Vertical cuts of M̄KP,e
(red) and M̄KP,i (blue) through the X-point in the y direction. The vertical dashed and dotted lines
mark the edges of the non-frozen-in region for electrons and ions, respectively.

Panel (a) reveals that M̄KP,e for the electrons has its largest departures from zero in the
diffusion region, along the separatrices, and at the boundary of the island. In contrast,
panel (b) shows that M̄KP,i departs from zero in the diffusion region and in the core of
the island. These regions are consistent with where we expect electrons and ions to be
non-Maxwellian. Electrons accelerate due to the reconnection electric field and undergo
non-adiabatic motion in the electron diffusion region, form counter-streaming beams and
electron holes near separatrices, and are Fermi-accelerated and heated in the magnetic
island (Drake et al. 2006). For ions, they undergo acceleration and non-adiabatic motion
in the ion diffusion region, form counter-streaming beams and pickup ion acceleration in
the exhaust (Drake et al. 2009), and are reflected by the moving jet front in the magnetic
islands. The physical picture will be confirmed for electrons by investigating distribution
functions in § 6.4.

The vertical cuts of non-Maxwellianity through the X-point shown in figure 5(c) more
clearly shows that the departure from zero occurs for both species near 1 di " 2.24 di0

�%��%%"$��(((�����#�����!#���!#��%�#�$���%%"$���!��!#��������
�������

�������
�
�!( �!������#!���%%"$��(((�����#�����!#���!#����""$����� �'�#$�%�%$�����!%����! ������%�������%���	�����$&����%�%!�%�������#������!#��%�#�$�!��&$����'�������

Liang et al., 2020



F U T U R E  O P P O RT U N I T I E S :  M I C R O -  T O  M E S O -

• Coupling of electron- and ion-scale, ion- and meso-scale 

• Physics of thermalization of non-gyrotropic electron/ion 
distributions in reconnection exhausts 

• Effect of small-scale waves on reconnection and vice versa 

• Effect of cold and/or heavy ions on reconnection 

• Effect of flow shear across the reconnection site 

• “Laminar” vs. “bursty” reconnection causes 

• Need to reconfigure MMS spacecraft from tetrahedron  
to pictured; planned for extended mission
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WKH�WLPH��RU�GL൵HUHQW�RQHV�DW�GL൵HUHQW�WLPHV���7KUHH�
models of FTEs have been proposed: The original 
RQH�LQ�ZKLFK�WZR�LVRODWHG�HOERZ�VKDSHG�ÀX[�URSHV�
PRYH�QRUWK�VRXWK�DZD\�IURP�WKH�UHFRQQHFWLRQ�OLQH��
WKH�EXUVW\�VLQJOH�;�OLQH�PRGHO��DQG�WKH�PXOWLSOH�;�
line model. The question of  which model applies 
remains largely open. While the connection to an 
X-line rules out the original FTE model, we need 
to understand under what conditions do FTE sig-
natures (such as magnetic connectedness, plasma 
ÀRZV��HWF���PDWFK�WKH�VLQJOH�RU�PXOWLSOH�;�OLQH�PRG-
el. How can we explain the (occasional) reversals of 
LRQ�ÀRZV�DORQJ�WKH�VHSDUDWULFHV"�+RZ�GR�ZH�H[SODLQ�
the repeated co-existence of crater and normal FTEs 
RQ� WKH� VDPH�PDJQHWRSDXVH� FURVVLQJ"� �$QVZHUV� WR�
these long-standing questions will reveal not only 
the origin of FTEs but also provide new information 
regarding the nature of time-dependent magneto-
pause reconnection. 

Researching these topics with MMS. A holistic 
understanding of magnetic reconnection on mul-
tiple scales requires the simultaneous resolution of 
NLQHWLF�VFDOH�GL൵XVLRQ�UHJLRQV�DQG� WKHLU�ÀXLG�VFDOH�
boundary conditions, which only MMS can provide, 
as well as synergistic theory and modeling. MMS 
has successfully employed electron-scale measure-
ments to determine, e.g., how the frozen-in condi-
tion is broken and how electrons are accelerated in 
WKH�('5��'HWHUPLQLQJ�WKH�FRQWH[W�DQG�UDPL¿FDWLRQV�
RI�WKHVH�SURFHVVHV�UHTXLUHV�D�QHZ�PXOWL�VFDOH�FRQ¿J-
uration, one application of which is shown (Fig. 3.1 
±�VHH�DOVR������6LPXOWDQHRXV�PHDVXUHPHQWV�DUH�WDN-
en in four key areas: (1) MMS4 determines the mag-
QHWRVKHDWK�ERXQGDU\�RI�WKH�GL൵XVLRQ�UHJLRQ�VRPH����
km or ~1 di�XSVWUHDP������DQRWKHU�6�&�REVHUYHV�WKH�
acceleration of non-gyrotropic electron crescent dis-
WULEXWLRQV�LQ�WKH�('5������D�WKLUG�6�&�REVHUYHV�WKH�
formation of the super-Alfvénic electron jets some 
�����NP�RU�a���Ge�GRZQVWUHDP�LQ�WKH�RXWÀRZ��DQG�
����WKH�¿QDO�6�&�REVHUYHV�WKH�WKHUPDOL]DWLRQ�RI�WKH�
HOHFWURQV�� WKH� ¿QDO� VWHS� LQ� WKH� HOHFWURQ� GLVVLSDWLRQ�
process, some 60 km downstream. The conditions 
of the upstream magnetosphere, which typically 
SURYLGHV�WKH�('5�ZLWK�VWHDG\�LQSXW��DUH�GHWHUPLQHG�
EHIRUH�DIWHU�WKH�('5�FURVVLQJ��DOORZLQJ�IRU�DVVHVV-
PHQW�RI�KHDY\�DQG�FROG�LRQV��VKHDU�ÀRZV��DQG�MHWV�
LQ�WKH�LQÀRZ��)RU�FURVVLQJV�QRW�LQYROYLQJ�WKH�('5��
WKH� VDPH� FRQ¿JXUDWLRQ� OHQGV� LWVHOI� WR� WKH� VWXG\�RI�
FTE structure as well as cold and heavy ion ener-

JL]DWLRQ� LQ� WKH� RXWÀRZ� UHJLRQ��.QRZOHGJH� JDLQHG�
IURP�('5�REVHUYDWLRQV�E\�WKH�HOHFWURQ�VFDOH�WHWUD-
hedron are used to classify signatures of instabili-
ties, wave-particle interactions, energy conversion 
PRGHV��HWF��PHDVXUHG�E\�VLQJOH�6�&��ZKLOH�D�PRUH�
widely spaced constellation is used to characterize 
cross-scale and cross-region coupling processes. In 
this way, MMS’s unique capabilities will solve the 
multiscale properties of magnetic reconnection.
([WHQVLRQV�YLD�WKH�+62��:KLOH�WKH�ÀXLG�WR�NLQHW-

LF�VFDOH�006�FRQ¿JXUDWLRQ�VWXGLHV�WKH�ORFDO�SK\V-
ics of magnetopause reconnection, the system-scale 
constellation formed by MMS, Cluster, THEMIS, 
DQG�*HRWDLO�FDQ�VWXG\�WKH�PDJQHWRSDXVH�DQG�LQÀRZ�
UHJLRQV�DW�GL൵HUHQW�ORFDO�WLPHV�DQG�ORQJLWXGHV��006�
relates local (in time and space) upstream conditions 
ZLWK� HQHUJ\� FRQYHUVLRQ� DQG� RXWÀRZ� DFFHOHUDWLRQ�
processes, and the HSO determines the upstream 
FRQGLWLRQV�DQG�RXWÀRZ�FKDUDFWHULVWLFV�RYHU�WKH�VFDOH�
of the extended low-latitude reconnection site.

������+RZ�GR�LQVWDELOLWLHV�IDFLOLWDWH�HQHUJ\�FRQYHU-
VLRQ� LQ� WKH�PDJQHWRWDLO" The separatrices of mag-
netic reconnection are well known to extend long 
GLVWDQFHV�DZD\�IURP�WKH�UHFRQQHFWLRQ�GL൵XVLRQ�UH-
gion. The separatrix regions are kinetic scale sur-
IDFHV��ZKLFK�ERXQG�WKH�LQÀRZ�DQG�RXWÀRZ�UHJLRQV��
The separatrices are characterized by electrons ac-

)LJ�������,QYHVWLJDWLQJ�FURVV�VFDOH�FRXSOLQJ�RI�HOHF-
WURQ� GLVVLSDWLRQ� GXULQJ� PDJQHWLF� UHFRQQHFWLRQ� E\�
WKH� VLPXOWDQHRXV� UHVROXWLRQ� RI� LRQ� DQG� HOHFWURQ�
VFDOH�SURFHVVHV��$V� WKH�PDJQHWRSDXVH�('5�PRYHV�
DFURVV�WKH�LUUHJXODU�WHWUDKHGURQ��WKH�VSDFHFUDIW�UH-
VROYH�UHFRQQHFWLRQ�LQ�WKH�('5��LWV�XSVWUHDP�GRZQ-
VWUHDP�ERXQGDU\�FRQGLWLRQV��DQG�NH\�DVSHFWV�RI�WKH�
PXOWL�VFDOH� HOHFWURQ� GLVVLSDWLRQ� SURFHVV�� /DUJHU�
VSDFHFUDIW� VHSDUDWLRQV� FDQ� H[WHQG� WKLV� W\SH� RI� UH-
VHDUFK� LQWR� ÀXLG� VFDOHV� DQG� WKH� LQWHUIDFH� EHWZHHQ�
WKH�GLৼXVLRQ�UHJLRQ�DQG�WKH�PRUH�GLVWDQW�RXWÀRZ�

Courtesy of 
J. Burch

Geophysical Research Letters 10.1002/2014GL060608

Figure 2. Three highly structured, anisotropic electron distributions (1–3) in v∥-v⟂, vx-vy , and vx-vz space from an exhaust
associated with a primary island (centered at (x, z) ∼ (773, 0)) at tΩci = 19. Distribution 1 exhibits arc and ring compo-
nents as well as a low-energy core. Distribution 2 has a ring structure with no low-energy core. Distribution 3 consists
of ring and core populations. To provide the temporal and spatial context for the distributions, (a) the reconnection rate
profile and (b) the electron temperature anisotropy Te⟂∕Te∥ with black curves showing contours of the magnetic flux
function are also shown. The white curves in Figure 2b are field lines that go through the center of the bins from which
distributions 2 and 3 are sampled. B at the center of each distribution bin is given above each v∥-v⟂ distribution panel.

Te⟂∕Te∥ ≈ 3 has been achieved. The island formed before the explosive growth phase and will be called a
primary island hereafter (see Chen et al. [2012] for discussions of the island properties). At tΩci = 18, approx-
imately when the maximum reconnection rate occurs, the regions at the end of every electron outflow jet
and those extending into the island (centered at (x, z) ∼ (780, 0)) have Te⟂∕Te∥ exceeding 2 and as high as 8
due to the development of ring structures in the distribution functions (to be discussed in Figure 2).

Three electron distributions each with a ring population are presented in Figure 2 for tΩci = 19 to show the
spatial evolution of the distributions from the edge of the electron outflow jet to just inside the closed field
lines of the primary island. Figure 2b shows the further development of the electron temperature anisotropy
Te⟂∕Te∥ past the time of peak reconnection. The maximum electron temperature anisotropy Te⟂∕Te∥ occurs
at approximately x = 810, near the boundary of the closed island field lines and the open exhaust field
lines. This large temperature anisotropy corresponds to anisotropic ring distributions (see discussion for
distribution 2 of Figure 2). The open exhaust field lines just outside of the primary island have been recon-
nected at the dominant X line (x ≈ 850) though not yet reconnected at the X line to the left of the island at
x ≈ 720. The primary island is ejected in the −x direction because of the stronger reconnection rate at the
dominant X line.

SHUSTER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5391

Shuster et al., 2014



F U T U R E  O P P O RT U N I T I E S :  M I C R O -  T O  M A C R O -
• Energy conversion, particle acceleration in reconnection 

• Role of kinetic-scale physics at separatrices in generating  
waves and nonlinear structures and energy conversion 

• Need to reconfigure MMS spacecraft from tetrahedron  
to pictured; planned for extended mission 

• Reconnection as an element of other physical phenomena 

• Turbulence, bow shocks, interplanetary shocks, corotating 
interaction regions (CIRs), Kelvin-Helmholtz instability on 
magnetopause flanks, wave-particle interactions at 
dipolarization fronts and in radiation belts, cusp physics 

• Need to reconfigure MMS spacecraft;  
may be a part of the extended mission
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celerated toward the X line forming beams, density 
JUDGLHQWV��FURVV�¿HOG�FXUUHQWV��DQG�YHORFLW\�VKHDUV��
all of which are potential sources of instability. The 
instabilities can result in a wide variety of waves 
developing in the separatrices of reconnection, in-
cluding electrostatic solitary waves, whistler waves, 
lower hybrid waves, and Langmuir waves. Many 
of these waves have been reported in observations, 
but multi-spacecraft observations are required to de-
termine the role of gradients and velocity shears as 
sources of instability. Plasma gradients and cross-
¿HOG� FXUUHQWV� DUH� NQRZQ� WR� SURGXFH� ORZHU� K\EULG�
waves in reconnection separatrices, and evidence of 
velocity shear instabilities has been reported in par-
ticle-in-cell simulations of magnetic reconnection. 
:KLFK�LQVWDELOLWLHV�DUH�GULYHQ�E\�YHORFLW\�VKHDUV�

DQG�SODVPD�JUDGLHQWV�DW�WKH�VHSDUDWUL[" At the sepa-
ratrices, velocity shears in the normal direction of 
WKH� SDUDOOHO� ÀRZLQJ� HOHFWURQV� DQG� WKH� FURVV�¿HOG�
(out-of-plane) both occur. These velocity shears, as 
well as plasma gradients, are potential sources of 
LQVWDELOLW\�DQG�PD\�VLJQL¿FDQWO\�PRGLI\�RWKHU�LQVWD-
bilities developing in reconnection separatrices. Ve-
locity shears can generate lower hybrid-like waves 
RU�HOHFWURQ�.HOYLQ�+HOPKROW]�OLNH�ZDYHV��7KH�H൵HFW�
of velocity shear or that of gradients on the sepa-
ratrices has not been comprehensively investigated 
with spacecraft observations. Hence, the overall 
importance of these processes to reconnection has 
not been established. Such processes can contribute 
WR� SDUWLFOH� DFFHOHUDWLRQ�� PL[LQJ� EHWZHHQ� GL൵HUHQW�

model results. The length scales of the waves are 
related to electron kinetic scales (tens to a hundred 
km). To characterize electrostatic waves and lower-
hybrid waves two spacecraft need to be separated by 
a distance comparable to or below the length scales 
of the waves (20-30 km) both parallel and perpen-
GLFXODU�WR�WKH�PDJQHWLF�¿HOG��7R�UHVROYH�SODVPD�JUD-
dients on the order of a hundred kilometers, MMS 
needs to measure plasma moments at two locations 
separated by a distance of ~100 km in the direction 
normal to the separatrix. Figure 3.2 illustrates the 
SURSRVHG�VSDFHFUDIW�FRQ¿JXUDWLRQ�±�RQH�RI�WKH�FRQ-
¿JXUDWLRQV�GLVFXVVHG�LQ�����7KHUH�LV�D�SRVVLELOLW\�WR�
have the spacecraft grouped in two pairs for equal 
wave measurements at two locations simultane-
ously, or as a trio and single spacecraft, similar to 
WKH�FRQ¿JXUDWLRQ�IRU�PDJQHWRSDXVH�VWXGLHV��WR�KDYH�
more detailed wave measurements at one location. 
006�ZLOO�IRU�WKH�¿UVW�WLPH�GHWHUPLQH�WKH�UROH�RI�NH\�
wave modes at the separatrix in the larger context.
([WHQVLRQV� YLD� WKH�+HOLRSK\VLFV� 6\VWHPV�2EVHU-

vatory. The HSO can contribute to investigating 
the process of electron acceleration and heating at 
the separatrices by providing an even larger scale 
view of the reconnection region. For example, the 
DSRJHH�RI�&OXVWHU�LV�FORVH�WR������WKDW�RI�006��$W�
the inbound leg of the MMS orbit, when MMS in-
vestigates the electron and ion scale kinetic physics, 
Cluster (along its polar orbit) provides a good over-
view of the current sheet cross section (one to a few 
5E) closer to the Earth.

)LJ�������5HVROYLQJ�WKH�VHSDUDWUL[�HQYLURQPHQW�RI�V\PPHWULF�UHFRQQHF-
WLRQ��3ODVPD�JUDGLHQWV�DUH�UHVROYHG�E\�WZR�VSDFHFUDIW�ZLWK�D�FURVV�RUELW�
VHSDUDWLRQ�FRPSDUDEOH�WR�EXW�EHORZ�LRQ�NLQHWLF�VFDOHV��(6:�DQG�/+:�
SURSHUWLHV�DUH�PHDVXUHG�E\�D�PLQLPXP�RI�WZR�VSDFHFUDIW�VHSDUDWHG�E\�D�
GLVWDQFH�FRPSDUDEOH�WR�HOHFWURQ�NLQHWLF�VFDOHV�LQ�WKH�GLUHFWLRQV�SDUDOOHO�
DQG�SHUSHQGLFXODU�WR�WKH�DPELHQW�PDJQHWLF�¿HOG�

particle populations, particle 
transport, and broadening of the 
boundary. The science questions 
are then: what roles do velocity 
shear and plasma gradients play 
in generating waves, modify-
ing the properties of waves, and 
modulating energy conversion 
processes in the separatrices of 
magnetotail reconnection, and, 
VSHFL¿FDOO\�� KRZ� DUH� HOHFWURQV�
HQHUJL]HG�DW�WKLV�ERXQGDU\"�

Researching these topics with 
MMS.   To answer the above sci-
ence questions requires the ve-
locity shears in the separatrices 
to be measured and compared 
with other gradients and suitable 

Images courtesy of J. Burch
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3.2 Shock physics  
Electron scale processes and their spatial varia-

tions, MMS provides the unique opportunity to 
study shocks even at electron scales. Such research 
has been extremely successful, but key unexplored 
questions remain. 

3.2.1 What is the physics of the bow shock on all 
NLQHWLF�VFDOHV" Kinetic processes associated with the 
bow shock provide an environment ripe for further 
H[SORUDWLRQ� E\� 006�� 2QO\� 006� R൵HUV� WKH� RS-
portunity to observe key processes from ion scales 
down to electron scales. The studies proposed here 
provide closure to pressing science questions await-
ing measurements by an MMS-like precision tool. 

��������+RZ�GR�IRUHVKRFN�WUDQVLHQWV�DQG�VXEVFDOH�VWUXF-
WXUHV�HYROYH��DQG�KRZ�GR�WKH\�UHODWH�WR�SDUWLFOH�DFFHOHUD-
tion? Foreshock transients are ion-kinetic phenome-
na that develop in the ion foreshock region upstream 
of supercritical, collisionless shocks. An assortment 
RI�IRUHVKRFN�WUDQVLHQWV�KDV�EHHQ�LGHQWL¿HG�� LQFOXG-
LQJ�KRW�ÀRZ�DQRPDOLHV��+)$V���IRUHVKRFN�EXEEOHV�
(FBs), cavitons, cavities, and short large amplitude 
magnetic (SLAM) structures. Because of their large 
perturbations in dynamic, thermal, and magnetic 
pressures, foreshock transients can disturb the bow 
shock, magnetosheath, magnetopause, and conse-
quently the magnetosphere-ionosphere system. The 
evolution of foreshock transients is still poorly un-
derstood, and without an understanding of their for-
mation mechanisms we cannot quantitatively couple 
them into shock models and space weather models. 
)%V�DQG�+)$V��WKH�WZR�PRVW�VLJQL¿FDQW�IRUHVKRFN�
transients, can only be distinguished by their obser-
vational characteristics. To determine their evolu-
tion, three-dimensional shape, and particle response 
over time, multi-point observations with separations 
comparable to their various spatial scales are re-
quired (Fig. 3.3). In addition, particle acceleration 
mechanisms by foreshock transients have not been 
fully determined. To investigate acceleration mech-
anisms, multi-point observations with appropriate 
separations are needed to determine the evolution 
of particle motion during the acceleration processes. 

 �������� +RZ� DUH� HOHFWURQV� KHDWHG�� DFFHOHUDWHG� DQG�
WKHUPDOL]HG�DW�TXDVL�SHUSHQGLFXODU�VKRFNV" In the stan-
GDUG�'L൵XVLYH�6KRFN�$FFHOHUDWLRQ��'6$��VFHQDULR��
electrons are accelerated stochastically by receiv-
ing energization ‘kicks’ multiple times while being 
scattered back and forth across the shock front. A 

FKDOOHQJH�LV�WKDW�HOHFWURQV�QHHG�WR�EH�VX൶FLHQWO\�HQ-
ergetic (and non-thermal) before being injected into 
the standard process for further energization. While 
earlier in-situ observations in space suggested that 
Shock Drift Acceleration (SDA) is a key process 
of electron energization out of the thermal plasma 
pool, it has also been recognized that SDA needs to 
be combined with an additional stochastic process 
to explain the observed power-law energy spectra. 
Previous observations of intense wave activities in 
the shock transition region indicated that the elec-
WULF�DQG�PDJQHWLF�¿HOG�ÀXFWXDWLRQV�VKRXOG�SURYLGH�
DGGLWLRQDO�HOHFWURQ�KHDWLQJ�FRROLQJ�DQG�WKHUPDOL]D-
tion through wave-particle interaction processes. In 
SDUWLFXODU��H൶FLHQW�VFDWWHULQJ�E\�HOHFWULF�DQG�PDJ-
QHWLF�¿HOG�ÀXFWXDWLRQV�PD\�SRWHQWLDOO\�H[SODLQ� WKH�
observed isotropic electron heating in supercritical 
quasi-perpendicular shocks. MMS measurements 
have allowed us to determine properties and address 
RULJLQV�RI�HOHFWURPDJQHWLF�DQG�HOHFWURVWDWLF�ZDYHV�
structures observed in quasi-perpendicular and 
oblique shocks. These studies have also demonstrat-
HG� WKDW� WKH� REVHUYHG�ZDYHV�VWUXFWXUHV�PD\� LQGHHG�
H൶FLHQWO\� KHDW�� SLWFK�DQJOH� VFDWWHU� DQG� WKHUPDOL]H�
electrons. The critical problem is to understand the 
UHODWLYH�FRQWULEXWLRQV�DQG�LQWHUSOD\�RI�'&�¿HOGV�DQG�
wave activities in electron heating and thermaliza-
tion. The problem is that the electron velocity distri-
bution across a shock is formed non-locally, that is, 
the electron velocity distribution functions (VDF) 
measured in a particular region actually corresponds 
to electrons coming from other parts of the shock 
transition region including upstream, foot, ramp and 
downstream regions. Simultaneous measurements 
RI� ZDYHV� DQG� HOHFWURQ�9')V� LQ� GL൵HUHQW� SDUWV� RI�
the shock transition region are therefore necessary 

)LJ�������5HVHDUFK�RQ�HOHFWURQ�KHDWLQJ�WKHUPDOL]D-
WLRQ�LQ�WKH�(DUWK¶V�ERZ�VKRFN�IDFLOLWDWHG�E\�DQ�006�
VWULQJ�RI�SHDUOV�FRQ¿JXUDWLRQ��$�VLPLODU�FRQ¿JXUD-
WLRQ�FRXOG�EH�XVHG�IRU�IRUHVKRFN�WUDQVLHQWV�



F U T U R E  O P P O RT U N I T I E S :  L A B O R AT O RY  S T U D I E S

• Reconnection research has benefited from close 
collaborations with experiments (MRX, FLARE, VTF, 
MST, TREX, SSX, RSX, LAPD, CalTech, DIII-D, …) 

• However, there are no experiments in the world 
measuring VDFs in heliophysics-relevant systems 

• New experiment at West Virginia University: 
PHAse Space MApping (PHASMA, PI: Earl Scime) 

• Will measure ion VDFs (laser-induced fluourescence)  
and electron VDFs (Thomson scattering)  
non-perturbatively in a double flux rope (RSX-type) 
configuration, with in-house modeling capabilities

Images courtesy of E. Scime



F U T U R E  C H A L L E N G E S :  T H E O RY

• Cross-scale coupling (ion-scale to meso-scale, meso-scale to 
macro-scale) is challenging observationally, experimentally, and 
numerically 

• Global-kinetic simulations still out of reach; need code coupling 
(SWMF), global hybrid (Vlasov-hybrid, PIC-hybrid), fluid closures 

• Satellite conjunctions (e.g., Cluster, THEMIS/ARTEMIS, Geotail, 
Arase, TRACERS) and/or new cross-scale missions 

• Applying knowledge from MMS to reconnecting systems beyond 
Earth’s magnetosphere is challenging — solar corona, planetary 
magnetospheres, astrophysical plasmas, fusion 

• See also Hesse and Cassak, JGR, 2020
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Thus, to connect with the multitude of results from 
low latitudes, the MMS spacecraft will remain in a 
FRQ¿JXUDWLRQ�WKDW� LV�HVVHQWLDOO\� WHWUDKHGURQ�IRU� WKH�
¿UVW� �� \HDUV��7KLV� FRQ¿JXUDWLRQ� LV� RSWLPDO� IRU� WKH�
study of magnetic reconnection. The tetrahedron 
FRQ¿JXUDWLRQ� LV� RSWLPL]HG� IRU� WKH� PDJQHWRSDXVH�
crossings that occur approximately half-way to apo-
gee on the outbound and inbound orbit legs.

After 2023, there are changes to the spacecraft 
FRQ¿JXUDWLRQ�� 7R� PLQLPL]H� VFLHQFH� GLVUXSWLRQ��
these changes occur over days to weeks with mini-
PDO�RUELW�PDQHXYHUV��7DEOH�����VKRZV�WKH�WZR�W\SHV�
RI�FRQ¿JXUDWLRQV�WKDW�HQKDQFH�FURVV�VFDOH�6FLHQFH���
7KH� ORJ� VWULQJ� RI� SHDUOV� FRQ¿JXUDWLRQ� ZDV� WHVWHG�
GXULQJ�D���PRQWK�SHULRG�LQ�)HEUXDU\������ZKHQ�WKH�
DSRJHH� RI� WKH� FRQVWHOODWLRQ�ZDV� UDLVHG� IURP���� WR�
���5E. It provides a variety of scales ranging from 
WZR�VSDFHFUDIW�VSDFHG�DW�HOHFWURQ�VFDOHV�WR���SDLUV�RI�
spacecraft with spacings from ion to MHD scales. 

5.3 Coordination with other missions in the HSO 
The four MMS spacecraft play an integral role in 

the Heliospheric System Observatory (HSO). All of 
WKH�6FLHQFH�REMHFWLYHV�LQ����DUH�HQKDQFHG�LQ�VSHFL¿F�
ways when the MMS observations are combined 
with those from other elements of the HSO. The next 
��\HDUV�SURYLGH�VRPH�H[FLWLQJ�QHZ�RSSRUWXQLWLHV�IRU�
conjunctions with the HSO where MMS science is 
enhanced, and MMS has the opportunity to enhance 
the science of other HSO elements. In particular, 
MMS provides unique electron-scale measurements 
that, when combined with other HSO elements, re-
sults in cross-scale opportunities that span micro-
scales through the meso- and to the macro-scales.  
)LJXUH�����VKRZV�VRPH�H[DPSOHV�RI�WKHVH�RSSRUWX-
nities for magnetospheric physics studies. 
)LJXUH�����VKRZV�D�YHU\�LQWHUHVWLQJ�+62�FRQ¿JX-

ration with MMS in the magnetotail, which is re-
SHDWHG�PDQ\�WLPHV�LQ�WKH�QH[W���\HDUV��7KH�DUPDGD�
of spacecraft are distributed over a wide range of 
distances down the magnetotail. MMS provides 

unique electron-scale observations of reconnection 
and depolarization fronts, IBEX provides neutral 
atom imaging of the magnetotail, and the other HSO 
elements study meso- and macro-scale physics of 
reconnection and plasmoid formation, bursty bulk 
ÀRZV�DQG�ÀRZ�EUHDNLQJ�LQ�WKH�LQQHU�PDJQHWRVSKHUH��
and dipolarization front convection and evolution.
1RW� VKRZQ� LQ� )LJ�� ���� DUH� WKH�PDQ\� RSSRUWXQL-

ties for coordination with elements of the HSO that 
are studying the Sun and inner heliosphere. These 
opportunities include multi-point solar wind stud-
ies combining Parker Solar Probe, MMS, and the 
spacecraft at L1. In addition, Sun-solar wind studies 
DUH� IDFLOLWDWHG�XVLQJ�6'2�DQG�RU�6RODU�2UELWHU�RE-
serving the Sun and MMS in the solar wind. 

5.4 Instrument modes
During each ~3-day MMS orbit, science data col-

OHFWLRQ�RFFXUV�LQ�)DVW�6XUYH\�GXULQJ�GH¿QHG�6FLHQFH�
5HJLRQV�RI�,QWHUHVW��652,���ZKHUHDV�WKH�RWKHU�SRU-

7DEOH������$IWHU�������QHZ�VSDFHFUDIW�FRQÀJXUDWLRQV�HQKDQFH�FURVV�VFDOH�VFLHQFH�
&RQÀJXUDWLRQ Description Enabled Science Topics
Multi-scale, 
irregular tetra-
hedrons

4 or 3 spacecraft in a plane, 
2 at electron scales and 2 at 
ion scales 

�������&RQQHFWLQJ�UHFRQQHFWLRQ�NLQHWLF�DQG�ÀXLG�VFDOHV
3.3.3: Instabilities and energy conversion in the tail

Logarithmic 
string of pearls

4 spacecraft in the orbit plane 
with spacing that progresses 
logarithmically from electron 
to beyond ion scales

3.2.1: Physics of the bow shock on all kinetic scales 
�������/DUJH�VFDOH�WXUEXOHQFH�LQÀXHQFH�RQ�UHFRQQHFWLRQ
3.4.1: Kinetic structure of KH vorticies
3.4.2 Mechanisms of dawn-dusk asymmetries

tions of the orbit 
are for lower reso-
lution data gather-
ing,  calibration, 
and maintenance 
activities for the 
particle instru-
ments. Burst mode 

)LJ��������006�LV�DQ�LQWHJUDO�SDUW�RI�WKH�KHOLRSK\V-
LFV� REVHUYDWRU\�� SURYLGLQJ� XQLTXH� HOHFWURQ�VFDOH�
REVHUYDWLRQV��7KLV�H[DPSOH�RI�PDQ\�006��FRQMXQF-
WLRQV� ZLWK� +62� HOHPHQWV� HPSKDVL]HV� WKH� PLFUR-
VFRSH�WHOHVFRSH�VFLHQFH�RI��H�J���PDJQHWRWDLO�G\QDP-
LFV�GXULQJ�UHFRQQHFWLRQ�

Image  
courtesy  
of J. Burch



F U T U R E  C H A L L E N G E S :  D E I
• DEI = Diversity, Equity, and Inclusity 

• Physics/science in America is not currently diverse, equitable, or  
inclusive; science community is not achieving what it is capable of 

• Accomplishments from MMS (courtesy of Leslie Garrison):  
323 outreach events reaching 98,500 people in the last three years, including  
23 events reaching 1,062 people to build minority engagement and diversity 

• Future challenges 

• Increase opportunities for a diverse population to be successful  
in physics, and make physics a welcome place for all to thrive 

• Think of what MMS has accomplished in 20 years; imagine what  
physics would be like in 20 years if we put in the effort to improve DEI 

• APS is leading the charge, e.g., its IDEAs Network  
https://www.aps.org/programs/innovation/fund/idea.cfmImage courtesy  

of J. Bryan

Image  
courtesy of  
L. Garrison



C O N C L U S I O N S
• The first five years of the MMS era have been extremely fertile  

for answering old questions and addressing scores of new ones 

• The symbiosis between satellite observations and  
2D/3D simulations has been surprisingly fruitful 

• New developments in kinetic theory will impact plasma  
physics far beyond the microphysics of reconnection 

• Future research avenues include both new aspects of  
micro-scale physics and connections to meso- and macro-scale 

• Exciting era ahead allowing distribution function-level  
comparisons with laboratory experiments 

• Numerous challenges still remain — sparseness of observational  
data, limitations of computer power, DEI issues in the sciences 

• Acknowledgements — The entire MMS team, Jim Burch 

• Dedicated to the memory of MMS team members Craig Tooley and Sam Bingham

Group picture  
of MMS team 
from MMS SWT, 
October, 2020; 
Courtesy of  
K. Genestreti

Image courtesy of NASA


