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Abstract

We examine the July 11th, 2017 electron diffusion region (EDR) observed by the Magnetospheric Multiscale (MMS) mission
using Poynting’s theorem. The terms in Poynting’s theorem are determined using a linear gradient approximation to obtain
barycentric averages within the MMS tetrahedron. We find that Poynting’s theorem is approximately balanced in the EDR, and
the balance is improved if the calculation of [?][?]S is restricted to the LN plane. The work rate per unit volume J[?]E is mostly
balanced by the divergence of the electromagnetic energy flux [?][?]S, indicating that the electromagnetic energy density remains
relatively constant within the EDR during the encounter. We also use particle-in-cell (PIC) simulations to examine Poynting’s
theorem near an x-line evolving in time. The central EDR in the simulation is characterized by approximate time independent
balance in Poynting’s theorem during reconnection growth, while the outer EDR exhibits time-dependent fluctuations indicative

of more chaotic behavior.
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Key Points:

¢ Poynting’s theorem terms are evaluated for an MMS observed magnetotail elec-
tron diffusion region (EDR)

e The assumption of quasi two dimensional reconnection improves the balance of
the terms in Poynting’s theorem

e The time evolution in Poynting’s theorem is negligible, however large timescale

evolution of the EDR cannot be ruled out
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Abstract

We examine the July 11th, 2017 electron diffusion region (EDR) observed by the Mag-
netospheric Multiscale (MMS) mission using Poynting’s theorem. The terms in Poynt-
ing’s theorem are determined using a linear gradient approximation to obtain barycen-
tric averages within the MMS tetrahedron. We find that Poynting’s theorem is approx-
imately balanced in the EDR, and the balance is improved if the calculation of V - S
is restricted to the LN plane. The work rate per unit volume J-E is mostly balanced
by the divergence of the electromagnetic energy flux v.S , indicating that the electro-
magnetic energy density remains relatively constant within the EDR during the encounter.
We also use particle-in-cell (PIC) simulations to examine Poynting’s theorem near an
x-line evolving in time. The central EDR in the simulation is characterized by approx-
imate time independent balance in Poynting’s theorem during reconnection growth, while
the outer EDR exhibits time-dependent fluctuations indicative of more chaotic behav-

ior.

1 Introduction

Magnetic reconnection is a process that occurs in magnetized plasmas, where mag-
netic fields with antiparallel components converge and merge, resulting in a topological
transformation of the magnetic field and an energized plasma population. In these re-
gions, such at the boundary of Earth’s magnetopause or in the magnetotail, some por-
tion of the inflowing magnetic energy is converted into kinetic and thermal energy in the
plasma. This conversion of energy is often intermittent, but it can also be quasi-steady
and even continuous over the course of hours (Frey et al., 2003). The energy conversion
rate per unit volume is given by J-E, where J is the current density and E is the elec-
tric field. Often in reconnection studies, the energy conversion rate in the electron rest
frame is of greater interest, because it is a measure of the work done to the plasma by
the non-ideal electric field, which is of great importance to understanding the fundamen-
tal processes that underlie reconnection (Zenitani et al., 2011). This term is given by J-
E =17 (E + g X é), where v, and B are the electron velocity and the magnetic field,
respectively. J-E' is concentrated around the electron diffusion region (EDR) and sep-
aratrices, where frozen-in electrons become decoupled from the magnetic fields (Burch
& Phan, 2016). For this reason, J-E' is often used as an identifier for the EDR in multi-

spacecraft studies of reconnection (Burch & Phan, 2016; Torbert et al., 2018; Zenitani
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et al., 2011). To examine energy balance at the EDR, we use the general expression J-
E here, since it is not in the plasma rest frame and is more relevant to energy budget

considerations.

Within a region where energy conversion occurs (where J-E > 0), the net loss
of electromagnetic energy corresponds to a decrease in the electromagnetic energy den-
sity and/or electromagnetic energy flux into the region. This formulation of the conser-
vation of energy is Poynting’s theorem, given by

ou = o o

a:—V-S—J-E (1)
where u is the electromagnetic energy density and S is the electromagnetic energy flux,
or Poynting flux. It is important to understand the relative magnitudes of each term at
different locations on the x-line and different times during its evolution, because it de-
scribes how and where on the x-line electromagnetic energy density is lost (or gained).

Having a better understanding of the dynamics of energy may be useful in describing

the physics of reconnection growth and the conditions that cause reconnection to be steady

ou

5 = 0, the net loss or gain of

or time varying. In the time-independent case, where
electromagnetic energy must be balanced by the net gain or loss of plasma energy re-

spectively, which can come in various forms such as heating or bulk plasma acceleration.

The terms in equation 1 have been previously studied in the context of energy re-
lease and conversion during reconnection using particle-in-cell (PIC) and magnetohydro-
dynamic (MHD) simulations (Birn & Hesse, 2005, 2010). These studies investigated .J-
E and the divergence of various energy fluxes, including Poynting flux, near the EDR.
K. J. Genestreti et al. (2018) used MMS to evaluate in-situ measurements of the terms
in equation 1 for an EDR encounter at the magnetopause. They found that the left and
right hand sides of equation 1 balanced reasonably well, to within approximately 50%
uncertainty. Overall, the event was strongly time dependent(% # 0)near the x-line,
due to imbalance between J-E and V-3 terms. The exception was at the current sheet

center, where equation 1 exhibited time-independence (% =0).

Here we present an evaluation of Poynting’s theorem during the July 11th, 2017
EDR encounter(Torbert et al., 2018). In section 2, we discuss the tools used in this study
and the methods used to calculate the terms in equation 1. In section 3 we include an
overview of the event and our in-situ results, an analysis of the term V - S in the re-

sults, and a reconstruction of V - S to compare. In section 4, we present results from
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a PIC simulation, where we evaluate the terms in equation 1 in the EDR and their evo-

lution over time. In section 5 we summarize the results and discuss their implications.

We find that there is very little time evolution of u in the central EDR on July 11th,
indicating that the EDR is not evolving on rapid electron timescales. However, we also
find that time evolution of u in a 2D PIC simulation is negligible compared to the other
terms in Poynting’s theorem throughout the growth phase of reconnection, which sug-

gests that ion timescale evolution could still be an important factor.

2 Data and Methods
2.1 Instrumentation

This study makes use of high time resolution burst mode data from the suite of par-
ticle and field instruments aboard MMS. Magnetic field data comes from the fluxgate
magnetometers (FGM), which measure DC magnetic field vectors at 128 samples per sec-
ond (Russell et al., 2016). Electric field data comes from the electric field double probes
(EDP), which measure spin plane (Lindqvist et al., 2016) and axial (Ergun et al., 2016)
components of the electric field at 8,196 samples per second. Particle data comes from
the electron and ion spectrometers part of the fast plasma investigation (FPI) (Pollock
et al., 2016). Level 2 (L2) data is used for all the field and plasma quantities except for
the electric fields, where we use better calibrated L3 electric field data for the July 11th

event.

2.2 Simulation

This study includes a 2D PIC simulation with an initial Harris current sheet con-
figuration using the plasma simulation code (PSC) described in Germaschewski et al.
(2016). The domain size is L, X L, = 80d; X 20d; with an ion to electron mass ratio
of % = 100, 300 particles per cell (ppc), ion to electron temperature ratio % = 5,

and a background current sheet density to initial density ratio of Z—S = 0.05.

2.3 Method

The tetrahedron formed by the MMS spacecraft provides a volume within which

the quantities in equation 1 can be determined. The divergence of Poynting flux is a barycen-
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tric value obtained using a linear gradient approximation (Paschmann & Schwartz, 2000),

so the other terms are also expressed as barycentric averages to remain consistent.

o) _ oz -
v S ) (B) 2)

Poynting’s theorem describes the spatial and temporal variation of electromagnetic
energy density, so the relationship between terms in equation 1 is frame dependent. We
are interested in the relative values of the terms in Poynting’s theorem at an x-line, there-
fore the terms are determined in the x-line frame. This can be done using the velocity
of the x-line (¥;) determined by four-spacecraft timing analysis of the B, reversal. With

this velocity, we can express the total convective derivative of the energy density

du Ou .
E—azl‘val-vu (3)

This breaks the ‘2—’; observed by MMS into a purely temporal term and a spatial term

associated with the motion of the x-line relative to MMS. Therefore, to obtain %  the

du

spatial term in the convective derivative must be subtracted from the %% measured by

MMS

ou du
— TRV 4
ot|,, dt Val = VU (4)

For the remainder of this paper, % for the July 11th EDR will be in the x-line frame
according to equation 4. The residual of the calculation will be any imbalance in the left

and right hand sides of equation 2 (%7; +Vv-S+J-E #0)

To evaluate the terms in equation 1 in the PIC simulation, we compute a 2D V-
S along L and N, as there are no spatial derivatives along M in the simulation. J- E,
however, includes contributions along L, M and N. To evaluate all three terms in equa-
tion 1 at the same timestep, we calculate %7; directly from J-E and the 2D V- § ac-

cording to equation 1, ensuring that the residual of the calculation is zero.

3 Energy Balance in the July 11th EDR
3.1 Event Overview

On July 11th, 2017, MMS encountered an EDR, about 22 Earth radii into the mag-
netotail at approximately 22:34 UT (Torbert et al., 2018). MMS observed multiple sig-

natures of reconnection, such as reversals in both By, and By, Hall EFy components, and



116 a flow reversal in vy, (figure 1). The spacecraft separation was roughly 15 km, and within
17 the width of the current sheet. The trajectory was largely along the L axis of the x-line,

118 and remained close to current sheet during the encounter as indicated by the small By.
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Figure 1. Overview of the July 11th EDR encounter. Left: magnetic field, electric field, and
electron bulk velocity from MMS3. Right: MMS path through the EDR (diagram and simula-

tion) from Torbert et al. (2018)

119

120 The July 11th EDR has been studied extensively, and has been compared to a sim-
121 ulation with similar parameters to determine the reconnection rate and the reconnec-

122 tion electric field(T. Nakamura et al., 2018; Torbert et al., 2018; Genestreti et al., 2018).
123 The EDR exhibited evidence of laminar particle acceleration and quasi-2D force balance

124 (R. Nakamura et al., 2019; Egedal et al., 2019).

125 3.2 Poynting’s Theorem in the EDR

126 The initial results of our Poynting’s theorem calculations in the frame of the X-line
127 are shown in figure 2a. There is a close balance between the energy transfer rate and the
128 divergence of the electromagnetic energy flux, where —(.J) - (E) is roughly equivalent

129 to V-9 , and therefore % is close to zero, meaning that the reconnection is relatively
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steady state. Despite this, there is still a discrepancy betweeen —(.J) - (E) and V - §

. . O(u
from 22:34:02-03 UT that is not completely accounted for by a change in %.

To investigate this discrepancy further, we calculate a divergence term by defin-

ing a 'moments’ (V + S),0m, for each spacecraft, given by

N ou - o
(V'S)mom—_a_J'E (5)

where u, J, and F are all determined from one spacecraft. % for each spacecraft is still
calculated in the x-line frame by subtracting v,;-Vu from each %1; (equation 4), using

the same ¥,; and Vu. Equation 5 gives a value for the divergence of Poynting flux at each
corner of the MMS tetrahedron that balances Poynting’s theorem at those points. These
are plotted for each of the MMS spacecraft in figure 2b. There is a discrepancy between
their average, ((V - §)om ), and the original barycentric calculation of V - § (figure

2¢). The close agreement between the four spacecraft suggest that they were all in a sim-
ilar region, therefore the larger than expected V.S therefore does not appear to be due
to any significant difference from one spacecraft. The next step taken was to break the
calculation of V - § down into its individual components to look into any issues that

may be causing the imbalance in Poynting’s theorem.

In figure 2d, we show the components whose sum make up V - S , Where

98,  0Sy  OSx
aL "o T oN (6)

v.S5=

The LMN coordinate system can be expressed in GSE coordinates as L = [0.948, -0.255,

-0.189], M = [0.182, 0.925, -0.335], N = [0.260, 0.283, 0.923] (Genestreti ct al., 2018).

As expected for quasi-2D reconnection, the fields in the diverging reconnection out-

flow produce a positive %LLL, and the converging inflowing fields produce a negative %S—&V.

What is unexpected in figure 2d is the large negative %‘3\% , which would indicate that
fields are converging to the x point along both the N and M axes to a similar degree. Also
note that the %5‘71\1/[\/1 component has a large spike at 22:34:02 UT which also can be seen

in V-5 in figure 2. There can be some component S along M, but there should be near
zero gradient along M for quasi-2D reconnection. This large contribution to v.-S along
the M direction is likely the biggest contributor to the imbalance in V - S and Poynt-

ing’s theorem.

To check if this is the case, we test whether the assumption of quasi-2D reconnec-

9Sm :
- from the divergence

tion improves the balance of Poynting’s theorem by eliminating
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calculation. By assuming 2D reconnection and eliminating %9—]\1/‘[4 contributions, Poynt-

ing’s theorem is closer to being balanced overall (figure 2e), however this does contribute

to more imbalance from 22:34:01-02 UT. The residual is comparable in magnitude to the

results in K. J. Genestreti et al. (2018). For the remaining sections of this paper we make

the quasi-2D assumption for this event.
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Figure 2. (a) Initial determination of Poynting’s theorem terms, (b) (V
spacecraft, (¢) Comparison of all V - § calculations, (d) Contributions to ¥

(e) Poynting’s theorem terms assuming quasi-2D reconnection

) mom for each

.S along LMN axes,
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3.3 Reconstruction of V - §

Here we show the results of a new method of calculating V-S that utilizes a novel
2nd order 3D field reconstruction technique (Torbert et al., 2020). In short, the method
solves for a quadratic model of the electric and magnetic fields within the MMS tetra-
hedron that is both consistent with the measurements at each spacecraft and solves Maxwell’s
equations everywhere. In figure 3 we compare the reconstructed V-5 to the other meth-

ods and approximations discussed previously.

Q4rTTTTT T T T T I T T T TT LI I

(V-S)g

08l vl P S T T T TS T S T S S S S T A S N O T

a0 a1 02 03 04 05 06
Seconds since 22:34:00 UT

-

Figure 3. Comparison of the reconstruction (V - S)g to the other methods of approximation:

Linear gradient method (V - S), 'Moments’ (V - S)mom , and quasi-2D assumption (V - S)2p

The reconstruction result is similar to the quasi-2D result and (V§ )mom in the
central EDR. There is a discrepancy of between roughly 0.1—0.3nW/m3 between the
reconstruction and the original V.S calculation. The sign of the discrepancy is not con-
sistent over the event; the reconstruction being larger than the original term from 22:34:02-
03 UT but smaller beforehand. The larger discrepancy after 22:34:02 UT may be due
to very small field magnitudes making it difficult to obtain accurate spatial derivatives.

Spatial derivatives may be comparable to the noise in the data when field magnitudes
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are close to zero. In fact, the component of V-S that contributes most to the discrep-
ancy is %971\1/[\4 (figure 1d). Fluctuations in the out-of-plane component of Poynting flux
Sy =~ En X Bp, may skew the calculation of the gradient after 22:34:02 UT as the Eyn

and By components approach zero, leading to an artificially large %S—A% and V- 5.

4 Simulation Comparisons and Time-Dependence

In the case of the July 11th 2017 EDR, there is a relatively steady balance of elec-
tromagnetic energy flux to support the energy transfer rate J-E , therefore there is very
little time evolution of the electromagnetic energy density in the current sheet. Whether
or not this is indicative of steady-state reconnection is an important question to consider.
We investigate this by evaluating each term in equation 1 in the EDR as described pre-
viously in section 2. These results are shown in figure 4, along with the out-of-plane com-

ponent of the electric field. As the out of plane reconnection electric field grows, the elec-
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Figure 4. Left: Poynting’s theorem terms (top) and the out-of-plane reconnection electric field
Egr (bottom) in the EDR during reconnection growth. Right: E}; at multiple timesteps within
the growth phase, including a black dot indicating where each of the terms were evaluated.

tromagnetic field energy transfer rate grows until reconnection stablizes. The balance
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between V-S and J-E over the entire evolution suggests that, even in the early growth
of reconnection, the electromagnetic energy flowing into the diffusion region will balance
the plasma energization such that the electromagnetic energy density is constant. The
central EDR in the growth phase as well as the steady state phase of reconnection re-
mains in approximate energy balance such that the electromagnetic energy density re-
mains roughly constant. However, beyond the border of the central EDR Poynting’s the-

orem exhibited significant contributions from all three terms, including %7;.

These results suggest that the current sheet in the central EDR is characterized
by a region of constant electromagnetic energy density, while the outer EDR and exhaust
regions are characterized by stronger time-dependent fluctuations and turbulent struc-
tures. The EDR can exhibit a time-independent energy balance, even as it evolves on

ion timescales.

The July 11th EDR and the simulation used in this study are examples of 2D re-
connection. Large turbulent structures, asymmetries, guide fields, and other 3D effcts

may influence these dynamics and are worth further exploration.

5 Conclusion

We have presented a determination of Poynting’s theorem by MMS during an en-
counter with an EDR in the magnetotail. The path of MMS was largely along the path
of the flow reversal, providing a view of a single x-line at multiple locations along the
neutral sheet. The results suggest that the field to plasma energy conversion rate in the
EDR is roughly balanced by the net electromagnetic energy flowing into the region, keep-
ing the electromagnetic energy density in the EDR roughly constant. We have also pre-
sented results from a 2D PIC simulation, testing whether or not the balance of Poynt-
ing’s theorem says anything about reconnection being in a particular stage of evolution.
The simulation results suggest that, at least in an idealized two dimensional case, the
central EDR always exhibits a roughly constant electromagnetic energy density, even dur-
ing ion-timescale evolution of the x-line. This result has important implications for x-
lines in general. If the central EDR is characterized by this time-independence, while the
edges of the EDR exhibit more significant time-dependence in equation 1, then the bound-

du

aries of the EDR along the outflow direction are defined by deviations in . It is im-

portant to consider how these potential boundary conditions could be used to predict

—11—
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the geometry of x-lines under a given set set of initial conditions, such as plasma den-

sity and the strength of the magnetic field, among others.
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