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In this supplement to the Letter referenced in the title, we detail the methods by which we
determined the upstream plasma parameters required for numerical simulation of the July 11, 2017
magnetotail reconnection event. For quantitative comparison between the simulation and MMS
data, we derive a normalization scheme for translating the natural simulation units into the units
of MMS. Finally, we describe the optimization method by which we determined the best trajectory
through the simulation for matching the time-series data recorded by MMS.

I. GENERAL METHODOLOGY

The aim of the Letter is in part to determine to what
extent the details of the MMS observations of magneto-
tail reconnection during the event of July 11, 2017 can be
accounted for by 2D kinetic simulation. In our numerical
reconstruction of the event, the path of MMS through the
2D simulation is largely determined by the time series
of the magnetic field recorded by MMS. The magnetic
field measurements include fluctuations with an ampli-
tude of about 0.3nT at frequencies up to 2Hz. Thus,
the characteristic fluctuation frequency is slow compared
to the typical transit frequency of electrons traversing
the full length of the electron diffusion region (EDR),
ft = Vine/Lepr =~ (2:10"ms™1)/10°m ~ 20 Hz. This dif-
ference in time scales motivates our assumption that the
magnetic perturbations are caused by external Alfvénic
activity driving variations in the N-coordinate of recon-
nection layer relative to the MMS spacecraft.

During the ~ 10s time interval considered, as the x-
line retreats ~ 2 - 10%m in the tail-ward direction, from
the magnetic perturbations we find that the MMS path
fluctuates by about ~ 6-10*m in the N-direction nor-
mal to the reconnection current layer. While the Alfvénic
activity responsible for these fluctuations may well be
3D in nature, our analysis implies that the detailed fea-
tures recorded in and around the EDR are well accounted
for by evaluating 2D simulation quantities along a path
dictated by the recorded magnetic field time-series (in-
cluding the < 2Hz perturbations). As such, the data
appear consistent with a “ridged” 2D reconnection ge-
ometry pushed slightly back and forth in the N-direction
by Alfvénic activity external to the EDR.

In general, we find that the task of numerically recon-
structing an in situ spacecraft event can be divided into
seven separate steps.

1. Determine upstream initial plasma parameters
needed for implementing the initial plasma condi-
tions and carry out the fully kinetic reconnection
simulation.

2. For quantitative comparisons, translate the kinetic
simulation units into the units used by MMS.

3. Pick a trial set of LM N basis vectors, and rotate
the MMS data from GSE coordinates to determine
the times series for the LM N components of all
relevant vector and tensor quantities.

4. Infer the trajectory through the simulation that
matches the time-series of By, and By recorded by
MMS (we used By, and By of MMS1). Note that
this step is rigorously defined given the simulation
profiles of By, and By have been translated into
the units used by MMS (nT).

5. Reconstruct all relevant event data by evaluating
simulation quantities along the inferred trajectory
through the simulation.

6. Repeat steps 3 to 5 to search and isolate the LM N
basis vectors that provide the best visual agree-
ment between the MMS observations and simula-
tion quantities. These quantities include Bj; and
the vector components of u, and E. To provide un-
biased reconstruction of the electron pressure ten-
sor, the electron pressure elements were not in-
cluded for the optimization described under this
step.

7. Based on the overall agreement between the opti-
mized reconstructed profiles and the MMS observa-
tions, decide if the initial numerical plasma param-
eters of step 1 were representative for the event. If
not, repeat steps 1 to 6.

The details of how a range of these steps are com-
pleted are sensitive to the specific nature of the data se-
ries recorded by the spacecraft. In particular, for the
present event many different strategies were attempted
when completing step 6. Our summary below includes a
description of the approach taken for each step, includ-
ing our final strategy for step 6 that helped simplify the
search for an optimized set of LM N basis vectors.



II. UPSTREAM PLASMA PARAMETERS

In the Earth’s magnetotail EDRs typically retreat in
the tailward direction. Thus, in fortuitous in situ EDR
encounters the spacecraft will generally sample the two
exhaust regions (separated by the EDR) without making
direct contact with the upstream plasma feeding the two
inflow regions. Without such direct measurements, the
upstream plasma conditions must be inferred by other
methods. In particular, numerical simulations require
the specification of the normalized upstream pressures
for both the electrons and the ions, feoo and [iso.

For the present event MMS sampled a region of strong
electron pressure anisotropy, T =~ 47T, a few d. up-
stream of the EDR. Over the past decade a detailed the-
ory has been developed which predicts this anisotropy
level as a function of B.o,. Using the theoretical scal-
ing laws of [Le et al., Phys. Plasma, 23, 2016] we ob-
tained the estimate that [eo, =~ 0.045. Furthermore,
in the work by Le et al. theoretical scaling laws are
also available for the relative electron heating observed
from the inflow region to the exhaust region just down-
stream of the EDR (where for this event T, ~ 820eV).
For Beoo =~ 0.045 the relative heating factor is ~ 1.7
corresponding to an upstream electron temperature of
Teoo =~ 820eV/1.7 ~ 480eV. Assuming that the ion
temperature near the EDR, T; ~ 5keV is representative
for the upstream conditions, we estimate the normalized
upstream ion pressure to be Biso = 10 Beoo =~ 0.45.

Besides these estimates for ., and f(;s, the kinetic
simulations also required specification of the upstream
guide magnetic field Bjyso relative to Bro,. Based on
the analysis in [Torbert et al., Science, 2018] we first car-
ried out a simulation with Bj;sc = 0. As will discussed
further below, we carried out two additional simulations
with Basoo/Breo = 0.02 and 0.006 to optimize the agree-
ment between MMS and the numerical reconstruction.
The simulation detailed in the Letter applied the latter
value (Bproo/Broo = 0.006), representing our best esti-
mate for the guide field. While this value may appear
negligible, it turns out to have a strong impact on the
numerical profiles of E, providing further evidence for
the presence of this small but finite level of the guide
field.

III. CONVERSION OF SIMULATION UNITS

For numerical tractability fully kinetic simulations
of reconnection nearly always apply reduced values of
m;/me and wpe/wee, and it follows that it is generally
not possible to define a true mapping from the “nat-
ural” simulation units to the units applied by MMS.
However, in the present study we applied the natural
proton to electron mass ratio m;/me = 1836, and only
Wpe/wee Was assigned an unphysical value, wpe/wWee = 2.
Correspondingly, because (. is critical to the reconnec-
tion physics, the kinetic simulations employ an unphys-

ically larger value of vgpe/c = Ap/d. ~ 0.1, so that
Be = ((wWpe /wee ) (Vine/c))? matches the observations. Be-
cause ¢ = 1/,/lg€o, the reduced value of wp,/we, is then
equivalent to an enhanced numerical value of the vacuum
permittivity, €q.

Based on the principle of plasma quasi-neutrality, elec-
tric fields within an electron-proton plasma develop to
maintain nearly identical values of the electron and ion
number densities, n. ~ n;. Plasma dynamics at length
scales larger than the Debye scale, Ape = Vine wpe, can
then be shown to be independent of the actual value of
€o. In fact, this principle is extensively used in fluid mod-
els where Poisson’s equation is eliminated and replaced
by the constraint n, = n;. This motivated our normal-
ization scheme below which is deliberately insensitive to
the numerical value of €.

We find that there are two free parameters to be deter-
mined to set the transformation of the simulation units.
We choose these parameters to be «a, and ap, intro-
duced to match the density and temperature profiles in
Figs. 1(a,b,k,1) of the Letter,
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With «,, and ar determined, the conversions of all other
VPIC quantities to “MMS units” are now fixed. For ex-
ample, using the electron skin depth d. = y/m./(ponc€e?)
as the fundamental length scale, equivalent normalization
of plasma pressures 2uonT/B?, work by electric fields
eEd./T,, and kinetic energy m.v?/(2T.) require the con-
version ratios
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With these ratios determined we established a unique
mapping of the simulation units to the units applied
by MMS. This mapping then facilitated the quantita-
tive comparison between the MMS observations and the
simulations, the success of which confirms the principle
of quasi-neutrality and also indicates that Debye scale
physics do not play a key role for setting the structure of
the observed EDR.

IV. DETERMINING THE LM N BASIS
VECTORS OF THE EVENT

For reconnection events where the two inflow regions
are sampled by the spacecraft, standard minimum vari-
ance analysis methods are available for estimating the
LM N basis vectors of the event. For the present event,
however, where the directions and strengths of the up-
stream magnetic fields were not measured, we rely on



the result of the kinetic simulations and an iterative ap-
proach (outlined above in step 6 of Section I) to estimate
the direction of the LM N basis unit vectors (expressed
in GSE coordinates).

We applied a range of strategies for this optimization.
Ultimately, the task was considerably reduced by using
the strong variations in E to set the N-direction. As
is evident from the simulation profiles displayed in the
Letter, only Ex depends strongly on the N-coordinate,
and the abrupt changes in the measured E at ¢ ~ 3s
must therefore lie in the N-direction. This observation
provided our estimate for the N-direction, differing by
about 10° from the N-direction of [Torbert et al., Science,
2018].

With the N-direction fixed the MMS time profile of
By is known. Furthermore, changes in the electron dis-
tribution functions identified the beginning and the end
of the EDR. The three vertical dashed lines in the panels
of Fig. 1 of the Letter mark the beginning, By = 0, and
the end of the EDR, respectively. The time asymmetry
of these lines could be caused by the X-line being located
tail-ward within the EDR. Here, however, we match the
asymmetry (and recorded By ) by assuming that the rela-
tive N-velocity of MMS slowed by a factor of about 3 dur-
ing the second half of the EDR encounter. Timing analy-
sis of the By = 0 crossings of MMS1 and MMS4 indicates
a tail-ward retreat of the X-line at v,;, = —230kms™!,
corresponding to a half length of the EDR of about 15d,.
Given the knowledge of the N-direction we were thus able
to estimate the L coordinate of the MMS spacecraft as a
function of time, Lyvs ().

The described determination of the N-direction, of
course, also helps determine L and M, as these lie in
the plane perpendicular to IN, and the possible choices
for L and M are then parameterized in terms of a
single angle. For each choice of this angle, Bp(t) is
fixed, and a path through the simulation domain is
uniquely determined by By, (t) and Lys(t). Optimizing
the reconstructed profiles to match those recorded by
MMS yielded the unit vectors applied in the Letter
and listed here in GSE coordinates: [L;M;N] =
[0.94,—0.35, —0.03;0.32,0.90, —0.33; 0.15, 0.30, 0.94].
The uncertainty for each direction is estimated to be
about five degrees.

The basis vectors estimated in [Torbert et al., Science,
2018] were in part determined by minimum variance
analysis of the electron flow within the EDR. We find,
however, that MMS mostly sampled the Earthward part
of the electron outflow jets, likely impacting the accuracy
of the method. In turn, this provides an explanation for

the relatively large discrepancy (~ 33°) between our L
and M directions compared to those of Torbert et al..

V. INFERRING THE UPSTREAM GUIDE
MAGNETIC FIELD

The upstream guide magnetic field Bpsoo = 0.006 was
determined by an iteration of simulations as outlined
in Step 7 of Section I. This was particularly important
for the features near t ~ 3s related to the strength of
Bjs in comparison to Br. In this region within the
EDR where N ~ 0 and L > 0 the simulation with
Baroo = 0 suggested that By ~ Br /2. However, from
MMS data in Figs. 1(d,e) of the Letter we observe that
By ~ By, /240.5nT. To match this offset we carried out
two additional simulations iterating the upstream guide
magnetic field. The value of Byoo/Breo = 0.02 repre-
sented a clear overcorrection to the first run at By = 0,
but allowed us to interpolate to Bajoo/BrLeo = 0.006 of
the final VPIC run presented in the Letter.

The small but finite guide magnetic field has impor-
tant impact on the profile of En. In Fig. 1(a) below we
present Ey for Bpsoo = 0, while in Fig. 1(b) the profile
is for Bpjoo/Broo = 0.006. For By = 0, the profile of
FEn reverses sign three times as the reconnection layer is
crossed. This triple sign reversal is not compatible with
the recorded times series of Ey by MMS3 presented in
Fig. 1(i) of the Letter. In contrast the profile of Ey for
Biroo/Broo = 0.006 only has a single sign reversal signif-
icantly improving the match between the measured and
reconstructed profiles recorded by MMS3 of E displayed
in Figs. 1(i,t) in the Letter.
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FIG. 1: En electric field profiles observed in a) for By =
Bprioo/Bre =0 and in b) for By = Baeo/Bree = 0.006. The
profile in b) yields better agreement with the MMS data.
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