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Abstract. The main goal of this project is to perform realistic fully-kinetic Vlasov simula-
tions of magnetic reconnection aimed at reproducing the physics of reconnection sites at ki-
netic scales observed by MMS spacecraft measurements. To this end, we integrate the Vlasov
equations for electrons and protons by adopting an Eulerian approach that ensure a low-noise
description in particular at small scales. However, this approach is more time consuming and
memory demanding than the standard Lagrangian PIC approach. For this reason, instead of
coupling the Vlasov equation to the full Maxwell set of equations, we adopt the so-called
Darwin approximation by which we solve the Maxwell equation but excluding light waves.
This allows us to significantly increase the time step while maintaining all the main physics
underlying the reconnection process. Specific goals are the evaluation of the generalized Ohm’s
law including anomalous resistivity terms and the study of wave-particle interactions around
reconnection sites. Realistic initial conditions will be provided by MMS observations of recon-
nection at the Earth’s magnetosphere. This project has to be considered as the starting point of
a long time research project. We are presently starting a study period of code optimization to
be in the condition for applying to a PRACE project.

1. Introduction

The magnetosphere—solar wind environment
is an excellent natural plasma physics lab-
oratory, in particular for what concerns the
study of the process of magnetic reconnec-
tion. Very accurate high-resolution measure-
ments are today available by in-situ spacecraft
observations. Two main regions are the loca-
tions in near-Earth space where magnetic re-
connection occurs, the magnetopause and the
magnetotail current sheet. Magnetopause re-
connection occurs between two different plas-

mas leading to the so-called non-symmetric re-
connection, while magnetotail reconnection is
symmetric. Reconnection is a very complex
multi-scale process occurring locally in a very
thin micro-layer but leading eventually to a
large-scale rearrangement of the magnetic field
topology together with a strong energy release.
Observations have been performed for decades
leading to a very good understanding of recon-
nection at large (fluid) scales, that is, scales
much larger than the ion gyro-radius. These
observations have been largely supported by
a wealth of magneto-hydrodynamics (MHD)
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simulations of symmetric reconnection, able to
reproduce such a large-scale field reconfigu-
ration of the system. A strong improvement
has been achieved by multi-spacecraft mea-
surements, as the one provided by the relatively
recent Cluster mission, able to shed light on the
critical internal layer at ion scale. Two-fluids
and kinetic hybrid Particle-In-Cell simulations
have supported such observations, in particu-
lar confirming the role of Hall physics at ion
scales. On the other hand, the physics of re-
connection at the smaller electron scales have
been poorly understood until recently, when
full PIC simulations have been able to repro-
duce the electron micro-layer embedded in the
ion layer. The electron micro-layer plays a fun-
damental role being the location where the
magnetic field can eventually detach from and
diffuse into the plasma. The investigation of the
physics at electron scales is fundamental in or-
der to understand how reconnection can locally
violate the ideal MHD frozen-in constraint and
how electrons are energized at the reconnec-
tion site. However, until recently, no measure-
ments at the electron scale were available even
in the laboratory because of technical reasons.
This is one of the reasons which yields to
the launch of the four spacecraft NASA/MMS
mission in 2015. MMS aims at investigating,
for the first time, the physics of reconnection
at the electron scale thus allowing the recon-
nection community to test the predictions of
kinetic numerical simulations and understand
the electron reconnection dynamics.

With this INAF project, we have started
a long-time project, aimed at studying nu-
merically the magnetic reconnection process
in order to interpret satellite data from the
MMS mission which are available in our re-
search group. We make use of a new model,
namely the Vlasov-Darwin model, based on
the direct integration of the electron and pro-
ton Vlasov equations self-consistently coupled
to the Maxwell equations recasted such as to
remove light waves. This approach allows us to
significantly reduce the CFL constraint on the
time step. We intend to address the problem of
electron-scale reconnection physics by investi-
gating how the electric field that leads to the
onset of reconnection. Addressing this prob-
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lem requires the evaluation of the so-called
Generalized Ohm’s law using both simulations
and observational data. It is worth noticing that
it is the first time that experimentally it is pos-
sible to measure the reconnection electron dy-
namics and that only very low noise simula-
tions, such as the Eulerian Vlasov approach
here adopted, are able to shed light on this fun-
damental problem.

This INAF project represents the starting
point for several long term objectives: i) to es-
tablish the relative importance of kinetic terms
such as the electron pressure tensor and inertia,
ii) to investigate the role of the wave-particle
interaction terms (the so-called anomalous re-
sistivity). We also intend to show which wave
modes dominate at reconnection sites and what
is their role for the energization of ions and
electrons. All these processes contribute to the
reconnection electric field production. We be-
lieve that the synergy between simulations and
experimental data is crucial to achieve this
goal. So far, there are only a very few examples
of high-resolution electron-scale kinetic sim-
ulations of magnetic reconnection. The out-
come of this project are expected to represent
a first achievement in reconnection physics un-
derstanding and it will prove valuable for the
planning and scheduling of future space mis-
sions. For our research group this project is
a basic step, a springboard, for future high-
resolution simulations for which we intend to
make a PRACE proposal in the next future.

The first part of the project has been sup-
ported by a INAF B computational grant,
which has been of strategic importance for
code development and testing. Indeed, it al-
lowed us to start very rapidly our phase of code
set up, testing and optimization on Marconi
KNL. It gave us the proper resources at the
good time. A computational paper where the
results of several physical tests and code
performance have been collected, has been
recently submitted to an international peer-
reviewed journal [Pezzi| (2019)). Possible devel-
opments of our research will potentially open
the way for future PRACE call, due to the very-
huge computational resources needed for a full
Vlasov code.
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2. The Darwin approximation

The Darwin approximation has been adopted
to reduce the limitations on the time steps
for numerical integration (see for instance
Mangeney|2002; [Schmitzll2006). Indeed, since
Maxwell equations allow for the propagation
of waves at light speed c, the time step 6t of
any explicit numerical scheme solving these
equations would be limited by the Courant-
Friedrichs-Lewy (CFL) condition, 6t < dx/c
Peyret|(1983)). The Darwin approximation, rul-
ing out the transverse light waves correspond-
ing to the fastest waves in the system propa-
gating at phase speed c, significantly relaxes
the CFL condition. In the following we list
the Vlasov-Darwin system of equations, previ-
ously presented in a INAF B n. HP10BEQMO02
project report, for the sake of self-consistency.
The system of equations, composed by the
Vlasov equations self-consistently coupled to
the Maxwell’s equations, reads (in CGS units):

0fa Ofa  Za fa
=4 E B) =% = 1
Ey +V- x ,ua( +vxB)- 0 (1)
V-B=0; V-E, =’n;

OB %))
VXE, = ——; VxB=w—%+w*%j
xE, o X w ot +w )

These equations are normalized using a
characteristic length L, time £, velocity U =
L/t, mass m. Then, the electric and mag-
netic fields are normalized to E
and B = mc/ef. Furthermore, the follow-
ing non-dimensional parameters are defined

as: U, = m/mg, w = Ulc, { = @,f where

w, = \4nie? /m. Finally, the number and
current density defined as n = },Z,n, =
SaZa [ fadvandj = F.jo = SaZa [ favav,
are normalized to 7 and iieU, respectively. The
equations for the electromagnetic field can be
further simplified to obtain a set of Helmholtz-
like equations of state that do not contain ex-
plicit time derivatives (see (Pezzi|2019) for de-
tails):

E, =-V¢; VB=-w?

Vi = —*n 2VxjQ)
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219

gzznao 2)(

RN i— (n.Ey + (v}, x B)| (4

V=V -E; E; =E; - VO )
Equations @)-@) together with the Vlasov
equation (I) with @ = e, p, are integrated by
adopting the splitting scheme in the e.m. limit
(Mangeney| 2002). In particular, the electron
and proton Vlasov equations are integrated in
the phase space Dy X Dy = [L,,L,,L;] X
(M3, My, My ], where My, = [V, v
a=e, pandl = X, )2 WeuseNxxNnyZ
grid points in space and (2N, + 1) X (2N, +
1)X (2N, +1) in velocity. We set vI"!* as a rel-
atively b1g multiple (at least 5) of the thermal
speed vy, to ensure mass conservation.

3. Magnetic reconnection at electron
scale

We have performed a 2D-3V symmetric mag-
netic reconnection simulation. The initial con-
dition of our simulation is the one adopted in
the GEM challenge (Birn/2001), in order to al-
low for a direct comparison to previous stud-
ies (Birn/ 2001k [Schmitz! [2006). For this rea-
son, we have chosen the hybrid normalization
(L=d,, =
ity, m = my).

The equilibrium is set by adapting the
Harris equilibrium (Harris|[1962) to periodic
boundary conditions in the spatial domain. In
particular, the equilibrium component of the
magnetic field B,(y) is characterized by the
presence of two gradients (corresponding to
two current sheets) varying as an hyperbolic
tangent as defined inHarris| (1962)) and located
aty = Ly/2andy = O (and so at y = L)
where L, is the length of the spatial domain in
the y direction. The first hyperbolic tangent is
characterized by a scale length L;, correspond-
ing to the current sheet thickness. The thick-
ness L, of the second current sheet is taken
sufficiently large compared to L to slow down

Q p, U = vy, the Alfvén veloc-
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the development of reconnection there with re-
spect to the main current sheet. The electron
and ion temperature are set uniform at the ini-
tial time and the density n(y) is defined in order
to satisfy pressure balance. Then, from Eq. (3)
and considering 9;E; = 0 at the initial time,
we get the initial equilibrium current density
j =10, 0, j.(). Moreover, quasi-neutrality is
imposed at t = 0, n.(y) = n,(y) = n(y).

As for the GEM challenge (Birn/ 2001),
fluctuations are superposed to the initial mag-
netic field in order to obtain a single magnetic
island at the center of the space domain at the
initial time. In particular, 6B = Voy X Z and

Oy (x, y) = o cos(2nx/Ly) cos(2my/Ly)  (6)

where, as already stated, L, and L, are the
lengths of the spatial domain in x and y di-
rection respectively. According to GEM chal-
lenge, in scaled units, ¢ is set to 0.1. By using
the relation 6B(x, y) = Voy(x, y) X2 and Eq.(3),
we derive the expression for the current density
fluctuations Jj(x,y) consistent with dy(x,y).
Finally, the initial electron and proton distribu-
tion functions are shifted Maxwellian distribu-
tions with drift velocities along the z direction
and temperature T, and 7T',.

For this run, the phase space has been dis-
cretized with N, XN, = 512x 512 gridpoints in
the spatial domain, N, X N, X N, =41 X
41 x 81 gridpoints in the velocity domain for
electronsand N, XN, XN,, =31x31x31
gridpoints in the velocity domain for protons.
We also set v'** = 5 vy, and v;,"‘”‘ =5 Vinp,
where the normalized vy, ;, is set to 1. Other
simulation parameters are Ly = 0.5 d,, L, =
2.5d,, my/m, = 25, n,, = 02, T,/T, = 0.2,
L, =L, = 25.6 d,. Also, we set By = 1 and
ng = 1.

In Figure [Tl we show the contour plots of
the out of plane magnetic field B, (a), of the
electron current density in the z-direction j, .
(b), of the proton current density in the z-
direction j,. (c) and of the electron number
density n, (d) in the phase of ongoing recon-
nection. In each panel, the contour lines of the
magnetic flux y are superposed. B, exhibits the
typical Hall quadrupolar pattern usually ob-
served during symmetric magnetic reconnec-
tion. We note that the j,. pattern closely fol-
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lows the density pattern (n, =~ n,) so that j, . is
depleted at the X point while it reaches its max-
imum value within the magnetic island. On the
other hand, j,, is enhanced at the X point and
the region of strong j, . is elongated along x.
Away from the X point, j.. splits into two
branches that identify the separatrices. Other
results are presented in Ref. [Pezzi| (2019).

We are also currently performing 2D-3V
simulations in which the magnetic reconnec-
tion instability is not imposed through some
magnetic field variation already present at t =
0. Indeed, the initial magnetic field and cur-
rent density perturbations are random fluctu-
ation composed by sines and cosines super-
posed over a current sheet so that magnetic
reconnection is let free to develop. This ap-
proach is less used that the GEM challenge ap-
proach because of computational and technical
reasons, but it will allow us to study the onset
of magnetic reconnection, a problem which is
still poorly understood. In Figure 2] we show
preliminary results of this new simulation. At
the beginning (panel (a)) the current sheet is al-
most unperturbed and B, presents only fluctu-
ations while after some time reconnection de-
velops as demonstrated by the presence of an
X-point structure and an associated quadrupo-
lar B,.

For this run, we use the electromagnetic
normalization, ie. L = d,, = a);’le, U =c,
m = m,. The phase space has been discretized
with Ny x N, = 512x 384 gridpoints in the spa-
tial domain, N, XN, XN,, =41x41x41
gridpoints in the velocity domain for electrons
and N, X Ny, X N,, =41 x41 x 41 grid-
points in the velocity domain for protons. We
also set vJ'* = 6 vy, and vg”” = 8 Vinp,
where the normalized vy, is set to 0.03 and
T, = T,. Other simulation parameters are L; =
25d,, L, = 3.775d,, m,/m, = 25, n, = 0.2,
T./T, = 1.0, Ly = 102.40 d, = 20.48 d,, and
L,=76.80d, =1536d,.

4. Conclusion

In the present report we have summarized
some of our recent results achieved through
a new Eulerian Vlasov-Darwin code, recently
developed at Cineca by our research group .
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Fig. 1. Contour plots of B, (a); out-of-plane electron current density j,. (b); out-of-plane proton current
density j, . (c); and electron number density n, (d). The quantities are shown at the time ¢* = 15.27 Q;‘p. At
that time Ay = 1.18. All the panels are zoomed in y in the interval [6 d),, 19 d,,].
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Fig. 2. Contour plots of B, at different times. The contour lines of the magnetic flux i are superposed. All

the panels are zoomed in y in the interval [9 d,,29 d,].

This code is aimed at providing significant in-
sights into the comprehension of the electron-
scale magnetic reconnection, in particular by
directly comparing the low-noise results ob-
tained through the numerical simulation with
very recent in-situ spacecraft observations con-
ducted by the MMS mission.

The code has been initially build up and
implemented on Marconi KNL thanks to an
initial INAF-B computational grant. Within the

present a INAF-A project, we have carefully
tested the numerical algorithm by reproducing
the dynamics of waves modes and the onset
of kinetic instabilities. The development of the
magnetic reconnection, for the scenario pro-
posed in the GEM challenge (Birn/2001)), has
been also recovered. These results have been
collected in paper, recently submitted to an in-
ternational peer-reviewed journal

A preliminary performance test performed on



222

the Marconi-KNL cluster at CINECA super-
computing center, has shown a reasonable
parallel efficiency on KNL architecture [Pezzi
(2019). We are working to increase the code ef-
ficiency by optimizing the communication pat-
tern of the algorithm. We are presently starting
a new dedicated INAF project aimed explicitly
at improving the code performance. Our main
goal is to be in the conditions for applying for
a PRACE project which will focus on the elec-
tron kinetic non linear dynamics in a turbulent
magnetized plasma and in proximity of an X-
point region around a reconnection layer.
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