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3D View of a Comet’s Neighborhood
Detailed 3D simulations of a comet’s environment reveal the rich dynamics of ions and
electrons observed by the Rosetta spacecraft around comet 67P.

by Craig E. DeForest∗

P ractically anyone can recognize the distinct shape of
a comet in the night sky: a small “match-head halo”
with a long, feathery tail. Both the halo and tail are
formed of material that sublimates off an icy nucleus

and is then dragged out by the solar wind that fills interplan-
etary space. But the physics of the interaction between the
solar wind and the comet material is surprisingly complex
and hard to capture using conventional analysis or magneto-
hydrodynamic (fluid) simulations. Jan Deca, from the Uni-
versity of Colorado Boulder and NASA/SSERVI, and col-
leagues [1] have now produced detailed 3D particle-kinetic
simulations of the intricate interaction between the solar
wind and a comet. The results provide a clear “overview” of
the rich physics of the most common cometary halos, includ-
ing that of comet 67P/Churyumov-Gerasimenko observed
by the Rosetta spacecraft.

The solar wind is a hypersonic flow of tenuous plasma
that streams out from the Sun. Its existence was inferred in
the 1950s from observations of comet tails [2] and finally de-
tected directly with the Mariner 2 spacecraft during the early
space program [3]. More recently, long-exposure images of
comet tails, observed with NASA’s STEREO spacecraft, have
been used to probe large-scale turbulence and gustiness in
the solar wind itself [4]. The observed large-scale structure
of the tails has also been used to probe the composition and
volatile content of different comets [5].

Both the solar wind and cometary halo material are col-
lisionless, that is, their constituent particles never interact
directly with one another. Nevertheless, all of the particles
making up the solar wind and any comet tails within it affect
one another via the large-scale electromagnetic field that the
particle ensemble generates. They form a multicomponent
plasma in which different fluids of particles interact weakly
while occupying the same space. Detailed interactions be-
tween individual populations of particles and the field are
also important and percolate across spatial scales, yielding a
hybrid system that is complex to treat numerically.

Deca and colleagues used 3D particle-in-cell (PIC) kinetic
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Figure 1: Deca and colleagues [1] have simulated the rich
dynamics of particles around a comet. Their 3D particle-in-cell
simulations trace complex interactions between four separate
interpenetrating collisionless fluids of particles—electrons and
protons from the solar wind and electrons and ions from the
comet—and the electromagnetic field produced by the whole
ensemble. Only the magnetic component of the field is shown.
(Adapted from J. Deca et al., Phys. Rev. Lett. (2017))

simulations, which are intended for exactly this kind of
system. The plasma is treated as a collection of individ-
ual noninteracting particles that each collectively modify
a large-scale electromagnetic field defined at discrete cell
locations. The mass (and charge) of each simulated parti-
cle is typically larger than the actual physical particles, but
the ensemble yields more complex collective behaviors than
would a fully fluid-dynamic model. In particular, the simu-
lations capture nonequilibrium systems such as collisionless
plasmas, and they can be directly compared to composition
and energy-spectrum measurements made with in situ sam-
pling of a physical plasma.

The Rosetta rendezvous mission to comet
67P/Churyumov-Gerasimenko revealed a great many
details of the evolution of the comet [6]. First, the mission
revealed an expected cometary magnetosphere formed by
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“draped” magnetic field lines, which are carried by the
solar wind as electric currents form in the ionized halo
[7]. Second, it detected the presence of surprising “singing
comet” oscillations [8], which involve undulations in the
magnetic field that produce a striated structure in the
outflowing ion tail. Third, Rosetta made the unexpected
discovery of two distinct populations of electrons in the
photoionized cometary halo. One population was “warm”
with typical thermal energy of 5 eV (58,000 K), and the other
“suprathermal” population had up to 4 times that energy
[9]. These observations indicated that the material is not in
local thermal equilibrium and raised questions of how the
suprathermal population, which is difficult to reproduce
using conventional fluid simulations, is accelerated.

Deca and colleagues’ PIC simulations of the interaction
between the solar wind and a cometary halo use four flu-
ids, each comprising a population of particles: electrons and
protons in the solar wind and electrons and water ions in
the halo. At the largest spatial scale, the simulations reveal a
surprisingly coherent exchange interaction between all four
fluids in the vicinity of the comet. Electrons from the solar
wind and from the cometary ions exchange roles cleanly as
the four fluids interact. This yields distinct streams of hetero-
geneous plasma, downwind from the comet, with different
sources for the ions and electrons in each stream (Fig. 1).

More specifically, electrons and protons in the solar wind
react quite differently to the comet because of their differ-
ent charge-to-mass ratios. Magnetic-field lines entrained in
the solar wind drape around the comet as the solar wind
interacts with the halo. This produces a lateral field that
steers the solar wind around the comet. But in contrast to the
solar wind electrons, solar wind protons are only slightly de-
flected by the bent field lines. They penetrate deep into the
halo and pass closer to the nucleus than do the solar wind
electrons. Downwind of the comet, those protons are neu-
tralized by outflowing electrons from the comet, off the main
axis of the comet’s tail. Meanwhile, the solar wind electrons
neutralize water ions emerging from the comet. The wa-
ter ions form the familiar ion tail directly downwind of the
comet. This charge exchange, which also carries momentum
from solar wind particles to the comet particles, may be fun-
damental to rapid pickup of the ion tail into the solar wind.
Further, the authors speculate that it plays a role in the enig-
matic singing comet oscillations observed by Rosetta [10].

The suprathermal electron population found by Rosetta
appears to be produced by selection effects in the overall
electron population: escaping cometary electrons are se-
lected for higher-than-average kinetic energy, producing a
suprathermal energy tail. This happens because when newly
evaporated cometary atoms separate into ions and electrons,
each electron moves much faster than the remaining ion
and therefore departs more quickly. Thus the nucleus and
halo develop a slight positive potential, which new electrons
must overcome to escape the vicinity of the comet. The po-

tential is proportional to the average thermal energy of the
cometary electrons, and it is only partially neutralized by in-
falling solar wind electrons, even though the system may be
in stationary equilibrium [11]. Deca and colleagues repro-
duce this selection effect with their simulations, although
they do not rule out other possible mechanisms, such as elec-
tron acceleration by electromagnetic or Alfvén waves that
produce traveling regions of nonzero electric field.

PIC simulations such as those performed by Deca and
co-workers are necessary to reveal the full dynamics of the
solar wind-comet interaction and to capture the complex
cometary environment. This first four-fluid 3D PIC simula-
tion of a cometary halo explains several key measurements,
including the rapid pickup of cometary plasma into the so-
lar wind, the development of singing comet oscillations, and
the presence of weakly accelerated suprathermal electrons
near the halo. As such, it is an important step towards
understanding comets and, by extension, the solar wind.
Further simulations can and should explore these phenom-
ena in more detail, to build a more refined overall picture of
cometary dynamics.

This research is published in Physical Review Letters.
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