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Fast matter-antimatter separation via Weibel-induced plasma filamentation
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We study the separation of matter and antimatter driven by the growth of the Weibel instability in a
matter-antimatter plasma. The plasma under consideration comprises protons and antiprotons initially at rest,
along with a relativistic stream of leptons (electrons and positrons). This stream is maintained by an external
force, potentially originating from phenomena such as a photon wind. Our findings reveal the rapid onset of a
Weibel-type instability, leading to a distinct separation of matter and antimatter. Results from our particle-in-cell
simulations are compared with an analytical model based on the linearized magnetohydrodynamics equations.
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I. INTRODUCTION

The imbalance between matter and antimatter in the
observable Universe remains one of the most profound unan-
swered questions in modern physics. It is well established that
the observable Universe is predominantly composed of matter,
with antimatter appearing only in trace amounts [1–3]. This
asymmetry is puzzling, as standard mechanisms of matter-
antimatter creation, such as pair production, do not inherently
favor one over the other.

One hypothesis suggests that the Universe may contain
regions dominated by either matter or antimatter, which could
have formed in the early Universe when matter-antimatter
plasmas were prevalent [4]. Furthermore, magnetic fields,
which are ubiquitous throughout the Universe [5–7], are
believed to have originated during this primordial matter-
antimatter plasma era [8,9].

Matter-antimatter plasmas also play a central role in
some of the most energetic astrophysical phenomena, such
as gamma-ray bursts (GRBs). These bursts are thought to
arise from ultrarelativistic winds of matter-antimatter plasma
ejected by extreme cosmic objects such as black holes, pul-
sars, and quasars [10,11]. GRBs are extraordinarily luminous,
allowing their detection over vast distances—billions of light
years—providing rare insights into the early Universe [12].

Despite their significance, studying such phenomena
through telescopes is inherently challenging due to their tran-
sient and distant nature. This has spurred growing interest in
creating matter-antimatter plasmas in laboratory settings, en-
abling the study of high-energy astrophysical processes such
as collisionless shocks, magnetic reconnection, and plasma
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instabilities [13–18]. Advances in high-intensity laser technol-
ogy have made laboratory astrophysics increasingly feasible
and relevant [19]. Moreover, plasma instabilities have been
shown to be of importance for particle acceleration in laser-
plasma interactions [20].

Although significant progress has been made in generating
electron-positron pairs in the laboratory [13,21], creating a
full-fledged matter-antimatter plasma remains a substantial
challenge. Plasma behavior requires the plasma size to exceed
the Debye length, necessitating a sufficiently large number of
pairs. Theoretical investigations, e.g., by Kendl et al., have
shown that the dynamics in electron-positron plasmas in (in-
homogeneous) magnetic fields can be very complex [22].

In this study, inspired by the conditions of the early Uni-
verse, we investigate a matter-antimatter plasma composed of
electrons, positrons, protons, and antiprotons. The protons and
antiprotons are initially stationary, while the leptons stream
collinearly in one direction, driven by high-energy photons
exerting a constant, charge-independent force via Compton
scattering.

Using two- and three-dimensional particle-in-cell (PIC)
simulations, we demonstrate the filamentation of the plasma
due to counterpropagating currents and the exponential
growth of density instabilities, specifically a Weibel insta-
bility. Additionally, we observe the emergence of a distinct
high-energy peak in the lepton energy spectrum, driven by the
stopping field.

Finally, we support our numerical findings with an ana-
lytical model describing the initial growth of the instability,
derived from the linearization of magnetohydrodynamic
(MHD) equations.

II. SETUP

We consider a matter-antimatter plasma, consisting of pro-
tons and antiprotons that are initially at rest and relativistic
electrons and positrons that stream colinearly in the z direc-
tion. The plasma is initially homogeneous and charge neutral.
Consequently, the plasma is initially in equilibrium. However,
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this equilibrium is highly unstable due to the counterprop-
agating currents of the leptons. In a homogeneous plasma,
the currents from the electrons and positrons cancel each
other exactly. However, small perturbations of the density will
lead to effective currents and a strong repelling force and a
perturbation in the charge density. To regain equilibrium, the
repelled leptons will pull the oppositely charged hadrons with
them, which leads to a separation of matter and antimatter.

In this paper, we neglect other effects such as matter-
antimatter annihilation: For an ultrarelativistic lepton with
energy ε � mec2 the cross section of the annihilation pro-
cess [23] is

σann = α2π h̄2

meε

[
ln

2ε

mec2
− 1

]
+ O

(
ln 2ε/mec2

ε/mec2

)
. (1)

Accordingly, the characteristic time of electron-positron anni-
hilation is

τann = 1

cσn0
= meε

α2πch̄2n0

(
ln

2ε

mec2
− 1

)−1

. (2)

Annihilation effects become negligible when the characteris-

tic time of the plasma τp = ω−1
p =

√
me

4πn0e2 is much smaller

than that of the annihilation process. Because the plasma pe-
riod and annihilation time depend on the density in a different
order, we obtain an upper limit for the plasma density, where
this assumption is valid,

n0 � 4meε
2

α2πch̄3

(
ln

2ε

mec2
− 1

)2

. (3)

For a particle energy of ε = 100 MeV ≈ 200mec2 this results
in an upper density limit of nmax ∼ 1040 cm−3.

An analogous estimation can be made for the much
heavier hadrons, where the calculation of the annihilation
cross section is much more complicated. However, from the
literature [24–28] we can estimate the cross section for proton-
antiproton annihilation to be σp+ p− ∼ 0.5 b. Using this and the
plasma frequency for hadrons gives an upper bound for the
hadron density nmax ∼ 1037 cm−3.

In our setup, we assume that the leptons got accelerated
by a flux of streaming photons via Compton scattering. Fur-
thermore, we assume a flux of photons to persist during the
simulation that interact with the leptons by exerting a constant,
charge independent force.

Let us consider a single Compton scattering event of a
photon, moving in the z direction with energy ε = Eγ /mec2

resulting in a scattering angle θ . The change in momentum of
the lepton in the z direction is then


pz

mec
= ε − ε cos θ

1 + ε(1 − cos θ )
, (4)

while the transversal momentum change will average out over
many scattering events.

The effective force resulting from the scattering of photons
is

fCS = d pz

dt
= nγ c

∫
d�
pz

dσ

d�
, (5)

with the photon density nγ and the angular differential cross
section dσ/d�.

The cross section of the Compton scattering processes is
given by

dσ

d�
= 1

2
r2

0
ε′2

ε2

(
ε′

ε
+ ε

ε′ − sin2 θ

)
, (6)

with ε′ being the energy of the lepton after the scattering event
and r0 = e2/mec2 ≈ 2.82 × 10−15 m the classical electron ra-
dius. For a photon energy of ε = mec2 and a photon density
of nγ = 1030 cm−3 this will result in a force fCS ∼ 10−6 N.

III. PARTICLE-IN-CELL SIMULATIONS

We conduct particle-in-cell (PIC) simulations using the
code VLPL [29,30] in order to study the behavior of the pro-
posed matter-antimatter mixture. In the subsequent sections,
we first investigate the filamentation dynamics. Later on, ex-
amine the peak formation in the tail of the lepton energy
spectra.

We simulate the plasma on a square domain with length
2π · 100k−1

p , where kp = ωp/c and time step t = 0.005ω−1
p

for up to ∼12 000ω−1
p . The grid step is chosen as hx = hy =

1.5k−1
p , with 64 particles per cell for leptons and 32 particles

for hadrons, resulting in a total of ∼3 × 107 numerical parti-
cles.

The leptons have an initial longitudinal momentum of p‖ =
100mec, parallel to the z axis and the force.

Thus, our transverse grid steps do resolve the relativistic
plasma skin length ls ≈ √

γ k−1
p = 10kp. The transverse mo-

menta of the leptons follow a normal distribution with mean
zero and σ = p⊥/mec = 1, 0.1, 0.01 for different simulation
runs. A constant force f = 0.1mecωp, that acts in the z direc-
tion, is applied to the leptons.

All properties scale uniformly with the simulation’s nor-
malization length k−1

p , which defines the density and force.
The force has been chosen such that it is small compared to the
driving forces of the separation, but large enough to stabilize
the separation mechanism by counteracting the stopping force
on the leptons. Therefore, in our analytic approach we can
neglect the force, but the leptons retain their longitudinal mo-
mentum for longer, leading to a more pronounced separation
of matter and antimatter. Due to the isotropic and stationary
nature of the problem we use a Yee-lattice-based Maxwell
solver [31] and quadratic momentum pusher. Additionally, to
simulate an infinite plasma, we set periodic boundary condi-
tions throughout, both for particles and fields.

Figure 1 shows the electron density at different stages of
the simulation. At the early stage (ωpt � 60), the density
perturbation δn = n − n0 is noiselike with δn � n0. In the
intermediate stage (ωpt � 300), δn grows larger than n0 due to
the agglomeration of matter and antimatter in small, distinct
patches. In the later stages of the simulation, those patches
merge into larger, contiguous filaments that are separated by
bands of strong electromagnetic fields (see Fig. 2). The lep-
tons pull the hadrons along with them, such that filaments that
are larger than the plasma skin depth are on average charge
neutral. As a result, the hadron density is almost identical to
the corresponding lepton density.

In three dimensions, a similar filamentation occurs with
an added structure in the z direction. Figure 3 schematically
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FIG. 1. Evolution of the electron density for a two-dimensional (2D) simulation. The color bars are clipped for easier comparison of the
various stages.

shows the electron density in three dimensions after ωpt ∼
3000. An identical filamentation in the x-y plane, perpendic-
ular to the direction of momentum, occurs with an added, yet
less dominant, filamentation in the z direction. This implies
that the the two-dimensional case is sufficient to understand
the underlying mechanics. Therefore, and for computational
efficiency, we will restrict ourselves to 2D simulations.

During the early stage (ωpt � 100), the difference in den-
sity is still small and can be treated as a perturbation. This is
essentially a Weibel instability [32].

It is therefore expected that at the beginning, the insta-
bility grows exponentially. This is confirmed for ωpt � 100
considering Fig. 4. We run the simulation for different initial
transverse momenta both in two and three dimensions. While
a higher p⊥ initially leads to a faster separation of matter and
antimatter resulting in a generally higher Btot = ∑

i, j |B|i, j ,
the speed at which the instability grows due to the counter-
propagating currents is largely unaffected by it.

The filamentation of the plasma leads to an interesting
characteristic in the energy spectrum of the leptons: Whereas
the bulk of the particles follow a thermal-like distribution with

FIG. 2. Electron (upper left) and positron (upper right) densities,
showing a distinct spatial inversion and the in-plane electric field
components (lower) at time ωpt ≈ 3000. Fields are normalized to
B0 = E0 = mecωp/e.

a maximum at low energies, a distinct peak emerges at the tail
of the spectrum (see Fig. 5).

The high-energy electrons that make up this peak are ho-
mogeneously distributed in the “positron areas” (cf. Fig. 6).
In this area the z component of the electric field that normally
counteracts the movement of the leptons, will be accelerating
instead of decelerating for particles of the opposite charge,
leading to the prominent peak.

Similarly, the positron energy spectrum exhibits a peak
(not shown here). These particles are again located within a
filament of the opposite species, i.e., in an electron filament.
The energy spectrum of the hadrons is largely thermal, with a
kink at low energies that is due to the force accelerating the
whole system (cf. Fig. 5).

While the overall behavior of the plasma can be well
understood, some individual particle trajectories are quite
complicated, as they interact with the strong fields of the
border regions between filaments (see Fig. 7).

Such trajectories include reflection during their motion
along the edge, similar to the motion in a magnetic bottle. The
trajectory of a lepton moving near a border field will get bent
along that border, making crossing that border difficult.

FIG. 3. Isosurfaces of electron density for a three-dimensional
simulation with p‖ = 100mec, p⊥ = 1mec at time ωpt ∼ 3000. The
bottom plane shows a 2D cut of the density in the x-y plane. The red
arrow denotes the direction of the external forces.
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FIG. 4. Time evolution of the instability for multiple initial
transversal momenta in two dimensions. The gray lines indicate the
growth rate in terms of Eq. (12). The red dotted line indicates the
case without external force.

As such we expect the borders to be largely void of leptons
and therefore make annihilation along the borders unlikely.
Furthermore, the leptons near the border are the most en-
ergetic, dampening the annihilation along the border even
further, as σann ∼ log ε/ε. The exact behavior of matter and
antimatter near the border and its consequences for the anni-
hilation rate and subsequent radiation profile is quite involved
and may be studied more in depth in a separate publication.

We considered a force that is small, f � e2√n/πr0, such
that the underlying separation mechanics do not change. How-
ever, for larger forces, namely when the force is larger than the
stopping force, the separation mechanic breaks down as seen
in Fig. 8. Forces of moderate strength can lead to stronger
border fields and wider particle-free zones.

IV. ANALYTICAL MODEL

At the early stage, where δn � n0, we can treat the in-
stability as a small perturbation of a system in equilibrium.

FIG. 5. Energy spectrum of electrons and protons at time ωpt ≈
2500.

FIG. 6. The electron density (left) and the spatial positions of
the energy-peak electrons (Ee− > 300 MeV) at time ωpt ≈ 2500.
Each red dot corresponds to a numerical particle. On the right is the
longitudinal electric field after a Gaussian filter has been applied.

Accordingly, we can describe the dynamics of the system
using multifluid magnetohydrodynamics.

For simplicity, we assume an equal initial density for
all particle species n0 = n0e− = n0e+ = n0p+ = n0p− . Fur-
thermore, we assume that leptons that flow along the z
axis initially with the same momentum p0e− = p0e+ = p0ez

and |p0| � mc, i.e., the particles are ultrarelativistic. This
configuration is charge and current neutral and therefore
in equilibrium. However, as the streams of electrons and
positrons correspond to currents of opposite directions, this
configuration is unstable. The opposite currents repel each
other and start to separate in space transversely to their di-
rection. This separation of leptons pulls hadrons of opposite
charge as the charge neutrality must be satisfied. As the elec-
trons and protons must have the same density, we denote it as
nm = ne− = np+ . Similarly, we denote the antimatter particles
as na = ne+ = np− . For simplicity’s sake we omit the constant
force fCS here.

The continuity equations are

∂t ni + ∇ · (nivi ) = 0, (7)

where the index i denotes either sort of particles. The equa-
tions of motion for the leptons

γ m[∂t vi + (vi · ∇)vi] = eiE − ∇P/n0 + ei

c
vi × B. (8)

Here, i = {e−, e+}, γ = const is the relativistic γ factor of
the leptons, m is their mass, and P = nT the thermal pressure
term. The equations of motion for hadrons is

M∂t vi = eiE , (9)

with i = {p−, p+} and M is the proton mass. The Alfvén law
is

∇ × B = 4π

c
j. (10)

Here, we omit the contribution from the displacement current,
which is valid for k � ωp/c. We make the ansatz

n = n0 + δn = n0 + δn0 exp(�t − ikx). (11)

Similarly, we assume the fields and momentum to have an
identical, exponentially growing perturbation. Furthermore,
we choose the instability wave vector to be in the x direction
k = kex. The magnetic field has the only component B = Bey

and the electric field E = Eex.
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FIG. 7. Trajectories of singular electrons along filament edges, showing reflection (left), gyration (middle), and bending along filament
edges (right).

From this we can calculate the dispersion relation for the
instability

� =
√

ω2
m − k2c2

s =
√

8πe2n0

M + γ m
− k2

T

M + γ m
, (12)

where ωm is the combined “matter” plasma frequency defined
by the total mass of the particles and cs = √

T/(M + γ m) the
sound velocity.

FIG. 8. Electron density (left) and Ex field (right) after ωpt ∼
6000, for (a) no force, (b) a small force, and (c) a large force.

The predicted growth rate is in good agreement with the
early stages of our simulation (ωpt � 30), as is shown in
Fig. 4. At later stages, it deviates by a factor ∼1.7, indicating
a breakdown of our linearization approximation. Additional
simulations (not shown here) show that high-frequency per-
turbations may lead to the additional factor.

V. CONCLUSION

Using particle-in-cell simulations, we have demonstrated
that a system consisting of homogeneously distributed elec-
trons, positrons, protons, and antiprotons can separate into
regions of matter and antimatter when exposed to a flux of
photons. The force from the photon wind will accelerate the
leptons creating counterpropagating currents, that while av-
eraging out, result in a highly unstable equilibrium. Small
density perturbations in this configuration grow exponentially,
leading to the filamentation of the matter-antimatter plasma.
The resulting structure consists of distinct regions of matter
and antimatter, separated by bands of intense electromagnetic
fields. The two- and three-dimensional simulation results are
in strong agreement.

We observed the emergence of a distinct peak in the energy
spectra of both electrons and positrons, originating from lep-
tons confined in the filaments of the opposite species. These
leptons are further accelerated by the stopping fields within
the filaments.

Additionally, we studied the complex interactions of in-
dividual particles with the fields in the boundary regions
between filaments. These interactions include processes such
as reflection, gyration, and trajectory bending. Due to the
strong separating border fields as well as the highly energetic
leptons being near the border, this results in suppression of
matter-antimatter annihilation.

Finally, we compared the simulation results with an
analytical model derived from the linearization of magnetohy-
drodynamics, showing good agreement in describing the early
stages of instability growth.
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