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Synchrotron emission suggests the presence of TeV electrons at various astrophysical objects. We propose a
mechanism for the acceleration of electrons to ultrahigh energies(UHE) by intense electrostatic waves
(ESWs). The latter are driven by dense proton beams that move at relativistic speeds relative to a background
plasma and the electrons are accelerated by their nonlinear interaction with the ESWs. We follow the evolution
of the wave instability by means of particle-in-cell(PIC) simulations. After the instability has saturated, we
obtain spatially confined electron voids in which secondary instabilities develop due to resonant interactions
between the beams and the background protons, generating intense ESWs which accelerate electrons to ul-
trarelativistic speeds within times of a few hundred inverse plasma frequencies.
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The emission of radio synchrotron emission by galactic
sources[1] and by extragalactic sources[2–6] suggests the
presence of electrons with ultrahigh energies(UHE). Elec-
tron Fermi acceleration across shocks is believed to be a
major acceleration mechanism[1,2]. Plasma wakefield accel-
eration[7], shock surfing acceleration[8,9], and electron ac-
celeration by electrostatic wave turbulence have also been
invoked[10]. In the latter case, the electrons are accelerated
by their interaction with electrostatic waves(ESWs) [10,11].
The ESWs are excited by ion beams streaming at high
speeds relative to the background plasma which are found in
front of plasma shocks due to the leaking of hot downstream
ions into the foreshock, and because upstream ions are re-
flected by the shock and thereafter move through the fore-
shock region at a speed that exceeds that of the shock[12].

Previous simulations[13] have shown that an instability
develops due to resonant interactions between the electrons
and the ion beam. The ESWs saturate by trapping electrons
and even in an unmagnetized plasma a substantial number of
electrons is accelerated to speeds that significantly exceed
the phase speed of the ESWs[13,14]. However, the instabil-
ity transfers only a small fraction of the ion beam energy to
the electrons. The intense releases of UHE electrons ob-
served at radio synchrotron sources would thus require unre-
alistically high ion beam energies.

In this work, we present a more efficient mechanism for
generating ultraintense electrostatic fields that are required
for accelerating electrons to UHE. Our proposed mechanism
involves the complete thermalization of the ion population
and an equipartition of the plasma kinetic energy between
the protons and electrons. Specifically, we consider collec-
tive interactions between highly relativistic proton beams
and the background plasma and show, by means of particle-
in-cell (PIC) simulations, the possibility of a fastest growing
beam-plasma instability which saturates by trapping elec-

trons. The electrons form a plateau in momentum space[15].
The electrons initially react quasineutrally to the electric
field originating from charge density fluctuations in the pro-
ton beam. The relativistic Lorentz contraction of the proton
beam and the chosen initial value for the beam density, how-
ever, imply that the beam has a considerably larger charge
density than the electrons, and we find that already a weak
charge density modulation on the beam can locally deplete
the electron distribution. Therefore, the condition in Ref.
[16] stating that two ion beams can interact directly only if
their relative speed is low compared to the thermal speed of
the electrons is removed, and the system becomes unstable
which we confirm here. A secondary instability involving the
interaction between a proton beam, the background protons
and electrons generates intense ESWs which rapidly acceler-
ate electrons to ultrarelativistic speeds. We measure a high
energy tail of the electrons that is a power law up to a Lor-
entz factor ofg.43104, and by taking into account the
much larger number of electrons in a physical plasma than in
our simulation it may reach well into the TeV regime.

Our results are obtained by means of a fully relativistic
and electromagnetic PIC code[17]. The simulations model
one spatial and three velocity components. The spatial
boundary conditions of the simulation are periodic. The
plasma consists of four particle species, labeled by the index
j which takes the valueel for the background electrons,bp
for the background protons, and the two counter-propagating
proton beams are represented byb1 andb2, respectively. The
speciesel andbp represent the upstream plasma in front of
the shock. The first beam represents the protons that have
just been reflected by the shock. This beam rotates in the
upstream magnetic field and it returns to the shock as the
second beam. This model is in agreement with the simple
model for a foreshock that we have used previously[13–15].

We define the initial thermal speeds of each plasma spe-
cies byvth,j =skBTj /mjd1/2, whereTj andmj are the tempera-
ture and mass of thej th species, respectively, andkB is the
Boltzmann constant. The plasma frequency of thej th species
is defined in the rest frame of the electrons asvp,j
=snje

2/e0mjd1/2, wherenj is the particle number density of
speciesj , e is the magnitude of the electron charge, ande0 is
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the electric vacuum permittivity. We setvth,j in the rest frame
of the respective plasma species tovth,el=1.06310−2c and
vth,bp=vth,b1=vth,b2=7.8310−4c.

The electron densitynel in our simulation gives the elec-
tron plasma frequencyvp=10532ps−1. We will omit the
indexel for the electron plasma frequency. The density of the
background protons isnbp=nel and those of the two proton
beams arenb1=nb2;nb in their respective rest frame. We
will consider the two casesnb=nel andnb=7.1nel. The elec-
trons and the background proton species have the mean
speedsv̂el=0 andv̂bp=0. The two proton beams move at the
mean speedsv̂b1=−v̂b2=0.99c. We obtain current neutrality
in our simulation box which is necessary, since otherwise our
periodic boundary conditions would yield(unphysical)
waves growing with the wave numberk=0. The excess posi-
tive charge of the protons is compensated by the simulation
by introducing an immobile negative charge. This could, for
example, be high-Z negative ions or negatively charged dust
grains.

Initially, the electrons interact with the proton beams. We
can separate the dispersion relation into two component
equations, each involving one proton beam and the electrons.
The cold plasma dispersion relation for the ESWs in the
presence of the beamb1 with v̂b1.0 and the electrons is

1 −
vp

2

v2 −
vp,b1

2 gsv̂b1d−3

sv − kv̂b1d2 = 0, s1d

which yields the maximum growth rate for the ESWs as

G = g−1S3
Î3

16
vp,b1

2 vpD1/3

. s2d

The wavelength of the most unstable ESW islu
<2pvb1/vp and ku=2p /lu. Our simulation box has the

length L=120lu in the x direction. Each proton species is
represented by 1 776 000 computational particles and the
electrons by 2 557 440 computational particles.

We calculate the logarithmic amplitude spectra of the re-
sulting ESWs by means of the expression

Asn,td = log10UN−1o
l=1

N

Esl,tdexps− iDkDxnldU , s3d

whereEsl ,td is the electrostatic field in physical units(V/m)
in thex direction, which is measured at the positionlDx and
time t. We useN=5920 grid cells. The minimum nonzero
wave number isDk=2psNDxd−1, and the physical wave
numbers are defined ask=nDk. We show Asn,td for the
simulations in Fig. 1

Figure 1 reveals that the ESW with the wave numberku in
our simulation with nb=7.1nel initially saturates. Aftert
<50032p /vp, a second wave grows at lowk which we
could not find for significantly lower beam densities. This
wave grows until it saturates att<80032p /vp. Until t
<10332p /vp, most of its wave power is concentrated at
k,ku, but we find time-dependent high-k spikes extending
aboveku. This spectrum changes into a time-stationary spec-
trum power law att<105032p /vp, with its power scaling
like AskdAskd* <C0sk/kud−3.4.

To understand the mechanism behind these low-k oscilla-
tions we show the electrostatic field in our simulation at four
different times in Fig. 2. The two spikes visible in the upper
right panel(at t=60032p /vp) in Fig. 2 are a key element
for the further time evolution of our system, since they
breach the equilibrium that has been established between the
ESWs and the electrons. We show the peak electric field
amplitude of the stronger of the two spikes in Fig. 3 as a

FIG. 1. The power spectrum
Asn,td for the simulation with the
beam densitynb=nel (left plot)
and the simulation with nb

=7.1nel (right plot). In both simu-
lations, an ESW initially grows at
the wave numberku. This ESW is
sufficiently strong to produce a
harmonic at k=2ku. In the left
plot, the ESW stabilizes after its
initial saturation. In the right plot
we find growing low-k waves at
t<60032p /vp. At t<800
32p /vp, the spectrum is increas-
ingly bursty and the waves spread
over a largek interval. After t
<105032p /vp, the spectrum
exhibits a continuous power law.
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function of time. We find that the amplitude initially grows
exponentially, , expsGtd, with the growth rate G<2
310−3vp. In Fig. 4, we display the charge distribution of the
beam moving withv̂b1 and the distribution of the electrons
with vx.0 at the timet=60032p /vp. We find modulations
with a similar amplitude in the charge density of the proton
beam with vb=0.99c and of the electrons with positive
speeds at the locations where we have found the spikes in
Fig. 2. The charge density oscillations on the proton beam
account for only 2% of the total beam density. The electrons
are, however, depleted in this interval. The electrons with

vx,0 show only a weak modulation and neither the bulk
protons nor the beam withvb=−0.99c show visible charge
density modulations, and we have thus not shown these here.

The charge density depletions move at the speedvx
<0.9c and they are thus not stationary in the frame of refer-
ence of the beam moving withvb, they must thus be attrib-
uted to a wave. Since no electrons with positive speed can be
found at the location of the spikes, the plasma in the half-
space withvx.0 consists only of the almost unperturbed
proton beam withvb=0.99c and the bulk protons. Since the
electric field in these electron density depletions grows
against the thermal pressure of the surrounding electrons, it
is likely to be a nonlinear wave. Within the electron void we
may, however, approximate the plasma by a cold proton
beamb1 and by the cold proton speciesbp, since their ther-
mal spread att=50032p /vp is less than 1% ofv̂b1. The
dispersion properties of our plasma is then governed by

Fsk,vd = 1 −
vp,bp

2

v2 −
vp,b1

2 gsvb1d−3

sv − kv̂b1d2 = 0, s4d

which we solve numerically for our plasma parameters to
give the maximum growth rateG<4310−3vp at the wave
numberku2<3Dk. At this wave number we also obtain the
phase speedvu2/ku2<0.87c, which is approximately the
same as the speed of the spikes. The ESWs are unstable up to
a peak wave number<4Dk. We note that the maximum
growth rate corresponds exactly to the fastest growth rate
observed in Fig. 3 for the timet=750–80032p /vp. In our
simulation we find, due to the localization of the wave
packet, a significant exponential growth up to a wave num-
ber<10Dk which exceeds the band of unstablek values. The
wave packet thus leaks power to stable wave numbers which

FIG. 2. The electric fieldE at time t=35032p /vp (upper left
panel), t=60032p /vp (upper right panel), t=89032p /vp (lower
left panel), and t=130032p /vp (lower right panel). Two spikes
which move with v<0.9c are visible att=60032p /vp. These
spikes evolve initially into the low-k oscillations at t=890
32p /vp and thereafter into the extremely strong fluctuations at all
spatial scales att=130032p /vp.

FIG. 3. The base-10 logarithm of the evolving maximum elec-
tric field of the largest spike in our simulation. Between the times
t=55032p /vp andt=70032p /vp the wave amplitude grows ex-
ponentially. The increased growth aftert=70032p /vp is linked to
the triggering of oscillations with a large spatial extent.

FIG. 4. The charge density fluctuations of the proton beam with
vb=0.99c normalized to the electron density(upper plot), and the
charge density distribution of the electrons withvx.0 normalized
to the total electron charge density(lower plot), at t=600
32p /vp. Both plots show the same spatial interval of the simula-
tion box. We observe that the depletions of the charge density in the
proton beam atx/lu<8 andx/lu<50 are associated with intervals
in which no electrons withvx.0 are present.
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may explain the measured reduced growth rateG<2310−3

for the timet,75032p /vp, as seen in Fig. 3.
We observe that the power spectrum of the electric field

eventually develops into a power law distribution with ex-
tremely strong electric field oscillations, which can be seen
in the right plot in Fig. 1 and in the lower right plot in Fig. 2.
We anticipate extremely hot electrons and protons at this
time. In Fig. 5, we present the distribution of the particle
momenta we obtain at the end of the simulation. Here, the
particles have been accelerated by both the initial instability
between the proton beam and the electrons and the second
instability between the protons. We find that at the simulation
end the plasma is fully thermalized, i.e., no further instability
can trigger the ESWs along thex direction. We also find that
both distributions are similar except for a scaling factor
mp/me on the Lorentz factors, i.e., both species have equal
shares of the total kinetic energy. The power law of the elec-
tron momentum distribution has the same spectral slope as
the electric field spectral density in Fig. 1 aftert<1050
32p /vp and it does not break up to the peak momentum
px/mec<4.53103. It is limited only by the statistical repre-

sentation of the simulation plasma. Extrapolating the power
law to a momentum density that represents a single electron
in our simulation box will give a peak momentum of the
electron distribution ofpx/ smecd<108 or an energy of
around 50 TeV. For our initial conditions we have obtained a
total acceleration time ofTmax<10−2 s<10332p /vp, i.e.,
we have a very efficient wave accelerator.

To summarize, we have presented computer simulations
of a sequence of two plasma instabilities that produces
ESWs, which can rapidly accelerate electrons to UHE ener-
gies that may work if relativistic ion beams are present. Rela-
tivistic ion beams have been suggested to exist in astrophysi-
cal environments, such as, e.g., at blazars and at pulsars
[4–6], as well as at quasiperpendicular shocks in the inter-
stellar medium[8,9]. Our beam Lorentz factor of 7.1 is par-
ticularly interesting in the context of internal shocks at
gamma ray bursts and at the relativistic jets of active galactic
nuclei since there the plasma shocks and thus the shock re-
flected ions should have a similar Lorentz factor.

Our simulations show that a primary instability develops
due to resonant interactions between the relativistic proton
beams and the background electrons, and after its saturation
the plasma is unstable to a secondary instability which de-
velops due to resonant interactions between the relativistic
proton beams and the background protons. A key element
has been that the Lorentz contraction of the proton beams
implies that even small charge density fluctuations on the
beams depletes electrons, allowing for the development of an
instability between the proton species. The instability is fa-
cilitated by the presence of high-Z negative ions of large
mass or negatively charged dust, since it cannot rapidly react
to charge fluctuations of the beam. Our simulations have also
shown the appearance of extremely strong ESWs which ther-
malize all plasma species and produce a power law distribu-
tion for both the protons and electrons where the maximum
speed scales like the mass ratio between the protons and
electrons. The rapid relaxation of the shock-reflected beam
implies that it thermalizes before it has been rotated by the
upstream magnetic field to return to the shock. Our symmet-
ric setup for the beams is thus not completely realistic, how-
ever, we emphasize that our conclusions do not depend on
the presence of two symmetric beams. A single relativistic
beam in the system gives rise to both the initial instability
and the charge density fluctuations that lead to the second
instability.
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