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Electron acceleration to energies beyond GeV by a relativistic ion beam instability
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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 ener@i¢tE) by intense electrostatic waves
(ESWSs. 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-céR1C) 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 galactictrons. The electrons form a plateau in momentum sjpabe
sources[1] and by extragalactic sourcég—6] suggests the The electrons initially react quasineutrally to the electric
presence of electrons with ultrahigh energie81E). Elec-  field originating from charge density fluctuations in the pro-
tron Fermi acceleration across shocks is believed to be gn beam. The relativistic Lorentz contraction of the proton
major acceleration mechanigih,2]. Plasma wakefield accel- peam and the chosen initial value for the beam density, how-
eration[7], shock surfing acceleratids,9], and electron ac-  ever, imply that the beam has a considerably larger charge
celeration by electrostatic wave turbulence have also beeglensity than the electrons, and we find that already a weak
invoked[10]. In the latter case, the electrons are acceleratedharge density modulation on the beam can locally deplete
by their interaction with electrostatic waveSSW9 [10,11.  the electron distribution. Therefore, the condition in Ref.
The ESWs are excited by ion beams streaming at high16] stating that two ion beams can interact directly only if
speeds relative to the background plasma which are found itheir relative speed is low compared to the thermal speed of
front of plasma shocks due to the leaking of hot downstreanthe electrons is removed, and the system becomes unstable
ions into the foreshock, and because upstream ions are rgshich we confirm here. A secondary instability involving the
flected by the shock and thereafter move through the foreinteraction between a proton beam, the background protons
shock region at a speed that exceeds that of the siid&ik  and electrons generates intense ESWs which rapidly acceler-

Previous simulation§13] have shown that an instability ate electrons to ultrarelativistic speeds. We measure a high
develops due to resonant interactions between the electroggergy tail of the electrons that is a power law up to a Lor-
and the ion beam. The ESWs saturate by trapping electronsntz factor of y>4x 10, and by taking into account the
and even in an unmagnetized plasma a substantial number gfuch larger number of electrons in a physical plasma than in
electrons is accelerated to speeds that significantly exceasiir simulation it may reach well into the TeV regime.
the phase speed of the ES\is3,14. However, the instabil- Our results are obtained by means of a fully relativistic
ity transfers only a small fraction of the ion beam energy toand electromagnetic PIC cod&7]. The simulations model
the electrons. The intense releases of UHE electrons olpne spatial and three velocity components. The spatial
served at radio synchrotron sources would thus require unréyoundary conditions of the simulation are periodic. The
alistically high ion beam energies. plasma consists of four particle species, labeled by the index

In this work, we present a more efficient mechanism forj which takes the valuel for the background electronbp
generating ultraintense electrostatic fields that are requirefbr the background protons, and the two counter-propagating
for accelerating electrons to UHE. Our proposed mechanisrproton beams are representediiyandb2, respectively. The
involves the complete thermalization of the ion populationspeciesel and bp represent the upstream plasma in front of
and an equipartition of the plasma kinetic energy betweetthe shock. The first beam represents the protons that have
the protons and electrons. Specifically, we consider collecjust been reflected by the shock. This beam rotates in the
tive interactions between highly relativistic proton beamsupstream magnetic field and it returns to the shock as the
and the background plasma and show, by means of particléecond beam. This model is in agreement with the simple
in-cell (PIC) simulations, the possibility of a fastest growing model for a foreshock that we have used previo(i$B~15.
beam-plasma instability which saturates by trapping elec- We define the initial thermal speeds of each plasma spe-

cies byvy j=(kgT;/m;)*’?, whereT; andm; are the tempera-
ture and mass of thggh species, respectively, arkg is the
*Electronic address: mardi@itn.liu.se; on leave from ITN, Boltzmann constant. The plasma frequency ofjthespecies

Linkopings University, 60174 Norrkoping, Sweden. is defined in the rest frame of the electrons ag;
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FIG. 1. The power spectrum
A(n,t) for the simulation with the
14 beam densityn,=ng (left plot)
and the simulation with ny
[ F{12 =7.1ng (right plot). In both simu-
) o lations, an ESW initially grows at
8 8 the wave numbek,. This ESW is
~ . RS sufficiently strong to produce a
+ + .
¥ e harmonic atk=2k,. In the left
3 - 40.8 3 plot, the ESW stabilizes after its
initial saturation. In the right plot
- we find growing lowk waves at
: t=600X 27/ w,. At  t=800
X 2/ wp, the spectrum is increas-
0.4 ingly bursty and the waves spread
over a largek interval. After t
- ~1050% 27/ wp, the spectrum

exhibits a continuous power law.

the electric vacuum permittivity. We sef, ; in the rest frame  length L=120\,, in the x direction. Each proton species is
of the respective plasma speciesuigq=1.06x 107 2c and  represented by 1776000 computational particles and the
Vth,bp=Vth,p1=Vthp2= 7-8X 107 4c. electrons by 2 557 440 computational particles.

The electron densityy, in our simulation gives the elec-  We calculate the logarithmic amplitude spectra of the re-

tron plasma frequencybp=105>< 2mws L. We will omi; the sulting ESWs by means of the expression
indexel for the electron plasma frequency. The density of the

background protons ig,,=n, and those of the two proton N
beams aren,;=n,,=n, in their respective rest frame. We A(n,t) = logyo| N2 E(1, t)exp(— iAkAxnl) | , (3
will consider the two cases,=n. andn,=7.1n,. The elec- I=1

gggsdgzli (§h:nc5)zi (;I;ggoflj-ﬂg twgtgrotiﬁet?ézsmgﬁgvtehgt mg%‘hereE(l_,t) i; the eIc_actr_ostatic field in physical _unn‘s’/m)
mean speedsy; =-0,,=0.9%. We obtain current neutrality '" thex direction, which is measumd at th? posnidn( and
in our simulation box which is necessary, since otherwise oufime t. We useN=5920 grid c_ellls. The minimum nonzero
periodic boundary conditions would  yielqunphysica) ~ Wave number isAk=27(NAx)™, and the physical wave
waves growing with the wave numbkr 0. The excess posi- NuUmbers are defined ds=nAk. We showA(n,t) for the
tive charge of the protons is compensated by the simulatiogimulations in Fig. 1 _ _
by introducing an immobile negative charge. This could, for Figure 1 reveals that the ESW with the wave nungn
example, be higlZ negative ions or negatively charged dust OUr simulation with n,=7.1n,, initially saturates. Aftert
grains. ~500x 27/ wp, a second wave grows at low which we
Initially, the electrons interact with the proton beams. Wecould not find for significantly lower beam densities. This
can separate the dispersion relation into two component@ve grows until it saturates at=800X 27/wy. Until t
equations, each involving one proton beam and the electrong; 10° X 27/ @y, most of its wave power is concentrated at
The cold plasma dispersion relation for the ESWs in theéK<ku but we find time-dependent highspikes extending

presence of the beabi with o, >0 and the electrons is abovek,. This spectrum changes into a time-stationary spec-
trum power law at~ 1050 27/ wp, with its power scaling
w

_0p_ 0o ¥p) ™ _ (1 like AGAGR)" = Colk/k) ™4
? (0= kip)? ’ To understand the mechanism behind these kavgcilla-
tions we show the electrostatic field in our simulation at four
different times in Fig. 2. The two spikes visible in the upper
RE ) 13 right panel(at t=600X 27/ w) in Fig. 2 are a key element
r=y* 31_6wp,b1wp (2)  for the further time evolution of our system, since they
breach the equilibrium that has been established between the
The wavelength of the most unstable ESW s, ESWs and the electrons. We show the peak electric field
~2mvp/ w, and k,=2m/\,. Our simulation box has the amplitude of the stronger of the two spikes in Fig. 3 as a

which yields the maximum growth rate for the ESWs as

036401-2



ELECTRON ACCELERATION TO ENERGIES BEYOND.

10
t = 350 X 27 /w, t =600 x 27/w,
Es
2
L
0
1
0 50 00 0 50 . 100
u u
200 1
t = 890 X 27 /w, 05 t = 1300 x 27 /w,
E 100 g
2 z 0
w O W_o5
-1005 50 100 1 50 100

x/ku x/ku

FIG. 2. The electric fielE at timet=350X 27/ w,, (upper left
pane), t=600X 27/ w,, (upper right paneg) t=890X 27/ w, (lower
left pane), and t=1300x 27/ w, (lower right panel. Two spikes
which move withv~0.9c are visible att=600X 27/ wp,. These
spikes evolve initially into the lovk oscillations at t=890
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FIG. 4. The charge density fluctuations of the proton beam with
vp=0.9% normalized to the electron densitypper ploj, and the
charge density distribution of the electrons with>0 normalized

to the total electron charge densitffower plof), at t=600
X 2/ wp. Both plots show the same spatial interval of the simula-

X 27/ w, and thereafter into the extremely strong fluctuations at alltion box. We observe that the depletions of the charge density in the

spatial scales at=1300X 277/ wy,.

proton beam ax/\,~ 8 andx/\,=~50 are associated with intervals

in which no electrons witly,>0 are present.
function of time. We find that the amplitude initially grows
expor;enually,_ - exp(l“t)f with the growt_h _rate_FzZ v,<0 show only a weak modulation and neither the bulk
< 10w, In Fig. 4, we display the charge distribution of the . 5ng hor the beam with,=-0.9& show visible charge
beam moving withuy, and the distribution of the electrons o ity modulations, and we have thus not shown these here.
with v, >0 at the timet=600x 27/ w,. We find modulations The charge density depletions move at the spegd
with a similar amplitude in the charge density of the proton _ 5 o- and they are thus not stationary in the frame of refer-
beam with v,=0.9& and of the electrons with positive gnce of the beam moving with,, they must thus be attrib-
speeds at the locations where we have found the spikes {iyoq 15 4 wave. Since no electrons with positive speed can be
Fig. 2. The charge density oscillations on _the proton beang, \ng 4t the location of the spikes, the plasma in the half-
account for only 2% of the total beam density. The electron%pme withv, >0 consists only of the almost unperturbed
are, however, depleted in this interval. The electrons Wiﬂbroton beamxwith;b:0.99: 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
beambl and by the cold proton specibgp, since their ther-
mal spread at=500X 27/ w, is less than 1% oby,. The
dispersion properties of our plasma is then governed by

55

w5 b s b1 Y(0p) 2
F(kw)=1-—2P — —B22—— > =0, (4
0} (w = kopy)

Iog10 (MaxE) V/m
»
)]

which we solve numerically for our plasma parameters to
give the maximum growth rat€~4X 1(T3wp at the wave
numberk, = 3Ak. At this wave number we also obtain the
phase speedv,,/k,,~0.87c, which is approximately the
same as the speed of the spikes. The ESWSs are unstable up to
a peak wave number4Ak. We note that the maximum
growth rate corresponds exactly to the fastest growth rate
FIG. 3. The base-10 logarithm of the evolving maximum elec-0bserved in Fig. 3 for the time=750-800< 27/ wy. In our
tric field of the largest spike in our simulation. Between the timesSimulation we find, due to the localization of the wave
t=550% 27/ w, andt=700X 27/ w, the wave amplitude grows ex- Packet, a significant exponential growth up to a wave num-
ponentially. The increased growth after700x 27/ w, is linked to  ber~10Ak which exceeds the band of unstaklealues. The
the triggering of oscillations with a large spatial extent. wave packet thus leaks power to stable wave numbers which

3 X 1 1 I 1 1 i
350 600 650 700 750 800 850
wpt/2m
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10 . . 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 ofp,/(m.c)=~10° or an energy of
around 50 TeV. For our initial conditions we have obtained a
total acceleration time o~ 102 s=~10°X 27/ wp, 1.,
1075 7 2 . we have a very efficient wave accelerator.
log,, (P, /M, C) To summarize, we have presented computer simulations
10 : : 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 mediuni8,9]. Our beam Lorentz factor of 7.1 is par-
X 10° 10' ticularly interesting in the context of internal shocks at
10810 (P, /™M, ©) gamma ray bursts and at the relativistic jets of active galactic
. nuclei since there the plasma shocks and thus the shock re-
FIG. 5. The electron momentum space dengigper ploj and e cieq jons should have a similar Lorentz factor.
the momentum space density summed over all proton species . . . . .
L or o . Our simulations show that a primary instability develops
(lower plot, at timet=1300X 27/ wp,. Both distributions are given . . RIS
fdue to resonant interactions between the relativistic proton

in terms of physical particles, i.e., we have multiplied the number o . .
Py P P eams and the background electrons, and after its saturation

computational particles by a factor that expresses the ratio betweéb1 | X bl d . bili hich d
simulation particle numbers and true particle numbers. The elecN® plasma is unstable to a secondary instability which de-

trons have a flat distribution up tp,/m.c~10°. Above this mo- velops due to resonant interactions between the relativistic
mentum, the electron distribution has a spectrum that is well apProton beams and the background protons. A key element
proximated by a power law, viZP(p,)=Cy(p,/mc)~34 which is ~ has been that the Lorentz contraction of the proton beams
the line we have overplotted. The lower plot shows that the protonémplies that even small charge density fluctuations on the
have been fully thermalized. beams depletes electrons, allowing for the development of an
. instability between the proton species. The instability is fa-
may explain the measured reduced growth iate2x10°  jlitated by the presence of high-negative ions of large
for the timet <750X 2/ wy, as seen in Fig. 3. ~_mass or negatively charged dust, since it cannot rapidly react
We observe that the power spectrum of the electric fieldg charge fluctuations of the beam. Our simulations have also
eventually develops into a power law distribution with ex- ghown the appearance of extremely strong ESWs which ther-
tremely strong electric field oscillations, which can be seenyjize all plasma species and produce a power law distribu-
in the right plot in Fig. 1 and in the lower right plot in Fig. 2. tjon for both the protons and electrons where the maximum
We anticipate extremely hot electrons and protons at thigpeed scales like the mass ratio between the protons and
time. In Fig. 5, we present the distribution of the particle gectrons. The rapid relaxation of the shock-reflected beam
momenta we obtain at the end of the simulation. Here, theyplies that it thermalizes before it has been rotated by the
particles have been accelerated by both the initial 'nStab'“%pstream magnetic field to return to the shock. Our symmet-
between the proton beam and the electrons and the secopd setup for the beams is thus not completely realistic, how-
instability between the protons. We find that at the simulationgyer, e emphasize that our conclusions do not depend on
end th_e plasma is fully thermalizgd, i._e., no further_instabilitythe presence of two symmetric beams. A single relativistic
can trigger the ESWs along thedirection. We also find that  peam in the system gives rise to both the initial instability

both distributions are similar except for a scaling factorang the charge density fluctuations that lead to the second
my/me on the Lorentz factors, i.e., both species have equahstapility.

shares of the total kinetic energy. The power law of the elec-

tron momentum distribution has the same spectral slope as This work has been supported by the Swedish National
the electric field spectral density in Fig. 1 afterr 1050  Supercomputer Centi®SC), by Linkdpings University and
X2/ w, and it does not break up to the peak momenturmby the European Community through the Contract No.
p,/mc=4.5x 10°. It is limited only by the statistical repre- HPRN-CT-2001-00314.
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