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Abstract. To address the important issue of how kinetic en-

ergy of collimated blast waves is converted into radiation,

Pohl and Schlickeiser (2000) have recently investigated the ]F
relativistic two-stream instability of electromagnetic turbu-

lence. They have shown that swept-up matter is quickly iso-

tropized in the blast wave, which provides relativistic parti-

cles and, as a result, radiation.

Here we present new calculations for the electrostatic in-

stability in such systems. It is shown that the electrostatic M.
instability is faster than the electromagnetic instability for !

highly relativistic beams. However, even after relaxation of

the beam via the faster electrostatic turbulence, the beam is

still unstable with respect to the electromagnetic waves, thus

providing the isotropization required for efficient production N F\)
of radiation. While the emission spectra in the model of Pohl b
and Schlickeiser have to be modified, the basic characteris:

tics persist. Cl

1 Introduction

Published models for the-ray emission of blazars are usu-

ally based on interactions of highly relativistic electrons of ) o
Fig. 1. Sketch of the basic geometry. The blast waves, containing

unspecified origin propagating in the relativistic jet of active _ .
galactic nuclei. The usual shock or stochastic electron ac2" electron-proton plasma of density, moves with Lorentz factor
. : I" through ambient, interstellar matter of density
celeration processes would have to be very fast to compete
efficiently with the strong radiative losses at high electron
energies. Energetic electrons may also result as secondaries L ,
from photomeson production of highly relativistic hadrons, Mde! the relativistic jet as a channeled outflow with rel-
but the observed short variability timescale places extremétivistic bulk veI_ocEyV, cor_15|st|ng of cold el_ectrons and
conditions on the magnetic field strength, for the hadron gy-Protons of density; (see Fig.1). For convenience we as-

roradius has to be much smaller than the system size, and oiHme that the outflow is directed parallel to the uniform back-
the Doppler factor, for the intrinsic timescale for switching ground magnetic field. This beam of protons and electrons

off the cascade is linked to the observed soft photon flux. ~ Propagates into the surrounding interstellar medium that con-
Here we consider the energisation of relativistic particlesSIStS of cold protons and electrons of densify Viewed

in jets by interactions with the surrounding medium. We from the coordinate system comoving with the outlow, the
interstellar protons and electrons represent a proton-electron

Correspondence tavl. Pohl beam propagating with relativistic speed” antiparallel to
(mkp@tp4.ruhr-uni-bochum.de) the uniform magnetic field direction. This situation is un-
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Fig. 2. The dispersion relation for longitudinal, electrostatic waves. Fig. 3. The dispersion relation for longitudinal waves in the un-
There is always a real solution in the range< —V/, and another  stable phase velocity range. For small perturbation parameters,

real solution ina > 0. In the remaining range-V' < a < 0the /L., is essentially flat, unlesss is very close tQumax.
dispersion relation returns two real valuesaobnly if k? exceeds

2
kmin'

2 The dispersion relation

stable and waves will be excited which backreact on the in-The initial particle distribution function for protons and elec-
coming beam. In the earlier analysis (Pohl and Schlickeiserfrons is
2000) the stability of this beam was examined under the as- _
sumption that the background magnetic field is uniform andf(p,t = 0) = “ 6(m)5(p” i P) + nbd(m)é(p“)
directed parallel to the direction of motion. It was shown 2mpL 2mpL
that the beam very quickly excites low-frequency electro-with P = mVT'. Then, for charge, massn particles under
magnetic waves, which quasi-linearly isotropize the incom-the action of an electric fiel®€ = e £ exp(«k(x — at)),
ing interstellar electrons and protons in the blast wave plasma the direction parallel to an ambient magnetic field the per-
thus providing relativistic particles. The high energy emis- turbations,df exp(:k(z — at)), to the original distribution
sion produced by these particles has characteristics typicdlinction satisfy
of BL Lacertae objects. The secular variability of theay a6f 86]‘ of
emission of AGN would be related to the existence or non--5.- +TU— 9 Ea— =0 (2)
. .. . T D
existence of a relativistic blast wave in the sources, and thus
to the availability of free energy in the system. The observedwhich, to first order inif / f, yields the dispersion relation
fast variability on the other hand would be caused by density
inhomogeneities in the interstellar medium of the sources. ;2 _ 4”2 / apn d3p = 02 [i + Y ] (3)
In parallel to they-rays neutrinos are emitted, whose spec- v —a a?  (a+V)?
trum ano!flux Wou_ld be closely corr_elated with those ofthe whereQ? — w o+ w _ands = ni/ (nb Fg)_ A plot of
rays, which permits to use theray light curves of blazarsto .
- . o . k= versusa is glven |n F|g.2. The waves are unstable for
very efficiently search for neutrino emission as a d'agnosucnegativek with
for an hadronic origin of the high energy radiation (Schuster,
inkai 2
Pohl and Schlickeiser, 2001). . <R = Q—(l 1 §1/3y3 )
We now expand on the previous treatment by caIcuIat— V2
ing the two-stream instability for longitudinal, electrostatic 5,q
waves. In contrast to electromagnetic waves, which scatter
the particles in pitch angle but preserve their kinetic energytmin (kmin) = —V (1 + 6371 > -V, (5)
until the distribution is isotropized, the electrostatic waves.
change the particle’s energy until a plateau distribution is es-
tablished. aV~l=—sin? ¢+ (6)

@)

in which range the dispersion relation has the solution
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Fig. 4. The growth ratey as a function of the wave numbérfor
three values of the perturbation parametet n;/ (nb F3). Most
of the instability occurs in a small wavenumber range cloge.tQ.

with
k? [tan?¢+1 2 (tan ¢ — v/8)(1 — tan ¢p\/6) @)
kr2nin B (tan2¢— 1) tan ¢ (1 + §1/3)3
and
Y2 = tan ¢(v/d tan® ¢ — 1) -

(1 + tan® ¢)2(tan ¢ — /)

The range of is restricted tay—1/6 < tan¢$ < §~/2. On
tan ¢ = 6~ /6 note thatt?> = k2. andagr = ami,, and on
tan¢g = 6~ 1/2,k = 0andag = —V(146) "' = Gmax. Thus

tan ¢ covers the complete wavenumber spectrum where in-

stability can occur.

In Fig.3 we show the unstable region of the dispersion re-

lation in phase velocityk? is basically independent of the
phase velocity: .In Figs.4 and 5 we show the growth rate
as a function of the wavenumbéer, and phase velocityg,

respectively. The growth rate is sharply peaked at wavenum

bers close td:,,;,,, but is essentially independent of the phase
velocity, ag.

3 The backreaction on the proton-electron beam
The time-dependent behavior of the intensitiék, ¢) of the

excited waves is given by I(k,t) = 2+ I(k,t) (Lerche,
1967; Lee and Ip, 1987). To describe the long-term influ-
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Fig. 5. The growth ratey as a function of the phase velociiy, for
three values of the perturbation paramekteiThe perturbation pa-
rameter controls only the speed of the instability, but not its spectral
form.

for the resonant particles then has only its momentum par-
allel to the ambient field influenced by the longitudinal tur-
bulence. Hence, the corresponding Fokker-Planck equation
reads

of 0 ( of >
- -~ ([ p=L 9
ot apH &DH ©)
where the diffusion coefficient), is given by
Ap? 0
D = m = 167‘(262/ dk I(k)o [k(v” — aR)]
At kmin
2o [0 I(k)
= 167" dk W 5([)” - CLR) (10)
kmin

Because of the unknown nature of the initial wave spectrum,
and because other processes ignored in the development will
also influence the generation of waves, one of the standard
devices is to ignore the wave intensity spectrum generation
and to usenodelsof how one believes the wave spectrum has
evolved to its current state.

For the growth rate as a function of phase velocity, Fig.5
shows that the growth rate is essentially independentof
Neglecting the possible effects of damping and cascading,
the intensity spectrum in phase velocityagr ) = I(k)% is
then flat between,,,;, anda,,,.«, and zero outside this range.
Upon interaction with this wave spectrum the beam will re-
lax to a plateau distribution between the velocitiek” and

ence of the excited waves on the beam particles, one uses thg = a,,;,. The energy available for the build-up of the

quasi-linear Fokker-Planck equation. Because the longitudiwaves comes from the beam. Because the wave growth is
nal waves act with an electric vector only, and because thamuch faster than the relaxation of the beam we may estimate
vector parallels the magnetic field, the phase space densitthe final wave intensity spectrum as the ratio of the energy
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s HON I L L time scale is two orders of magnitude shorter than the time
scale for the electromagnetic instability derived in Pohl and
Schlickeiser (2000).

-8.5r
I 4 Consequences

The electrostatic instability provides a plateau-distribution in
p|» Which is still unstable with respect to electromagnetic
waves, implying that isotropization in the blast wave still oc-
curs on roughly the same time scale as calculated in Pohl and
Schlickeiser (2000).Therefore, the effect of the electrostatic
instability is to provide a change in the spectrum of swept-up
particles. Instead of the old result for the differential sweep-
- - - - with electrostatic instability ] up rate in the absence of the electrostatic instability

-9.0r

LOG(E? | [TeV/cm?/s])

-9.5r / without electrostatic instability |

100 e e e N('y)
-1.0 -0.5 0.0 0.5 1.0 1.5

LOG(E [Tev]) we now obtain, if the electrostatic instability is much faster
than the electromagnetic one,

=Nod(y—T) (14)

no e.s.i.

Fig. 6. 7°-decay spectra calculated with and without the electro- )
static instability. The spectra refer to an observed time of 0.125N () = oI —v) (15)
hours after the blast wave over-runs an isolated cloud. At this time -1
the Epeg””“;&;s"}’eﬁt";p pa”'C'e,Slhas eVO'Ye? ve;y “tt'e'hAt tfpeln the radiation spectra this change corresponds to a reduc-
peak, about 50% of the beam particle energy Is lost due to the effect | ¢ efficiency by roughly 50% at the highest energies and
of the electrostatic instability. There is little effect at smaller photon . . . . .
energies little change at smaller energies, because in the inelastic pp
' collisions the pion source power scales roughly with the ki-
netic energy of the incident proton, hence the pion spectra
density lost by the beam during relaxation to a plateau beare dominated by the pions produced by the protons of high
tween the velocities-V andv| = a,,;, and the phase ve- eneggy for flat proton spectra. In Fig.6 we show thg spectra
locity range in which effective growth occurs, namély>V. of m¥-decay~-rays for the case of a fast electrostatic insta-

No

e.s.i.

Therefore bilit_y (_Eq.15_)_in comparison with the case of tr_le electromag-
R netic instability only (Eq.14). At photon energies well below
I(ap) ~ AE ~ iMmpC - _ I (11)  the peak energy of theF,-spectra the difference in spec-
Aagr 2V tral index is onlyAs ~ 0.1. Similarly small changes can be

expected for the injection spectra of secondary electrons and
hence for the synchrotron spectra at optical to X-ray frequen-

The diffusion coefficient is then

D(py) = 167%¢> I /a dag, 1 (v — ag) cies. Therefore the isotropization and radiation conclusions
- || drawn by Pohl and Schlickeiser (2000) remain valid.
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