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Abstract

It hasbeensuggestedhat relativistic blastwaves may power the jets of AGN and Gamma-raybursts. We
addresghe importantissuehow the kinetic enegy of collimatedblastwavesis corvertedinto radiation. It
is shavn that swept-upambientmatteris quickly isotropisedin the blastwave frame by a relatvistic two-
streaminstability, which providesrelativistic particlesin the jet without invoking ary acceleratiorprocess.
The fate of the blastwave andthe spectralevolution of the emissionof the enepetic particlesis therefore
solelydeterminedy theinitial condition.We compareour modelwith existing multiwavelengthdataof AGN
andfind remarkableagreement.

1 Introduction

Publishedmodelsfor they-ray emissionof blazarsareusuallybasedon interactionsof highly relativistic
electronsof unspecifiedbrigin. The usualshockor stochastielectronacceleratiorprocessesvould have to
beveryfastto compete=fficiently with theradiative lossesat high electronenepies,anda high enegy cut-off
shouldoccurunderrealistic conditions,but no low enepgy cut-off, in contrastto the resultsof the spectral
modeling. Enegetic electronsmay also resultfrom photomesorproductionof highly relativistic protons,
but the obsenred shortvariability timescaleplacesextremeconstraintson the magneticfield strength for the
protongyroradiushasto be muchsmallerthanthe systemitself, andon the Dopplerfactor, for the intrinsic
timescal€or switchingoff the cascades linkedto the obsened soft photonflux.

In this paperwe considera strongelectron-protorbeamthat sweepsup ambientmatterandthusbecomes
enrichedwith relativistic particles.We shalladdressheimpor-
tantissuehow the kinetic enegy of suchchannelledelativis- F
tic blastwaves is corvertedinto radiation. Existing fireball
modelsof GRBsand AGNSs (seee.g. Vietri 1997; Waxman
1997; Bottcherand Dermer1998) are very unspecificon this
crucial point. Viewed from the coordinatesystemcomoving
with theblastwave, theinterstellaprotonsandelectronsepre- |
sentaproton-electrorbeampropagtingwith relativistic speed
antiparallelto the z-axis. We demonstratehat very quickly
thebeamexciteslow-frequeng magnetolidrodynamigmlasma N R
waves via a two-streaminstability which isotropisethe in- b
coming interstellar protons and electronsin the blast wave a
plasma. Inelasticcollisions betweenprimary protonsandthe
blastwave protonsgenerateneutraland chaiged pionswhich
decayinto gammarays, secondaryelectrons,positronsand
neutrinos Both, theradiationproductsrom thesenteractions,
andthe resultingcooling of the primary particlesin the blast
wave plasma,are calculated. By transformingto the labora-
tory framewe calculatethe time evolution of the emittedmul-
tiwavelengthspectrunmfor anoutsideobsenrer underdifferent
viewing angles. The deceleratiorof the blastwave is taken
into accountself-consistentlySincewe do not considerary re-acceleratiomf particlesin the blastwave, the
evolution of particlesandtheblastwave is completelydeterminedy theinitial conditions.

Figure 1. Sketchof thebasicgeometry The
thicknessof the channeledblast wave d is
much smallerthanits halfdiameterR. The
blastwave maveswith a bulk Lorentzfactor
T" throughambientmatterof densityn;.



2 Two-stream instability of a proton-electron beam

As sketchedn Fig. 1 we consideiin thelaboratoryframe(all physicalquantitiesn this systemareindexed
with x) the cold blastwave electron-protorplasmaof densityn; andthicknessi* in z-directionrunninginto
the cold interstellarmediumof densityng, consistingalsoof electronsandprotons,parallelto the uniform
magnetidfield of strengthB. In the comaving framethetotal phasespacedistribution function of the plasma
in the blastwave region atthe startthusis
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whereP = T'mV = I'mfBc = mc{/T?2 -1), p = p||/p- If the beamdistribution function f; in Eq. (1) is
unstablet excitesplasmawaves. Thetime-dependerttehaiour of theintensities (k, t) of theexcitedwaves
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andN = ck/wg is theindex of refraction,and E; = /1 + z? with z; = Q;,0/kc. To describetheinfluence
of theseexcitedwaveson the beamparticleswe usethe quasilineaiFokker-Planckequation(e.g. Schlickeiser
1989)for theresonantvave-particleinteraction.We concentratéereon Alfv enwavesmainly for two reasons:
(1) the bulk of the momentunof the inflowing interstellarparticlesis carriedby the protonssothatthey are
enepeticallymoreimportantthanthe electrons;

(2) for LorentzfactorsI' > |u|m,/m. the isotropisationof electronsis alsodueto scatteringwith Alfven
waves;for smallerLorentzfctorsthe mistale onemakesin representinghe Whistler dispersiorrelationstill
by the Alfv endispersiorrelationis relatively small.

For Alfv enwavesthe index of refractionis large comparedo unity, sothatthe Lorentzforce associated
with themagnetidield of thewavesis muchlargerthanthe Lorentzforce associateavith theelectricfield, so
thaton the shortestime scalethesewavesscatterthe particlesin pitch angleu but consere their enepy;, i.e.
theisotropisethe beamparticles. The Fokker-Planckequationfor the phasespacedensitythendisplaysonly
atermfor pitch anglescatteringwith
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Now it is corvenientto introducethe normalisedohasespacedistribution function of the beamparticles
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whereE = /1 + (p/mc)2. Summingover protonsandelectronsseparatelyandintroducingthe protonand
electronLarmorradii, R, = cvI? — 1/Q,, R = cVI'2 — 1/|Q,|, respectiely, we finally obtain
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Thedistribution functionsof the beampatrticles evolve accordingto
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We canestimatetheisotropisationength by usingthe fully-developedturbulencespectrafor calculatingthe
pitch angleFokker-Planckcoeficient. For easeof expositionwe assumehattheinitial turbulencespectrum
hastheform I(k,0) = Iok~2. As aconsequencef pitch-anglescatteringthe beamparticlesadjuststo the
isotropicdistribution on a lengthscalegivenby the scatteringength A = 32 f d,u(1 ”J After staightfor

ward but tediousintegrationandinsertingour typical parametevalueswe obtalnfor the scatterindengthand
theisotropisatiortime scalein the blastwave plasma

172 1/2
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If thethicknessd of the blastwave regionis largerthanthe scatteringength,indeedanisotropicdistribution
of theinflowing interstellarprotonsandelectronswith Lorentzfactor< I' >= I'(1 — 848) ~ T in theblast
wave frameis efficiently generatedIn the following sectionswe investigatethe radiationproductsresulting
from theinelasticinteractionsof theseprimary particleswith the cold blastwave plasma.
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Figure 2: Spectralevolution of a relatwvistic blastwave in an ervironmentof constantdensity The solid
line displaysr®-decayy-rays, the dot-dashedine bremsstrahlungandthe dashedine annihilationemission.
Fromleft to right the panelsshav the spectraafter 50 seconds500secondsand5000second®bseredtime.
Theparametersare:I'y=300,d=5 - 10'2cm,R=10'%cm, B=1 G, n;=0.01cm~3, ny=4 - 108 cm~3, for anAGN
atz=0.1viewedatanangley=1.
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Figure3: Spectrakvolution of arelativistic blastwave having traverseda gascloud of densityn;=0.1cm—3
andthicknessl0'6 cm. All otherparameterareasin Fig.2. The Lorentzfactorof the blastwave did virtually
not changehencerepeatedloudcrossingsvould producethe samespectra.
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3 Radiation modelling of the blast wave

In the blastwave framethe externaldensityn; = I'n; andsweep-ugccursatarate

N(y)=nR%cn}VI2—-1§(y-T). 9)

Thesweep-ups a sourceof isotropic,quasi-monoengeticprotonsandelectronswith LorentzfactorT” in the
blastwave frame. Theisotropisatioralsoprovidesa momentuntransferfrom theambientmediumto theblast
wave. In atimeinterval 6t theblastwave sweepsipamomentunof §II = = R? my, ¢ n} (I'2 — 1) §t whichis
transferredrom the swept-upparticlesto thewhole system.Therefore the blastwave Lorentzfactorrelative
to theambientmediumreducedo

2
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which caneasilybeintegratednumerically Equation(9) stateghedifferentialinjectionof relatvistic particles
in the blastwave. Herewe concentraten the protonsbecausehey receve a factorof m,/m. morepower
thanelectronswhichalsohave alow radiationefficiengy for ¥ <« 1000. Electrongandpositronsyresupplied
muchmoreefficiently assecondaryarticlesfollowing inelasticcollisionsof therelativistic protons.Sinceno
reacceleratiolis assumedthe continuity equationdor particles reads

ann
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wherefor positronscatastrophi@nnihilationlosseson atimescal€Tl,,,, aretakeninto account.Theinjection
rateof secondarelectronis relatedto the rateof inelasticcollisions. In Fig.2 we shav the spectralevolution
of high enegy emissionfrom a collimatedblastwave for a homogeneousxternalmedium. Even for very
moderateambientgasdensitieghe high enegy emissionwill bevery intense.To this we opposen Fig.3the
caseof the blastwave interactingwith anisolatedgascloud.

4 Conclusions

We have shawvn that a relativistic blastwave can sweep-upambientmattervia a two-streaminstability
which providesrelatiistic particlesin the blastwave without requiringary acceleratiorprocess.The high
enepgy emissiontherebyproducechascharacteristic$ypical of BL Lacertaeobjects.In particular
— Thehigh enegy spectraarevery hardwith photonindices< 2, in accordwith theunspectaculaappearance
of TeV-bright sourcesat GeV enepies(Buckley etal. 1996)
— As canbe seenin Fig.3, obsenableincreaseanddecreas®f intensityat TeV enegiescanbe producedon
sub-hourtimescalesin accordwith the obseredvariability time scalesof Mkn 421 (Gaidosetal. 1996)
— For multiple outkurststhe intensity follows the variation of the ambientgas density with little spectral
variation,similar to the obseredbehaiour of Mkn 501 (Aharonianetal. 1999)
— X-ray synchrotronemissionup to ~ 100 keV is producedin parallelto the y-rays, but may be slightly
delayedcomparedo the TeV emissionaswasobsenedfrom Mkn 501 (Pianetal. 1998).
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