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Abstract

It hasbeensuggestedthat relativistic blastwavesmay power the jets of AGN andGamma-raybursts. We
addressthe importantissuehow the kinetic energy of collimatedblastwavesis convertedinto radiation. It
is shown that swept-upambientmatteris quickly isotropisedin the blastwave frameby a relativistic two-
streaminstability, which providesrelativistic particlesin the jet without invoking any accelerationprocess.
The fateof the blastwave andthe spectralevolution of the emissionof the energetic particlesis therefore
solelydeterminedby theinitial condition.Wecompareourmodelwith existingmultiwavelengthdataof AGN
andfind remarkableagreement.

1 Introduction
Publishedmodelsfor the � -ray emissionof blazarsareusuallybasedon interactionsof highly relativistic

electronsof unspecifiedorigin. Theusualshockor stochasticelectronaccelerationprocesseswould have to
bevery fastto competeefficiently with theradiative lossesathighelectronenergies,andahighenergy cut-off
shouldoccurunderrealisticconditions,but no low energy cut-off, in contrastto the resultsof the spectral
modeling. Energetic electronsmay also result from photomesonproductionof highly relativistic protons,
but theobservedshortvariability timescaleplacesextremeconstraintson themagneticfield strength,for the
protongyroradiushasto bemuchsmallerthanthesystemitself, andon theDopplerfactor, for the intrinsic
timescalefor switchingoff thecascadeis linkedto theobservedsoft photonflux.

In this paperwe considera strongelectron-protonbeamthatsweepsup ambientmatterandthusbecomes
enrichedwith relativistic particles.Weshalladdresstheimpor-
tant issuehow thekinetic energy of suchchannelledrelativis-
tic blast waves is converted into radiation. Existing fireball
modelsof GRBs and AGNs (seee.g. Vietri 1997; Waxman
1997;BöttcherandDermer1998)arevery unspecificon this
crucial point. Viewed from the coordinatesystemcomoving
with theblastwave,theinterstellarprotonsandelectronsrepre-
sentaproton-electronbeampropagatingwith relativistic speed
antiparallelto the � -axis. We demonstratethat very quickly
thebeamexciteslow-frequency magnetohydrodynamicplasma
waves via a two-streaminstability which isotropisethe in-
coming interstellarprotonsand electronsin the blast wave
plasma. Inelasticcollisionsbetweenprimary protonsandthe
blastwave protonsgenerateneutralandchargedpionswhich
decayinto gammarays, secondaryelectrons,positronsand
neutrinos.Both,theradiationproductsfrom theseinteractions,
andthe resultingcooling of the primary particlesin the blast
wave plasma,arecalculated. By transformingto the labora-
tory framewe calculatethetime evolution of theemittedmul-
tiwavelengthspectrumfor anoutsideobserver underdifferent
viewing angles. The decelerationof the blast wave is taken

Figure 1: Sketchof thebasicgeometry. The
thicknessof the channeledblast wave � is
much smaller than its halfdiameter� . The
blastwave moveswith a bulk Lorentzfactor�

throughambientmatterof density��� .
into accountself-consistently. Sincewe do not considerany re-accelerationof particlesin theblastwave, the
evolutionof particlesandtheblastwave is completelydeterminedby theinitial conditions.



2 Two-stream instability of a proton-electron beam
As sketchedin Fig. 1 weconsiderin thelaboratoryframe(all physicalquantitiesin thissystemareindexed

with � ) thecold blastwave electron-protonplasmaof density �
	� andthickness��	 in � -directionrunninginto
the cold interstellarmediumof density � 	
 , consistingalsoof electronsandprotons,parallel to the uniform
magneticfield of strength� . In thecomoving framethetotal phasespacedistribution functionof theplasma
in theblastwave regionat thestartthusis�����
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If thebeamdistribution function
� � in Eq. (1) is

unstableit excitesplasmawaves.Thetime-dependentbehaviour of theintensitiesG �IH��4��� of theexcitedwaves
is givenby JLKNMJPO �BQSR GUT wherethegrowth rate
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is theindex of refraction,and �?� ��� � ( � "� with �W� ��� � n 
 D�H ; . To describetheinfluence

of theseexcitedwaveson thebeamparticlesweusethequasilinearFokker-Planckequation(e.g.Schlickeiser
1989)for theresonantwave-particleinteraction.WeconcentratehereonAlfv enwavesmainlyfor two reasons:
(1) thebulk of themomentumof the inflowing interstellarparticlesis carriedby theprotonssothat they are
energeticallymoreimportantthantheelectrons;
(2) for Lorentz factors
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the isotropisationof electronsis alsodueto scatteringwith Alfv en

waves;for smallerLorentzfactorsthemistake onemakesin representingtheWhistlerdispersionrelationstill
by theAlfv endispersionrelationis relatively small.

For Alfv enwavesthe index of refractionis largecomparedto unity, so that theLorentzforce associated
with themagneticfield of thewavesis muchlargerthantheLorentzforceassociatedwith theelectricfield, so
thaton theshortesttime scalethesewavesscattertheparticlesin pitch angle

&
but conserve their energy, i.e.

theisotropisethebeamparticles.TheFokker-Planckequationfor thephasespacedensitythendisplaysonly
a termfor pitchanglescatteringwith���o� X�i4�  � "� � � +�& " �� � " s tc t � H G
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electronLarmorradii, � � � ; � � " + � D�� � , � � � ; � � " + � D � � ��� , respectively, we finally obtainGU� �\��� G c �\����� GU� �\�����2� G c �\�����2� � g x Z GU� �'���a+ G c �'��� b + Z GU� �\�����2�a+ G c �\������� b �B ¡�IHW�
(5)

with ¡�IHW��� 6��6�� ¢ � � H � �£ � � � � � H � c3d � Z � +:�¤H � � � c " b i¥§¦ � n �
¨ Z©� H � + � c3d¥ b s cWª_«�¬o­¯®±°E² ³µ´_��¶ °�·c3d � & Z � ¥ �\&��4���¸+ � ¥ �\&��4������� b (6)
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We canestimatethe isotropisationlengthby usingthe fully-developedturbulencespectrafor calculatingthe
pitch angleFokker-Planckcoefficient. For easeof expositionwe assumethat the initial turbulencespectrum
hasthe form G �¤H��µ�2�Â� G 
 H c " . As a consequenceof pitch-anglescatteringthebeamparticlesadjuststo the

isotropicdistributionon a lengthscalegivenby thescatteringlength Ã � YÅÄÆ�Ç dc3d � & ­_d�c �¸È ´ ÈÉ�ÊEÊ ­ � ´ . After staightfor-
wardbut tediousintegrationandinsertingour typicalparametervaluesweobtainfor thescatteringlengthand
theisotropisationtime scalein theblastwave plasma
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If thethickness� of theblastwave region is largerthanthescatteringlength,indeedanisotropicdistribution
of the inflowing interstellarprotonsandelectronswith Lorentzfactor Î �A� � � � � + 9�Ï39 �¾X �

in theblast
wave frameis efficiently generated.In the following sectionswe investigatetheradiationproductsresulting
from theinelasticinteractionsof theseprimaryparticleswith thecoldblastwave plasma.

Figure 2: Spectralevolution of a relativistic blastwave in an environmentof constantdensity. The solid
line displays

 

-decay� -rays, thedot-dashedline bremsstrahlung,andthedashedline annihilationemission.

Fromleft to right thepanelsshow thespectraafter50seconds,500seconds,and5000secondsobservedtime.
Theparametersare:

� 
 =300,d=
Ì>Ð � � d " cm,R= � � dNÑ cm,B= 1 G, ��� =0.01cmc Y , � � =0 Ð � � Æ cmc Y , for anAGN

at z=0.1viewedat anangle
&

=1.

Figure 3: Spectralevolution of a relativistic blastwave having traverseda gascloudof density� � =0.1cmc Y
andthickness� � dNÒ cm. All otherparametersareasin Fig.2. TheLorentzfactorof theblastwavedid virtually
not change,hencerepeatedcloudcrossingswould producethesamespectra.



3 Radiation modelling of the blast wave
In theblastwave frametheexternaldensity��� � � �a	� andsweep-upoccursat a rateÓ� � � ���  � " ; � 	� = � " + � $ � � + � ��F (9)

Thesweep-upis asourceof isotropic,quasi-monoenergeticprotonsandelectronswith Lorentzfactor
�

in the
blastwaveframe.Theisotropisationalsoprovidesamomentumtransferfrom theambientmediumto theblast
wave. In atime interval $ � theblastwavesweepsupamomentumof $¸Ô �  � " 6��1; " � 	� � � " + � � $ � which is
transferredfrom theswept-upparticlesto thewholesystem.Therefore,theblastwave Lorentzfactorrelative
to theambientmediumreducesto�
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whichcaneasilybeintegratednumerically. Equation(9) statesthedifferentialinjectionof relativistic particles
in theblastwave. Herewe concentrateon theprotonsbecausethey receive a factorof
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morepower

thanelectrons,whichalsohavealow radiationefficiency for ��Ý � ����� . Electrons(andpositrons)aresupplied
muchmoreefficiently assecondaryparticlesfollowing inelasticcollisionsof therelativistic protons.Sinceno
reaccelerationis assumed,thecontinuityequationsfor particle ¹ reads[��.� � � �[ � ( [[ �ßÞ Ó� �.� � � �Åà�( �.� � � �á�â �!� � Ó�.� � � � (11)

wherefor positronscatastrophicannihilationlosseson a timescale
á â �!�

aretakeninto account.Theinjection
rateof secondaryelectronis relatedto therateof inelasticcollisions.In Fig.2we show thespectralevolution
of high energy emissionfrom a collimatedblastwave for a homogeneousexternalmedium. Even for very
moderateambientgasdensitiesthehigh energy emissionwill bevery intense.To this we opposein Fig.3 the
caseof theblastwave interactingwith anisolatedgascloud.

4 Conclusions
We have shown that a relativistic blast wave cansweep-upambientmattervia a two-streaminstability

which providesrelativistic particlesin the blastwave without requiringany accelerationprocess.The high
energy emissiontherebyproducedhascharacteristicstypicalof BL Lacertaeobjects.In particular,
– Thehighenergy spectraareveryhardwith photonindices Î �

, in accordwith theunspectacularappearance
of TeV-bright sourcesat GeVenergies(Buckley et al. 1996)
– As canbeseenin Fig.3,observableincreaseanddecreaseof intensityat TeV energiescanbeproducedon
sub-hourtimescales,in accordwith theobservedvariability time scalesof Mkn 421(Gaidoset al. 1996)
– For multiple outbursts the intensity follows the variation of the ambientgas densitywith little spectral
variation,similar to theobservedbehaviour of Mkn 501(Aharonianet al. 1999)
– X-ray synchrotronemissionup to ã 100 keV is producedin parallel to the � -rays , but may be slightly
delayedcomparedto theTeV emission,aswasobservedfrom Mkn 501(Pianetal. 1998).
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