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EXCITATION OF STRONG WAKEFIELDS BY INTENSE NEUTRINOBURSTS IN A MAGNETIZED ELECTRON�POSITRON PLASMAA. Serbeto a, L. A. Rios a, J. T. Mendonça b, P. K. Shukla , R. Bingham daInstituto de Físia, Universidade Federal Fluminense24210-340, Rio de Janeiro, BrazilbGoLP/Instituto Superior Ténio, Universidade Ténia de Lisboa1049-001, Lisbon, PortugalInstitut für Theoretishe Physik IV, Ruhr-Universität BohumD-44780, Bohum, GermanydRutherford Appleton Laboratory, Chilton, DidotOxon OX11 0QX, EnglandSubmitted 12 April 2004A lassial �uid desription is used to investigate nonlinear interations between an eletron-type neutrino burstand a ollisionless magnetized eletron�positron plasma. It is found that the symmetry between the eletronand positron dynamis is broken due to the presene of intense neutrino bursts. The latter an exite strongupper-hybrid wake�elds, whih an produe unlimited aeleration of pairs aross the external magneti �elddiretion via a surfatron mehanism. Impliations of our results to the prodution of high-energy eletrons andpositrons in astrophysial environments are disussed.PACS: 13.15.+g, 52.25.Dg, 97.10.Cv1. INTRODUCTIONIt is well established that proesses involvingeletron�positron plasmas are of signi�ant importanein a variety of astrophysial phenomena [1�4℄ that pre-sumably took plae in the early Universe, during theperiod 10�4 < t < 1 s after the Big Bang, and inultra-relativisti pair plasma jets. Eletron�positronplasmas are also found in ative galati nulei [5, 6℄and in the pulsar magnetosphere [7, 8℄. Another im-portant phenomenon is the -ray burst [9, 10℄, wheremany of its harateristis are explained through therelativisti expansion of the eletron�positron plasma(�the �reball model�) [10℄. It is well known that suha plasma has a very peuliar nature ompared with thetraditional eletron�ion plasma, beause eletrons andpositrons have the same mass and represent a symme-try due to their opposite eletri harges. These uniqueproperties are responsible for many linear and nonlin-ear wave phenomena that are di�erent from those o-urring in the eletron�ion plasma. This di�erene isdue to the eletron�ion mass ratio, whih gives rise to

di�erent timesales assoiated with the eletron andion dynamis in the plasma. A systemati study (see,e.g., Ref. [11℄ and referenes therein) of nonlinear in-terations between intense eletromagneti waves andrelativisti eletron�positron plasmas has been arriedout, espeially in the pulsar pair plasma environmentfor understanding the origin of the pulsar radio emis-sion.Another very important material elements in theastrophysial settings are the neutrinos. They are pro-dued by the ore of stars and in very high-explosive as-trophysial situations suh as those in supernova explo-sions and in ultrarelativisti pair plasma jets produing-ray bursts. Reently, many authors [12�15℄ have pro-posed that the shok expansion mehanism in the su-pernova ould be due to the energy�momentum trans-fer from the neutrino bursts to the magnetized plasmaloud that surrounds the ore of stars. Here, we areinterested in nonlinear interations of intense neutrinobursts with a relativisti magnetized pair plasma. It iswell known [16�19℄ that neutrinos propagating through533



A. Serbeto, L. A. Rios, J. T. Mendonça et al. ÆÝÒÔ, òîì 126, âûï. 3 (9), 2004the plasma an aquire an e�etive (indued) eletriharge due to harged and neutral urrents assoiatedwith the weak nulear fore ausing exhange of W�and Z0 bosons. There also appears a nonlinear ou-pling between the neutrinos and the plasma throughthe weak Fermi nulear interation and the pondero-motive fore of the neutrino beam [20�25℄.In this paper, we study the generation of large-amplitude upper-hybrid waves in a magnetizedeletron�positron plasma interating with an eletron-type neutrino burst. The neutrino dynamis anbe onsidered semilassial by assuming that theneutrino de Broglie wavelength is muh shorter thanthe typial salelength of the perturbation in the ef-fetive neutrino weak interation potential. We ignoreall quantum-mehanial e�ets (e.g., the neutrinomagneti moment) aused by external magneti �eldsbeause B0BQM � ~=!eme2 � 1;where ~ is the Plank onstant divided by 2�,!e = eB0meis the eletron gyrofrequeny, e is the magnitude of theeletron harge, me is the eletron mass,  is the speedof light in the vauum, and BQM � 4 �1013 Gauss is theLandau�Shwinger ritial �eld. Neutral urrent for-ward sattering of neutrinos o� neutrinos in the bak-ground gives a ontribution proportional to the densitymatrix, whih has no e�et on the �avor evolution [26℄.This paper is organized as follows. In Se. 2, wepresent the governing equations for neutrinos and ele-trostati waves. Setion 3 ontains an analyti desrip-tion for the upper-hybrid wake�eld in the presene ofneutrino �uxes. Numerial results for the wake�eld arepresented in Se. 4. Finally, Se. 5 highlights our re-sults and ontains possible appliations of our work toaeleration of pairs by large-amplitude upper-hybridwaves in astrophysial environments.2. GOVERNING EQUATIONSWe onsider an eletron-type neutrino burst in amagnetized eletron�positron plasma. The externalmagneti �eld B0ẑ is along the z diretion. The dy-namis of an ensemble of the neutrinos an be desribedby the equations [22℄�N��t +rJ� = 0 (1a)

and�p��t + (v�r)p� == � 1N�rP� +X� G�� �E� + v� �B�� ; (1b)whih ouple the neutrino density N� and the neutrinomomentum p� . Here,G�� = p2GF [Æ�eÆ��e + (I� � 2Q� sin2 �w)℄is the �bare� harge, with G�� = �G��� , whih allowsthe neutrinos to ouple to the plasma �uid. Further-more, � denotes the eletron (e�) and positron (e+)speies of the plasma, GF (� 9 � 10�30 eV � m�3) isthe Fermi weak-interation oupling onstant, �W isthe Weinberg mixing angle (sin2 �W � 0:23), I� is theweak isotopi spin of the partile of the speies � (equalto �1=2 and 1=2 for the eletrons and positrons, re-spetively), and Q� = q�=e is the partile normalizedeletri harge. It should be noted that the �rst term inthe neutrino �bare� harge is due to harged urrents,whih is valid only for eletrons (positrons) and theeletron-type neutrinos, and other terms ome from theneutral urrents and are valid for all partile speies.In Eq. (1b), P� = N�T� is the neutrino kineti pres-sure and the seond term in Eq. (1b) is the weak fore,F� , on a single neutrino due to the plasma. Further-more, E� = �rN� � 12 �J��t ;B� = �1r� J�are the e�etive eletri and magneti �elds [22℄, re-spetively, andJ� = v�N� ; J� = v�N�are the neutrino and �-speies urrents, respetively.The linear momentum of the neutrino isp� = v�2 E� ;with E� being the neutrino total energy. The term�J�=�t is the neutrino-plasma (treated ovariantly)analogue of the eletromagneti-plasma energy trans-fer, as desribed in Ref. [22℄. Furthermore, strong dmagneti �elds an reate magneti-�eld-aligned mo-tion of the neutrinos and plasma partiles.The plasma partile dynamis is governed by theontinuity and momentum equations, whih are, re-spetively, �N��t +rJ� = 0; (2a)534



ÆÝÒÔ, òîì 126, âûï. 3 (9), 2004 Exitation of strong wake�elds by intense neutrino bursts : : :and�P��t + (v�r)P� = q�E+ q� v� �B++X� G�� �E� + v� �B�� ; (2b)where P� = �m�v� ;is the momentum of the partile speies � (eletronsand positrons), � = 1p1� v2�=2is the gamma fator, and B = B0ẑ is the external uni-form magneti �eld in the z diretion. The right-handside in Eq. (2b) is the total fore ating on the plasmadue to all types of the neutrinos, andE� = �rN� � �2 �J��t ;B� = �1r� J�are the �weak-eletromagneti� �elds. Furthermore,N� is the number density of the speies �. Beausewe fous on the wake�eld generation on timesales thatare either omparable with or shorter than the eletronplasma period, ollisions between pairs do not play anessential role, for instane, in the supernova and pairplasma jets [24, 25℄, where the plasma number den-sity and the pair temperature are 1030 m�3 and 105�106 eV, respetively.To simplify our model, we onsider only a oldeletron-type neutrino streaming along the x diretionwith the veloity v� lose to , interating nonlinearlywith a ollisionless old magnetized eletron�positronplasma. Hene, antineutrinos are negleted. It is wellknown that the interation of the eletron neutrinoswith the plasma does not hange their loal energy anddensity signi�antly. For instane, in type-II supernovaexplosions, only 1% of the neutrino energy [14℄ is sup-posed to be transferred to the plasma that surroundsthe ore of the star. Hene, without the loss of gen-erality, we an assume that the eletron-type neutrino�ux only transfers a very small part of its energy E� tothe plasma and keeps its density N� nearly onstant.Aordingly, the eletron-type neutrino �uid dynamialequations an be rewritten as�E��t + �E��x �� �p2GF � ��x (N�e �Ne) + 12 ��t(J�e � Je)� ; (3a)

and �N��t + �N��x � 0: (3b)With the longitudinal plasma waves propagatingaross the external magneti �eld diretion, with anassoiated eletri �eld E = Ex̂ and the wavenumberk = kx̂, the eletron�positron plasma �uid equationsare �Ne�t + �Je�x = 0; (4a)�Pex�t + Pexp1 + P 2e �Pex�x = � eEme � !Peyp1 + P 2e ��p2GF ��N��x + 12 �J��t � ; (4b)�Pey�t + Peyp1 + P 2e �Pey�x = !Pexp1 + P 2e ; (4)and �N�e�t + �J�e�x = 0; (5a)�P�ex�t + P�exp1 + P 2�e �P�ex�x = eEme + !P�exp1 + P 2�e ++p2GF ��N��x + 12 �J��t � ; (5b)�P�ey�t + P�eyp1 + P 2e �P�ey�x = � !P�exp1 + P 2�e ; (5)for the eletron and positron plasma speies, with Pex,P�ex, Pey , and P�ey being the x and y omponents of theeletron and positron momenta, respetively.Equations (3), (4), and (5) form a set for studyingthe generation of large-amplitude plasma waves. Toeliminate the eletron and positron �uid urrents inEq. (3a), we supplement our system of equations withJ�e � Je = 14�e �E�t ; (6)beause we onsider the generation of longitudinal(eletrostati) waves.3. UPPER-HYBRID WAKEFIELDIt is onvenient to introdue a new independentvariable � = (x � v�t), where v� is the plasma wavephase speed. Hene, Eq. (3a) an be rewritten asdEd� = 4�e 2v2� ���(N�e �Ne) + 1� ��p2GF (E0 �E�(�))� ; (7)535



A. Serbeto, L. A. Rios, J. T. Mendonça et al. ÆÝÒÔ, òîì 126, âûï. 3 (9), 2004where E0 is the neutrino initial energy. Using the def-inition E = �d�=d�, where � is the eletri potentialassoiated with the wake�eld, we obtain from Eq. (7)that d2	d�2 = �!2pv2� �N�eN0 � NeN0 + S�� ; (8)where 	 = e�me2is the normalized plasma potential,�� = v�is the normalized phase speed,!2p = 4�e2N0meis the squared eletron plasma frequeny, and N0 is theequilibrium eletron (positron) number density. Fur-thermore, S� = E0(1� ��)p2GFN0 �E�E0represents the neutrino-driven term, with�E�E0 = �!�!�being onsidered the amount of the neutrino energytransferred to the plasma. Here, �!� is the spetralwidth of the neutrino spetrum. Assuming that themagnitude �E�E0 = �!�!� � 1(atually, from the observational fat in the supernovaSN1987A, the �visible� energy of the supernova is avery small part of the neutrino energy [14℄), we anonsider the neutrino �ux as an external ation into theplasma suh that the amount of the neutrino energy de-posited in the plasma an be taken as a onstant inputin Eq. (8). We note that the latter is the Poisson equa-tion written in a moving frame, where the total hargedensity inludes the neutrino e�etive harge densityrepresented by the term S� . Transforming Eqs. (4) and(5) and substituting the eletron (positron) density re-sponse in Eq. (8), we obtaind2	d�2 = �ep1 + P 2ePex � ��p1 + P 2e �� ��ep1 + P 2�eP�ex � ��p1 + P 2�e � S� ; (9)

dPexd� = p1 + P 2ePex � ��p1 + P 2e �� d	d� � ��
 Peyp1 + P 2e ! ; (10)dPeyd� = ��
 Pex(Pex � ��p1 + P 2e ) ; (11)dP�exd� = p1 + P 2�eP�ex � ��p1 + P 2�e �� �d	d� + ��
 P�eyp1 + P 2�e ! ; (12)and dP�eyd� = ���
 P�ex(P�ex � ��p1 + P 2e ) ; (13)where Pe;�e = pe;�e=meis the normalized eletron (positron) momentum,� = !p=v�(x� v�t)is the normalized distane (phase), and
 = !=!pis the normalized eletron (positron) gyrofrequeny.Here, �e;�e = P0 � ��p1 + P 20p1 + P 20is a onstant that depends on the initial value of theeletron and positron momenta P0. We note thatthe oupled equations (9)�(13) depend on the sign ofthe linear momentum of the plasma, i.e., the plasmaan move either in the positive or in the negative�-diretion. It should be stressed that these equa-tions desribe the exitation of nonlinear relativistiupper-hybrid waves by neutrino beams in a magnetizedplasma.The nonrelativisti linear dynamis ours forPe;�e � 1, 	� 1, and S� � 1. Subsequently, Eqs. (9)�(13) yield d2	d�2 = Pex � P�ex � S� ; (14)dPeyd� = �
Pex; (15)dP�eyd� = 
P�ex; (16)d2Pexd�2 +
2uhPex = P�ex + S� ; (17)536



ÆÝÒÔ, òîì 126, âûï. 3 (9), 2004 Exitation of strong wake�elds by intense neutrino bursts : : :d2P�exd�2 +
2uhP�ex = Pex � S� ; (18)where 
2uh = !2=!2p = 1 + 
2is the normalized squared upper-hybrid wave frequeny.Equations (13)�(16) have been used to derive the o-upled equations (17) and (18) for the x-omponentsof the pair-plasma momentum. These linear equationsshow that the pair-plasma dynamis is diretly foredby the presene of the neutrino �uxes, whih an gen-erate strong eletrostati waves with an osillating fre-queny !, propagating perpendiularly to the externalmagneti �eld diretion.Solving Eqs. (17) and (18) and substituting the re-sults in Eq. (14), we obtain the following normalizedeletri �eld (E = �d	=d�) assoiated with the upper-hybrid wake�eld:E(x; t) = 2!3p!3 S� �
22 (kx�!t)+ sin(kx�!t)� : (19)Here, the driven term S� is assumed onstant, aord-ing to our initial assumption, and the initial onditionsPe�e = 0, 	 = 0, and E = 0, for � = 0, are imposed.As we an see, this �eld has a large amplitude, learlydependent on the amount of neutrino energy depositedinto the plasma, and is independent of the neutrinodensity, i.e., the plasma dynamis is triggered by theneutrino energy deposit into the plasma loud. Thisstrong eletri �eld an aelerate the plasma partilesin the transverse diretion, similarly to the surfatronaeleration mehanism [28℄, leading to the formationof a transverse pair-plasma jet.4. NUMERICAL RESULTSFigures 1a and 1b show the numerial solutions ofEqs. (9)�(13) for the neutrino-driven term S� = 3�10�3,
 = 0:1, and � = 350. In Fig. 1a, we display the nor-malized eletri �eld assoiated with the exited upper-hybrid waves. This �eld reahes a maximum whosevalue is lose to the normalized gyrofrequeny, 
. Thisours beause the plasma partile momentum in the ydiretion is muh larger than the momentum in the xdiretion due to the weakness of the neutrino term S� .We an also see that the nonlinear regime only startsfor large phase numbers (� > 750). During the lin-ear regime, the dynamis of the eletron and positronpartiles of the plasma is symmetri, as expeted. Wenote that this linear regime orresponds to the analyti

solution given by Eq. (19). However, for long neutrino�plasma interations, this symmetry is broken owing tothe presene of the neutrino �ux, see Fig. 1b.Figure 2a shows the normalized wake eletri �eldfor 
 = 0:1, as in Fig. 1a but with a more intenseneutrino-driven term, S� = 20. We observe that asthe neutrino-driven term inreases, the x omponentof the partile momentum beomes muh larger thanthe y omponent, whih leads the eletri �eld to asaturation level muh larger than the value shown inFig. 1a. We also note that in this ase, the eletri�eld presents a high intensity at the beginning of theneutrino�plasma interation, and after a while startsto deay and to transfer its energy to the plasma par-tiles. After that, the �eld reahes a saturation valueE � 0:5, whih is maintained during the interation.Therefore, the plasma partiles feel a onstant eletrifore, whih leads to an unlimited transverse aeler-ation, as we an see from Fig. 2b. It should also bepointed out that in this ase, the asymmetry betweenthe eletron and positron dynamis is very intense, dueto the high value of the indued negative harge thatthe neutrinos aquire during the interation with thepair plasma. This proess leads to a harge separation,whih in turn reates the �nite wake�elds.Until now, we have assumed that the gyrofrequeny! is smaller than the plasma frequeny !p, whih anour in many astrophysial senarios. Beause our ba-si equations are normalized, we an also assume someastrophysial senarios in whih ! � !p, for example,a neutron star whose pair-plasma loud surroundingthe ore of the star has a mean plasma number densitylose to N0 = 1030 m�3 at 300 km away from the en-ter of the star. This plasma density orresponds to theplasma frequeny !p � 5:64 � 1019 s�1, whih an besmaller than the gyrofrequeny in some regions of themagnetized star.Considering this senario, we an assume the nor-malized gyrofrequeny 
 = 10, for instane. Figure 3agives the normalized eletri �eld assoiated with theupper-hybrid wake�eld for the neutrino-driven termS� = 20. We an see in this ase that the eletri�eld quikly reahes a huge saturation value, E � 35(in terms of physial quantities, E � 3:4 � 1022 V/m;we note that this value of the eletri �eld is largerthan the Shwinger limit for pair reation in the va-uum) for a small value of the phase �, showing howintense the nonlinear behavior of the neutrino�plasmainteration is. In this extreme situation, the plasmapartiles are unlimitedly aelerated to very high en-ergy, as we an see from Fig. 3b. Of ourse, the sym-metry between the eletron and positron dynamis is537
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Fig. 1. Normalized eletri �eld E (a), and normalized energy  =p1 + P 2x + P 2y (b) for pair plasmas, versus the normalizeddistane (phase) � for the normalized gyrofrequeny 
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