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Abstract. Electron acceleration by fast magnetic reconneis the jet when plasma motions create magnetic field lines that
tion in extragalactic jets is considered. A significant thre@re not coaligned. Reconnection is accompanied by a DC elec-
dimensional magnetic field is assumed in the reconnecting ctire field in the sheet, which acts to accelerate charged particles.
rent sheet where the particles are accelerated by the DC eleddii@ct collisions are very infrequent in the low-density plasmas
field. The character of electron orbits in the sheet is controlefiradio jets. Therefore, unless anomalous resistivity effects lead
by the magnetic field that determines, in particular, the elelo-much more efficient scattering, reconnection is collisionless
tron acceleration lengths 10~2 pc, making the synchrotron and a large portion of the magnetic field energy is converted to
losses in the sheet negligible. The model predicts a power-ltve particle kinetic energy. Observations of radio galaxies indi-
electron spectrum extending to TeV energies. With the recarate that an acceleration mechanism, associated with velocity
nection inflow speed of ordé).1 of the Alfven speed and theshear, is required in addition to the usual shock-front accel-
corresponding electric field of orde6—5 statvolt/cm, a single eration mechanism (Meisenheimer etlal. 1997). Because the
current sheet can provide the energy releasexat@*? ergs™!.  shear should create magnetic field configurations with nonpar-
Because the electrons escape much more efficiently acrossatte field lines that eventually reconnect, reconnection is likely
sheet rather than along it, radiation is continuous all along tteebe this additional acceleration mechanism.
jet. The maximum electron energy> 10° and the acceleration ~ Two distinct DC field acceleraton models can be considered.
time < 10° s are determined by the magnetic field dynamics @ne model assumes that the particle motion inside the sheet is
the sheet. one-dimensional—along the electric field. Effects of the mag-
netic field are ignored inside the sheet. Acceleration lengths in
Key words: acceleration of particles — magnetic fields — galasthis model are large because they are limited by the synchrotron
ies: jets — galaxies: magnetic fields energy losses only (or by the Coulomb losses in denser plas-
mas). Hence the electric field has to be correspondingly weak
in order to avoid a tremendous potential drop that the particles
would experience otherwise. The other model explores the ef-
fects of the magnetic field on the particle motion in the current

Many extragalactic jets originating in active galactic nuclei agheet. A nonzero magnetic field inside the sheet leads to the
pear in radio maps as bright sources of radiation that is belieJedfentz force that ejects the particles across the sheet. Thus
to result from synchrotron emission by relativistic electrons. finaller acceleration lengths and stronger electric fields are pre-
some cases continuous radiation extends to optical and evefliéed. Both the weak and the strong electric field models were
X-ray frequencies, implying the presence of highly relativisiuggested, for example, in solar flare physics in order to explain
tic electrons with TeV energies (Eilek & HugHes 1091). SontBe acceleration of hard X-ray generating electronsin flares (see
of the radio sources have severe lifetime problems, howewdiller et al.[1997 for a review).
in that the time for the electrons to be carried out to the lobes The weak field model has already been applied to the elec-
(even with a relativistic jet speed) is longer than their radiatidfPn acceleration in extragalactic radio jets (Lesch & Birk 1998).
lifetime. Hence local reacceleration of the radiating particles lis's the goal of this paper, therefore, to present the strong field
necessary in the jet. model and point out its advantages. Observationally, the mag-
Direct electric field in the jet can accelerate electrons out Betic field in extragalactic jets appears to possess both toroidal
athermal background very efficiently. Jets appear to be strongfjd axial components, justifying this intention (Thomson et al.
magnetized plasma flows, and the dissipation of magnetic £idi993). Furthermore, the low electric field strength in the weak
by virtue of magnetic reconnection is believed to explain the ofield approach implies a slow reconnection rate as measured by
served source luminosity (Romanova & Lovelace 1992; Blacte reconnection Alfén Mach numbed/ < 1. Itis not known
man_1995). Magnetic energy is assumed to be released in WAt regime would better describe magnetic reconnection in
reconnecting current sheet, or possibly multiple sheets, fornfdgragalactic jets, but fast reconnection models wifhw 0.1

1. Introduction



686 Yu.E. Litvinenko: Electron acceleration by strong DC electric fields in extragalactic jets

have been quite successful in interpreting charged particle atength is the reconnection Aim Mach numbeld = v;,, /va,
celeration in the geomagnetic tail (Spelser 1965) and on the Sulmerev;,, = cE/ By is the inflow speed as measured by the drift
(Martens 1988; Litvinenkio 1996). Hense this paper investigatgseed into the sheaty, = By/\/4mmyn ~ 2-10°cms ! is
the strong electric field, fast reconnection regime. the Alfvén speedin,, is the proton mass, andis the plasma

The paper is organized as follows. Sect. 2 briefly reviews thlensity. Assuming = 10~* cm—3 givesM ~ 1.6-1077 « 1,
weak field model and shows that it corresponds to slow recao reconnection is indeed very slow.
nection in the current sheel{ < 1). Pursuing an alternative =~ The weak electric field model is an attractively simple ap-
approach, Sect. 3 discusses charged particle orbits in the curpgnaich to the problem of electron acceleration in the jets by the
sheet in the fast reconnection regime. Sect. 4 demonstrates Batelectric field. More importantly, it can be used to explicitly
the strong field approach leads to reasonable estimates forréiate the properties of the accelerated particles to the character-
electron energies and acceleration times in the extragalactic jetics of the energy release by virtue of magnetic reconnection
The findings are summarized in Sect. 5. (Lesch & Birk[1998). In spite of these advantages, the model
has several unappealing features. First, the energy release rate
in a single current sheet is very small. The Poynting flux into
the current sheet determines its luminosity
The electron energy gain in the current sheet is defined by the
potential drop experienced by a particle: L = —cEBylesw, (4)

7T

2. Weak electric field acceleration

Mec?y = €Flyee. Q) o )
which is only L ~ 1.2 - 103¢ ergs™! if both the current sheet

Here~ is the electron Lorentz factan,. ande are the electron width w and its length. are assumed to be of ordey, = 0.5
mass and charge, arfd is the electric field in the sheet. Herekpc (cf. Lesch & Birk[1998). ThusV ~ 10'° reconnection
and in what follows the relativistic case is studied;> 1, so regions are required to explain the highest observed power of
the particle speed is set to the speed of lighthere possible. In about10%6 ergs™'. An unknown physical mechanism would
the one-dimensional model, the acceleration leigth which  have to produce multiple, densely packed current sheets in the
is the particle displacement along the electric field inside ti@t and to ensure the stability of such highly filamented struc-
sheet, could be as large as the current sheet lépgthshould ture. It is not clear what could prevent violent interaction of the
be expected though that the synchrotron energy losses will limitiltiple electric currents with each other. Second, the acceler-
the acceleration length. The synchrotron loss length scale foration length of order the total length of the current sheet is hard
electron moving perpendicular to the magnetic field is equalti® achieve since it would require a highly symmetric configu-

ration of the fields, which is problematic given the postulated
_ 3md® 1.5-10" g " "

lsyn = > cm, (2) highly filamentary magnetic field. Moreover, assuming that the
2e* By By averagéd... = l.yn leads to a contradiction.
whereB, is the reconnecting magnetic field. Allowing for the possibility that the acceleration length is

It is likely that the electric field acceleration will producéifferentfor different particles, letusintroduce the average value
beams of electrons, possibly moving with an angle< /2 l E_(lacc_>. The next _sectlon will show th_at this possibility is _
with respect to the magnetic field lines. In this case the enef@@/ized in reconnecting current sheets with a nonzero magnetic
loss rate will decrease by a factorsofi2 1, and the loss length .|eId. In any case, since the mggnetm field energy |s.convert.ed
willincrease by a factor of / sin? 1. Since the minimum length into the particle kinetic energy in the sheet, the Poyntln_g flux in
given by Eq.[R) is already on the order of the jet length, smallEf- (4) should be equal to the product of the particle influx to
synchrotron losses would be too weak to determine the accelff SheeRuinnlcsw, and the average particle energy gaify.
ation length. The reconnection geometry in Elg. 1 suggests tﬁ,&uatmg the prpduct of thesg two quantltl_es to the Poynting flux
the electrons are accelerated along the electricEeid Ezand  9ives the following self-consistency relation:
perpendicular to the reconnecting magnetic fiBlgd= +Byx
outside the current sheet, so that inded) = 1 and the loss
length is determined by Eq.(2). The influence of the magne

field inside the sheet on the particle motion is ignored in e 1t/em together with the previous values 85 andn gives
one-dimensional model.

. . _ I ~ 1.7-10%cm < l,,. Self-consistency dictates therefore
Posﬁtulatm%.thatacc b: lsyn gnd takm_gBoh:. 1071 G laf]d _}gatthe average acceleyration lengthis much lesgtharwhich
Zn:e é%t;?ﬁg%él?etgtﬁc?g\éartéons ('\3?'5&” elmderlet al. 199 18'in evident conflict with the weak field model. The conclusion
quired in the mode is that there has to exist a mechanism that limits the electron
Mecy 1 acceleration length, at least for some particles, much more effi-
~ 107~ statvolt/cm. (3)  ciently than the synchrotron losses alone. One such mechanism
is discussed in the remainder of this paper.

The largelsyn ~ 1.5 - 102! cm from Eq.[2) requires the elec-
tric field to be very small. A conventional measure of the field

B = 4neEnl (5)

'Kifv en [1968; Vasyliunas 1980). Using = 102 stat-

E =

elsyn
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unlikely to occur. In fact any sheet model requires a nonzero
B, as aresult of the reconnection itself. Particle orbits in cur-
rent sheets wittB, # 0 are very complex in general, but the
situation is simpler in two limiting cases. If the longitudinal

n L cs field is weak, usuallyB, < B, < By, the maximum dis-
2a$ -D C placement along the electric field is determined by the particle
- gyroradius in the transverse fiel8l, (Speiser 1965). Since the
w magnetic field in extragalactic jets is known to have a signif-
y icant axial component, the other limit of a strong longitudinal
field, B ~ By, should be appropriate for the jets. The strong
X longitudinal fieldB; magnetizes the electrons and makes them

follow the field lines (Litvinenko_1996). Such magnetization is
Fig. 1. Reconnecting current sheet dimensions (lerigthwidth w much less efficient for much heavier protons that will still follow

thicknes2a) and the magnetic field projection on thg plane. The the Speiser-type orbits. In addition to the reconnection electric

reconnection electric field and the longitudinal magnetic field are alofig!d, therefore, the charge separation electric fielq arises in t.he
thez-axis. The acceleration length.. and the synchrotron length,,  Sheet because the electrons and protons follow different orbits.

are also measured along thaxis. Particle simulations of collisionless reconnection (Horiuchi &
Satd 1997), however, appear to be in a surprisingly good agree-
ment with the results of the test particle approach (Litvinenko
1997) that is assumed in this paper.

Let us see now what happens when the assumption of one-Thus the magnetized electrons will mainly move along the
dimensionality of the particle motion inside the current sheetagnetic field lines in the sheet. Acceleration will cease when
is relaxed by considering the magnetic field inside the sheettlfe particles leave the sheet. Integrating the magnetic field line
large body of research has been devoted to this question in élo@ations

context of particle acceleration on the Sun and in the geotalil ade dy  ds

(e.g., Speisdr 1965; Martehs 1988; Zhu & Parks 1993; Litvi- — — = — = — @)
nenkd 1996). The point is that although the magnetic field itself ¥ Bo BL By

cannot change the particle energy, it can change the electgefines the acceleration lendth. as the displacement along
orbit, decreasing the displacement along the electric field aiig electric field, which correspondsdg = a when the mag-
hence the energy gain. The sooner the particles are ejected frastized electrons initially inside the sheetjat= 0 leave the

the sheet, the smaller the energy gain will be. sheet along the field lines:

In general, not only the reconnecting component of the field
By, but also the longitudinal (along the electric field) and thigee = aBy/B1. (8)
transverse (perpendicular to the plane of the sheet) magneti@ displacement perpendicular to the electric field is given by
field components are present in the.sheet. (H|g..1). .The usy&imilar formulasz = 1aBy/B..
approach to studying the charged particle trajectories in the sheetas far as the numerical values are concerned, in what follows
is to approximate the field by the firstnonzero terms inthe Taylgfe reconnecting and nonreconnecting components of the field
expansion inside the sheet locateg at 0: are assumed to be of the same ord&r= B,. Models for fast

5 - . collisionless reconnection suggest that the average transverse
B =—(y/a)Box + B.y + By ©) field is of order(B,) = 0.1, %ﬂin 1975). According to Hil
(Zhu & Parks 1993). Here the minus sign corresponds to t{975), the ratid B, ) / By should be of order the reconnection
electric current in the positive-direction, andz is the current Mach number)M . This will be confirmed below. The current
sheet half-thickness. The reconnection electric fieldl is £z. sheet half-thicknessis not an independent parameter either. As
The nonreconnecting compondsf may be assumed constantanalysis of balance equations following from the conservation
The transverse field; changes sign at the center of the she&ws and the Maxwell equations shows (Cowley 1986), it is of
and reaches a maximal value atits edges +w/2. Forw >> a, order the ion skin length,, = (m,,c?/4mne?)'/2, whichisa =
this component is a very slowly varying function ef Hence 2 -10° cm in the jet. The numerical values of the reconnecting
B, is often also assumed constant on a given particle trajectdisid component3, = 10~% G and the particle density =
(see next section, however). 10~*cm~3 are taken as previously.

The character of the charged particle motion for various Allowing for a nonzero magnetic field inside the sheet has
relative values of the magnetic field components in the cumportant consequences for electron orbits. Elg. (8) shows that
rent sheet has been summarized by Litvinenko (1996). In tthee particle escape is indeed much more efficient across the
limit B, = 0, the motion consists of the acceleration alongheetthan along it. The average acceleration length is estimated
the electric fieldE = Ez and finite oscillations along thg- to bel ~ 2 - 10'° cm, which is much less than the length of
axis caused by the Lorentz foree v, B, (Speisef 1965, Zhu synchrotron losses from E@J(2). Given the small acceleration
& Parks[1998). This idealized, highly symmetric situation iength! = (l.cc) < lsyn, it is clear that the strong DC electric

3. Particle orbits in the current sheet
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field acceleration is a local reacceleration mechanism that qganjection onto thery-plane has the geometry of a standard
occur throughout the reconnection region, which may explaimagnetic X-point (Fid:11). In other words, this point is a pro-
constant luminosity all along the jet. Using this valuelaf jection of the singular magnetic field line with, = B, = 0
Eq. (8) leads to the self-consistent electric figldz 0.8 - 1075  onto thexy-plane. This is where the field lines are “cut” and
statvolt/cm, which is almost six orders of magnitude larger thareconnected.” More complicated geometries with multiple sin-
the value required in the weak field model from HEq. (3). Agular lines are also possible due to the tearing instability in the
assumed earlier, this value &f implies fast magnetic recon-sheet, for instance. Since the acceleration length scale is typ-
nection withv;, ~ 2.4 -108cms! andM = vy, /va =~ 0.1, ically much less than the length scale Bf. that can be of
whereuy, is the inflow speed to the sheet as determined by theder w, Eq.[8) derived forB, = const remains valid for
electric drift. B, = B, (), unlessB; — 0. Now, however, the energy gain

A principal benefit of the fast reconnection model is thatepends on the location in the sheet as a parameter. The electron
it provides a significant energy release rate in a single currdmrentz factor is found from Eqg$.J(1) arld (8):
sheet. Using the above value of the electric field in Eqg. (4) gives
the luminosityL ~ 0.9 - 10*2ergs™* for a current sheet with ., _ DI ¢Fa (10)
dimensions.; = w = 0.5 kpc. Even larger luminosities can be B mec?
achieved in longer and wider sheets. Hence just a few reconnec, B, = Bi(a).

tion regions may be enough to provide the energy release €VENt should be realized that the spatial variation of the field is

in most powerful sources. This conclusion is consistent with . . S
. 17 related to its temporal evolution. The magnetic field in the sheet
an estimate for the power outpl®'’ erg/(cms) due to mag-

. T : : is not static. The reconnectingfield lines move into the sheet with
netic reconnection in a jet with somewhat different parametesrseedv_ and out of the sheet (along theaxis in Fig[l) with
(Vekstein et al. 1994). peedvin g9 g

. . . the Alfvén speed, and carry the magnetized particles with
The high rate of the magnetic energy release by virtue t(aﬁm. This familiar “sling-shot effect” causes the reconnected

fast reconnection would require the corresponding continuolejﬁd lines to straiaht .
, . . . ghten out so that, increases from zero at
supply of magnetic energy into the jet. It is easy to see that 0 to the maximum value-3 | atz — +w)2 for each
,max -

otherwise the reconnecting field component in the volume 6f . . -
orderw?l.s ~ 0.1kpc? asgociated Witph a current sheet ngeconnected field line, leading to a dependefige= B (v)

dimensionsw and..... would be essentially annihilated on tha" a steady state. Determining the full reconnection dynamics of
e y the field is beyond the scope of this paper. Useful exact solutions
reconnection time scale

for steady state reconnection have been given by Craig & Henton

troc = wo_ wBo ~6-10"2s. (9) (1995). It is sufficient for our purposes to consider a simple

Vin cE approximation of a constant speed of the reconnected field lines
Such annihilation would simplify the field geometry, making thalong thez-axis:
nonreconnecting axial fielt the only nonzero component in
the jet. This problem can be avoided if the jet magnetic field 8. (t) ~ 4(B1)vat/w. (11)
continuously being dragged out from the central rotating source ) o
by the jet flow (Romanova & Lovelage 1992). It appears possiti€"® (BL) = Bl max/2, and the scale of the field variation
in this model that the subsequent shearing of the field by plasfl Z€ro t0B_ m.x is half the current sheet width; /2. The
flows regenerates the reconnecting component of the field tiiiroximation of a constant speeg corresponds to a linear
supplying the required magnetic energy in the jet. Evidentlydgpendenc&, ~ z in the steady state when= vat.
steady state can be reached provided the time scales for releas is clear from Eq.[(ID) that higher particle energies can be

and supply of the magnetic energy are comparable. reached close to the singular line whdte — 0. One might
think that arbitrarily large energy gains (or at least large enough

to make synchrotron losses important) could be possible nearthe
singular line. Thisis notthe case though because the acceleration
Turning to the question of high-energy electron acceleratidime ¢,.c = lacc/c increases together with the energy gain.
we recall that according to E@I(5) the average electron eneiyhent... becomes large enough, it is no longer possible to
gain is determined by2 /(47n), which is rather modest. As anassume that acceleration occurs at a fixeghd to ignore the
interesting aside, we note that lower but still acceptable partittenporal variation of the transverse fiel#l, on the particle
densities of order, = 10~%cm~3 would make it possible to orbit. What happens instead is that the magnetized electrons are
energize the bulk of electrons tp > 103 thus removing the carried with the reconnected field lines from the center of the
injection problem for electron acceleration by shock waves sheet to its edges wheR is larger and the energy gain B!
MHD turbulence (cf. Lesch & Birk’1997). It should be emphais smaller. This effect ultimately limits the electron energy.
sized that the DC electric field acceleration itself will lead to Itis straightforward to estimate when the temporal variation
much higher energies in those parts of the current sheet whese be ignored. The relative error in the energy gain due to
B, is much less than its average value. ignoring the temporal variation of the fieldds /v = B, /B,
Because the transverse figkd slowly varies along the cur- from Eq. [10). The change i, during the acceleration time
rent sheet, going through zero at its center, the magnetic fiddletermined from Eq_(11) a&B3, = 4(B)vatacc/w. The

4. Strong electric field acceleration
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acceleration time,.. = l.../cis evaluated for the acceleration ~ The maximum electron energy can be estimated by noting

lengthl,.. given by Eq.[(B). This leads to the estimate that the magnetized electrons move almost aBnigside the
sheet, so their relativistic Lorentz factor increases with time as

o _ 4 (Bi) By ava (12)

Y By Biw ¢’ o~ ¢

This is very small in most of the current sheet. For instange, MmeC

6y/y ~ 1072 for B, = (B.) = 0.1By, so it is indeed

. . here a small initial energy is ignored. The maximum ener
possible to treaf3, () as a parameter in most of the sheet. gyisig 9y

ST . determined by Ed.(10) with the time-dependéht for a
Nevertheless the approximation obviously breakes down at{ ! . . o
singular line whereB, — 0 and we will use this fact later r%%onnected field line given by Ef.{11) and the time-dependent

) ; Lorentz factor given by Eq_(14). Making the substitutions leads
to determine the maximum energy of the accelerated eIectrggsan equation for the maximum acceleration time, which is

’Ymax- .
. solved to give
For energies lower thap,,..., the dependence of the energy g

gain on the particle location as a parameter leads to a continu- 1 /By wa\ "2
ous electron spectrum extending to high energies. CalculatiQn. ,,.x ~ = <'> ~3.5-10°s. (15)

of the detailed spectrum and the total number of accelerated 2 \Bycua

electrons is a complicated problem that requires numerical Sighbstituting this into Eq{14) gives the sought-after maximum
ulations including the effects of nonuniform magnetic ﬁeld%flectron Lorentz factor

particle escape from the sheet, and the charge separation elec-

tric fields. Nevertheless, it can be demonstrated that a power-law eE <Bl wa)1/2 - 108

t, (14)

spectrum may result (Litvinenko 1996). Consider acceleratiomax ~ (16)

in the case of a linear magnetic X-poif;, ~ xz. The energy

spectrumy (y) below-y,,.x follows from the continuity equation The maximum acceleration length s still quite SMal; .y ~

f(y)dy = f(x)dz with y ~ BT' ~ 2! from Eq.[ID). As- 106 cm« I,.. Thus even for the highest energies, the strong DC

suming a spatially uniform inflowing distributiof(z) = const  electric field acceleration remains a local acceleration mecha-

leads to nism. The same numerical values as before have been employed
_9 in these estimates. It is reasonable that the same valyg,fQr

) ~ dafdy ~ 575 (13) is obtained from Eqs_{10) arid{|12) under condition thats ~.

It is interesting to point out that the power-law electron diddence the derived,, ., is actually the energy when the effects
tribution ~ v~2 has been obtained in numerical simulations aff the reconnected field line motion become noticeable. The
driven collisionless reconnection in the context of extragalactiesultingy,.x corresponds to the energy of about 3 TeV. This
radio sources (Romanova & Lovelace 1992). It appears, hogxplains the observed optical synchrotron jet emission that ap-
ever, that asomewhat steeper spectrum would be necessary tpéar's to requirg.,.x ~ 10° (Lesch & Birk[1998). It is possible
terpret observations of powerful radio galaxies (Meisenheimafrcourse that a finite efficiency of the acceleration process will
et al.[1997). This is not suprising because of the simplifyirgpmewhat decrease the estimate in [Ed. (16).
assumptions used in the estimate above. An additional processClearly the maximum acceleration time above is still much
of the particle loss from the sheet, caused by more complicatess than the time of synchrotron los$gs = lsyn/c ~ 10'°s,
geometry for example, would make the actual spectrum steepeterel,,, is defined by Eq[(2). In other words, the maximum
Mori et al. (1998) considered a similar problem of charged paeceleration length is still much less than the synchrotron loss
ticle acceleration in the vicinity of a singular line in the solalength. This is in agreement with our suggestion that the en-
corona and demonstrated numerically the formation of a powergy losses are not important for acceleration in strong electric
law spectrum with the index of abo2#2.2 for a wide range of fields. Note that the loss length is calculated based o Eq. (2)
parameters. that holds for the electron motion perpendicular to the field lines

The question remains whether the maximum energy of thad gives the maximum synchrotron energy loss rate. Since this
accelerated electrons in the current sheet is compatible wiper argues that electrons are likely to be accelerated along
the observations that imply the presence of TeV electronstite magnetic field lines inside the current sheet, the role of the
extragalactic radio sources. Recall that it was possible to igndweses should be even less noticeable. It is also interesting to
the time dependence @, in Egs.[8) and[{10) because theote that ,.. max in EQ. [I%) does not depend on the reconnec-
acceleration time is much less than the time scale of the figidn electric fieldE. We repeat for clarity that for time intervals
variation. Ultimately, though, the time dependence limits thend energy gains smaller than those given by [Eqgs. (15 ahd (16)
energy of the accelerated electrons. Physically, the energyttid time dependence of the magnetic field lines can be ignored,
a magnetized electron increases with time but the maximwam that the particle acceleration far from the magnetic singular
possible energy decreases as the particles are carried out ofitteecan be studied assuming a constant instantaneous value of
sheet and the transverse magnetic field “felt” by the particlés, that depends om = vat as a parameter. This justifies the
becomes larger, which makes it easier for them to escape tise of Eq.[(ID) to derive the energy distribution in Egl (13) for
current sheet. ¥ < Ymax-

2me \ B cua
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Let us reiterate the principal features of the acceleration moé’g structive criticism.

presented in this paper.
Because fast magnetic reconnection with~ 0.1 leads to
large electric fields in the jet of ordéf ~ 10~ statvolt/cm,
just a few reconnecting current sheets are enough to explain ffierences
total luminosity of a radio source. It should be kept in mingifvén H., 1968, JGR 73, 4379
though that a continuous supply of magnetic energy is requirBldckman E.G., 1996, ApJ 456, L87
to keep the energy release rate as higttddergs ' inasingle Cowley S.W.H., 1986, In: Priest E.R. (ed.) Solar System Magnetic
current sheet. The energy can be supplied if the jet magnetic Fields. Reidel, Dordrecht, p. 121

field is continuously being dragged out from the central rotatirgjaig 1.J.D., Henton S.M., 1995, ApJ 450, 280
source by the jet flow. llek J.A., Hughes P.A., 1991, In: Hughes p.A. (ed.) Beams and Jets

A small acceleration length: 10~2 pc, required for self- in Astrophysics. Cambridge Univ. Press, Cambridge, p. 428

consistenc . . . ilé T.W., 1975, JGR 80, 4689
y of the reconnection process, is naturally predic Siuchi R., Sato T., 1997, Phys. Plasmas 4, 277
since the particles are efficiently ejected from the sheetalong fhe. ., H., Birk G.T.,,1997,’A&A 324, 461 '
magnetic field lines penetrating the current sheet. This makes.p, H., Birk G.T., 1998, ApJ 499, 167
the DC electric field acceleration a local mechanism and hengginenko Y.E., 1996, ApJ 462, 997
explains constant luminosity all along the jet. The small accelitvinenko Y.E., 1997, Phys. Plasmas 4, 3439
eration length also leads to the acceleration timg < 10s Martens P. C. H., 1988, ApJ 330, L131
that is much less than the synchrotron loss tigyg ~ 10'°s. Meisenheimer K., Yates M.G.,&8er H.-J., 1997, A&A 325, 57
Thus the losses in the sheet do not limit the electron energy gifiier J.A., Cargill P.J., Emslie A.G., etal., 1997, JGR 102A, 14631
and it is the magnetic field structure in the sheet that determifdefi K.-l., Sakai J.-I., Zhao J., 1998 ApJ 494, 430
both the particle orbits and the energy gain. Furthermore, ﬁg;?;:?¥?lv M'iﬂgggoﬁﬁf%%fg 1992, A&A 262, 26
ial variation of the magnetic field inside the sh r c%i% ’ ' ;
praotvf/ler-?av?/tpoart?clg :pe;?urit,(;nz E[jhe ic?rer)efss;ncﬁﬁ;ae?gg I Pn;son R\'/C,\'A’ lvllagcskoay g'F[: éVXrligtl,g.E., 1993, Nat 365, 133
evolution of the recently reconnected field lines sets an upwﬁitgﬁaé E Priest E‘; Steselé C.D.C., 1994, ApJS 92, 111
limit on the electron energy gain that is close to the energy, 7z parks G, 1993, JGR 98A. 7603 ' '

~Ymax > 108 implied by observations.
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