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Ultra high energy cosmic rays from extragalactic jets
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Abstract. A new mechanism for the acceleration of ultra trons in such jets (Lesch and Birk, 1998; Birk and Lesch,
high energy cosmic rays is presented. It is shown, that thre000). Our approach differs from the two-dimensional sta-
dimensional reconnection in extragalactic jets is able to extionary reconnection model (Parker, 1963; Biskamp, 1993)
plain the highest observed particle energies, relevant loss ethat concentrates in a highly idealized way on the plasma
fects included. In addition a possible source candidate is prebulk flow perpendicular to the direction of the electric cur-
sented. rent. Rather the present study should be understood in the
framework of general three-dimensional magnetic reconnec-
tion without magnetic null lines (Hesse and Schindler, 1988;
Schindler at al., 1991). Fast particle acceleration along a
guiding magnetic field component perpendicular to the plane

Despite intense investigations in the last couple of years thgvhere the reconnecting field component changes sign is the
=SP . 99 coup ! Y Characteristic feature of the generalized reconnection process
origin of so called "ultra high energy cosmic rays” (UHECR),

articles with eneraies of up tH2 oV remains a mvstery. V& dwell on in the present context. In the considered recon-
P gies b eV a MyStelY.  nection scenario magnetic field energy is converted to high
So far no fully convincing acceleration mechanism or accel-

. . - _ener article acceleration. The violation of ideal Ohm’s
eration site has been proposed or found. Some models fail t 9P

explain the maximum observed energies (bottom up), other aw, which is a necessary condition for the onset of recon-
P g P), %ection, can be caused by particle inertia that is relevant in

fjend to gBi\éetftar tr?olhigh egesrgileszggguclth_too IOW. flut><e§ EtOpthin current filaments (Lesch and Birk, 1998; Birk and Lesch,
own) (Bhattac arjee and >igl, ). Itis our aim to intro- 2000). Since our former investigations of three-dimensional

netic reconnection in extragalactic iets. which is in princi Ie({’léconnection have demonstrated that reconnection allows to
able to explain the existenge of par]ticlés with energies uF[)) toSOIVe the in s_ﬂu r_e—acceleranplj problem n Jets 1t 'S e_llso
the highest observed values. In addition we not only consideWorth 0 conS|dgr tasa prormising mechanism for efficient

i . roton acceleration. Especially since the protons do not suf-
all relevant loss processes, but we can even show, that in fa

these losses determine the energy cutoff observed (Bird et al bras heavily from synchrotron radiation losses as electrons
to, the linear extragalactic jet accelerator is a perfect candi-
1993) atx 3.2 - 100 eV. g J p

. . date for the origin of UHECR protons.
Extragalactic jets reveal themselves by synchrotron radi-

ation from the radio to the optical and even the X-ray range
(Biretta, 1996; Rser et al., 2000; Turner, 1997). The two lat- , ) ) )

ter frequency ranges present a clear proof for efficient contin-2 Acceleratlon of Cosmlc Ray Protons in the Electric
uous reacceleration of electrons up to energies of 1-100 Fields of Extragalactic Jets

within the jets, since the synchrotron loss lengths for optical . ) .
and X-ray radiation are many orders of magnitudes Sma”erExtragalacthet engines can be regarded as giant MHD gen-

than the observed jet lengths (Blackman, 1996; Lesch an(?erators filled with a magn.e'tize.d relativistic p!asma_l (Blgnd-
Birk, 1998: Litvinenko, 1999; Birk and Lesch, 2000) ord, 1990). Continuous injection of magnetic helicity, i.e.

We have shown that three-dimensional magnetic reconlcree magnetic energy, caused by the plasma shear flow def-

nection plays an important role in the energization of elec.Nitely associated with the rotating accretion disk that sur-
rounds the massive black hole tie energy source that can

Correspondence tdR. Schopper be tapped for the acceleration of charged particles. During
(schopper@usm.uni-muenchen.de) the three-dimensional reconnection process magnetic free en-
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ergy can be converted to kinetic energy of electrons and pros® + p), respectively. The extension of the fast particle ac-
tons as fast as it is built up by the shear flows. The question igeleration region should not be mixed up with the current
to what energy levels protons can, in principle, be acceleratedvidth that is limited by mass conservation at least in the

for typical jet parameters. two-dimensional stationary reconnection scenario (Biskamp,
The necessary condition for magnetic reconnection to op-1993). However, we do not deal with this idealized and re-
erate is the violation of the ideal Ohm’s law stricted process here (see introductory section). The loss
1 lengths of the first two mentioned processes are identical,
E+ SV B =R, (1)  whenUg.q = B?/87 (Uraq: €nergy density of radiation),

_ - _ ~ Wwhich just means equipartition between radiation and fields.
whereR # 0 is some unspecified nonideal term that gives The loss lengths then read (Rybicki and Lightman, 1979)
rise to a nonvanishing electric field component parallel tor" = [ic = ﬁﬂmgg/nggrpB? whereor denotes the
the magnetic field. Since the plasma of extragalactic jets isThomson cross section. The loss lengths for pair and photo
highly collisionless, and of relativistic energies, no plasmapion production are given bR = (kPairgPairy, )1 and
fluctuations can contribute # as in nonrelativistic plasmas. jpion _ (kPiongPiony,_ )1 wheregPair, gpion  jpair jpion

loss

Only the pgrticl_e ingrtia remains as a source of the nonidealand n, represent the cross sections against pair and photo
ness. Particle inertia operates on very small scales, i.e. thgijon production the fractional proton energy losses during
magnetic field has to be organized in a highly filamentary one interaction process, and the densities of the involved pho-
structure. Observations (Biretta, 1996; Meisenheimer et al.i;ns. The cross section and fractional energy loss per colli-
1996) indicate that indeed the jets are characterized by highlgion are given by (Longair, 1981)
filamentary current-carrying helical magnetic field configu- .

rations. The magnetic field-aligned electric fields in the re- gpair  _ 2 {298 In <263' ) B 218]

connection regions are given (Lesch and Birk, 1998; Birk and MeC? 27
. 2me,
Lesch, 2000) by opair 2 ’ )
. m
me | 0F .. P
By = abL =2l + V- (vji+jv) wherery, a, ande?™ are the classical electron radius, the
2w fine-structure constant, and the photon energies in the proton
~ LQS&—B 0. 2 rest frame. The asymptotic value for the cross section for
shear © very higheb*- is given byo?** ~ 10~26 cm?. Depending on

Here, o denotes the efficiency of the conversion of the per-the magnetic field strength and the frequency of the involved
pendicular (to the jet axis) electric field componéht caused ~ Photons at very high proton energies the photo pion losses
by the MHD generator to the parallel componéht m., e, ~ May become important (Berezinsky and Grigor'eva, 1988)

N, U, J, Askin = c(me/47me2)1/2, Lghear, and B denote  jpion  _ 7 1=36 .))2 ev—l(ep-r- — 160 MeV)

the electron mass, the elementary charge, the particle den- 7
sity (quasi-neutrality is assumed), the plasma velocity, the,pion _ . (5)
current density, the electron skin length, the characteristic mpc? 1+ 2e mpc?

length scale of the the magnetic shear, and the strength qtor very highe2™ the asymptotic value for the cross section
the toroidal magnetic field component, respectively. We con-g spion -, 19—=28 o2,

sider the most efficient energy conversion by reconnection The oss processes have to be examined for the microwave
possible in a current filament. This case is given by the Vi-packground photons and, more important, for the observed
olation of ideal Ohm's law in current sheets as thin as thegio optical and X-ray synchrotron photons emitted by the
electron skin length, i.e. an efficiency af= 1, which im- gjecirons re-accelerated in the jets. The thermal relic photons

plies for highly relativistic jetst)y = Bi. We will show g ot hinder UHECR acceleration in extragalactic jets. For
that such fields are strong enough to accelerate protons up t@q rejevant energy rangds, ~ 108 — 102! eV (at lower

the highest energies measured (Bird et al., 1993) for UHECR, /5 the energy of the relic photong™ is not sufficient
particles< 3.2 - 102 eV. The Lorentz factof’,, cosmic ray

p.r. 2 20 p.r.
s’ 1+ mg;,,c”2e5 " my

for pair production) the proton mean free pathlig,s =

protons can gain in a linear jet accelerator is limited by min{(oPairPaiTy, ) =L (gPiongpiony )=11 > 15 Mpc (see
B Lace (Blumenthal, 1970; Berezinsky and Grigor'eva, 1988)) given
Ip=—""% (3)  arelic photon density of, ~ 400cm~3. Thus, the pro-
p

ton mean free paths against pair and photo pion production
wherem,, andc are the proton mass and the speed of light. via thermal background photons largely exceed typical jet
The acceleration length,. is given byL,.c = min{Ljet, lengths (synchrotron as well as inverse Compton losses are
Lioss} Where Lo, denotes the extension of the jet and the negligible in this case). On the other hand, if protons can
loss lengthlss depends on the governing loss mechanism,be accelerated in extragalactic jets up to the highest observed
i.e. proton synchrotron radiation, inverse Compton scatteringcosmic ray energies, the jets should not be further away than
(p+~ — p+7/), pair productionp +~ — p +et +e7) ~ 15Mpc in order to contribute significantly to the UHECR-

or photo pion productionp(+~y — 7% 4+ n; p+~y — flux detected on earth.
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Fig. 1. The dependence of the loss lengths and the acceleration length on the proton Lorentz factor is displayed. The hatched area represent
the range of typical jet lengths. In Fig. 1a the influence of optical synchrotron photons is shown, whereas Fig. 1b represents the effect of
radio synchrotron emission. The displayed lengths depend on the magnetic field strength also (see Fig. B)=Here,G (Fig. 1a) and

B = 5 G (Fig. 1b) have been chosen, for example.

The number density of the synchrotron photons that re-able for the proton energy loss processes dependl ;on
veal the existence of the relativistic extragalactic jets is givenThe density of these high energy photons is too small to ef-
as a function of the Lorentz factor of the radiating electronsfectively slow down the protons via photo pion production.
and the magnetic field strength, = B? /4hI"2w. whereh We can state that the X-ray photons do not limit the proton
andw, = eB/mec are the Planck constant and the elec- acceleration.
tron gyro frequency. Making use of the relation between In Fig. 1 the loss lengths and the acceleration length (see
the frequencyr of the observed synchrotron emission and Eq. (3)) are displayed in double-logarithmic representation
the electron Lorentz factar = I'?eB/27m.c one can de-  as functions of the proton Lorentz factors for optical (Fig. 1a,
terminel’, and thereforen, = B?/8mhv. The observa- v = 10'* Hz), and radio (Fig. 1by = 10° Hz) synchrotron
tionally determined magnetic field strengths in jets are ofphotons. The grey areas show typical jet lengths for compar-
the order (Biretta, 1996; Meisenheimer et al., 1996) of someison. In Fig. 1a the magnetic field strength is choseB as
1 — 10 uG. The synchrotron radiation is caused by electrons10 4G and in Fig. 1b a3 = 5 uG, for example. As for the
with Lorentz factord’, ~ 103 — 102. x-ray photons the optical synchrotron radiation does not limit

If the loss lengths are shorter than the length of the jetsthe proton acceleration, i.e. the principal acceleration length
the achievable Lorentz factors for the protons accelerated.,.. is limited, in this case by the synchrotron/inverse Comp-
within extragalactic jets can be calculated from Eq. (3) andton loss lengthL.y, ., far beyond the extension lengths of
the expression for the photon density. When pair and  extragalactic jetd ;... In the case of the radio emission for
photo pion production dominate synchrotron/inverse Comp-a magnetic field strength @8 = 5 uG the loss lengths for

ton losses, we receive pair and photo pion production and the acceleration length
Sreh v meet at the same Lorentz factoriBf ~ 8 - 10!!. In fact,
I'y=—-75—+. (6) protons could be accelerated up to this energy in unusually
mpc?ko B

long jets (for the longest known extragalactic jet, Pictor A at
Herex ando denote the transfered energy rates per collisiona distance 0140 Mpc, one findsLj.; ~ 300kpc).

and cross sections for either the pair or the photo pion pro- The stronger the magnetic fields are the smaller are the
duction process, respectively. It should be noted, thand loss lengths. This is due to the strong dependengce~

o might depend o3 due toeb-*. For the second case, when B2. On the other hand, stronger fields imply higher field
pair and photo pion production losses are negligible againsstrengths available for particle acceleration, which leads to a

synchrotron/inverse Compton losses, one finds higher energy gain per unit length. The maximum Lorentz
m. [Grec factor, protons can be accelerated to, depends on the mag-
Ip=—24/ WB' @) netic field strength as shown in Fig. 2 fogd = 3kpc to
Me ar

Lje; = 300kpc andv = 10° Hz. For relatively weak mag-

If we assumeB =~ 10 G, the high frequency X-ray pho- netic fields the proton energy is limited by only the jet lengths
tons ¢~ keV) result in proton energy losses via pair produc- (solid line). Photo pion production (short dashed line) gets
tion starting froml', ~ 10%. Given a threshold energy for important for very long jets (upper plot). It is pair produc-
thep+~ — 7™ +n process of, = 160 MeV proton energy  tion that effectively limits the achievable Lorentz factor of
losses by photo pion production start fraip ~ 105. How- UHECR protons in typical extragalactic jets. For example,
ever, the number density of the non-thermal photons availfor Lj,; = 25kpc, which, in fact, is the extension of the
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to magnetic fields very close te 10 uG, for the typical jet
lengths of3—25 kpc found within a distance of 5 Mpc.

We feel that the Centaurus A jet, locatdd Mpc away,
should significantly contribute to the observed UHECR pop-
ulation at the highest energy levels. According to our calcu-
lations Centaurus A is even able to produce cosmic rays with
energies up to the now unique Fly’s Eye event (Bird et al.,
1993) of3.2 - 102 eV. In fact, it is the authors opinion, that
Centaurus A might well be responsible fdf observed ultra
high energy cosmic rays abowe10'8 eV.

10'? 5/\&0‘ SOGE E Lorentz factors. We find, that efficient acceleration is limited
N S~ ]

1011 L

Maximum Lorentz factor
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