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Abstract. A mechanism of ultra-high energy cosmic ray acceeffectively near the central core. Also, the existing hydrody-
eration in extragalactic radio sources, at the interface betwawmical simulations of relativistic jets show for possibility of
therelativistic jet and the surrounding medium, is discussed agtended stable jet structures (Marti et al. 1995, 19%mez
a supplement to the shock acceleration in ‘hot spots’. Duedbal. 1995). Another argument suggesting the relativistic jet
crossing the tangential discontinuity of the velocity the partickpeed at all scales, may be based on the visible asymmetry of
can gain an amount of energy comparable to the energy gaifesd with respect to the nuclear source, if one believes the effect
the shock crossing. However, the spectrum of particles acdslcaused by the high velocity of the essentially bi-symmetric
erated at the jet side boundary is expected to be much flattetflow (cf. Bridle et al. 1994). Let us also note that the Meisen-
than the one formed at the shock. Due to this fact, particlesimer etal. (1989) modelling of the shock acceleration process
accelerated at the boundary can dominate the overall spectatraxtragalactic radio-source hot spots yields ‘the best-guess’ jet
at highest energies. In conditions characteristic to extragalaelocities in the ranged(1, 0.6)
tic jets’ terminal shocks, the mechanism naturally provides the The relativistic movement of the jet leads to shock wave
particles withE ~ 10%° eV and complies with the efficiency formation in places where an obstacle or perturbation of the
requirements. The spectrum formation near the cut-off enefiyw creates a sudden velocity jump. For jets loaded with a cold
due to action of both the shock acceleration and the tangengirlsma the highly oblique conical shocks are formed within the
discontinuity acceleration is modelled with the Monte Carliet tube. These shocks can have a non-relativistic character, in-
particle simulations. It confirms that the upper energy limit cajlving the velocity jump perpendicular to the shock surface
surpass the shock acceleration estimate. much smaller than the overall jet velocity ~ c. They lead

to a limited kinetic energy dissipation and are usually claimed
Key words: galaxies: jets — cosmic rays — acceleration of pago be responsible for forming the so called ‘knots’ along the
ticles — shock waves jet. A much more powerful shock is formed at the final work-
ing surface of the jet. There, a substantial fraction of the jet
energy is transferred into heating the jet's plasma, generating
1. Introduction strong turbulence, boosting magnetic fields within the turbulent

volume, and finally accelerating electrons and nuclei to cos-

Jet-like outflows are observed in a number of astrophysical ehic ray energies. Rachen & Biermann (1993) considered the

vironments, starting from young stars embed_ded n their p focess of particle acceleration to ultra-high energies (UHE) at
ent molecular clouds, up to active extragalactic objects. In ¢

: . . fich shocks. They show that given the favourable conditions the
later case, a number of interesting observational phenomen

. ) . : particles up te~ 10%° eV can be formed. Then Rachen et
noted over orders of magnitude of linear sizes. In particular, t (1993) show that assumption of UHE particle acceleration

thg s'm.allest ml|l!|-arc-tsecond scales, one often obgerves % aéxtragalactic powerful radio sources is compatible with the
tivistic jet velocities, with flow Lorentz factors, reaching the

L current measurements of cosmic ray abundances and spectra at
values abovéO0 (cf. Ghisellini et al. 1996). At larger scales, ve- y P

) o . > ““energies above0!” eV. Additionally, the arrival directions of
locity measurements are more difficult, but without entrainme

f| t of mat the acti lacti | smic ray particles observed abaweEeV are correlated with
otlarge amount of matter near the aclive galactic nuclear Soufg |, ., galactic supercluster structure (Stanev et al. 1995; see,

the jet flow velocity must be also relativistic. A possible IoadingISO Medina Tanco et al. 1996, Sigl 1996, Sigl etal. 1995, 1997
of a jet with matter is expect_ed to be appended by a substanl'g'% élshida et al. 1996, Elbert & Somme’rs 1995, Gedde’s et aI'.
%896 and Medina Tanco 1998). An alternative model involving

energy d|55|pat|on..Howe\./e.r, inthe FRII Tad'o sources, th e several-Mpc-scale non-relativistic shocks in galaxy clusters
are often observed jets efficiently transporting energy to the fng-

away hot spots and any jet breaking mechanism cannot act togroposed by Kang etal. (1996; see also Kang et al. 1997).
Y P vl g As noted by us (Ostrowski 1990; henceforth Paper I) a tan-
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efficient cosmic ray acceleration site if the considered veloci®/1. Shock acceleration in a hot spot
differenceU is relativistic and the sufficient amount of turbu-

lence on both its’ sides is present. The problem was extensivalyeview of the problems related to energetic particle accelera-
discussed in the early eighties by Berezhko with collaboratafsn at relativistic shock waves is presented by Ostrowski (1996)
(see the review by Berezhko 1990) and in the diffusive liménd Kirk (1997). In the present section we summarize some
by Earl et al. (1988) and Jokipii et al. (1989). In the presefiost important findings in this subject. The main difficulty in
paper we consider the process of ultra high energy cosmic tshsidering cosmic ray acceleration at relativistic shocks arises
acceleration in relativistic jetS including the pOSSIbIlIty of SUCh’()m the substantial partide anisotropies involved. A consis-
boundary layer acceleration. As the considerations of Racheft approach to the first order Fermi acceleration at such a
& Biermann (1993) treat the acceleration process at relativishock propagating along the background magnetic field (‘par-
tic shock in a somewhat simplified way (see, also Sigl et @llel shock’) was conceived by Kirk & Schneider (1987) who
1995), in the first part of the next section (Sect. 2.1) we revieyptained solutions to a kinetic equation of the Fokker—Planck
this process in some detail in order to understand the int%fpe with a pitch-ang|e diffusion Scattering term. More genera|
relations between the conditions existing near the shock, §hditions at the parallel shock were considered by Heavens
accelerated particle spectrum and the particle’s upper eneggprury (1988), who took into consideration the fluid dynam-
limit. Then, in Sect. 2.2, we present a short description of thgs of relativistic shock waves. For a shock propagating in the
basic physical model for the considered acceleration procestd (e, p) plasma a trend was revealed to make the acceler-
acting at the jet boundary. We show (Sect. 2.3) that in the cafted particle spectrum slightly flatter (= 3.7) for the shock
ditions characteristic for relativistic jets in extragalactic radigelocity, U/, growing up to roughh.5¢, and, then, increasing
sources, particles with energies abavé’ eV can be produced the inclination with further growth of/ up too ~ 4.2 at the
in this process without extreme parameter fitting. The requirggjhest considered velocity = 0.98. However, the resulting
efficiency is discussed in Sect. 2.4. We confirm the estimaigsrying spectral index could still be reasonably approximated
presented previously for the shock acceleration, showing thg@th the non-relativistic expression= 3R/(R—1), whereR
the UHE particle flux observed at the Earth can be reproduggdhe shock compression ratio. They also noted that the spec-
as a result of acceleration processes in jets of nearby poweffuh inclination depends on the perturbations’ spectrum near
radio sources. In Sect. 3 we discuss the problem of the pafie shock, in contrast to the non-relativistic case. A qualita-
cles’ spectrum. With the use of Monte Carlo simulations, Wg/ely new possibility was revealed by Kirk & Heavens (1989)
consider the action of both processes acting near the termigib considered the acceleration process in shocks with mag-
shock in a relativistic jet. Modification of the spectrum due tRetic fields Ob|ique to the shock normal (See also Ballard &
varying boundary conditions and jet velocity is discussed fefeavens 1991 and Ostrowski 1991). They demonstrated, again
the case of{~, p) jets expected to occur in the powerful FRIn contrast to the non-relativistic results, that such shocks led
radio sources (Cf Celotti & Fabian 1993) The derived particlq’@ flatter spectra than do the para”e] ones, withx 3.0 for
upper energy limits are above the shock acceleration estimatgs(subluminal) quasi-perpendicular shocks. Their work relied
and the spectrum modification at highest energies can resengighe assumption of adiabatic invariait/ B conservation for
the observed above 10 EeV ‘ankle’ structure. A short summasrticles interacting with the shock and, thus, was limited to
and final remarks are presented in Sect. 4. A preliminary repgrily slightly perturbed background magnetic fields. A different
about this work was presented in Ostrowski (1993b, 1996). approach to particle acceleration was presented by Begelman
For the discussion that follows, we consider the jet prop&-Kirk (1990), who noted that in relativistic shocks most field
gating with the relativistic velocityl/ ~ c. We usec = 1 units. configurations lead to super-luminal conditions. Then particles
can be energized in a single shock transmission only, accompa-
nied with a limited energy gain, but the acceleration in relativis-
tic conditions is more efficient than that predicted by a simple

The present considerations attempt to extend the discussio@@fatic theory. The acceleration process in the presence of
particle acceleration at shock waves formed in the end poifif§ite amplitude perturbations of the magnetic field was consid-
of jets by including an additional acceleration process acting@€d by Ostrowski (1991; 1993a), Ballard & Heavens (1992)
the jet boundary layer. For particles with UHE energies both tA8d Bednarz & Ostrowski (1996). The considerations involved
shock transition as well as the velocity transition layer betwe#f Monte Carlo particle simulations for shocks with oblique
the jet and the surrounding medium (‘cocoon’) can be appro‘?@rturbe‘j magnetic fields. It was noted that the spectral index
imated as surfaces of discontinuous velocity chBngasing Was not a monotonic function of the perturbation amplitude, en-
on such approximation we compare the acceleration at the n8Rling for the steeper spectra at intermediate perturbation am-

compressive tangential discontinuity at the jet side bounddi{fudes than those for the limits of small and large amplitudes.
and the compressive terminal shock discontinuity. Ithas also been revealed that the conditions leading to very flat

spectra involve an energetic particle density jump at the shock
1 One may also note thatin the perfect fluid simulations of relativist@nd probably lead to instability. The acce|erati9f1 process in the

jets by Marti etal. (1995, 1997) the numerical viscosity inherentto suéase of a perpendicular shock shows a transition between the

approach does not lead to generation of an extended shear layer. compressive acceleration described by Begelman & Kirk (1990)

2. Acceleration processes in relativistic jets
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and, at larger perturbations, the regime allowing for formation
of a wide range power-law spectrum. As a conclusion of this
short review one should note that the present theory is unahle front boundary

to predict the spectral index of particles accelerated at therel- [ [~
ativistic shock wave, e.g., the possible range of indices arising
in computations for the sub-luminal shocks propagating in the
cold (e, p) plasma is3.0 < o < 4.5.

To date, there was somewhat superficial information on the
acceleration time scale€,.., in relativistic shocks as the ap-
plied approaches often neglected or underestimated a signffi-
cant factor controlling the acceleration process — the particle
anisotropy. The realistic particle distributions are considered
in Bednarz & Ostrowski (1996; see also Ellison et al. 1990
and Naito & Takahara 1995 for specific cases) who consid
ered shocks with oblique, sub- and super-luminal magnetic fie|d
configurations and with finite amplitude perturbatiofB, At
parallel shocks?,.. diminishes with increasing perturbation
amplitude and the shock velocity; . A new feature discovered
in oblique shocks is that due to the cross-field diffusion.
can change witlh B in a non-monotonic way. The acceleration
process at the super-luminal shock leading to the power-law
spectrum is possible only in the presence of a large amplitude D — 5
turbulence. Then, in contrast to the quasi-parallel shdtks, Rese
increases with the increasing wave amplitude. iRddly rela-
tivistic shocks, in some magnetic field configurations one diEi—
covers a possibility to have extremely short aCC_EIeratlon tlrﬂgqod. The velocities and distances used in the text are indicated.
scales, comparable, or even smaller than the particle gyroperiod
in the magnetic field upstream of the shock. Itis also noted t
there exist a coupling between the acceleration time scale
the resulting particle spectral index. Again, the above variety aftangential discontinuity of the velocity field (or a shear layer)
different results illustrates the difficulty in providing an accuratgccurring at the jet side boundary can be an efficient cosmic ray
acceleration time scale estimate without a detailed knowledgesceleration site if the considered velocity differeriégis rela-
of the conditions in the shock. tivistic and the sufficient amount of turbulence on its both sides

A discussion of UHE particle acceleration at mildly relals presertfl (Paper |, Ostrowski 1997). If near the jet boundary
tivistic shocks formed at the powerful radio source hot spa@@rticles exist with gyroradii (or mean free paths normal to the
was presented by Rachen & Bierman (1993) and Sigl et Bpundary) comparable to the actual thickness of the shear-layer
(1995). The partly qualitative considerations show a potentifiterface, the acceleration process can be very rapid. One may
difficulty in accelerating particles to the highest required efiote, that the particles with energiesl EeV, of interest here,
ergies. Besides the difficulties with the acceleration time sc&i@uld satisfy the last condition naturally. Any high energy par-
there are even more severe constraints for the particle endiglg crossing the boundary from, say, region | (within the jet) to
due to the boundary conditions: the finite perpendicular extdggion Il (off the jet), changes its energdy, according to the re-
of the jet and the finite extent of the shock’s downstream regi§Rective Lorentz transformation. It can gain or loose energy. In
situated within the radio source hot spot. The consideratiof case of a uniform magnetic field in region II, the successive
of the time dependent acceleration at shocks described ab@@asformation at the next boundary crossing:ll, changes
(Bednarz & Ostrowski 1996) allow for a very rapid acceleratiotiie particle energy back to the original value. However, in the
only in some particular conditions. One should also be awareR¥sence of perturbations acting at particle orbits between the
the another problem. As discussed above, due to an anisotrgpiecessive boundary crossings there is a positive mean energy
particle distribution at the shock, the different physical factoffange:
acting near it can substantially modify the particle energy distri-
bution. Thus, let us stress again, the theory is not able to predict <AE> =pp(nw—-1E ; (1)

every particular spectral index for the accelerated particles (gherey, = (1—U2?)~1/2is the flow Lorentz factor. The numer-
Ostrowski 1994, 1996) or any particular acceleration time Sca@| factor p; depends on particle anisotropy at discontinuity.
and any attempt to compare such existing predictions to the

observations bears a substantial degree of arbitrariness. % For simplicity, we consider the magnetic field perturbations static
in the local plasma rest frame and thus we neglect any additional ac-

celeration due to the second-order Fermi process.

shock

side boundary
cocoon
cocoon

side boundary

.1. A schematic representation of the terminal shock neighbour-

%i% Acceleration process at the jet side boundary
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It increases with the growing field perturbations’ amplitude but 1
slowly decreases with growing flow velocity. Particle simula- 3.0 1
tions described in Paper | give values fg§ within the strong
scattering limit as a substantial fraction of unity. During the
acceleration process, particle scattering is accompanied by the =-0
jet's momentum transfer into the medium surrounding it. O

average, a single particle with momentgrtransports the fol- = 1 ep
lowing amount of momentum across the jet’s boundary: & 1.0 7
<Ap>=<Ap,>=p,Up , (2) 0.0 1

where the value gf is given as the one after transmission and the

z-axis of the reference frame is chosen along the flow velocity. 1
The numerical factop,, depends on the scattering conditions —1.0 7
near the discontinuity and it can reach values also being a sub- 5 |
stantial fraction of unity. As a result, there exists a drag force

per unit surfaceof the jet boundary acting on the medium along

the jet, of a magnitude order same as the accelerated particles’ 5 o |
energy density. Independent of the exact valuggfthe accel- o il
eration process can proceed very fast in the case of the mean 1
magnetic field being parallel to the boundary (cf. Coleman &y 1.0 |
Bicknell 1988, Fedorenko & Courvoisier 1996) because partﬁ 1
cles can be removed at a distance from the accelerating interface 1
only in the inefficient process of cross-field diffusion. One may 0.0
note that in the case of a non-relativistic velocity juripk c, ]
the acceleration process becomes of the second-ordéfdn

and a rather slow one. -0

3.0 1

2.3. The upper energy limit for the tangential discontinuity
acceleration |
2.0 1
For acceleration at the considered tangential discontinuity the
acceleration time scal&,.. — as long as the flow is mildly =
relativistic — can be approximately determined by the meantime, 1.0
between boundary crossings At >, and the mean energy gain S
atthecrossings AFE > (Eq.1; cf. Bednarz & Ostrowski (1996) i
for the case of non-vanishing correlations betwég¢mndAE, 0.0
whenAFE ~ E). Within a simple diffusive modelin Paper |, the ]
timeT,.. is expressed with the use bfc, wherel is the particle ]
mean free pathl, .. depends on a number of physical factors, 71'074.(‘)‘ S IR P AR AP
including jet velocity and magnetic field structure determining log p
parameters of particle wandering at the acceleration region and
the mean energy gain at individual boundary crossing. Thus W@ 2. Particle spectra derived for the acceleration process involving

O(p—OAQZ

express the acceleration time scale as the first-qrder Fermi accelerat.ion at the jet termingl shock and the
acceleration at the jet-cocoon interface. The case Witk 0.97 and
a seed particle injection at the shock is considered. The spectrum of all
Toce =a)/c , (3) P J P

escaping particles is presented with a full line, while with dashed lines
the spectra at the respective escape boundaries: medium dashes for the
wherea is a numerical factor depending on the local conditioffont boundary and long dashes for the side boundary. We consider
at, and near the jet, including the escape boundary distance theecase with the front boundary placéds. = R; downstream of
turbulent magnetic field structure near the flow discontinuitie shock and the side boundary in the distafce. = 2R; from
and the flow velocity. For the strong scattering limit the estibe jet axis. For the low energy part of the front boundary spectrum we
mates of Paper | give the values @fbetween, sayl0 and1, Provideapower—law fitrepresenting the ‘pure’ shock spectrum without

if we require the spectrum to be sufficiently flat, within the Vet_he cut-off (short dashes). At the successive panels we present the cases

locity range (.5, 0.99) B. The actual conditions are differentfor Ur = 0'3_’ 0.5 and0.9 . For comparison, the spectrum formed at .
the shock with neglected energy changes at the jet side boundary is

3 One should note that the time scales given in Paper | are deriyeésented for the case &% = 0.5 (individual points).
for stationary spectra. Thus, it provides only the upper limits for the
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from the plane-parallel case considered in Paper I, but we extbstantially smaller than the upper limit given in Eq. 6 and
pect the above estimates to be still valid, as long as the partistales likeR; /(2kpc) x B;/(2mGs).

gyroradius-, (E) is smaller than the jet radius;. If the pertur-
bations are due to growing instabilities near the jet boundaﬁ/,4
one may expect them to reach substantial amplitudes up to and
above the kiloparsec scales that are of interest here, leadingébus consider an isotropic power-law phase-space cosmic ray
magnetic field perturbatiorﬂséB/B ~ landX ~ r, . Then, distribution with a cut-off at the momentum,,...: f(p) =

The required efficiency

the acceleration time scale becomes Cp~7 H(pmaz — p), WhereH is the Heaviside step function
ando is the spectral index. For a flat spectrumg 4.0, the
Tuce =0.1any, B, [s] . (4) cosmicray energy densityx(ﬁ pi—o) peaks near the cut-off.

— 0, 1 i
For numerical evaluations, let us consider the radio sourjfé Ir extatr::plta, f?f = 3.0, 99/;0f tr:je COIS:m'C ray er;elrgy densmih
jet on the~ 102—3 kpc scale of interest here. To estimate thig's at the fast wo energy decades. For poweriul sources, the

upper energy limit for accelerated particles, at first one shoJ%te of energy extraction from the galactic nucleus in a form of

o : : o .
compare the time scale for energy losses due to radiation Ag]%lnetlc energy is estimated &t10° eV/s. If a fractiom of

inelastic collisions to the acceleration time scale. The discussf ﬁ@energy is transformed into UHE cosmic rays and the par-

: . ; transmitted spherically-symmetric around the source,
of possible loss processes is presented by Rachen & Bierm S are 72
(1993), who provide the loss time scale for protons as then the flux at Earth reaches the value) 107 D;;” eV/s/cn?,

whereD1 is the source distance in units 4f Mpc. Above we
neglect losses between the particle source and the Earth. As the
measurements in the range above 1 EeV give the energy flux
whereB,, is the magnetic field in mGs units,is the ratio of ~ 10* eV/cn?/s, itis enough to assume a small vaiue 103
the energy density of the ambient photon field relative to that®f explain the observations with a single nearby source, or the
the magnetic fieldX is a quantity for the relative strength ofrespectively smaller value for numerous sources. For somewhat
py interactions compared to synchrotron radiation gnts the  steeper spectra with ~ 4.0, the required particle production
proton Lorentz factor. For cosmic ray protons the acceleratiefficiency can be an order of magnitude larger. The analogous
dominates over the losses (EQg-s 4,5) up to the maximum eneg@iciency estimates are obtained by Rachen & Biermann (1993;
see also Rachen et al. (1993) and further references listed in the
Vpimaz ~ 101 [a By (1 + Xa)] 7/ . (6) first section) and for an alternative model, by Kang et al. (1997).

Tioss ~5-10** B2 (1 + Xa)™! 7;1 [s] (5)

m

This equation can easily yield a large limiting ,;,q. ~ 1013

with moderate jet parameters (e.g. withs 10, By, ~ 0.1and 3. The accelerated particle spectrum

Xa << 1). However, one should note that the particle gyrora- . . _ '
diusr,(7,) provides the minimum for the acceleration region’$€low, with the use of the Monte Carlo simulations, we discuss
spatial extent allowing particles to reach the predicted valffte spectrum of particles accelerated at the jetif the acceleration
of 7,. Thus, for the actual particle maximum energy,,,,, Process at the jet side-boundary is present. Let us note that in
the jet radius should be larger than the respective g’yrorad;ugarelativisticﬂows both processes - the acceleration at the ter-
r(7 maz) (Cf. simulations presented in Sect. 3). From the&inal shock and at the considered here tangential discontinuity
observations of 6 objects Meisenhaimer et al. (1989) derivafthe jet boundary - are in some way comparable. The mean
the following ‘best-guess’ parameters for the hot spots witglative energy gain of a particle at individual interaction with
emission extending up to the infrared or optical wavelengtige relativistic shock< AE/E >~ v—1, where the Lorentz

By, ~ (0.2 —0.8) mGs, hot spot diameted® ~ (0.7 —5.0) factory = (1—U?)""?andU = (U, —Us)/(1-U1Us) ~ L.

kpc, jet velocities within(0.1, 0.6) ¢ and the shock compres-An analogous estimate for the boundary acceleration (cf. Eq. 1)
sion ratios in the rang@.5, 4.8). If, with a bit of optimism, one < AE/E >tang~ 71 —1yields asomewhat larger energy gain,
deduces from these estimates the jet (i.e. upstream the shégiyfor mildly relativistic flows the rati¢y —1)/(y —1) <1
parameters3; ~ 0.2 mMGs,R; ~ D ~ 2 kpc the maximum IS quite close td. Therefore the resulting acceleration depends
particle energy can readt)® eV (y, ~ 10'°). This value is roughly on the number of particle interactions with the shock
and the boundary discontinuity, respectively. These numbers de-
actual process, where, at first, the accelerated particles appear ap&d on numerous factors including the injection site of cosmic
discontinuity and they fill the full diffusive volume near the jet in thgay particles and the transport properties for these particles. For
later times. This filling process is accompanied with the gradual flattefjy, 5 11er velocities withy; ~ 1 the shock acceleration becomes

ing of the spectrum. If one inquires about the highest particle energ{ﬁ% first order process with £/ E ~ U and is expected to dom-
expected to occur at the discontinuity, a valuec@lose to 1 should be .

assumed in Eq. 3. Then, in the energy range close to the upper cut-, ite over2th2e second order tangential discontinuity acceleration

the particle spectrum will be steeper than the stationary one (cf. a & SECt_' -2). . )

Ostrowski & Schlickeiser 1996). As discussed in Sect. 2.1, the spectra of particles acceler-
4 An alternative, outside the test particle approach, is provided Bjed at relativistic shock waves depend in a large extent on the

the anisotropic particle distribution near the boundary, inducing thketailed conditions (magnetic field configuration, amplitude of

resonance waves' due to streaming instability. field perturbations, etc.) near the shock. Unfortunately, these
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L., downstream of the shock and in the adjoining front side
of the cocoon (‘a front boundary’, cf. Fig. 1). We use the jet ra-
dius,R;, as the unitto measure. ;. and other spatial distances.
However, one should note that the physical barrier ‘opposing’
particle escape is defined by the downstream diffusive scale
Lairy = ko/Us, Wherek, is the downstream diffusion coeffi-
cientalong the shock normal. Here the magnetic field is oriented
along this normal and, = x| ». The value off.. in units of
Lgiyy scales ap~! D'/2, whereD = r, /k and k) (k1)
is the particle diffusion coefficient along (across) the magnetic
field. Since the finite extent of the actual cocoon and all realistic
magnetic field structures therein allow for particle escape to the
0 S DS sides we introduce another, tube—like free escape boundary sur-

4.0 -3.0 —<.0 -1.0 0.0 rounding the jet (‘a side boundary’) in a distanceRy,. from

log p the jet axis. The unit for the particle momentum is defined by

Fig. 3. Comparison of the total spectra from Fig. 2 for different flof€ ‘effective’ (cf. Bednarz & Ostrowski 1996) magnetic field,
velocities. The velocities are given near the respective curves.  Be, in such away, that a particle with the momentpm= 1.0

has a gyroradius equal to the jet raditjs= p*c/(eB.) = R;.

A concept of the effective field is introduced to represent the
conditions are usually poorly known and any consideration afiditional magnetic field power contained in waves perturb-
the process must be based on several rough assumptions. Thiegeparticle trajectories. The action of the effective field is ob-
fore, in the present simulations we do not attempt to reprodugerved in the simulations as bending of the particle trajectory
a detailed shape of the particle spectrum in any definite astadscales smaller than its gyroradius in the uniform component
physical object, but, rather, we consider the form of spectrusfithe magnetic fieldBy. With a simplified scattering model
modifications introduced to the standauolwver-law with a cut- applied, B, is not uniquely defined (one is unable to evaluate
off shock spectrum by additional acceleration at the jet bourttie amount of turbulence at scales smaller thare At), in
ary. In order to limit the number of free parameters we decidélie present simulations we use the value estimated by Bednarz
to model stationary particle spectréthouttaking the radiative & Ostrowski (1996) as3, = Bo/1 + 4/9 (AQ/At)2, where
lossesinto account, i.e. the upper energy limit of accelerated paf? is the maximum angular momentum scattering amplitude
ticles (cf. Rachen & Biermann 1993, Sigl et al. 1995) is fixed tgnd At is the mean scattering time multiplied by the angular
the boundary conditions allowing for the escape of the higheagtration velocity (here= 1). In the present simulations, the val-
energy particles. Below, we consider the simplest parallel shaoks B, = 32.0 and1.05 arise forD = 0.97 and0.0013, the
configuration. One should note, however, that the derivationsatfong and the weak scattering cases, respectively.
the acceleration time scales in relativistic shocks by Naito & Below, we consider spectra of particles escaping through the
Takahara (1995) and Bednarz & Ostrowski (1996) suggest #wnsidered boundaries for the mono-energetic£ 10~ or
possibility of more rapid acceleration in shocks with oblique.8 10-%) seed particle injection either at the shoek,{ = 0)
magnetic fields. The situation with losses being important ¢ at the jet side boundary far upstream of the shagk; (=
commented in Sect. 4. —103Rj), and for different distanced (., R.s.) of the bound-
aries. The particle distributio’(p) = d N(p) / d(logp) B,
which gives the particle number per logarithmic momentum
bandwidth, is derived for particles escaping through the bound-
In the simulations, we simplify the jet structure near the tearies. For simplicity, in order to limit the number of free pa-
minal shock as depicted in Fig. 1. The shock is in rest witameters in the simulations, we assume the mean magnetic field
respect to the cocoon surrounding the jet. The upstream plagmée parallel to the jet velocity both within the jet and in the
hitting the shock moves with the relativistic velocityy and is cocoon (cf. Coleman & Bicknell 1988, Fedorenko &
advected downstream with the velocity,. In present simula-  ourvoisier 1996). In the examples presented below we con-
tions we consider three values for the flow velocify,= 0.3, sider a (resulting from simulations) ratio = KL/H\\ to be
0.5 and0.9 of the light velocity. The shock compression ratigither0.0013 (small) or 0.97 (large cross field diffusion). We
R = U, /U, is derived with the use of approximate formulagonsider these values as the effective ones, representing the
presented by Heavens & Drury (1988) for shock propagatim@nsport properties of the medium with realistic magnetic field
in cold electron—proton plasma and a negligible dynamical raigructures. The geometric pattern of the introduced particle tra-
of the magnetic field. The analysis of Celotti & Fabian (1993gctory perturbations’ is taken to be the same at all momenta

suggests thate( p) plasma can be a viable jet content in theOstrowski 1991). Thus both diffusion coefficients are propor-
strong FRII radio sources. The conditions occurring behind the

jet terminal shock due to the flow divergence are modelled by  For the power-law distribution the spectral index f¢p) is
imposing the particle free escape boundary a finite distanee; 3 (cf. Sect. 2.4).
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3.1. Monte Carlo modelling
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Fig. 4. Comparison of particle spectra for different distances to the jefg. 5. The particle spectra formed with and without the jet boundary
side boundary fot/; = 0.5. The case withD = 0.97 and the seed acceleration fotD = 0.97. Spectra formed due to acceleration both
particle injection at the shock is considered. Three spectra are presegtefle jet boundary and at the terminal shock are presented with full
for Lese = 1.00 @) Rese = 1.1, b.) Rese = 2.0, €.) Resc = 11.0,  |ines, while the spectra for the neglected boundary acceleration are
and two additional spectra fat.;c = 11.0:d.) Lesc = 10.0 and €.) given with dashed lines. The results are presentedifqr = 2.0,

Lese = 100.0. Lese = 1.0and a.)zin; = 0.0 0 b.) zi; = —1000.0.

tional to the particle momentum and the above ratio of diffusiaut-off energy, the spectrum exhibits some flattening with re-
coefficients is constant. Further details of the simulations are dgect to the inclination of the lower energy part. The low energy
scribed in Appendix A. section of the spectrum — within computational accuracy — co-

At Fig-s 2-4, we consider particle spectra for the seed pamcides with the analytically derived inclination of the spectrum
ticle injection at the shock. The fixed spatial distances to tfi@rmed at the infinitely extended shock (cf. Heavens & Drury
escape boundaries are assumed, but the size of particle tral®©88). The spectrum flattening at larger energies occurs due to
tory defined by its gyroradius, as well as the spatial diffusicadditional particle transport from the shock’s downstream re-
coefficients, increase in proportion to the particle momentugion to the upstream one through the cocoon surrounding the
As a result, the escape probability grows with particle energgt (this effect occurs also if there is no side boundary accelera-
providing a cut-off in the spectrum. The energy scale of thi®n!), and inclusion of a very flat spectral component resulting
cut-off is different for the front boundary spectrum and the sideom the side boundary acceleration (see below).
boundary spectrum, with the latter being often largerin our sim- A comparison of particle spectra generated at jets with dif-
ulations. This difference can occur also in the case of numeriéatent velocities is presented in Fig. 3. One may note a system-
experiments with the jet boundary acceleration turned off. Itéic shift of the spectrum cut-off toward higher energies with
due to the fact that particles accelerated at the shock closetoincrease of the jet velocity. Additionally, at the low energy
the jet boundary have the opportunity to diffuse back upstregrartion of the spectrum, the expected spectral index change can
across the static cocoon medium, to be accelerated again ati@bserved. The influence of varying distancks,{, Rcsc)
shock and then escape through the side boundary. The diftgrparticle spectra can be evaluated by inspecting Fig. 4. De-
ence between these two scales increases for example, withdfeasing any boundary distance leads to decreasing the cut-off
jet velocity, the extent of the diffusive cocoon, shifting the partenergy, however the actual changes depend in a substantial de-
cle injection site upstream of the shock, increasing the effectigeee on the leading escape process removing particles from the
particle radial diffusion coefficient. However, one should notgcceleration region - either the diffusive/free-escape through the
that the role of the jet boundary acceleration is limited for tHeont boundary or the radial diffusion toward the side boundary.
seed particle injection at the shock in the presence of the nealley us finally stress, that even for an infinite diffusive volume
front escape boundary (cf. Fig. 2, middle panel). As explainaedrrounding the jet, the acceleration efficiency will decrease for
below the situation will change drastically for the injection gbarticles with momenta > p* . Therefore, the upper momen-
the jet boundary far upstream of the shock. tum cut-off cannot reach values above the sealg,p* .

In the spectra presented at Fig. 2 three parts can be clearlyln Fig. 5 we compare spectra of particles injected at the jet
separated. The first one, with a wavy behaviour, reflects thiele boundary far upstream of the shock, in the distafée?;,
initial conditions of the mono-energetic injected spectrum ite the spectra of particles injected at the terminal shock. In the
teracting with the accelerating surfaces — for the shock injectitarmer case resulting distributions are very flat or even inverted
only the shock acceleration is important in this range. In the rer < 3, cf. Appendix B). This feature results from the character
maining part of the spectrum, at energies directly preceding thighe acceleration process with particles having an opportunity
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trates the fact that spectrum inclination depends on the local
conditions near the shock if the particle energy is insufficient
to allow for non-diffusive escape through the boundary. For the
upstream injection the spectrum with smallgr,.. is shifted up
in this momentum range because the larger proportion of all
particles have a chance to escape at a given momentum. How-
ever, the spectrum inclination does not significantly depend on
R.s. until a chance for particle escape becomes comparable
to the probability of doubling its energy. The process can be
described in the following way. After commencing the acceler-
ation process at injection, the energized particles fill diffusively
the volume near?;. The normal to the jet boundary diffusion
coefficient is proportional to particle momentum in our model.
Thus the diffusing relativistic particles fill this volume in a time
inversely proportional to the particle momentus,p~*, and
the time required for these particles to diffuse back to the jet
Fig. 6. Comparison of the particle spectra formed with wid® (- = poundary to be further accelerated is alsop~'. As energy
11.0; dashed lines (@) and (c) ) and narraiiet. = 2.0; full lines (b)  gains of particles interacting with the jet boundary - with the
and (d) ) cocoon. The results are presentedlior. = 1.0 and WO 09 yalye depending on the particle anisotropy and the jet ve-
possibilities for particle injectiore;,,; = 0.0 for cases (a) and (b), and locity - are proportional ta. the resultina spectrum inclination
zin; = —1000.0 for the cases (c) and (d). Y . Prop ?, . 9 sp .

only slightly depends on the siZe& ;. at energies much smaller

than the cut-off energy. A simplified analytic approach to this
to hit the accelerating surface again and again due to an iregceleration process is presented in Appendix B.
ficient diffusive escape to the sides. The apparent deficiency In Fig. 7, the spectra for different turbulence levels defined
of low-energy particles in these spectra results from the famt the respective values @ = 0.97 or 0.0013 are compared.
that most of these particles succeeded in crossing the discBseause in the simulations with smallBr, particles were in-
tinuity several times before they are able to diffusively escajested at larger initial momentum, in order to make the compar-
through the side boundary. In other words, the escape dudsion more simple, we scaled (i.e. vertically shifted) the spec-
particle energy increase (and the corresponding diffusion cogfim (a) to coincide in the power-law section with the spectrum
ficient increase) is much more effective than the escape cau@gd One can observe that the cross-field diffusion, changing as
by diffusion of the low energy particles across the cocoon. 4f D'/2 has a substantial influence on the spectrum if the parti-
we neglect the tangential discontinuity acceleration, the pattle radial diffusion is the main process removing particles from
cle advection toward the terminal shock appended with the sitie jet vicinity.
boundary diffusive escape determines an initial phase of the
upstream transport. The final energy spectrum is formed at the
shock. . _ _ _ 4. Final remarks

We also performed simulations with the continuous injec-
tion process extended along the jet boundary from —1000 Application of the ‘pure’ shock acceleration mechanism in or-
up to the shock at = 0. As long as most particles were injectedier to model UHE patrticle production in the discussed extra-
far from the shock the resulting spectra were very similar to tigalactic jets meets a number of difficulties. Due to small spatial
ones obtained with;,,; = —1000. dimensions of hot spot regions, the diffusive particle escape may
The role of the cocoon spatial extension in the acceleratibacome a serious problem for particles, preventing them from

process can be evaluated from Fig-s 4,6. One may note thatrimaching energies abo¥62° eV. We would like to note that the
the particle injection at the terminal shock in the presence r&spective losses would be enhanced in the presence of oblique
a nearby front boundary, any changeli,. is accompanied fields causing the drift motions along the shock surface. There-
by only a minor modification to the spectrum seen at highdstre it is not clear if the speeding up of the acceleration process
energies. This behaviour is determined by the efficient pardit oblique shocks will be accompanied by the spectrum cut-off
cle escape through the front boundary. Only increaging to energy increase. In the super-luminal magnetic field configura-
values>> Lg;rr(p = po) allows the largerR,,. to increase tion, the acceleration to UHE can be completely suppressed if
the spectrum cut-off substantially. However, for the injectiotmere is no other mechanism providing particles in the sub-UHE
far upstream of the shock the main process removing pa#giergy range (cf. Begelman & Kirk 1990, Ostrowski 1993a).
cles from the acceleration is the diffusive escape through tAaother difficulty may arise due to the high inclination of the
side boundary. In such a case particles can reach larger gpectrumg > 4.0, expected in some cases in relativistic shocks
ergies with a more extended cocoon. For the shock injectig@strowski 1991, 1993a; Ballard & Heavens 1993). In realistic
the spectra presented in Fig. 6 only insignificantly differ in theonditions it can substantially increase the shock wave energy
momentum range betwedid—* and10~2. This feature illus- conversion into lower energy cosmic rays. The total efficiency
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4.0

ation at tangential discontinuity should be seriously considered
U= 05 as an important supplementary process to shock acceleration.
L ' The main difficulty in analysing the details of the particle
spectrum comes from an inadequate knowledge of local condi-
tions in the acceleration region inside the jet and in the space
surrounding the jet, including the magnetic field strength and
configuration, the form and the amplitude of field perturbations,
the distance of the ‘effective’ escape boundary or, finally, at
low particle energies, the velocity profile of the turbulent shear
layer expected to occur at the interface between the jet and the
surrounding medium. Of course, observations provide some in-
formation about magnetic field magnitude and the mean field
structure, but, besides its fragmentary, projection and resolu-
0.0 L e e e LI tion dependent character, the measurements relate to regions
-4.0 -3.0 -2.0 -1.0 0.0 I .
log p where radiative losses of cosmic ray electrons take place, not
necessarily strictly coinciding with the ion acceleration sites.
Fig.7. Particle spectra formed witth = 0.97 (full lines; po = The information to be borrowed from hydrodynamical jet sim-
1.810") versus the spectra for the small= 0.0013 (dashed lines; ylations usually refers to the flows with limited values of the
po = 107?%). The spectra (a) and (b) are formed for the shock injectiqagnetic field (cf. Marti et al. 1995, 1997p@ez et al. 1995).
zinj = 0, while the spectra (c) and (d) for the jet boundary injection &, ‘the available basic information required for the cosmic ray
;r?é L _1—0?0(-)0' All presented results were derived Wil = 2.0 g0 trym derivation is very limited. Fortunately, the rapid accel-
e eration at the velocity discontinuity results in very flat spectra
in all situations where particles near the discontinuity have a
chance to cross this surface at least few times before the escape.
of cosmic ray generation must then be much larger to allow fathen considering the energy budget of accelerated particles,
the required power in UHE particles. the flat spectrum means that cosmic ray energy is contained in
The presented hypothesis for the acceleration mechanigaiticles with highest energies. In the conditions of effective ac-
producing the most energetic cosmic ray particles at the jet sigeleration, the upper scale for the UHE particle energy density
boundary has a number of advantages over the ‘pure’ shock Isyprovided by the magnetic field energy density near the jet
pothesis. At first, its efficient action is rather weakly dependepeundary. Possessing the higher energy density, UHE cosmic
on detailed conditions in the acceleration site. The mean magys would smear out the discontinuity into a wide shear layer
netic field elongated along the jet axis assumed in the pressith a much reduced acceleration efficiency.
paper is in no way essential to the presented discussion. OneFinally, let us comment on the particle spectrum in the pres-
may note, however, that such a field configuration can be pence of radiative loses decreasing the cut-off energy in the spec-
duced in a natural way due to any form of viscosity near thium. If the loss process can be sufficiently effective to shift
jet boundary, including the viscous pull of magnetized plasntlae cut-off energy substantially below the ‘geometric’ cut-off
mediated by the accelerated particles (Eq. 2, cf. Paper I). Thpresent in our simulations, there will occur weaker mixing of
the field perturbations required near the boundary are createdhmsy two acceleration processes in forming the total spectrum.
growing short wave instabilities at the jet boundary surface, B® mixing means that there are two acceleration time scales
well as by the anisotropically distributed cosmic rays streamipgesent, the one for the shock acceleration and the other one for
along the boundary. The required energy expense of the jettioe tangential discontinuity acceleration. The spectra formed in
the UHE cosmic ray production is quite reasonable in compatitese two processes — at the shock and at the jet boundary far
son to the energy available. Within the present model involvirigpm the shock — can be independent, with a different shape
relativistic jets, as long as global instabilities do not disrupt thend an energy cut-off. For electrons the radiative cut-off can oc-
organized jet flow, the cut-off energy can be a factor of a fegur at such low energies that the acceleration process at the jet
ones greater than the value obtained in the pure shock accdberindary involves only other processes (e.g. the second-order
ation if seed particles for acceleration are injected all the w&grmi acceleration, highly oblique shocks, magnetic field re-
along the jet boundary. Then, the obtained spectrum can be veoypnection) in the turbulent boundary layer, with the viscous
flat before the cut-off. One may note that no compression or direar acceleration playing only a secondary role (cf. Ostrowski
compression is directly connected with this acceleration procd€97). Without a detailed consideration it is difficult to draw any
and adiabatic losses seem not to be an obstacle here. A slow penclusions about the resulting synchrotron spectra. We would
pendicular expansion of the jet is in most cases controlled lie to note, however, that some observations of the synchrotron
the magnetic field structure and we do not expect it to play aoptical jets may require such mechanisms to operate (Ostrowski,
noticeable role in particle deceleration within the UHE energg preparation). Till now the most detailed information available
range. To recapitulate, we believe that because the respectiieut the synchrotron jet structure is for the nearby M87 jet (e.g.
conditions arise in a natural way, the process of particle accel8parks et al. 1996, and references therein), but at least five more
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have been observed. However, the observations are not conspacedistribution functionf (p) has the following form,
sive in the matter of the particular mechanism responsible for
the energetic particle populations present in these sources. =% [p2 <p> f(p)} = Qod(p — po) . (B1)
b= op
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grants PB 1117/P3/94/06 and PB 179/P03/96/11 fromKbmitet tion atp = p. For a general power-law form fer p >= Cop®

Badan Naukowych it yields the solution,

Appendix A: modelling of the particle acceleration process flp) =—=—— “H(p —po) ) (B2)

We consider the particle diffusion in the jet-cocoon regionin the . - .
case of the mean magnetic field being parallel to the jet veIocW%‘ereH.(.x) is the HeaV|S|d§ step funct!on. Aslong as thgre are
both inside and outside the jet. Modelling of the diffusive partf1 specific energy scales mtrc_)dyced into the acceleratlon pro-
cle trajectories is based on the small-amplitude pitch-angle s sS the obtamed_ form fqr(fl)) IS m(_jepenqlent of the velocity
jlference at the discontinuity (particle anisotropy), and of pos-
sible correlation between the interaction time and the energy

gain. In the case considered in the present paper 0 and

tering approach (Ostrowski 1991). It assumes that the parti
diffusion coefficients parallel to the mean fielg,, and the one
perpendicular to the mean field, , are proportional to the par- )
ticle momentum. Due to this fact, the amount of computatiorfép) ocp . o . .
required for reproducing particle diffusive trajectories for low, For the discontinuity formed at t_he Jet bqundary, the jet ra-
energy particles is much larger than the respective amount s and the escape boundary radius provide energy scgles_to
particles with higher energies. Therefore, in order to deal wiEEe process. As a result, a cut-off oceurs at large energies in
these low energy patrticles, we introduced a hybrid approacht § spectrum..prgve.rz at small energies, .where_the et bound-
derive particle trajectories. For particles near the surfaces of fify curvature is |pS|gn|flcant and the diffusive regions very ex-
flow velocity change at the jetboundary and at the shock, and ﬁ%@dEd' the_solupon should be close to_ the one given in (B2). In
further thare particle gyroradii away in the former case ahd fact, numerical fits for low energy sections of cases (c) and (d)

H R H T —2.16 —2.10
diffusive scales)| ;/U; (i = 1, 2) from the shock surface, we useft Fi0. 6 give the respective fitf(p) o p andoc p

the exact form of the mentioned pitch-angle scattering methé € difft_arence in the obtained spectral indices i_s .not significant,
When the particle diffuses further away from the respective d epending on the momentum range used for fitting).
continuity, we use the spatial diffusion model involving large
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