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Abstract. We investigate the spatial structure of collisionless collision fronts in relativistic outflows interacting with ambient
material. As a result of the interaction, ambient particles are picked up by the outflow and generate transverse plasma waves
via streaming instabilities. Pick-up particle transport under the influence of self-generated turbulence inside such interaction
regions is studied. We extend our previous momentum space modeling to include also a spatial dimension. We find that the
following possibilities are consistent with quasi-linear equations of particle transport and wave generation: (i) if background
waves have small intensities inside the outflow region, leading fidrent scattering across the pitch-angleof 9C°, particles

are isotropized in the backward hemisphere (relative to the outflow velocity vector) and self-generated waves have a steep,
ock=3 wavenumber spectrum; (ii) if background waves have large intensities, enabling particles # €ré63 particles can

be fully isotropized. In case (i), however, the calculated self-generated wave amplitudes are close to the magnitude of the
ordered field for reasonable choices of model parameters, giving the particles a chance to be scattered across the resonance
gap by non-resonant processes. If the resonance gap is filled, a large fraction of the pick-up particles is expected to return to
the upstream region, and an ultra-relativistic shock wave is predicted to form in front of the outflow, where the two relativistic
particle populations (ambient and reflected) mix and form a relativistic plasma. Reflection of pick-up protons decreases the
n°-decay luminosity of relativistic outflows, leading to a need to update parameters of previous modeling. An example of
outflow parameters reproducing typical TeV-blazar observations is presented.
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1. Introduction ambient photon fields (Pohl 2002). At least for the AGNSs the

The ob : f sub-h iability in the hiah relativistic bulk motion can be directly observed as apparent
e observations of sub-hour variability In the high-energy, o |yminal motion of individual emission regions in the so-

gamma-ray emission from actlye galactic nuclei (AGNSeaIIed jets in sequences of VLBI observations of their radio
(Gaidos et al. 1996), and the discovery that at least a Signisgion. The Lorentz factors (and Doppler factors) thus de-
able fraction of the enigmatic gamma-ray bursts (GRBS) origyaq are of the order of ten for general samples of AGNs
inate at cosmological distances (Metzger et al. 1997), b Wermeulen & Cohen 1994), but may be higher for AGNs

place stringent restrictions on the conditions prevalent in t ﬁowing prominent gamma-ray emission (e.g. Homan et al.
emission regions. In both systems the observations imply,g4, >003). The range of Lorentz factors prevalent at the time

relativistic Doppler amplification of the radiation,_ for, were amma-ray emission, which presumably occurs before the
that not the case, the gamma-rays would be subject to Str‘ﬁ;:ﬂgi;ssion region becomes visible at radio frequencies, is not

absorption in the emission region due to interactions wi own, but is likely higher than ten, if the bulk kinetic energy

P — - of the jets is the energy reservoir for the particle acceleration.
end. -j’fp“r?t req.ue.StS oR. .Va"."o’. Though AGNs and GRBs fier in that the latter involves a
e-mail:rami .vainio@helsinki . fi . . . .
* Appendices A and B are only available in electronic form aqatastrophlc explosion, whereas the former is based on persis-
http: //www.edpsciences.org tent processes fed by black-hole accretion, they clearly share

** Now at Department of Physics and Astronomy, lowa Stal@€ property that the energetic particles and their radiation

University, Ames, |A 50011, USA. products are generated in relativistic outflows, albeit with pos-
*** Part of Vdisdla Institute for Space Physics and Astronomygibly different degrees of collimation. These recent results have
University of Turku. led to a renewed interest in the subject of particle acceleration
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at relativistic collision fronts, for these are an inevitable con- The predicted radiation properties resemble those of
sequence when relativistic flows encounter ambient materiagamma-ray blazars and, thus, the modéérs an attractive
the interstellar medium of the host galaxy. alternative to shock acceleration of electrons and subsequent

Collision fronts are likely sites of particle acceleration bynverse Compton (IC) scattering. The hadropicadiation of
e.g., Fermi-type processes (Kirk & By 1999), the time scale the plck—up_mode_l is a_result (_)f the picked-up interstellar
of which scales with the ratio of the collision front velocity td°rotons colliding inelastically with the cold protons of the
the speed of light. Relativistic collision fronts, therefore, mak@ecta. The initial proton energies in these collisions are close
excellent candidates for hosting the very rapid acceleration pi8J Mc?, and the generated pions have typically energies that

cesses, that are required to explain the fast variability obsery@ & small fraction of this. The’-decay photons are the most
from AGNs and GRBs. energetic photons generated in these interactions. Their ener-

%i_es are additionally Doppler boosted by the relativistic, line-

In most studies the collision fronts are treated in the framof_Si ht-alianed motion of the downstream medium. The pick-
work of ideal MHD, i.e. as a perfect discontinuity with appro- g 9 ) P

priate jump conditions (de Hbnan & Teller 1950: Ellison & up model, nevertheless, requires relatively large values of the

> -
Reynolds 1991), at which particle acceleration is consider%ﬁtf.k.)w Lorentz factors] - 100, t_o create observable lumi
sities at TeVly-ray energies. This, however, does not have

ur_1der the test p:.;lrtlcle assumption (Bednarz&Ostrowskl 19&{18{3 contradict the blast-wave Lorentz factdrs s 10 typi-
Kirk et al. 2000; Achterberg et al. 2001) or accounting for & lly deduced from VLBI observations of radio components

back-reaction of accelerated particles (Schneider & Kirk 198‘m’ AGN jets, because the large values correspond to the initial

Pelletier 1999; Ellison & Double 2002). It is, however, uncle%r . :
: . S last-wave Lorentz factors. While the collimated outflow prop-
whether the time scale of shock acceleration, which is deter-

mined by the nature of the MHD turbulence in the vicinity O;F\gates through the interstellar gowdintergalactic medium, it

7 . slows down and can attain a Lorentz factor similar to those ob-
the collision front, is short enough to account for the large en- . C
served in the radio jets.

ergies and the rapid variability observed in these objects. Henfi So far, the pick-up process has been studied considering

et al. (1999) emphasized the role of second-order Fermi accel- : : .
. : ! momentum-space behavior of particles, only. Since the down-
eration downstream the shock wave noting that Aff\speeds e . . . L
. stream region is not loaded with particles uniformly, it is
may be close to the plasma flow speed enabling the stochastic . : S )
. X ikely that spatial transport of particles is important: after be-
acceleration process to win over the regular one. However,. as : - .
o L - ng isotropized by the transverse plasma waves, the particles
shown by Vainio & Schlickeiser (1998, 1999) and Vainio et al. : .
. . also start diusing back toward the collision front. If back-
(2003), the time scale of the downstream stochastic accelera-,, ~ . S
; L Scattering by the outflow plasma is significant, a precursor
tion by shock-generated turbulence is still longer than that o ; . S
. - wave could form in front of the outflow. This may significantly
the regular acceleration, because the downstream wave field is . i
e . ange the characteristics of the collision front.
close to unidirectional (at least for quasi-parallel shocks). The

s : ) . . In this paper, we extend the previous modelitipes to
relativistic Fermi acceleration (Pelletier 1999) is, on the oth%he into azcgunt spatial transpoFr)t of the particIeZﬁZuring and

r
hand, much faster when one considers external waves wi . ; L .
. . L - .. after being picked up by transverse waves inside the collimated
nonlinear wave amplitudes, e.qg., colliding relativistic, Adfic :
solitons that can scatter particles between them. OUtﬂ.OW' In Segt. 2 we will study the spectrum Qf waves gnd
particle fluxes in a steady state under non-radiative conditions,
While the details of particle acceleration at relativistic, hyyhere the ambient particles are injected at a constant rate into
drodynamical shock fronts have been extensively exploredyie system and scattered by transverse waves that they am-
is the very assumption of a perfect discontinuity that is qusstify/damp themselves, but are not subject to significant en-
tionable. Astrophysical plasmas are collisionless, and thus cg,lgy or catastrophic losses besides escape to the upstream re
lision fronts have a finite thickness of the order of the mean fr@ﬁ)n_ The outflow medium is modeled as an electron—proton
path for the scattering of relativistic particles. The same Megfasma with magnetic field aligned with the direction of mo-
free path determines the probability of multiple crossings @b, although the results are often directly applicable to a lep-
the collision front, so that in general the particles, that are to Rghic composition (Schlickeiser et al. 2002), as well. We will
accelerated, do not see the collision front as a discontinuity. consider only pitch-angle scattering by transverse waves and
A kinetic treatment of relativistic collision fronts is, thereneglect electrostatic instabilities (Pohl et al. 2002). When cal-
fore, desirable. Recently, Pohl & Schlickeiser (2000) hawilating the spectrum of the waves and the flux of relativis-
studied the kinetic relaxation of particles that have traversgd particles, we will also neglect a possible finite thickness
a parallel collision front from the upstream to the downstreaai the outflow medium. In addition to the quasi-linear pitch-
region. This pick-up process occurs due to scatterifidpa/- angle difusion, we consider a more phenomenological model
wavenumber plasma waves that the pick-up particles gener@édaxation-time approximation) and solve it analytically in the
themselves through streaming instabilities. The calculatiosseady state.
thus, describe the first half-cycle of the standard shock acceler- Although our study is primarily aimed at a better under-
ation process for relativistic, collisionless flows. Besides, if tretanding of the behavior of relativistic collisionless collision
outflow plasma propagating through the jet is dense, the dovirents, in Sect. 4 we will also briefly discuss to what extent our
stream region provides a target for the ultra-relativistic protoresults have impact on the radiation output in the AGN model
to interact with and produce radiation through various leptoni¢ Pohl & Schlickeiser (2000) (see Fig. 1). For that purpose we
and hadronic emission channels. will use their notation, where the interstellar number density



R. Vainio et al.: Particle transporffects in relativistic collision fronts 465

(denoted by tilde ™), we can write the particle distribution func-
tion as

0 (fj - m,-f"\7)
- 7. 1

o (1)
Although f; is treated as a function of mixed coordinates, it is
still the invariant distribution function, where all the compo-
nents of space—time and momentum are measured isetine
frame of reference, i.e., it isotequal to §N/(d®x d®p). Thus,
integratingf;j over j space gives the particle density measured
in the wave frame.

The evolution of the particle density over ~

fi(x B, /1) = Fi(x 1)

| Fi(x) = 21 f dp B2f,(x, B, /) )
E is governed by (Kirk et al. 1988)

o OFj _ 9 x)9F;

: FA(VM—VA)Wza—ﬁDHH 6,[7[’ (3)

Fig. 1. Collimated outflow model. A cold, dense (density) plasma whereV, is the Alfvén speed inside the eject, = (1 -
cloud ejected from an AGN moves along the magnetic field lines anti/cz)—l/z, and
runs into interstellgintergalactic gas clouds (density < n;) with

L 2
an ultra-relativistic speed. Q

35U _ j _~2
Dl %) = 7T2 B2[2 (1 “)

[ ki (k) of kv + 7|

00

is n;, the number density inside the collimated ejecta,isand 5
the Lorentz-factor of the relative motion of the outflow and the - Q ( B ~2) | (k' x) @)
interstellar medium i§. Densities measured in the frame of the ~ T 2V|aree? K P

interstellar medium are indexed with an asterisk, while tho?sethe pitch-angle diusion codficient due to Alfén waves

measured in the frame of the outflow are without indexing. Trp_? XN . : ,
third frame of reference that becomes useful is the frame co?re’l(k’ X) is the wave-frame intensity of the A waves
. . . . . évaluated at the resonant (wave-frame) wavenumber
moving with the Alf\én waves in the outflow region. As shown
by Pohl & Schlickeiser (2000), the Albri waves generated by~ _ _ Q; (5)

the streaming instabilities are all backward waves, i.e., prop- Vi

agating anti-parallel (in plasma frame) to the outflow velocityhe \wave evolution is governed by the equation (see

vector. Thus, although the pick-up model involveSiugion of Appendix A)

particles in momentum space, thigfdsion is in wave-frame -

pitch angle only and does not lead to stochastic acceleration_t;gjA ol — ol (6)

particles. Quantities measured in the wave frame are denoted 90X

by a tilde. We measure the distance along the axis of the out- 47 m;|Qj| Va f)(i)@

flow, assumed to coincide with the local magnetic field direc- T's . k2 v

tion, by x. This axis is pointing nearly toward the observer in_

the interstellar medium, and positixecomponent of velocity, with

thus, means particles moving parallel to the outflow motion. " (~) o Q . IV
i (k) =

—=== and Rj=-—,
Uk el
so thatR; is the particle’s wave-frame Larmor radius.

2. The spatial transport of pick-up particles We can integrate the particle transport equation once over
fi from -1 toy; to get

(-7
=ep

fi=qj

(7)

2.1. Quasi-linear model

Hj - ; - OF;
We assume that the system has attained a steady state, Wﬁerf dii (Vii - Va) % = (D,(f,z?) , (8)
the intensity of the waves and the particle distributions are con-** H =y
stant over time, but vary as a function of position. We furthep on using Eq. (7)
assume that the waves in the system are (as in the homogenegus L mQ|
case) all propagating in the backward direction in the stea%uz an Z H(Ik - RyY) —==
state. Using a mixed coordinate system, where poskitand j=ep k

time) are measured in the blob frame but the particle mo- OF;

Hj ~
mentump and pitch-angle cosine in the Alfvén wave frame X Il da (V“ - VA) ox ©)
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This can be integrated over position to yield VO T
o 0 m;|Q;] A/V=0.1
[(kx)-T(ko0) = 4r » H(k-R?) - -

i=ep

. ﬂjdﬁ (Vi = Va) [Fj (x ) - Fy 0.7 (10)

We know as boundary conditions the valued @ 0) = 1o(K)
andFj(0,fi < Va/V) = fid(@ + 1) with i = n/[Ta(l +
VVa/c?)] being the ambient particle density as measured in the
wave frame. We daotknowF;(0, it > Va/V); this would have
to be calculated. We also know that thand derivatives van-
ish asx — —oco. We do not, however, know the value of the
particle density at infinity, so this equation, in contrast to its
counterpart in the homogeneous time-dependent case, does not
fully specify the spectrum of waves in the final state.

We know from Eq. (8) that particle streaming (in the blob
frame) is constant in the steady state, i.e.,

maximal TJ

©
\
!

V,/V=0.01

-1.0 -08 -06 -04 -0.2 00
Mj

ffjﬁ [(\7,& _ VA) FJ(0 ) - (\7,& _ VA) F,—(O,ﬁ)] =0. (11) Fig.2. Maximal transmission cdicient as a function of resonant
-1 pitch-angle cosine at; < Va/V.

Assuming that scattering produces an isotropic particle distri-

bution at large distances from the collision front, we may write  We have plotted, in Fig. 2, the maximum valueTgfas a
the final particle streaming, using a transmissiorficcient,T;, function ofy;, i.e., requiring that the self-generated wave spec-
in the form trum at g’ = u; is zero. Thus, the self- generated spectrum is

- ~ . positive forg < uj(Tj), and negative fop;(T;) < i < Va/V
—2VaFj(=co. 1) = _(V +VA)niTi 12)  for T; given in FJ|g 2. (A negative selfJ generated spectrum
where is reasonable only if there exist enough background waves to

N . make the total spectrum positive everywhere.) The minimum

K, 5 9 (Vi - Va) Fj(0. i) value of the curve is always obtainedigt= Va/V. To obtain
1-Tj = - VANV o e N a solution with a fully positive self-generated part, one would,

L A (V“ - VA) Fi(0.4) thus, be forced to choose

Vit —Va) Fi(0, V
_ S 0 (Vi = Va) Fi(0.7) o 1z 1o A . 16)
(V+ Va)fi (V+Va)

gives the reflection cdgcient, i.e., the fraction of-particle Other possibilities are discussed in detail in Appendix B. The
flux that gets backscattered to the upstream region. Note thatin conclusions are that under the quasi-linear approxima-
1-T; < 1. Thus, at wavenumbers resonant with particles @n, the transmission cdécient can not be much larger than

i < Va/V, we can use Eq. (10) to write the value of Eq. (16) and that the quasi-linear solutions nec-
o . . L. essarily become dependent on the details of particle scattering
[ (k, —00) —lo (k) = 4r (V + VA) i Z H (Ikl - Rj_l) across the regions of small For any physically allowed value
j=ep of the transmission cdgcient, it seems, our calculation yields
m;IQ)| 1+ u; (R) 21—y (R) a particle mean free path dependent on the spectrum of back-
2 “Ti—u, \% 5+ Vall: (14) ground angbr forward waves, neither of which can be fixed by

the present calculation.

The term in brackets is positive for al| as long as One type of solution allowed by the quasi-linear equations
still needs to be discussed. At least in principle, a solution with

4V, V=Va\ no scattering acrogs = 0 is allowed, because the form of the
Tj<s——=1-|3 (15) If- . D o
~ ViV self-generated spectrum yields an infinite mean free péth:
(V+Va) A 2o 9EST : .
lo(k) o« k™= asymptotically even if electron-generated waves

where we identify the last term as the ratio of forward to backan scatter protons acrogs="Va/V and vice versa. In this
ward flux for an isotropic (in the wave frame) particle distribuc@se, all particles are transmitted to the downstream region and
tion. This is the exact value of the reflection fogent for such the final particle distribution will be isotropic in the backward

a particle distribution. It may, thus, be regarded as the up[h@;-mlsphere Since the streaming in the backward hemisphere
limit of the reflection cofficient in our case, since it is unphysis conserved, we get,

ical to assume that a beamed distribution of incoming particles; , oy,
would result in more reflected particles than an isotropic one- 5

Fj(—oo,ﬁ) = —(\7 +VA) fi. (17)
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In this case, the wave spectrum would be Let us study the following kinetic equation for particles in
the downstream plasma & 0) that have experienced at least
one isotropizing scattering

I'(k —c0) = |O(R)+4nz H (k- R;%) H (q;k) o
j=ep Ca (\7[1 - VA) 2—'):( = n/TZ(X)F + @ (19)
><I~“m,-\7(\7E+ VA) i (%)z Qj\{/fR;VZVA’ 18) where )
v e i) = [ diF @ (20)
-1

which has an asymptotig &3 behavior, consistent with the infi- is the particle density, and
nite mean free path (related to the inhibited crossing f0). .
This means that for a steep background spectrum of backw L exp f" dx’ (21)
waves only, particles are not isotropized via the transverse in- 7(X) 0 I'a (\7 + VA)r(x')

stability. Note also, that this particle distribution damps for- ] ] ] ]
ward waves, consistent with the assumption of an infinite melgnthe source function related to the relaxation (with the time
free path. Estimating the amplitude of the self-generated wag@$stantr) of the incoming beam of ambient particles. We,
from this solution, however, yields a very large valsB,~ B, first, integrate the kinetic equation oyetd get

implying that particles may find other, non-resonant ways to g . .

scatter acrosg = 0, even &ectively. We will, next, consider a I’ x [S(X) - VA”(X)] = QX (22)

simplified scattering model to explore this possibility. where

+1

S =V [ dafF(xp) (23)

2.2. Relaxation-time model 1

Including particle transportfiects to the quasi-linear modelis the particle streaming in the wave frame. The next moment

seems to lead to fliculties in predicting the exact value of3'VeS an equation
the particle flux and the angular distributionat> oo, which 9 1o - [S
is crucial for the radiation output. If there exists a handsonhe 7 [V7y () - VaS(¥)] = - (24)
amount of scattering acrogs= 0, like in a model including

some kind of resonance broadening (see, e.g., SchlickeiseY‘Vlz'S’aere .

Achatz 1993; Vainio & Laitinen 2001, for a few possibilities) PN ~

there is no simple way to calculate the value of the transmpé'-(x) - [1 LR (% D). (25)
sion codficient exactly. We can, however, obtain an estima
for a simplified scattering operator, i.e., using the relaxatio
time approximation.

Iﬁ*ue functionF represents particles that have experienced at

[Sast one isotropizing scattering, so it is natural to make the

diffusion approximation and replaog By i/3. This results in
The relaxation-time approximation is often used to modgie pair of equations

scattering in large amplitude turbulence, like turbulence around

shock waves (Ellison et al. 1996). The application of the mode{/A@ = ﬁk(x)@ + V—Q (26)
lends support from the finding above that the numerical esti- 09X 9X "79X " 1, (V +Va)

mates yield a self-generated turbulent magnetic field that has . .

an amplitude approaching the mean magnetic field in the dovf’iW-d the r~nod|f|ed Fick's law

stream plas_ma._ This may also be the case with th_e backgrogwg _K@ +VaATQ @27)
waves coming in from the upstream medium. This can occur, ox

since the large Lorentz factor of the outflow boosts the tranghere the spatial éfusion codicient is

verse ambient fields to very large values. Transverse electric .

field and wave frequency are conserved at the boundary. Usirz% B (V2 - 3V,§) Lat(X)

Faraday’s law gives a relatiaiB/k ~ §B;/k; for the field am- KA = 3 ’ (28)

plitude downzstreamiB, to thatupstreand8;. Here,Vak ~ ck o integrate the diusion—convection equation once with the
andéB; ~ I'“6By, if the wave electric fields and frequenme%oundary conditiodn/ax — 0 atx — —oo to get

can be neglected in the ambient medium in its rest frame, i.e.,
if T'a ~ 1in the ambient interstellar medium. For the large con- 55, Vi, fx dx’
0 FA(

sidered density contrasts,/n;, this is not the case, however __Ka_x = = - (29)
taking the wave electric fields and frequencies into account v +VA)T(X)

would further increase the amplitude of incoming waves. Thugitn

typically used values give an estimate 68¢)? ~ 10%(B;)?, o2 _ 3y

which can clearly be large compared to the mean magne(;izc: : A, (30)
field. 3Va (V +Va)

a’2+1
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Thus, the downstream plasma in the relaxation time approximation.
We get (see Appendix A)

~ ~ a’2\7 X dx’ ~
S(X) = B + Va [ exp f e w— du \/ S

! ar+1 A { 0 I'a (V + VA) T(X') _a = FArmj vQ- ;

. \7 \7 +Va X dx’ X ¢
= nig exp f — " (31) = AU d exp f ~d—x . 37)
V +3Va o Ia (V + VA) 7(X) dx o Ta (V + VA) 7(X)

The boundary condition far(X) at x = 0 requires some care, if where

accurate results are to be obtained. We assume that the scatter- 7+ Va
ings are #icient enough to keep the particles quasi-isotropic AtJ = Zrm,VF VAn.

the spatial boundary in the forward hemisphere, while the back- +3Va

ward hemisphere is empty. This gives the ratio of streamingito the increase in wave-energy density due to particle

(38)

the density close t¥/2. Thus, atx = 0 we should use isotropization, i.e.lJ(—) = Ug + AU. Compared to the mag-
. netic field energy density inside the outflow plasrily =
L 25(0) _ 250 2(V + VA) . B?/87, we get a numerical estimate (fgg < V ~ c)
fo = A(0) = E——==—"——-M (32) .
G3V O’SV a3 (V + 3VA) AU 4levﬁl FZ n* (39)
Un =L 172
where 1< a3 < 2 is a numerical constant close to unity. This Us  mpVam, Bo ”bés ma
?;v?jnlrgsmedlately the particle flux out back to the upstrean]ﬁIerer I = T2 np = g 10 om3, i ~ ny = I'n’ =
9 I'niy cm3, andB = By G.
. N a3V — 2Va ~ Although it seems simple, solving Eq. (37) requireg some
So — Vafp = a—VSO care, becausedepends ot (X). Starting from the quasi-linear
\73 o scattering rate,
a3V — A (~ o~
= BT eTA V+VA)ni, (33) . .
V + 3V, 2D kil I (K
ag( + A) v = uN;tz =7TQ]‘| l|~ ( l)’ (40)

B2
which yields a transmission cfiigient (omitting the sub- .
script j) of and replacingk;|1(k;) by 427U (X)/T2, whereay is a numeri-
. cal constant, gives an estimate (Skilling 1975)
V -2V, 3 2)V, 3 2V,
P\ A:(a§+)Azch+ VA’ 1_ 20U
as3(V+3Va)  a3(V+3Va) 3 T TR T U,

(41)
(34)
. We have, thus, implicitly assumed that the waves generated by
where the approximation holds o < V. With this bound- electrons and protons are decoupled from each other. This is a
ary condition, we can also integrate the zeroth moment eqwalid assumption in case of electrons only if resonance broad-

tion as ening of low-frequency waves istieient enough to make scat-
. . tering of protons by electron-resonant waviié & |Qg|/T'V)
A(X) — fio = S-S0 (QX _ 3(V+v. )ﬁ_ negligible.
0= Va olaVa  V+3Vu ! We now want to calculate the spatial structure in the energy
" dx density of the waves)(x). For that purpose, we can make the
x|1-exp f S (35) change of variable from to
0 FA (V + VA) T(X/) X ,
dx
. §=- f e (42)
which yields 0 I'p (V + VA) 7(X')
Vafi(-o0) = T (V + Vi) i, (36) 0 get
. i . du de?
as it should, of course. Note that the condition typically used #— = —AU —— (43)
diffusion models for an absorbing boundawgy="0 oraz — , dé

would indicate a nhon-physical low valug,= 3VaA/(V +3Va), Itis now easy to solve fod (¢) in the range > 0 as
of the transmission cdicient. On the other hand, a value of

a3 = 1 givesT = 5Va/(V + 3Va), which is still very close to U(€) = Uo+ AU (1- 7). (44)
the value obtained with the pitch-anglétdsion model. We can then expressas a function of as

Although it does not fiect the value of the transmission
codficient, it is also interesting to note, that we can obtain in- , ~ ,
formation about the spatial structure of the turbulence inside™ ~ fofdf T (V + VA)T(f ). (45)
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h—— I of background turbulence intensity to the self-generated one
i (see Appendix B).
e Although the mean free path is the scale of isotropiza-
tion, it is not the length scale determining the particle confine-
mentin the downstream medium of a relativistic collision front.
The assumption of an infinite extent of the downstream region
made in our calculation is only valid if the filision length
Lp = «/Va is much smaller than the actual extent of the down-
stream region (Ostrowski & Schlickeiser 1996; Vainio et al.
3 2000). The difusion length is numerically given by

C Np 1 Npg
Lp ~ —~33x10'—=—cm 50
b 3&’47TQp N Q’4Borzni*0 ( )

For typical parameter values amd ~ 1 our model is still
\ \ valid, but clearly there could be cases when we should con-
Ny N sider the &ects of a finite downstream region, which would
0 | >~ ~ increase the transmission and reduce the flux of particles back
_15 10 _5 0 to the upstream medium. In this case, however, the solution
x [N can be calculated with a constant mean free path 1., be-
) ) ) ) cause unlesaU/Ug is enormous, the distance over which the
Fig. 3. Total particle densny_ (solid cur_v_es) and wave-energy densiffaan free path attains its final value is less than tfiesion
(dashed curves) as a function of position ¥or/V = 0.01,a5 = 1, length. Solving the finite-extent problem including the energy-

and three values afU/Uy (from left to right) of 1¢f, 100, and 1. The . o .. . .
position is measured in asymptotic mean free paths (see Eq. (48)).Ioss éfeCtS,.I.e., for radiative conditions, will be the subject of
a forth-coming paper.

U/ (AU+Uy)
/
s
s

Plugging int(¢) using Egs. (41) and (44) gives an analytically . . .
integrable form fom(¢). The result is 2.3. Discussion of the modeled wave energy densities

4T (V+Va) Ugl?
- asnQj  Up+ AU

Uo+ AU (1- e--f)
Uo

time models. We can estimate the self-generated wave-energy
density obtained from the quasi-linear model by using the sim-
} plest possible assumption, an isotropic boundary density at

} Let us compare the results of the quasi-linear and relaxation

Up+AU (1-€e* 9 : » =
o ( © ) . (46) i > Va/V. TakingT; = a14VVa/(V + Va)? we get, after a
Uo lengthy but straight-forward calculation, a self-generated wave-
energy density of

I'a (\7 + VA) 7(00) {f +1n

This, together with Eq. (44), gives the solution 1d{x) in a
parametric form. We note also that the total particle density 8§ o e ~

measured in the wave frame (including the beamed source) ¢gh dk [' (k» ‘°°) - '0( )]
also be given in the same form by

+1
— 2 Ton. ~ (g o (e
(Ba3 +2)(V +Va) - 2ve = ), Tifm f 4 Vit (Vi = Va) [F (0.7) = F(-e0)]

fi(£) = fi > (47) I=ep ) i
V +3Va . [(5-4a)¥ + V] (V + Vi)
This solution is plotted in Fig. 3. = ), Tahfm, 3 - (51)
|=ep

We have, thus, solved the (hon-linear) steady-state pick-up
problem analytically in the relaxation-time approximation. OuFhis equalsAU for the specific selection of
results show that in this case the medium downstream of the -
relativistic collision front is capable of rather rapid isotropiza[l(5 — 4a1)V + Va| _2VaV

tion of the incoming ions, since the mean free path is (for a 3 V43V, (52)
non-relativisticVa andUg < AU) .
. giving

K ~  X——00 4W UB
/l = 3 = =X V -_— ) \/ 2

ST T e AU 5(Vava) -2

Va e 12 T (V +3va) 53)

Ao = ~72x1C cm

aanQp N 4 an;‘O

or T ~ 5Va/(V + 3Va) for Va < V consistent with the re-

Note that our calculated mean free path is smaller thanlt of the difusion model forwz = 1. This, of course, would
that of Pohl & Schlickeiser (2000) by a large fraction ofequire quite a large background spectrumz= a1 — 1 (see
3In(c/\/§r|2VA) that mainly results from our assumptionAppendix B), to be consistent with the requirement of the pos-
of efficient resonance broadening. Heremeasures the ratio itive wave spectrum in the quasi-linear model wiigtk) o k2.
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We note that the wave-energy density is extremely sensitivederstanding of GRBs and AGNs are potentially large. Most
to the value of the transmission dheient: an increase af; GRB models are not very specific in their treatment of the en-
from 1 to 1.25 leads to the decrease of the wave-energy densityy transfer from the relativistic protons to the electrons in the
to a fraction ofVa/(V + V) of the original value. Finally, we downstream medium, and we therefore find ffidult to quan-
note that this sensitiveness to the parameters makes the mttlethe effects on the radiation output in the context of a pub-
self-regulating: we can not propose an enlargement of this fighed scenario. We may, however, discuss in the next section,
rameter much above; = 1.25 without making the forward to what extent the predictions of Pohl & Schlickeiser (2000)
waves unstable at least in part of the resonant wavenumfmarthe radiation products of the relativistic protons in the jets
range. Generation of forward waves would make the resonahAGNs need to be modified.
particles convect with them toward the edge of the blob. This Before we turn to that, we will qualitatively discuss two
automatically rules out the possibility of a largg exceptin a |imitations of our treatment and their possible impact on the
situation, where the resonance gap is present. results. First, the reflected particles may interact with the up-
Let us compare the wavenumbers generated by the redgeeam medium, thus heating and repelling the interstellar
tivistic protons to the typical macroscopic scales of the modehedium. The question is to what extent that would modify

Our parameters give or possibly impede the transfer of interstellar particles to the
Ic r downstream region. Second, our calculation are based on the
kls = ~31x10F=2cm (54) assumption of cold media, and we have to explore the possible
Qp Bo effects of the finite temperatures on our results. Let us discuss
both in turn.

Compared to the macroscopic scaldsy 102 cm andR 2
10 cm, the wave lengths are clearly orders of magnitude
smaller and lie between the macroscopic stirring scales and ¢, Reflected particles in the upstream region
dissipative scales, i.e., in the inertial range of aekground
turbulence. We have, however, modeled the turbulence inclitithe Alfven speed at the pick-up distance inside the outflow
ing no spectral energy transfer of the waves. At first, this mightasma is not close to the speed of light, the reflected parti-
seem to be in conflict with the large energy densities obtain@tg flux can be almost equal to the incident particle flux. In
but this is actually not the case: since the modeled wave fieldliés case, we have to ask what happens in the upstream regior
unidirectional there should be very little interaction betwedpx > 0), where the reflected particles meet the cold ambient
the wave packets and, thus, the assumptions are internailgdium. Since both components have an almost equal flux in
consistent. the rest frame of the outflow, while the velocities are similar, it
is not possible to treat the reflected particles with a quasi-linear

. ) o approximation. Nevertheless, the mixture should be highly un-

3. Discussion of the results and limitations stable and it should form a relativistic plasma through a number
of the spatial modeling of transverse and electrostatic instabilities.

In the preceding sections we have investigated the spatial struc-The guestion is whether or not these processes are rapid
ture of ultra-relativistic collision-less collision fronts in theenough to significantly decelerate the interstellar particles in
non-radiative limit by two dferent methods. Though the merthe outflow frame. If that is not the case, the interstellar parti-
its and shortcomings of the two techniques used afferdint, C!€s would still enter the outflow region, but not necessarily as
the results are very similar, and thus deserve confidence. & cold beam. In the next subsection we will discuss the possible
The main result is that most of the upstream particles, tH"gpdifications_ arising from the ambient plasma having a finite
traverse the collision front, will eventually be reflected, fofemperature in the outflow frame.
their isotropization occurs when they have propagated a dis- If the interstellar particles are significantly decelerated in
tance corresponding to a few scattering mean free paths in the outflow frame, a bow wave should form, that might collapse
downstream plasma. Once isotropized, the particles as an @@ second relativistic collision front. The outflow plasma may
semble convect away from the boundary with Adfvspeed act almost as a rigid piston pushing through the ambient gas
VA < ¢, while individually they can quickly reach the boundand converting the collimated kinetic energy to random, ther-
ary by random-walk over the few scattering mean free pattigal motion. The second collision front would impede the prop-
We find the mean free path for scattering independent of tAgation of interstellar particles to the dense outflow plasma, and
particles’ energy (see Eq. (49)). Our study therefore indicat&ys limit the flux of reflected particles that feed the bow wave.
that the isotropization length scale is similar to tifEeetive Therefore the physical status of the upstream plasma will be
thickness of the collision front for all particle energies, angiven by a balance between the kinetic interaction rates appli-
that thus relativistic particles will never see the collision frorfi@ble to the situation, the details of which are beyond the scope
as a perfect hydrodynamical shock. Then, particle accelerati@fithe present paper.
at parallel, ultra-relativistic shocks would be lesgaéent than In a hydrodynamical description, there are, in principle, two
previously modeled assuming discontinuous shocks. possibilities: the bow shock can either run away from the piston
A second result, following from the first, is that thgthe collimated outflow) or it can be stationary, depending on
pick-up particles spend less time in the dense downstredime properties of the relativistic gas between the piston and the
medium, where they can radiate. The consequences for shiock. In either case, the shock is ultra-relativistic and strong,
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has an ultra-relativistic downstream gas, and has its normal gay-Pohl et al. (2002), so the results presented here are qual-
allel to the ambient magnetic field. In the frame, where thttively correct. Thus, unless the temperature in the ambient
shock is stationary, the gas just downstream the shock, thareedium is larger than the kinetic energy of the blast-wave par-

fore, flows at speed ticles, Tpi > (I = 1)myc? (which we have no reason to assume),
c a finite temperature of the ambient medium has no qualitative
v2 =3, (55) effect on our results.

In the quasilinear description, the damped waves lead to

has a fluid-frame density of resonance broadening giving particles a way to cross the region

" close tqi"= 0 (Schlickeiser & Achatz 1993), but estimating the
n, =T1vV8n’, 56 o :
2=T1V8 ! (56) guantitative &ects on the mean free path is out of the scope of
and a pressure of the present analysis, since the details of scattering across the
5 QLT resonance gaps were anyway left unspecified in this paper.
P2 = FTImpn;c? (57)

. . 4. Radiation modeling of relativistic outflows
wherel'; is the Lorentz factor of the upstream flow relative 9

to the shock (e.g., Granot & dfiigl 2001). The downstreamLet us now discuss the modifications, that our results on the
fluid near the piston would flow at the (piston’s) Adfa’speed spatial transport of picked-up particles impose on the radiation
V, relative to the piston toward it. If the state of the gas imodeling of AGNs and GRBs. For that purpose, we will use
conserved through the whole sheath region (i.e., if the gl&e AGN model of Pohl & Schlickeiser (2000) as an example.
is not substantially heated or cooled within the sheath), we In that scenario the temporal evolution of picked-up par-
getly = V2T, giving n, = 4fi andp, = 4f'myfic?/3. Thus, ticles is determined by a continuity equation for the number
the protons entering the piston and producing radiation wowddectrum of energetic protorf$,(y), in the outflow frame
be quasi-isotropic and have a large temperatf]m;)cz, cor- o N N
responding to randomization of the propagation directions o}\i + 9 ( N )+ P P_N (58)
YWNp ps
the incoming particles. Radiation out from the dense outflot 9 Te Tn
plasma would, thus, be at similar levels as without the shogiherey is the proton energy-loss rate (elasticelastic),Tg =
since the flux of particles into the blob4 Van;, and the mean d?/« is the escape time of particles out from the bldk,is the
proton Lorentz factorI', are of the same order in both casestime scale for neutron escape aftpr-6 n) reactions, and

N N, = 7RPcr VI2 - 16(y - T), (59)
3.2. The effects of finite temperatures
is the rate of relativistic proton injection by isotropization of

Throughout this study, we have assumed for simplicity thgfe jncoming interstellar particles. The spatial transpfietats
both the outflow plasma plasma and the ambient interstellat ,ssed in this paper have an ianuenceNanand Te. All
medium are cold, implying that Al waves are undampedyyor narameters are taken as in Pohl & Schlickeiser (2000).
by the plasma particles. For a finite temperature, damping of |, contrast to Pohl & Schlickeiser (2000), we need to con-
the waves by the cyclotron resonance would occur with a re§@qer the reflected and transmitted particles separately. A frac-
nance conditiork = —Q,/(I'7y), wherel's, is the parallel com- yio of T, of the injection rateN, will be transmitted and
ponent of the proper velocity of thermal protons. As 10ng 85 fraction of 1- T; back-scattered. We will assume a non-

the proton temperature is much smaller than the kinetic enefay,isticv,. In this case the protons will be almost isotropic

i ing i i 2
of the incoming interstellar particlekgTpp < (I' = 1)MC°,  jn the outflow frame and lose a negligible fraction of their en-
the thermal particles of the downstream medium resonate w, y during the isotropization process.

(and damp) only a minor part of the wavenumber spectrum in-"p;ing the calculation of the transmission Gosent, we

teracting with the relativistic particles. Work in progress sugissmed that the fiiiision length is small compared to the

gests that this is indeed the case (Siewertetal. inprep.).  ickness of the outflow plasma (and showed a-posteriori this
The assumption of the ambient plasma being cold sizgmption to be reasonable). Making the same assumption

plifies the treatment of wave generation in the downstreq{gre’ we get the escape time of transmitted particles by con-
region considerably, but is actually inconsistent with the findzion as

ing of Pohl et al. (2002) that the electrostatic instabilities in-

. . 1/2
side the outflow plasma are typically faster than the electrp- _ d _ 46%10° daNg s (60)
magnetic ones. This means that prior to isotropization, th&" ~— Vv, ~ Bo

mono-energetic interstellar particle distribution is changed to . . .
plateau distribution, i.e., the kinetic temperature of the picke ?\gred = iz 10.12 cm. For comparison, the time scale for.dlf-
up particles is actually of the same order as the ordered kinetig'V® propagation to the backside of the outflow plasma is
energy. A similar situation could be caused by shock formation 392 dfzni*or2

ahead of the ejecta (see above). Tleas of the pIateauedTED = e =14x10° nl/2 S (61)
particle distribution to the spectrum of electromagnetic waves ba

were studied by Schlickeiser et al. (2002), and found to be véeFfie mean residence time of reflected particles inside the blob

minor. The &ects on they-radiation were also found minorcan be calculated applying standard results fifidion theory,
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Fig. 4. Gamma radiation from a relativistic outflow witlh = 10° cm3, R = 10 ¢cm,d = 10" cm andI'(t = 0) = 300 propagating into a
medium withn’ = 0.1 cnT® andB = 5 G viewed at an aspect angle ofOandt = 1 h observer's time. The bulk Lorentz factor at that time is
indicated in each panel. The components shown result ffdecay (solid curves), positron annihilation (dashed curves) and bremsstrahlung
(dot-dashed curves). The left-hand and right-hand panels show the results for the original model of Pohl & Schlickeiser (2000) and for
present model, respectively.

like in case of calculating the mean residence time of particle® note, that the density of energetic protons calculated in this
downstream of a non-relativistic shock wave (see, e.g., Drysgiper is lower than that derived by studying the temporal evo-

1983). Itis given by lution only:
1/2
4l p Npg TpC/lPS b8
Ter=z — ~44—2 g 62) Np=—=————Nps=~0.1 — N 66
ER Cc a4Bol"2ni*0 ( ) P 3Vad Ps dlgl"znio PS ( )

Thus the spatial-transpoffects will produce about an order of

The time scale of pion production inside the dense outﬂor\{wvagnitude decrease in the luminosity for a fixed set of model

E;?;T/;trgasrogggfgn?: 'ije?shells& Schlickeiser (2000) for UItraf)::lrameters, provided that the transport of secondary electrons
P g and positrons is radiation dominated. That was not always the

N 2 1 case in the treatment of Pohl & Schlickeiser (2000), butis here,

Trx1ax 10, s (63) for we have derived a significantly smaller scattering length

Thus, for typical blast-wave parameters, the escape times an thus_the ime scale fo_r the escape of transmltted partlcle_s IS
stantially longer than in the earlier calculation. As we will

short compared to the pion-production time scale, which is of . .
%Iater, the spectra of leptonic emission are therefore more
0

the same order as the neutron-escape time. In this case,sﬁﬁ dt d lina distribution th th inth
steady-state spectrum of the radiating relativistic protons insigé> ved toward a cooling distrioution than was the case in the

the dense downstream plasma is original paper. _ .
P The reflection of particles alsdtacts the deceleration of

- \ the outflow, as now the momentum deposited in the outflow
No ~ [(1_ Tp) Tert TpTET] No (64) plasma by the reflected particles is 50% higher than before,
N [(1 _ Tp) 4lp + Tpi] ARecn V2= 16(y -T). when the backjscattering of particles was neglected. The time-
Va scale for slowing down the outflow is, thus, decreased by
_ o ) a factor of~2/(3 — T;) relative to the modeling of Pohl &
The first term is included for completeness, but it can be n€xplickeiser (2000). The faster deceleration alecs the Iu-
glected for typical parameters aiig = 5Va/C. Thus, the result inosity at a given (observer’s) time since the Lorentz factor
is in accordance with the density obtained from the relaxatiofnters both the proton source function and the Doppler factor
time approximation (see Eg. (36)). of the outflow.
Comparing with the typical, diusive-escape dominated e have modified the code of Pohl & Schlickeiser (2000)
(= > Tep = d?/«) solution of Pohl & Schlickeiser (2000), to take account for the spatial transpoffieets, as described
Nps, with their scattering mean free path above. In Fig. 4, we present the gamma radiation emitted by a
relativistic outflow (ejected from and AGN at redshift 0.5)

1/2 . . - .
s~ 6 x 1010 Nis om (65) with a number densityy, = 10° cm3, radiusR = 10 cm,

o thicknessd = 10" cm and an initial Lorentz factor df = 300
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propagating through a medium with a densify= 0.1 cnm® 5. Summary and outlook
and magnetic field oB = 5 G, viewed at an aspect angle h ) ) he'i i li
of 0.1°. We takeT; = 4Vac/(c + Va)? and neglect radia- We have investigated the interaction between a collimated rel-

tion from the reflected particles. The time of the observati lvistic _o_utflow aqd a}mb_ient medium_ through a coIIision_—
is 1 hour (observer's time) after the emission of the outflo ss collision front in kinetic theory. Using steady-state parti-

plasma. The spectral components shown result frbmiecay, cle tran_sport eqL_Jations, we have demons_trated that by picking

bremsstrahlung from the secondary electrons and positrons Hﬂd"‘mb'em pl)artlcles througE the %Ie ”eTa"O” of Ilow;frequen_cy

the annihilation radiation from secondary positrons. As eg_aqsverse: plasma waves, t 1€ O,Ut OW IS capable of producing

pected, ther-decay component shows a large decrease o:qélsotroplc particle distribution inside the dense downstream
; a

to spatial &ects, but not so the radiation signatures of mildi)!aSma provided that the resonance gap(at0) of the self-

relativistic leptons, for these particles have a higher probabil%fn?ra_ted Alfen_ic turbulence is filled. A major fraction of )
to cool down from their initial high Lorentz factors. the incident particle flux would, however, be backscattered in

About one order of magnitude in TeV radiatiofiieiency a steady state: the transmitted particle flux would be a small

is lost due to the reduced number of relativistic protons in ti&ctionTj = (4 - 5) x Via/c (for a non-relativisticva) of the
dense outflow plasma, and another factor of two is the restifident particle flux. _
of the enhanced deceleration. As many of the parameters in-OUr findings have consequences for the modeling of rel-
volved in the model are unknown, most notably radRsof ativistic shock acceleration and fqr the radiation modeling
the outflow front, we can not make a quantitative predictidff GRBs and AGNs. Our results imply that swept-up en-
for gamma-ray flux from a given object. It is likely, that a dis€"9€tic particles spent less time than previously thought in
tribution exists for the spatial extent of the outflow plasma 43¢ dense downstream plasma, where they daaently ra-
well as for its bulk Lorentz factor. All we can say is that thdiate. As a particular example, we have discussed the im-
corresponding distribution in TeV-scale gamma-ray flux or ap&ct on the gamma-ray spectra in the AGN model of Pohl &
parent luminosity is shifted by approximately a factor of thirgpchlickeiser (2000).
toward lower fluxes. The TeV blazars observed to date are lo- We made our calculations assuming that the thickness of
cated at redshifts not exceeding 0.15 with a typical flux §fe outflow plasma is much larger than théaion length of
101 ph./cm?/s, and thus correcting for the redshift their apthe particles in the downstream region. This assumption sim-
parent luminosity is lower than that shown in Fig. 4 even aplifies the calculation of the transmitted flux by allowing us to
counting for the spatial transporftects. neglect the escape of particles bytdsion when compared to
While the calculated proton spectra are close to monig€ €scape by convection at Af’'speed. The assumption has
energetic, as predicted by the analytical approximation, thi&/Pe taken into account also when determining the escape time
still create rather broad pion and secondary electron spectra@ggarticles in the radiation model. Since the typical residence
can be deduced from the components of the compytey time of the reflected particles is very small compared to the
spectrum, because even mono-energetic protons produc@lf§enic escape time of the transmitted particles, the reflected
broad spectrum of pions. This suggests thatorder-of-magnitlﬂfétides do not significantly contribute to the radiation from
type estimates of pion energies being a fixed fraction of prée dense downstream plasma. We found that for fixed parame-
ton energy may be dangerous and lead to incomplete condgfS in the typical range, the number of radiating protons inside
sions about the importance of hadronic radiation processedh collimated outflow is down by an order of magnitude in
differenty-ray energies. Note, however, that our modeled spdb€ present model relative to that in purely temporal studies.
tral shape should not be taken as a prediction of gamma fagwever, the modeled luminosity can be increased by increas-
spectrum in the sub-GeV range, because no IC emission Wgthe dimensions of the outflow plasma.
included. Accurate modeling of this component is out of the Without eficient particle scattering acrogs= 0, in which
scope of the present paper because it requires one to spe&#§e no flux is reflectedl{ = 1), one has to remodel the
the ambient photon field. One can, however, give a rough @lectromagnetic emission using particle distributions that are
timate for it by neglecting the Klein-Nishina modification ofsotropic only in the backward hemisphege {"0) and take
the Compton cross section. In that case, the spectral formif$p account that particles now traverse the outflow plasma and
the IC component would be similar to that of the synchrotrdcape quite rapidly compared to the isotropized cased(ia 2
spectrum (see Fig. 4 of Pohl & Schlickeiser 2000), but it woulg. d/Va for the two cases, respectively).
be found in the MeV-GeV range rather than in the evV—keV We emphasize the need for thorough kinetic studies of the
range in case of synchrotron emission. The IC emission coideraction between the highly relativistic reflected particles
well dominate the spectrum at sub-GeVay energies, and theand the thermal upstream medium of the collisionless colli-
spectral shape in the EGRET energy range could be close tosian front. In the case of strong back-scattering, the incident
in vF,, as observed for BL Lacs. Note also that a comparisand reflected particles may form a relativistic plasma ahead of
of the model with observational data requires one to integrdtee ejecta, that would substantially modify the structure of the
the predicted spectrum over the integration time of the obsepgllision front and may impede the transport of relativistic par-
ing instrument. Since our model predicts possibly fast-shiftiriigles to the dense downstream medium.
peaks (due to a strong time dependence of the Doppler factor),All calculations presented in this paper need to be modi-
the modeled spectrum may have even broader components fiiehfor outflows that are thin compared to th&dsion length.
the presented snapshot gamma-ray spectra. One dfect of a finite thickness should be the reduction of the
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reflected particle flux. The luminosity will also be decreasingllison, D.C., & Double, G. P. 2002, Astrop. Phys., 18, 213

since the reflected particle flux is only smaller because the €idos, J. A., Akerlof, C. W., Biller, S.D., et al. 1996, Nature, 383,
caping particle flux gets larger: instead of being reflected, the 318

particle can now propagate quickly to the other side of tif&ranot, J., & Konigl, A. 2001, ApJ, 560, 145

downstream region and escape from there before producﬁfﬂ“" G., Pelletier, G., Petrucci, P. O., & Renaud, N. 1999, APh, 11,

L L . . 347

ra_d|at|on. The quantltgnve analysis of t_hﬁete:t of the finite Homan, D.C., Wardle, J.F.C., Cheung, C.C.. et al, 2002, ApJ, 580,
thickness will be a subject of a forthcoming study. 742

. To calculgte the mean free paths apcurately in the qual%man, D.C., Lister, M. L., Kellermann, K. 1., et al. 2003, ApJ, 589,
linear approximation, one would have to include forward waves | g

andor specify the background-wave spectra. One should alggk, J. T., Schiickeiser, R., & Schneider, P. 1988, ApJ, 328, 269
include electrostatic waves in the calculation. Eventually, oR@k, J. G., & Duffy, P. 1999, J. Phys. G, 25, R163

has to drop the assumption of a steady state and to addresKithe J. G., Guthmann, A.W., Gallant, Y. A., & Achterberg, A. 2000,
problem in a time-dependent manner. This can probably only ApJ, 542, 235

be done via numerical simulations, for which a number of toolMetzger, M. R., Djorgovski, S. G., Kulkarni, S.R., et al. 1997, Nature,

are already under development (see, e.g., Vainio & Kocharov 387, 87 o
2001; Vainio 2002). Ostrowski, M., & Schlickeiser, R. 1996, Sol. Phys., 167, 381
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Appendix A: Wave equation and growth rate Plugging in the scattering rate from Eq. (4), we get
In this Appendix, we use again the notation, where the quanp
ties measured in the wave frame are denoted with tilde. Let fdk0'| Z fdﬂ Valm;V
write down an equation for the Aleri wave propagation par- i=ep

allel to the magnetic field in the blob frame. The waves have a nQJZ » .. Q;\ 9F;
dispersion relation XS (1-77) [dkT(kx) (kVﬂ = ) 7 (A.9)
@ = ~kVa +io(kX)/2. (A1) Changing the order of integration we get
where

2 2 dkoi = fdk [ k, X) Val'm;V
vie A . 2. B (A2) f A A ) Valm

1+0v5/c? 4Armyny
_ mQ j oF;
so the blob-frame wave intensityk, x) dk = (5By)?, fulfills x f 0 e (1- ii?) o|kVji v W (A.10)
ol Vv ol | (A3) )
at Agg = . Thus, the growth rate is
The wave-frame intensiti(k, X) is obtained from the Lorentz o = _An Z Vaim
transformation of the electromagnetic fields and wavenumber A S AL
noting that in the wave frame both the wave frequency and the o?
wave-electric field vanish. Thus, o fdﬁﬂz 2j~2 (1 ) (kVy . Q;) (;Fl
s iz
=Kk/Ta; Ta= 4/1+ v4/C? ’ (k)’
[(K) = 1 (TaR) /T a2 = Z VaFmV—=—=H (Ik - ;)
J ep

equation as the fixed-frame intensity. In the steady state, this (A.12)
gives Eq. (7) for the wave-frame intensity.

The growth rate for a non-relativistdé, can be found in
the literature (e.g., Skilling 1975). We derive it here for a geMultiplying both sides byi(k) = ik (@)= results in

eral V5 < c¢ from the particle motion. As the particle scatter&d. (7). Replacing the mono-energetic distribution by a spec-

The wave-frame intensity is, therefore, governed by the same [ Q2 OF ]
X
_#J(k)

o B2 (1-#) 55 on

off the Alfvén wave by an amount @, its total energyE in  trum is straight-forward and left as an exercise to the interested

the plasma frame is changed WE = —-T'aVa P Afi. Particles, reader.

hence, lose energy in the plasma frame at the rate In case of large-angle scattering, the wave-growth rate is
3 i) evaluated very similarly. Since the scattering events now totally

_(AE) _ TAVa pM — TAVAD E it (A.5) isotropize the particles, we havai) = —f giving —(AE) =
At At E dji ' —FAVA P per scattering. The rate of scatterings in the wave

ame is Y7 giving E/(E7) in the blob frame. In addition to
e scattered particles describedmbin our model, we have to
include the beamed source patrticles. Thus,

dU (l)
] fdaprAVAp_ ﬂll fj f E
—VA fd P 'aVa p (A12)

Thus, the blob-frame energy density of the particles decreaa1
at the rate

(j)
dePFAVApT i
of;

which is easiest to evaluate in the wave frame, where

= — | PpravapbP— A.6 L.
et o OIMY) iy eaien Q] (13
=—" X, 1) + 6 (i + X)7(X)] . .
The decrease of the particle-energy density must lead to an 2nfp? a Q
equal increase of the wave-energy dengftjk |/4nm, i.e.,
We get
1 f f 3 ()9
- dk0'|= dpFV pDﬂ# ~ (A.?) 6U - . +1 F+6~+1
4r & 8 _\/Aa - —FAVAijVf dii ﬁ%
which we evaluate for the distribution given in Eq. (1) as ~ - S
= TaVal'm, (VQ— —), (A.14)

1 fdko-l fd LAV FmVD(')aF (A.8) ’
- = L AVALITV Uy . .
4r fery o i.e., Eq. (37).
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Appendix B: Consistency of the quasi-linear [ N L
modeling L 1
= 08\ ]
In this appendix, we discuss the consistency of the quasi- f F ‘\
linear modeling with the assumption of particle isotropization = gl \ ]
at X — —oco making various assumptions on the transmission < I \\\\ 1
codficient and the shape of the distribution functiorxat 0. E: 04l W 1
Let us start with the case @ = 4VVa/(V + Va)?. If the < I N\
backscattered part of the particle distributiorxat 0 would be E ook \\\\ h
isotropic — a simplifying, albeit somewhat unphysical assump- _ " ¢ '\\\
tion — it would read 5 » N
.TO 0.0 N\ ——
~ 2\7(\7+VA) g [ \\\\ o //‘j/./' 1
Fj(o:,a>VA/V)=(1_Tj)ﬁi~—2 = -0.2f Yo .
(V= Va) i i
Ti=40Va/(V4V,a ) V —0.4F .
i=4Vva( A)ﬁiﬁzﬁ(_m). (B.1) o
A -1.0 -0.5 0.0 0.5 1.0

In this case, no waves would be generated by particlgs=at ~ H

Va/V. Note that if the particle distribution is isotropic in therig. B.1. wave spectrum generated by protons (or electrons) as a
backward-wave frame, it still damps the forward waves so fiinction of resonant pitch-angle cosine fgk/V = 0.1 andT; =

this sense the result is consistent with the assumption of ther@VvVv,/(V + Va)? with a; = 1.0 (solid curve), 115 (dashed curve),
being only backward waves in the system. and 125 (dot—dashed curve). Note that the area under each curve is

In case of an isotropic boundary distributiorpat "Va/V, Proportional to the wave-energy density.
and for a general value df; the spectrum of self-generated
waves at wavenumbers resonant witk Va/V is given by spectrum, for example, the condition for positive total spectrum
neark = —Q,/T'Va is

[(k, —00) — o (K) = 47 (V + Va) i H (k- R -
( ) 0() ﬂ( + A)nj;p ( J) Tj<(1+r|)~4V7VA2, -
Y 2 v 2 (V+Va)
e, o],
k2 VVIVA (\7—VA)2 ¢} where
R2|0(R)
fi = (B.4)

We have plotted the value &f[(k, —o0) — io(k)] due to each Armp| Q| (\7 + VA) A
particle species in Fig. B.1 as a function of resonaati;j for
a few values offj = a1 4VaV/(V + Va)2. The wave spectrum
for the isotropic boundary distribution is negativeugtgreater
than the value plotted in Fig. 2 in all cases, but a function wi
a positive slopegF(0,u)/ou > 0, could produce a positive . © o~ N
part to the spectrum also at positive pitch-angle cosines. TiBo)* = 2]: 1dk|°(k) = 20 4rmplV (V -+ Va) i
is easily seen by considering the extreme (and unphysical) case A n
of F( > Va/V) o« 6(iz — 1), which yields the spectrum given ~ 2rB2L — (B.5)
by Eq. (14) also foNa/V < fi < 1. Mo Vi
Scattering by self-generated waves is not the only way pajhere the last equation holds for a non-relativistic For typ-
ticles can cross the regions ngah”p andu = Va/V. Within jcal parameterd//Va = 107 =T andn’/n, = 1078, we obtain
the quasi-linear scattering model M/Va > my/me = 1836,
~ ~ . . 2
protons neap "= Va/V can also be in resonance with wave '~ (6Bo) <1 (B.6)
generated by electrons, so the condition for positive total wave  2B? ’
intensity is more relaxed. This is also true for a finite intensityhich means that the correction to the maximum transmission
of the baCkgrOUnd waves, which should have a Spectral inqﬁ)@-‘ﬁcient is small for a Steep,c((—z) background wave spec-
q < 2 for efficient scattering near = 0. trum. We note, therefore, that if the background spectrum is
In the present model, f&f/Va < m,/me, the upper limitfor not substantially harder than the self-generated one, the time
the proton transmission cfiient is determined by the back-scale associated with crossipg="0 is much larger than the
ground wave spectrum. Now the self-generated part of the wdiree scale related to the isotropization of the particles inside
spectrum can also be negative; if the background spectrum bas hemisphere. Note also that the ratio of these time scales de-
the samexk2 dependence as the asymptotic self-generatgends on the applied turbulence model: for example, relativistic

measures the ratio of the background wave spectrum to self-
generated one. Evaluating the integrated resonant background
Wave intensity,
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particles scatteringfbtransverse cold-plasma waves resonate
with finite wavenumbers everywhere (Vainio 2000). The dis-
persive &ects, therefore, lead to a finite amount of scattering
across the whole phase space.

Even if the resonance gapat"0 is filled, there is still the
possibility of indficient crossing ofi“= Va/V. Arguing that
particles become isotropic gt < Va/V or i > Va/V faster
than crossing this boundary now yields exactly the same trans-
mission coéicient as for an isotropic particle distribution. In
this case, particle distribution at the boundary would, indeed,
be isotropic a™> Va/V and there would be no self-generated
waves resonant with these particles, which may contradict the
above assumption of fast scatteringiat Va/V. This alterna-
tive, therefore, does not seem self-consistent.



