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Abstract: We present both numerical and semi-analytical results strp@rticle acceleration in multiple
parallel shocks. We apply a kinetic Monte Carlo code and gergunction expansion method to calculate
the distribution functions for electron populations aecated in subsequent parallel shocks with speeds
ranging from non- to fully-relativistic. We examine the & of particle anisotropy at the shocks and
discuss the implications for AGN and microquasar jets.

Introduction where electrons accelerated at an external st
are advected downstream of it towards the follo

Fermi acceleration at multiple non-relativistic ing internal shocks. Another scenario is the co

shocks has been dealt with in detail by [1] and sion of two expanding shells of plasma where f

[2]. However, many objects that are likely to con- weak reverse shock of the first shell sweeps up

tain multiple shocks are relativistic, e.g., the jets high energy electrons produced by strong forw:

of active galactic nuclei (AGNi), [3] the internal ~shock of the second shell.

shock models of microquasars [4] and both the in- |n this paper we restrict ourselves to mildly rel

ternal shock and reverse shock models of gammativistic external shocks, applicable to most AGI

ray bursts. [5, 6] While the external shocks in these and microquasars. However, the internal sho

sources are inevitably strong, internal shocks can of these sources can still have high Lorentz fact

be weak, [4,5] either due to hydrodynamic pressure due to outbursts of the central engine.

in parallel shocks or magnetohydrodynamic pres-

sure in perpendicular shocks. Strong relativistic

shocks are known to be capable of producing hard Methods

particle spectra withV (E) o« E~2-2 via the first-

order Fermi mechanism. On the other hand the The semi-analytic eigenfunction approach is ba:

first-order mechanism produces much softer spec-on solving the steady-state particle transport eq

tra with weak shocks. [7] However, in the case of tion for the phase space distribution function:

a pre-existing hard power law population of parti-

cles then either inclusion of the shock drift mech- L(u+ M)% _9 Wg,
anism [8] or small-angle diffusion [9] leads to an 9z Ou o
amplification of this power law far above that €x- \yhere + is the bulk flow speed in the shoc
pected from purely adiabatic compression. rest frame,I' = (1 — «2)~1/2, 4 is the pitch-

In this paper we consider hard power law spectra, angle andD,,, is the pitch-angle diffusion coef

N(E) x E~° ficient. This equation holds separately upstre

’ and downstream of the shock, and boundary ¢

created at a strong shock by the first-order acceler- ditions are required to find the full solution. Or

ation mechanism, which are swept up by a weak condition is that the distributions match at tl
shock. There is a number of physical scenarios shock front, i.e..f_(p_, u—,0) = fy(p+, p+,0),
in which this is possible; one such possibility is where the plus/minus sign denotes quantities

in microquasars and the parsec-scale jets of AGNi stream/downstream of the shock. We also req!
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Prof | wsn1 Vdol 1 Ush2 Vdo2

A .3000 .2293 3.95 .7290 .61933
B .7070 5965 3.70 .9770 .95731
C 9500 .9105 3.25 .9989 .99783
D .9800 .9619 3.10 .9997 .99934

Table 1:The sets used. The speed for the both shocks,
vsn1 andognz, and the corresponding downstream flow
speedspdo1 andvqoz, and the compression ratio of the
first shocksy 1, are given in the far upstream rest frame
(observer’s frame); all calculations and simulations are
carried out in the relevant shock rest frames. Compres-
sion ratio of the second shock is 3 in all cases.

the distribution to be bounded infinitely far down-
stream. The distribution must be given far up-
stream and it is zero when only injection at the
shock is considered. We can expahéds

o

Fo2) = S aip)Qi(u) exp (Aiz/T)

1=—00

where (Q;(n),A;) are eigenfunction—eigenvalue
pairs satisfying

d dQi
—D,,—— =\ 4

If the far upstream distribution ig(p_), then the
boundary conditions imply

9P+, (0)Q ()= _ af (01)Q7 ()

If the far upstream distribution follows a power law
with index sy, i.e.,g(p—) = Aop_°*, we can find
solutions witha* (p+) = afpL® by multiplying
the matching condition b@j(m + u4) and inte-
grating overu for j > 0. The same applies also
if we one considers only monoenergetic injection
at the shock. In this case, letting

1
Wij= /_1 (14 urerpr)™ (ug + py) X
Q5 (1+)Q5 (p-) dp,

s1 is found by the conditiodet W = 0 as in [7].

We also used a kinetic Monte Carlo test-particle
simulatiort for comparison. We injected particles

in the upstream of a one-dimensional step shock,
and followed them under the guiding-centre ap-
proximation until they reach a pre-defined escape
boundary. This boundary was set sufficiently far
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Figure 1: Simple model of the flow profile considere
in this paper. The shocks are far enough apart that p.
cles once a particle crossed the second shock itcanr
return to the first shock.

away in the downstream to make sure the partic
have reached isotropy in the downstream plas
frame. When a particle crossed the boundary
was either “absorbed to the downstream”, i.e.,
moved from the simulation, or mirrored mimicl
ing the case of the particle recrossing the shock
ter returning from far downstream. This was do
with the help of the probability of return (see, e.i
[10]). Also particle splitting was used to improv
statistics: when a particle reached certain ene
it was replaced by two “daughter particles”, whic
were otherwise identical to their “mother”, but h¢
only half of the original statistical weight.

In the simulation particles were scattered at !
end of each Monte Carlo time-step. The sme
angle scatterings are elastic in the rest frame
the scattering centres, which are taken to be m
ing with the local flow speed, so the energy 1
mains unchanged over a scattering in the local fl
frame. Energy losses were omitted in these simi
tions to allow for better comparison with the sen
analytical results.

For the first shock the injected particles have
small initial energy and random direction. For tl
second shock we inject the particles accelerate
the first shock. The particle properties were mu
sured in the local plasma frame, so the downstre
properties for the first shock simply become L
stream properties for the second. However, the
shocks in each case (see Table 1) were simuli
separately, so for example particles escaping
stream from the second shock cannot travel b
to the first shock.

1.ww. iki.fi/joni.tamm /qgshock
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Figure 4:Particle spectra before (dashed line) and ai
the second shock (solid line), as measured in the Ic
plasma frame, for the C case. The dotted line shows
slope obtained from the eigenfunction method.

particle simulations, and there is good agreem
Figure 2:Simulated energy spectra (multiplied Bj7) between the two methods. Figure 2 shows the
e Cpecra et poom e el o Sty C10Y Specta s few scaterng engihs donnsi
better com%arison. Solid lines give slopes o}l;tained from of th.e first S,hOCk for a]l profiles together with tr
the eigenfunction method. semi-analytically obtained spectral slopes. Wr
the pitch-angle distribution is isotropic at this di
tance downstream, it can be highly anisotropic
the shock front This can be seen in Figure :
showing the pitch-angle distribution at the bc
shocks for profile D, as measured in the cor
sponding upstream rest frame.

The spectral index doesn’t change at the sec
00 o5 11 cos oo o5 1 shock crossing due to the fact the the “natural sp
tral index” of such a weak shock is greater th
Figure 3: Distribution of power-law tail particles at e index for the injected spectra. The power-I
both D-profile shocks as measured in the upstream restiS shifted due to the Lorentz transformation acrc
frame. the shock, and additionally due to the further acc
eration by the first-order process. The compress
of the plasma at the shock crossing doesn't aff
the plain energy spectrum, but needs to be ta
into account when comparing the distribution fur
tions. In addition to compression and the char
of frames across the shock, the shock accelera
mechanism can lead to significant additional a
plification. Example is shown in Fig. 4, where tt
number of the power-law particles at a given ¢
ergy (in the local plasma frame) is increased by

D, Shock 1 D, Shack 2

Results and Discussion

As outlined in the introduction the process we are
interested in the process where a power-law dis-
tribution, pre-created at a strong shock, is being
swept and further accelerated by a weak shock. We
consider four different velocity profiles (see Fig-
ure 1 and Table 1), for which the compression ra-
tio of the first shock is calculated from the hydro-
dynamical jump conditions for a plasma satisfying 2. This poses difficulties for comparing theistribu-
the Juttner-Synge equation of state. The compres-tion in the upstream, as for a relativistic shock (cf. cz

sion ratio of the second shock is 3 in all cases. D) one would need to simulate of the ordern6f° cross-
ings to get one crossing wila = +1 due to the extreme

Energy spectra and pitch-angle distributions were anjsotropy. For this reason, the data for simulated pe
obtained using both the eigenfunction method and cles does not extend far fropf = —1 in this frame.
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Figure 5: Amplification of spectrum as a function of  Figure 6: Pitch-angle distribution, as measured in t
shock proper speed. See text for details. downstream frame, of the particles for cases A (sc
line), B, (dashed) and D (dotted) for the second shoc

factor of 17.4 (case C), and general behaviour of -
the amplification with respect to the shock speed is In addition to energy losses due to, e.g., s\

drawn for an example case (spectral index 2 chrotron emission or adiabatic expansion, the ¢
and compression ratio= 3) in Fig. 5. rent study omits possible effects due to turk

lence transmission (see Tammi, elsewhere in -
volume), second-order acceleration between
shocks [11], as well as injection of new low-ener
particles into the second shock.

The peak near = +1 in the particle pitch-angle
distribution at the shock measured in the down-
stream rest frame is due to particles that cross
the shock and never return. For the first shock
these particles are not considered as they are not in

the power-law part of the spectrum; in the second References
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