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Abstract: The non-linear back reaction of accelerated cosmic rays at the stantk,fleads to the for-

mation of a smooth precursor with a length scale corresponding to thesidéfacale of the energetic
particles. Past works claimed that shocklets could be created in theswecegion of a specific shock
width, which might energize few thermal particles to sufficient accelaratia furthermore this precur-
sor region may act as confining large angle scatterer for very higlyenesmic rays. On the other hand,
it has been shown that the smoothing of the shock front could lower ttedemation efficiency. These
controversies motivated us to investigate numerically by Monte Carlo simusatiee particle accelera-
tion efficiency in oblique modified shocks. The results show flatter spectrgpared to the spectra of the
pressumed sharp discontinuity shock fronts. The findings are indaxcoe with theoretical predictions,
since the scattering inside the precursor confines high energy partidleshter scattering, resulting in

higher energies making the whole acceleration process more efficient.

Introduction energy was transfered to the accelerated parti
(i.e. > 10%), they could dynamically play an im
It has been shown theoretically 30 years ago that portant role in the shock process itself by intera
the first order Fermi acceleration, namely also dif- ing with the shock eventually modifying it. More
fusive shock acceleration (e.g. [1], [2]), is a plau- over, the modified shock which will consequent
sible mechanism for cosmic rays to gain statisti- have a finite width (a precursor), will have a leng
cally an amount of energy by crossing a shock scale which will correspond to the diffusive leng
front-formed in a super-Alfgnic plasma flow- in ~ scale of the energetic particles.
consecutive cycles, while scattering offthe irregu- Specifically, work of [3], [4], [5] and [6] ques:
larities of the magnetic field present in the media. tioned the simplification of the test-particle a
The energy distribution of these particles follows a proximation, which consequently considered 1
power law, which generally is in accordance with shock as an immaterial surface into the accele
the actual measurable value of the spectral index tion mechanism process and moreover showed
of the observed cosmic ray spectrum, at the top of cosmic ray influenced shock structures are un:
the atmosphere. Over the years, in the studies ofble, indicating that the turbulence present coi
diffusive shock acceleration it is commonly con- be strong, requiring a full treatment of a violent
sidered that a shock front is an immaterial non- scattering medium as a result. This instabil
dimensional surface, although this is not true. It present in the modified shock structures, could
quickly became evident to the researchers that the of a greatimportance and a numerical investigat
test-particle approximation, where the particles do following the above theoretical works, could thrc
not interact with the shock, could not entirely hold further light into the exact mechanism, particulai
and non-linear effects could take the leading part for oblique shocks. Concerning the latter, work
into the dynamics of the shock acceleration mech- [7] has shown that highly non-relativistic obligt
anism. In other words, if a reasonable amount of shocks could be very efficient cosmic ray accele
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tors under given circumstances of the particles dif- allow for the compression ratio to increase, whi
fusion [8]. Therefore, the results presented here will be followed by an increase in the acceler
could have further implications on the efficiency tion efficiency. This condition will flatten the fi
of these shocks, provided there is no immaterial nal spectrum and it will give the opportunity t
shock surface as assumed before, but rather themore particles to get accelerated to higher er
conditions which are described in this work. Sum- gies, before leaving the system. Furthermore
marizing, in this work we aim to test and com- relativistic particles carry with them most of tt
pare past theoretical claims with numerical simu- energy and produce a significant part of the pr
lations and investigate changes in the accelerationsure in the shock system, then the shock will |
efficiency, spectral indexes and acceleration rates,come cosmic ray dominated and the index of

simulating an oblique modified shock (with a fi-
nite width). In a simplified manner, altering the
diffusion conditions inside the precursor, this will
physically reflect on the magnetic field irregulari-
ties within the modified shock region.

specific heats will decrease due to the relativis
particle speeds. This fact will initiate a further it
crease of the compression ratio, making the sh
even more efficient, pushing the energy towards
very high energy relativistic particles. Neverth

less, an increase in the compression ratio is no
easy, as [11] has shown with simulations and
non-relativistic shocks the compression ratio tet
to a value of four, being a reasonable choice
studies even in the full non-linear case.

Discussion

It is known that concerning the diffusive shock ac-
celeration mechanism, if one wishes to treat more
realistically the shock acceleration mechanism it-
self, one should take into account that the shock Numerical method - Results

is not an immaterial surface anymore and the text

particle approximation can not hold. The issue In our present simplified approach, this non-line
of the back-reaction of the accelerated particles problem will be dealt with in a linear way. Th
on the shock and the violation of the test-particle Monte Carlo numerical approach simulates as re
approximation, occurs when the acceleration pro- istically as possible the random process of a ph
cess becomes sufficiently efficient to generate pres-ical process; namely in our case, the random wi
sure of the accelerated particles, which is com- the diffusion and the scattering of particles, wi
parable with the incoming gas kinetic pressure. the supposedly magnetic field irregularities, whi
The spectrum of the cosmic rays and the struc- can be prescribed within the simulation reflecti
ture of the shock are changed by this effect which directly by the different diffusion coefficients.
is intrinsically nonlinear. As it is mentioned in  specific feature of the simulations is (following [3
the classic review of [9], one could classify the that there is scattering inside the precursor (diff
non-linear phenomena in different processes which ent from what is upstream and downstream of
could act on the shock region, considering that the shock formation) of length of. = x/V, wherex
acceleration is efficient. One process, is the one is the spatial diffusion coefficient given by =
where the accelerated particles can interact with /-zHcos%/; + k1 sin?y andV is the velocity of the
the unshocked plasma creating instabilities, such shock. The angl@ is the inclination between th:
as different types of plasma waves, [10]. Another magnetic field lines and the normal of the prec
process, is the one where the particles built up sor. For parallel shocks one will have= «/V,
a sufficient pressur@ = 4w /3 [ p*V f(p,t)dp, while for perpendicular oned, = «, /V, while
which could slow the background plasma before for all other cases it i€, = «/V. In this work
the shock and modify it to an extended structure. we simulate shocks of a high inclination of 75 d
One can think that as the diffusion coefficient of grees (as shown in figures 1 and 2), other high
the particle is increasing with energy, then the very clinations are comparable, since as we presente
high energy particles will escape (having large dif- [7], even for the test-particle approximation, high
fusion lengths) the acceleration region, with a con- oblique shocks can be very efficient cosmic ray
siderable energy and momentum. This in turn will celerators, achieving energies-of10'” eV. For a
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Figure 1: The shock velocity versus the obtained Figure 2: Here we show the acceleration time

spectral index for three different simulation runs tio (simulation time / theoretical time) versus t
for a shock inclination equal to 75 degrees. The shock velocity for a representative shock inclir
measurements are taken in the downstream side oftion of 75 degrees. We get similar results for ott
the shock rest frame. Starting from the top, the angles and as long as the shocks are oblique.

first line is for a shock with no precursor, the sec- measurements are taken in the downstream sic
ond is for a shock with a precursor width equal to the shock rest frame. Three runs have been |
10 - A and the third one of precursor width equal formed. Starting from the bottom, the first line
to 100 - A\. One can see that the modified shocks for a no precursor shock, the second with a p
create a flatter spectra compared to the spectrum ofcursor width equal td0 - A and the third with a
sharp shock discontinuity. Also, one may see that precursor width equal tb00 - . As one sees ther
the spectral index flattens as the shock’s velocity is generally a reduction of the acceleration time
increases. We get similar results for other inclina- higher the speed of the shock, in any case, follc
tion angles and as long as the shocks are oblique. ing the same trend of the relativistic shock accel

ation simulations of past works.

complete picture, in a forthcoming detailed paper

we present a variety of shock inclinations, ranging stream or downstream), assuming a moment
from nearly parallel to perpendicular ones. Fur- dependence to this mean free path for scattel
thermore, since the cosmic ray diffusion tensor is along the field, related to the spatial diffusion c
diagonal in view of the adapted magnetic field ori- efficientx, as we mentioned before. In the sim
entation, one may say that in a Cartesian systemlation the area of the precursor has a lower dif
TYZ, Kex = K|| ANAKyy = K., = K1, With k)|, k1 sion coefficient (where | >> « is used (follow-
the cosmic ray diffusion coefficients longitudinal ing Berezhko 1987) which physically reflects on
and transverse relative to the magnetic field. environment of a high density and large instab
For the simulations a Monte Carlo technique is ties.The basic point in this work is that by chan
used for the scattering of the particles in the up- ing the diffusion conditions (by changing the ve
stream, downstream and precursor media. The ues ofx) within the precursor of a width of man
downstream spatial boundary required can be times the mean free path, one can study the sca
estimated from the solution of the convection- ing of the particles which will physically reflect o
diffusion equation in a non-relativistic, large- the irregularity of the magnetic field. One impa
angle scattering approximation in the downstream tant point to mention is that the adiabatic inva
plasma which gives the chance of return to the ant is conserved within the precursor since in
shock, exp(—Vary/d). The mean free path is de Hofmann-Teller frame the adiabatic invariant
calculated in the respective fluid rest frames (up- conserved anyway by crossing the shock from
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stream to downstream and vice versa. Due to this fied shocks result in flatter spectra compared to
condition, one can calculate a new pitch angle and pressumed sharp discontinuity shock fronts. T
velocity of the particle and the diffusion is continu- first finding is in accordance with theoretical pr
ing until the particle exits the precursor and conse- dictions, since the scattering inside the precur
guently the shock region. Moreover, on the scatter- confines high energy particles to further scatteri

ing of the particle inside the precursor, we clarify
two things: The mean free pathis dependent on
the distancel inside the precursor in the following
ways: 1) the diffusion coefficient is a function of

resulting in higher energies making the whole pi
cess more efficient. Moreover, one may see t
the spectral index flattens as the shock velocity
creases, leading to spectral index values of th

the position and 2) the mean free path is a function compared to relativistic shocks. It also seems t
of energy. This means that as the particle moves even with modified shock fronts, there is an ¢
in the precursor, its energy will change and hence celeration speed up of the process as higher
its mean free path will change as well. The proba- speed of the modified shock (for speeds0.3c¢)
bility that a particle will scatter after moving a dis- and seem to be as efficient as the relativistic or
tanceAd, is Ad/X. Comparing this ratio with a  presented by [12], [13]. Additionally, this wor
random number, defines as if the particle will con- has further implications connecting to the results
tinue to scatter inside the precursor or exit this re- [7], where it is shown that even for the test-partic
gion downstream or upstream. approximation, highly oblique shocks can be ve
In figure 1 we show the shock velocity versus the efficient cosmic ray accelerators, achieving en
obtained spectral index for three different simula- gies of~ 10'7 eV. There is under way a detaile
tion runs for a shock inclination equal to 75 de- presentation of this work.

grees. The first is for a shock with no precursor,

the second is a shock with a precursor width equal
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