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Distribution in energies and acceleration times in DSA, and their
effect on the cut-off
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Abstract. We have conducted Monte Carlo simulations of particles may be produced by the finite size of the acce
diffusive shock acceleration (DSA) to determine the distribu- tion region, by the time available for acceleration, or by in
tion of times since injection taken to reach enefgy> Ej. actions of the particles with the environment of the acce
This distribution of acceleration times for the case of mo-tion region. For example, the spectrum could be cut-off
mentum dependent diffusion is compared with that given byto synchrotron losses (a continuous process) or by inv
Drury and Forman (1983) based on extrapolation of the exac€Compton scattering in the case of electrons (a discontin
result (Toptygin 1980) for the case of the diffusion coefficient process in the Klein-Nishina regime) or in the case of pro
being independent of momentum. by Bethe-Heitler pair production (approximately continuc
As a result of this distribution we find, as suggested by or pion photoproduction (discontinuous).
Drury et al. (1999), that Monte Carlo simulations result in  To accurately treat discontinuous energy losses (int
smoother cut-offs and pile-ups in spectra of accelerated partions), i.e. taking into account fluctuations, requires a M
ticles than expected from simple “box model” treatments of Carlo treatment. Full Monte Carlo simulations of shock
shock acceleration (e.g., Protheroe and Stanev 1999, Drurgeleration are, however, very time-consuming and so in
et al. 1999). This is particularly so for the case synchrotroning a Monte Carlo of particle interactions compounds
pile-ups, which we find are replaced by a small bump at anproblem. This motivated Protheroe and Stanev (1999) to
energy about a factor of 2 below the expected cut-off, fol- struct a simple “box model” for acceleration that enable
lowed by a smooth cut-off with particles extending to ener- very quick and easy Monte Carlo treatment of the shocl
gies well beyond the expected cut-off energy. celeration. Using this approach, Protheroe and Stanev (.
showed that for the case of inverse-Compton scatterir
the Klein-Nishina regime the discontinuous energy losse
sulted in a smooth rather than a sharp cut-off with a pils
that would occur if inverse-Compton scattering were tre

The spectrum of cosmic rays and the observation of non-as a continuous process.
P Y Drury et al. (1999) pointed out an inaccuracy in the |

thermal radiation with power-law spectra from many astro- <ed box model for the case where the diffusion coeffi
physical objects clearly demonstrates the existence of powerp 0 0

law spectra of ultra-relativistic particles in nature. Diffusive v:;s Qgt L?]dep?erlder!tn?Lsnergg,o?n(i t,[";‘ gorr(zctlon Sll'g
shock acceleration at astrophysical shocks is currently th%‘ uces the piie-up | cas continuous energy lc

1 Introduction

favoured mechanism for accelerating these particles (see e. rury et al. a!so suggested that the hon- contmgous natt
e acceleration would also have a role in shaping the ct

Drury 1983 for a review). . . .
Y ) in the spectrum of accelerated particles. In this paper, w

Clue_s o th? locations and physical qond|t|ons of the aC_vestigate this effect and show to what extent the shape «
celeration region may come from studying the shape of the

cut-off in the spectrum of accelerated particles, both directIyCUt_Off is changed.
(if possible) or indirectly through the observation of the non-
thermal radiation produced by the accelerated particles. Th
shape of the cut-off in the spectrum of accelerated particle

Iso influen he sh f th ff in th rum of ra- .
also influences the shape of the cut o the spectrum o aWe use the Monte Carlo method to simulate individual r

diation produced. The cut-off in the spectrum of accelerated. = ; : e .
P P dt|V|st|c particles undergoing diffusion in the region of a n

Correspondence taprother@physics.adelaide.edu.au relativistic astrophysical shock (we adopt a shock velc

? Simulation description and other models
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of 0.033¢, and a ratio of specific heats of 5/3). The treat- a large spike at the cut-off energy, see Protheroe and S
ment of propagation and scattering was carried out in thg1999).

rest frame of the local plasma. The position of the shock Drury etal. (1999), suggested a similar model which ct
in both frames was known at all times, and when the parti-be solved analytically using momentum,and momentur
cle crossed the shock its 4-position and 4-momentum werglistribution, f (p), in a diffusion advection equation. The i
Lorentz transformed to the new plasma rest frame. Particleseleration due to the shock gives an upward flux in mor
of some initial energyr, were injected slightly upstream of tum space. The advection of particles away from the s
the shock and each particle was propagated along a randoand out of the “region of interest”, or the box, represer
walk. After travelling a distance sampled from an exponen-loss, with the box size depending on energy. The intro
tial distribution with a given mean free path, particles were tion of synchrotron emission caused a downward flux in
scattered elastically and isotropically in the frame of refer-mentum space and also introduces an additional loss pr¢
ence of whichever region they were in. The scattering mearParticles can now be lost by falling out of the end of the |
free path was determined by some dependence on the pafhis will happen if the size of the box, which decreases'
ticle’s energy and the average magnetic field strength. Fodecreasing momentum, becomes so small that its edge t
example, if a highly turbulent magnetic field was assumed,upstream of the particle. This loss is in addition to the u
the scattering mean free path could be set to the gyroradiuadvection losses.

(Bohm diffusion); in this paper we adopt Bohm diffusion.  Drury et al. (1999) obtained a relatively simple result
If, at any time, a particle crossed the shock from upstreanthe momentum distribution which could be used to find
to downstream, or vice versa, it's position and momentumfinal energy spectrum of escaping particles and also pro
would be Lorentz transformed to the new frame of referencea condition necessary for a pile-up to occur, namely if
so that it could still scatter elastically and isotropically.

When a particle diffused far enough downstream away frony, — 417, + 5(U; — Uﬂi >
the shock such that return to the shock was very unlikely, it Ly + Ly
was cqnsidered to have escapeq. The distance downstream\;\;hereU1 andU, are the speeds of the upstream and dc
the point of escape was proportional to the mean free path 0fy.om fiows, respectively, in the shock’s frame of refere
the partlcle._The final energy spect.rum for ;hock acceltlar_atmrk1 andL, are the sizes of the box on either side of the sh
was det.erm.lned from these escaping particles. In adqun tQnds determines the energy dependence of the diffusiol
this basic S|mula_t|on, synchrotrc_)n energy losses were SIMUatficient x on momentums o »°. They, like Protheroe ar
Iateql by subtracting the appropriate amount of energy from &tanev (1999), also find that there is a precise cut-of
particle after each step of the random walk. ergy which leads to a sharp spike in the final energy s

A “boxmodel" for acceleration (e.g. Protheroe and Stanevym  They acknowledge that this is due to the assum;
1999) examines shoc_k acceleration by |nj_ect|ng particles ofat all particles gain energy at the same rate, when, in
some initial energy”, into a box representing the shock re- hq rate at which particles gain energy fluctuates cons
gion. The box is characterised by the rate of accelerationy,y and they predict that these fluctuations will have
whilst inside, rq..(E), and the rate of escape of particles gffect of smoothing the spike in the final energy spectr
from the box,r..(E). Inside the box then, particles gain yever, they predict the spectrum should still show s

energy ataratéls/dt = Erq..(£), and have a probability |nc4| enhancements when compared to a spectrum in v
of escape in a time intervadl¢ of Atr...(E). A Monte Carlo no energy losses are considered.

simulation can be performed for many particles using these |gividual particles are accelerated at different and |
two rates. Note that the time taken to reach a particular enggnstant rates in the region of a shock. The times that

ergy will be the same for all particles, and so box models doticles take to be accelerated to a particular energy ce
not simulate the fluctuations in acceleration time that wouldgp,\wn in an acceleration time distributiait, Eo, E1). The

occurin nature. L _ _ distribution is implicitly defined using a non-trivial Lapla

When synchrotron emission is also considered in @ boxransform which depends on the diffusion coefficients, D
model, it has a rate of energy loss given by and the  (1991). If the diffusion coefficients are independent of |
model predlcts a precise cut-off energy,.;. Th'_s isthe en-  mentum, an exact solution for the distribution, Eq. 3 be
ergy at which the rate of energy gaifya..(E) is equal to  can pe found, Toptygin (1980). Forman and Drury (1¢

the rate of energy loss. The rate of energy gain is given byg,ggested using this exact solution
Era..(E) = aE'~% whered determines the energy depen-

0 )

dence of the mean free path and also the diffusion coefficient, 1 £\ 8/2 —er(t —e1)?
r o E9. This gives Ct) = — xp | ®3)
' 9 V2mes \ c1 2tco
o (g) =2 1) as an approximation to a general acceleration time dist
T \p tion with the mean¢; and the variance;,, determined by

(4)

wherea, b and§ are constants. This precise cut-off energy /p1 dp 3 [m(p) Iig(p):|
P

leads to a final energy spectrum with a pile-up in the form of t T p U —Us | Uy T Us

0
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Fig. 1. Acceleration time distribution for particles remaining in the region of the shock, accelerated from the injectionfénergy .
The left panel is for the case of no energy losses: the histogram is the result from the Monte Carlo simulation and the dashed
approximation provided by Eq. 3 from Forman and Drury (1983). The right panel shows the effect of including synchrotron los
solid histogram is for no losses (identical to histogram in left panel), and the dotted histogram is for the case where synchrotron
included andF.,; = 10E).

cp = /pl dp 6 {“1(?’)2 k2 (p)” (5) Figure 2 shows the final energy spectrum for escaping
p PUL=U2| U? U3 ticles for the case of a synchrotron cut-off. The histogral
In our simulation particles spend varying times in the up- the result from the simulation. Plotted for comparison are
stream and downstream regions between shock crossings af@ectra predicted using box models by Protheroe and S
are accelerated at different and fluctuating rates. We shoul§1999) and by Drury et al. (1999) which give a pile-up in
therefore expect the simulation to produce an acceleratioffordance with the condition provided by Drury et al. (19
time distribution in general agreement with the approxima-in EQ. 2. Energies of particles in the Monte Carlo simula
tion above. Since a distribution of acceleration times is ex-cléarly extend beyond the nominal cut-off energy, and
pected, we should also expect a smoothing of the spike in théPectrum does not exhibit the expected sharp spike. In
escaping energy spectrum for which synchrotron losses arg"er? is a minor bump in the spectrum at roughly half the
included, as suggested by Drury et al. (1999). nominal cut-off energy.

0

3 Results 4 Conclusion

We were able to obtain acceleration time distributions fromOur simulation bears out the suggestion made by Drury
our Monte Carlo simulations. Figure 1 shows the accelera{1999) that box models are not capable of accurately des
tion time distributions for particles accelerated to an energying cut-offs and pile-ups in shock acceleration spectra.
equal to ten times the injection energy, using the mean frespread of acceleration times (Fig. 1) results in the smc
path proprtional to energy. The time is normalized to theing of the sharp pile-up predicted by box models of sh
mean acceleration time for the Monte Carlo simulation with acceleration.

no losses. In the left panel the results from the simulation This result is clearly understood, and perhaps is not
are plotted as a histogram and compared with the approxiprising. Indeed, Protheroe and Stanev (1999) actually sh
mations provided by Forman and Drury (1983), Eq. 3. While that the sharp pile-up disappeared when one of the two
the shape of the distributions appear similar, the distributioncesses (acceleration and energy loss) became non-conti
from the Monte Carlo simulation is significantly narrower This was demonstrated for the case of continuous er
than given by the approximation. In the right panel we showgains but discontinuous energy losses in the case of inv
the effect of synchrotron losses on the time distribution for Compton scattering in the Klein-Nishina regime. The res
the case where the expected cut-off energy is ten times thee obtain here for the case of continuous synchrotron er
injection energy. The distribution is compared with that for losses and discontinuous energy gains are qualitatively
no synchrotron losses given in the left panel, and found to besimilar.

almost identical. We conclude that a full treatment of the acceleration |
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Fig. 2. Final energy spectrum for escaping particles from shock acceleration including synchrotron emissions. The histogram is
from the simulation, the dotted line the prediction from Protheroe and Stanev (1999), and the dot-dash line the prediction from C
(1999). The vertical dashed line represents the theoretical cut-off energy from the latter two models.
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