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From exponential to power-law: Temporal development of energetic
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Abstract. Diffusive shock acceleration theory predicts ion leaking process is a free escape boundary (FEB) model, in
energy spectrum of power-law form. On the other hand,which accelerated particles are supposed to escape to the far
the energy spectra obtained around terrestrial bow shockspstream region along the magnetic field. However, Scholer
and in hybrid simulations show exponential forms over aetal. (1999) have shown that the e-folding energies in the ex-
wide energy range. Here, we try to reconcile this differenceponential spectra do not depend on the distance of FEB from
by proposing a spectrum to develop from an exponential tathe shock in one-dimensional simulations. With this result, it
power-law form in time. We have performed hybrid simula- was suggested that the discrepancy is because the spectra are
tions in which we place a non-physical wall in the upstreamstill evolving in time. Indeed, the simulation run-time is still
region. This wall elastically reflect ions in the local fluid smaller than the acceleration time estimated by Giacalone et
frame and drives the classical Fermi process. First we obal. (1997). Giacalone et al. (1992) have shown that in their
tain an exponential spectrum which is produced by the in-hybrid simulations the energy spectra in the downstream re-
jection process from the thermal to the non-thermal ions atgion shows a power-law in the energy range okl®& / Ey <

the shock front. Later, the effect of the reflections at the wall50 (£, is shock ram energy of the thermal ion) when an up-
dominates and increases the characteristic energy of the estream turbulence is initially superimposed in order to de-
ponential spectrum, as well as produces a power-law forncrease the particle mean-free-path and thus shorten the ac-
in the high energy range. Consequently, the well-developedeleration time. Here we have taken a different approach to
spectrum consists of three populations, the thermal, the nonshorten the particle mean-free-path in order to investigate its
thermal with the exponential form, and the non-thermal with effect on the time development of the energy spectra. We
a power-law form. have performed hybrid simulations in which we place a non-
physical wall in the upstream region. This wall elastically re-
flects non-thermal ions in the local fluid frame and drives the

. classical Fermi process. The short distance of the wall from
1 Introduction the shock surface leads to a more rapid development of the
pectrum than in the case of Giacalone et al. (1992). Conse-
uently we can see the evolution of the spectrum within run
ime.

In the region upstream of quasi-parallel shocks non-thermaE
ions are frequently observed. While the most popular acy
celeration process is the diffusive shock acceleration mech-
anism that predicts an energy spectrum of power-law form,
the observed energy spectra in the upstream region of earth
bow shocks show exponential forms over a wide energy rang

(from several keV up to a few hundreds keV). One of the_l_h hvbrid model din thi d hei
proposed models to explain this discrepancy is loss of ions e hybrid modef used in this study treats the ions as macro-

from the acceleration region. Particles with larger gyro-radii particles and the electrons as a charge-neutralizing massless

than the acceleration region can be expected to leak from thgu'd' The simulation allows for one direction (shock normal

shock system by cross-field diffusion (e.g. Eichler 1981). d!rectlop X Ipos]ltlvg X dlrzctehd df Wnstrear'rtglflqd fll\“'/:l tr;]ree—
However, even in one-dimensional quasi-parallel shock sim- Imensional velocities. shock wave withiliven. Mac

ulations where cross-field diffusion is inhibited, the spectranumberMA = 5, upstream plasma beta for protgfis= 1

are still exponentials. Another proposed model invoking aan_d for electrongs = 0 IS set up by a conventlpnal way
(piston method). A quasi-parallel caggy = 2° is stud-

Correspondence tof. Sugiyama (ths@mpe.mpg.de) ied. Hereafter, the magnetic field is normalized by the up-

§ Simulation model




3628

Energy Spectra W=200
ORBIT

102
120
L 101
r 100 ] L 100
£
=)
> L 10—1
- 80 @
5
WP BB - 102
B - 60 X
2 T - 103
B g
L 40 g 1 - 10%
5 L 10—5
| - 20
i 10
|
‘ ‘ ! ‘ ‘ ‘ 0 w w w \ 107
-300 -150 0 150 300 450 600
N 0.1 1 10 100 1000
Position X
Energy/E,

Fig. 1. One of the orbits from the case of W=300. Particle energy isFig. 2. Upstream energy spectrum for the case of W=200. The
plotted versus position x in the time range from T=120 (left bottom spectrum is sampled in the upstream regieb < x < —25. T

tic) to 580 (left top tic). Dots on the orbit are plotted every 20. = 700 (300) result is shown by thick (thin) curve. The dotted line
Acceleration at the shock front as well as that upon wall reflectionshows the power-law function.

is recognized.

distancelV from the shock surface. This wall elastically re-
stream background Va|u§0: Ve|ocity, time, and |ength' by flects non-thermal ions in the local fluid frame which causes

the Alfvén velocity V4, the inverse of proton gyro-frequency the classical Fermi acceleration.

Q;l, and the ion inertia length; = V,4/Q;, respectively,

based on the upstream parameters. The simulation system

size is2500)\; and the grid cell sizé\z is 0.5);. The time 3 Simulation results

step size i9.01Q;!. 200 particles per cell initially repre-

sent upstream unit density. Since only a few percentage ofFigure 1 shows one of the orbits from the casd16+300.

the thermal ions are accelerated, we have applied the particlBarticle energy is plotted versus position x in the time range
splitting method to obtain statistically meaningful distribu- from T=120 (left bottom tic) to 580 (left top tic). Dots on
tions in the higher energy range. When a particle crosseshe orbit are plotted every 20. Energy is measured in the
an energy threshold, it is split into two new particles which shock frame and normalized 8. The wall in the upstream
contribute half of their mother particle to the field and plasmaregion reflects the ion which leads to quick acceleration in
bulk velocity. The daughters are displaceddy.05Ax from the present simulation system because the ion is forced to
their mother’s position. We have chosen 16 energy levelsgo back to the shock and to cross the shock many times. At
which are evenly spaced on a linear scale in the range 10the shock surface, the ion is accelerated by the mechanism
460 E, (E, = shock ram energy of the thermal proton). This proposed by Sugiyama et al. (2001), which is different from
allows us to follow the distribution function over ten orders both the shock-drift and the shock-surfing mechanisms.

of magnitude. The shock position x=0 used in the analysis Figure 2 shows resultant energy spectra in the cas& of

of the results is determined by the position where the density= 200. Plotted on the ordinate axis is a differential particle
exceeds 2.5 times that of the far upstream value. We havflux dJ/dFE in an arbitrary unit. The spectra are sampled
placed a non-physical wall in the upstream region with thein the upstream regior-75 < x < —25 at T=300 (thin)



3629

the wall in the same format as Fig. 2. ¢From the disappear-
Energy Spectra W=200 ance of the PL population in the case without acceleration
(the thin curve) the key role played by the acceleration at
10? the wall to create the PL population is confirmed. In the
lower part of the non-thermal ions below about 2g, the
L 10t two spectra are nearly identical. This is because an acceler-
ation process which is not related to the wall is also present.
The acceleration takes place at the shock surface as shown in

— T=700 (w Acc.)
—— T=700 (w/o Acc.)

= 10° Fig. 1.
5 We will investigate how the newly emerging PL popula-
%‘ 1 - 10" tion evolves in time. Figure 4 shows the time sequence of
s the spectrum in the case of W=200. The times are from left
-g ] L 102 to right T=350, 600, and 850. Again, the dotted line shows
~ the power-law functiorE~“. The energy at which a transi-
:5 4 tion from an exponential to a power-law takes place increases
% ] | 10 with time. The high energy end of the PL population also ex-
= pands with time to higher energy while the flux level stays
g ] - 10 almost constant, even though the seed for the PL population
= (the exponential part) increases.
e - 108
4 Discussion
L 10—6
Here we have used a different method from the previous
‘ ‘ ‘ ‘ 107 studies to shorten the characteristic time for diffusive shock
0.1 1 10 100 1000 acceleration and have studied its effect on the evolution of

the accelerated ions within the limited simulation run time.
We have placed a non-physical wall in the upstream region
which accelerates ions upon head-on collision, just as the
Fig. 3. Upstream energy spectrum for the case of W=200 in theinteraction between waves and particles would do. In the
same format as Fig. 2. Thick curve is the same as the thick curve ircase with the reflecting wall, the upstream energy spectrum
Fig. 2. Thin curve shows the case where the upstream wall reflectgonsists of four distinct populations: (1) the thermal popula-
the ion without acceleration in the shock frame. tion, (2) the lower energy population with exponential form
in which the effect of the upstream wall is small. (3) the
higher energy population with exponential form in which
and 700 (thick). The dotted line indicates the power-lawthe spectrum evolves in time, and (4) the PL population.
function E~%, wherea = (r + 2)/2(r — 1) andr is the  Here we call the two populations in the exponential region as
density jump at the shock. The Rankine-Hugoniot relationseX1(lower energy) / EX2(higher energy), respectively, and
for the present case resultsin~ 3.6, anda ~ 1.07. At the energy between EX1 and EX2 &% and that between
T=300 the spectrum has a non-thermal population above sevEX2 and PL ag%,. The existence of; confirms that there is
eral timesE,, with an exponential form, which is similar to  a wall-independent acceleration process at the shock surface
the results of previous works (e.g. Giacalone et al. 1992)as shown in Fig. 1 (for the detail mechanism, see Sugiyama
On the other hand, at T=700, we can easily see three distingét al. (2001)). The similar spectral form below about2
populations: the thermal population aroulid~ 1, the non-  in Fig. 4 suggests that thg, is almost constant in time. This
thermal population with an exponential function in the rangeis because EX1 is created by the injection process from the
5 < E < 300, and another non-thermal population above thermal population. The presence of the wall not only in-
E ~ 300. The third population is not of an exponential form creases the characteristic energy of EX2 in time but leads to
but of a nearly power-law form with the spectrum index  the PL population beyond the energy.
In addition to the increase in the characteristic energy for the = Although we have followed the temporal development of
exponential part, the new population (hereafter we refer tothe energy spectrum, the present simulations are still not long
it as PL population) is found to be emerging at the highestenough to show the complete sequence. Indeed we can eas-
energy range. ily speculate about at least two kinds of scenarios after this.
To see whether the emergence of the PL population de©ne is that the PL population continues to extend to higher
pends on the acceleration at the wall, we have performeenergy as shown in Fig. 4 and becomes the main body of the
another simulation run where the wall reflects ions withoutvery energetic component. The other is that if the expansion
acceleration in the shock frame. Figure 3 shows two energyf the PL population to higher energy is not much faster than
spectrum from simulation runs with/without acceleration at that of E, the PL population may remain to be a minor at-

Energy/ E,
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Fig. 4. Time evolving of the PL population at T=350, 600, and 850. The high energy end of the PL population increases with time while
keeping the flux level almost constant. The energy at which transition from exponential to power-law takes place (E2) is also increasing with
time.

tachment to the major EX2 population (This second scenariccholer, M., H. Kucharek, and K.-H. Trattner, Injection and Accel-
has been suggested in previous works.). To determine what eration of H* andHe®* at Earth's bow shock, Ann. Geophysi-
kind of a scenario is dominant in the nature, an estimation of cae, 17, 583-594, 1999.

the extenS|on Speed ﬂ2 W|” be most |mp0rtant Sugiyama T., M. FujimOtO, and T. Mukai, QUiCk lon |njecti0n and
Acceleration at Quasi-Parallel Shocks, J. Geophys. Res., in press
2001.
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