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ABSTRACT

Shocks are ubiquitous in astrophysical environments and cosmic-rays (CRs) are known to be ac-
celerated at collisionless shocks via diffusive shock acceleration. It is believed that the CR pressure
is important in the evolution of the interstellar medium of our galaxy and most of galactic CRs with
energies up to ~ 10'® eV are accelerated by supernova remnant shocks. In this contribution we have
studied the CR acceleration at shocks through numerical simulation of 1D, quasi-parallel shocks for a
wide range of shock Mach numbers and shock speeds. We show that CR modified shocks evolve to
time-asymptotic states by the time injected particles are accelerated to moderately relativistic energies,
and that two shocks with the same Mach number, but with different shock speeds, evolve qualitatively
similarly when the results are presented in terms of a characteristic diffusion length and diffusion time.
We find that 107* — 102 of the particles passed through the shock are accelerated to form the CR
population, and the injection rate is higher for shocks with higher Mach number. The time asymptotic
value for the CR acceleration efficiency is controlled mainly by shock Mach number, and high Mach
number shocks all evolve towards efficiencies ~ 50%, regardless of the injection rate and upstream CR
pressure. We conclude that the injection rates in strong quasi-parallel shocks are sufficient to lead to sig-
nificant nonlinear modifications to the shock structures, implying the importance of the CR acceleration
at astrophysical shocks.

Key words : acceleration of particles — cosmology — cosmic rays — hydrodynamics — methods:numerical

INTRODUCTION

where we assume a spherically symmetric shock prop-

Cosmic rays constitute an important component of
the interstellar medium (ISM) of our Galaxy, since their
energy density is comparable to that of gas thermal
energy or magnetic field in the Galactic disk (Blandford
& Eichler 1987). The presence of galactic CR electrons
is often illuminated by the radio synchrotron emission,
while that of CR protons is revealed mainly by gamma
ray emission from the decay of neutral pions generated
from collisions between CR, protons and the ISM (i.e.
p+p— 7% — v ray) (Longair 1992).

Supernovae (SNe) are the most energetic phenom-
ena occurring in our Galaxy and their energy feedback
to the ISM plays important roles in the evolution of
our Galaxy. Assuming that on average one SN ex-
plodes every 30 years and about 10 % of the explo-
sion energy (10°! erg) is deposited to CRs, they are
only viable candidates to explain the CR, luminosity of
our Galaxy, Lcg = 10%erg s~! (Blandford & Eichler
1987). Numerical studies have shown that order of 10 %
of SN explosion energy can be transferred into cosmic
rays via diffusive shock acceleration (DSA), although
the exact fraction depends on the detailed model pa-
rameters (e.g., Berezhko et al. 1995; Berezhko & Volk
2000). According to the standard acceleration model
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agating into the uniform ISM with a mean magnetic
field parallel to the shock normal, the maximum en-
ergy of the particles that can be accelerated by a typical
SNR is about 10'* eV for protons (Lagage & Cesarsky
1983). Support for rapid and efficient CR acceleration
at supernova remnants(SNRs) has been provided by re-
cent X-ray observations of young SNRs such as SN1006
and Cas A that indicate the presence of short-lived,
TeV electrons emitting nonthermal synchrotron emis-
sion immediately inside the outer SNR shock (Koyama,
et al. 1995; Bamba et al. 2003). However, a source of
nucleonic galactic CRs has not been firmly identified
yet, despite the claim of detection of v rays from RX
J1713.7-3946 (Butt et al. 2003). On the other hand,
CR electrons are also indicated by extended, diffuse
nonthermal emissions in some galaxy clusters: i.e., ra-
dio synchrotron emission (Giovannini & Feretti 2000),
inverse Compton scattering of cosmic background ra-
diation in hard X-ray (Fusco-Femiano et al. 1999) and
EUV (Lieu et al. 1996).

Collisionless shocks form ubiquitously in astrophysi-
cal environments via collective electromagnetic viscosi-
ties, when supersonic disturbances propagate into ten-
uous, magnetized, cosmic plasmas. For quasi-parallel
shocks, in which the ambient magnetic field is aligned
with the shock normal, the applicability of DSA the-
ory is now fairly well established. Due to incomplete
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plasma thermalization at collisionless. shocks, some
suprathermal particles leak upstream and their stream-
ing motions against the background fluid generate
strong MHD Alfvén waves upstream of the shock (e.g.,
Wentzel 1974; Bell 1978;Lucek & Bell 2000). Although
these self-excited MHD waves provide necessary elec-
tromagnetic viscosities to confine thermal particles to

the downstream region of the shock, some suprathermal -

particles in the high energy tail of the Maxwellian veloc-
ity distribution may re-cross the shock upstream. Then
these particles are scattered back downstream by those
same waves and can be accelerated further to higher
energies via Fermi first order process (Drury 1983).
Hence cosmic ray particles are natural byproducts of
the collisionless shock formation process, and they are
extracted from the shock-heated thermal particle distri-
bution (Malkov & Vélk 1998, Malkov & Drury 2001).
Here we refer to cosmic rays as nonthermal particles
above the Maxwellian distribution in momentum space,
so they include nonrelativistic, suprathermal particles
as well as relativistic particles. According to the DSA
theory, as much as 10% — 1073 of the particle flux
passing through the shock can be injected into the CR
population, the CR pressure would dominate and the
nonlinear feedback to the underlying flow would be-
come substantial. (e.g., Berezhko et al. 1995; Kang,
Jones & Giesler 2002; Kang & Jones 2002; Kang 2003).

In the next section we briefly describe our numerical
simulations. The simulation results are presented and
discussed in §III, followed by a summary in §IV.

II. NUMERICAL METHODS

(a) Basic Equations

We solve the standard gasdynamic equations with
CR pressure terms added in the conservative, Eulerian
formulation for one dimensional plane-parallel geome-
try:
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where F; and P, are the gas and the CR pressure,
respectively, e; = Py /[p(7g — 1)] +u?/2 is the total en-
ergy density of the gas per unit mass and the rest of
the variables have their usual meanings. The injection
energy loss term, L(z,t), accounts for the energy of
the suprathermal particles injected to the CR compo-
nent at the subshock (see Kang et al. 2002 for details).
The term L{z,t)At is subtracted from the gas thermal
energy in the immediate postshock region in order to
conserve the total energy.

The diffusion-convection equation for the pitch an-
gle averaged CR distribution function, f(p, z,t), (e.g.,
Skilling 1975) is given by )
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and (z,p) is the spatial diffusion coefficient. For con-
venience we always express the particle momentum, p
in units myc. Then the CR pressure is calculated from
the nonthermal particle distribution as follows:
4
p°dp
. (5)
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(b) CRASH: CR/AMR Hydrodynamics Code

Unlike ordinary gas shocks, the CR shock includes
a wide range of length scales associated not only with
the dissipation into “thermal plasma”, but also with
the nonthermal particle diffusion process. Those are
characterized by the so-called: diffusion lengths,

za(p) = K(p)/us, (6)

where x(p) is the spatial diffusion coefficient for CRs
of momentum p, and us is the characteristic flow ve-
locity (Kang & Jones 1991). Accurate solutions to the
CR diffusion-convection equation require a computa-
tional grid spacing significantly smaller than x4, typi-
cally, Az ~ 0.1z4(p). On the other hand, for a realistic
diffusion transport model with a steeply momentum-
dependent diffusion coefficient, the highest energy, rel-
ativistic particles have diffusion lengths many orders
of magnitude greater than those of the lowest energy
particles.

To follow the acceleration of highly relativistic CRs
from suprathermal energies, all those scales need to be
resolved numerically. However, the diffusion and accel-
eration of the low energy particles are important only
close to the shock owing to their small diffusion lengths.
Thus it is necessary to resolve numerically the diffusion
length of the particles only around the shock. To solve
this problem generally we have developed the CRASH
(Cosmic-Ray Amr SHock) code by combining a power-
ful “Adaptive Mesh Refinement” (AMR) technique and
a “shock tracking” technique, and implemented them
into a hydro/CR code based on the wave-propagation
method (Kang et al. 2001; Kang et al. 2002). The
AMR technique allows us to “zoom in” inside the pre-
cursor structure with a hierarchy of small, refined grid
levels applied around the shock. The shock tracking
technique follows hydrodynamical shocks within regu-
lar zones and maintains them as true discontinuities,
thus allowing us to refine the region around the gas
subshock at an arbitrarily fine level. The result is an
enormous savings in both computational time and data
storage over what would be required to solve the prob-
lem using more traditional methods on a single fine
grid.
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(c¢) Injection Model

In the “thermal leakage” injection model, some supra-
thermal particles in the tail of the Maxwellian distrib-
ution swim successfully against the Alfvén waves ad-
vecting downstream, and then leak upstream across
the subshock and get injected in the CR population.
In order to model this injection process in Gieseler
et al. (2001) we adopted a “transparency function”,
Tesc(€,V), which expresses the probability that supra-
thermal particles at a given velocity can leak upstream
through the magnetic waves, based on non-linear par-
ticle interactions with self- generated waves (Malkov
and Volk 1998). The inverse wave-amplitude parame-
ter, e = By/ B, , measures the ratio of the amplitude of
the postshock MHD wave turbulence B to the general
magnetic field aligned with the shock normal, By. The
breadth of the thermal velocity distribution relative the
downstream flow velocity in the subshock rest-frame
determines the probability of leakage, and so the injec-
tion process is sensitive to the velocity jump at the sub-
shock, which depends on the subshock Mach number.
The injection rate increases with the subshock Mach
number, but becomes independent of M, in the strong
shock limit of My 2 10 (Kang et al. 2002). The only
free parameter of the adopted transparency function is
€ and it is rather well constrained, since 0.3 < e < 0.4
is indicated for strong shocks (Malkov & Vélk 1998).

I11. SIMULATION RESULTS

We have calculated the CR acceleration at 1D quasi-
parallel shocks driven by a plane-parallel piston with
un = 75 — 7500kms~! and preshock temperatures of
Tp = 10* — 107-°K. The upstream sound speed is given
by ¢s0 =15 km s~1(Tp/104)1/2. Then the normaliza-
tion constants are set by two parameters, the piston
Mach number, 1.5 < My < 100, and ¢, through
un = csoMp. The initial speed (us) of the shock
driven by the piston is higher than the piston speed,
un, and depends on the compression ratio across the
shock. So Mach numbers of the resulting shocks range
over 2 < M, < 133. Due to the nonlinear CR feed-
back, however, the instantaneous shock speed is dif-
ferent from the initial shock speed in CR dominated
shocks.

(a) Similarity in the Dynamics of CR shocks

We assume a Bohm type diffusion model in which
the diffusion coefficient is given as

2

P p
’i(p’p) :Hn(f)ma (7)

where s, = 3.13 x 10*cm®*s~' B!, (B, is the mag-
netic field strength in units of microgauss) and py is the
preshock gas density far upstream. This assumption is
based on the hypothesis that strong Alfvén waves are
self-generated by streaming CRs and provide random

scatterings strong enough to scatter particles within
one gyration radius. The assumed density dependence
for x accounts for compression of the perpendicular
component of the wave magnetic field and also inhibits
the acoustic instability in the precursor of highly mod-
ified CR shocks (Kang, Jones, & Ryu 1992).

In the test-particle limit where the nonlinear CR
feedback is not significant, the mean acceleration time
scale for a particle to reach momentum p is determined
by the velocity jump at the shock and the diffusion
coefficient (e.g., Drury 1983), that is,

2
3 K1 n K2 ) 8M,
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T, =
acc(p) U1 — ug Uy
where the subscripts, 1 and 2, designate the upstream
and downstream conditions, respectively, and t4(p) =
#(p)/u? is the diffusion time scale and u, = uy.

The ideal gasdynamic equations in 1D planar geom-
etry do not contain any intrinsic time and length scales,
but in CR modified shocks the CR acceleration and the
precursor growth can be characterized by the diffusion
scales, t4(p) and z4(p). Kn provides a useful canonical
value, since nonlinear feedback from CRs to the un-
derlying flow becomes significant typically by the time
transrelativistic CRs are accelerated. Consequently,
we normalize our shock evolution times and structure
scales by t, = kn/u2, and T, = K,/un,, respectively.
One expects intrinsic similarities in the dynamic evo-
lution and structure of two CR shock models with the
same Mach number, but with different shock speeds, so
long as the results are expressed in terms of t, and x,.

(b) Characteristics of 1D Plane-parallel CR
Shocks ‘ :

Once shocks develop nonlinear properties in response
to CR feedback, there are several important character-
istics that distinguish them from more familiar gasdy-
namic shocks: 1) CR shocks continue to evolve over rel-
atively long times and broaden as they do so. While full
thermalization takes place instantaneously at a simple,
discontinuous jump in an “ideal” gasdynamic shock,
CR acceleration and the corresponding modifications
to the underlying flow depend on suprathermal parti-
cles passing back and forth diffusively across the shock
structure. These processes develop, therefore, on the
diffusion time scale, ¢4, and diffusion length scale, z4.
Generally, these scales are expected to be increasing
functions of particle momentum, so CR acceleration
and shock evolution rates slow over time. 2) CR diffu-
sion upstream of the shock discontinuity leads to strong
pressure gradients in a shock precursor, enhancing the
total compression through the shock transition over
that in the “viscous” subshock. The total compression
through a high-Mach-number CR shock can greatly ex-
ceed the canonical value r = (y4+1)/(v4—1) for strong
gasdynamical shocks (where 7, is the gas adiabatic in-
dex). 3) Both the effective compressibility of the com-
bined thermal-CR plasmas and the mean CR diffusion
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Fig. 1.— Time evolution of the shocks driven by 1D accretion flows with Mo = un/cs,0 = 5 is shown at normalized times,
t/tn = 2, 5, 10, and 20. The accretion flows are reflected at z/z, = 0 and shocks with M, = 6.8 propagate to the right.
The leftmost profile corresponds to the earliest time. Light lines represent a flow with u, = 75 km s™*, Ty = 10* K, and

a pre-existing CR population with fup < (p/pa)~*7

. Heavy lines represent the model with u, = 750 km s™1, Tp = 10°

K, and fup « (p/par)~*°. For both models the pre-existing upstream CR pressure is P.o/P,,0 = 0.25. The normalization
diffusion time scale, t, = #n/u2, and diffusion length, %, = &n/un are defined by the accretion speed of each model. The
inverse wave-amplitude-parameter € = 0.2 is adopted for both models.

coefficient increase over time as relativistic CRs absorb
more energy and as escaping CRs remove energy from
the shock structure. Details of these properties depend
on the CR momentum distribution. Thus, downstream
states of the CR modified shock cannot be found from
simple “shock jump conditions”, but rather have to be
integrated time-dependently from given initial states
or, for steady solutions, found in terms of some prede-
fined limits to the CR spectrum (e.g., an upper mo-
mentum cutoff). 4) Energy transfer to the CRs rather
than to the thermalized gas in the shock transition re-
duces the downstream thermal energy of a CR modified
shock compared to a gasdynamic shock with the same
shock speed and Mach number.

Figure 1 illustrates these characteristics very well.
Three key stages of shock evolution in response to CR

feed back can be defined: 1) Development of the shock
precursor that slows and heats the flow entering the gas
subshock, reducing the Mach number of the latter; 2)
achievement of an approzimately time-asymptotic dy-
namical shock transition, including nearly steady post-
shock CR and gas pressures; 3) continued, approxi-
mately “self-similar” evolution of the shock structure
for Bohm-type diffusion, as CRs are accelerated to ever
higher momenta. Once stage (3) is reached, there is
little change in the dynamical properties of the shocks,
and, in particular, little change in the total efficiency
with which kinetic energy is transferred to CRs.

Time evolution of the distribution function g(p) =
f(p)p* at the gas subshock is shown in figure 2 for the
models with Ty = 10% K and with f,, o< p~%5. The
dotted line shows the initial Maxwellian distribution
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Fig. 2.— Evolution of the CR distribution function at the shock, represented as g = p* f(p), is plotted for the models of
My = 5, 10, 30, and 50 with To = 10° K and fup o (p/par)~*%. The CR spectrum of the preshock flow is represented by
the dotted line. For all models shown here the pre-existing upstream CR pressure is P. /P, 0 = 0.25.

with Ty and the specified power-law distribution for the
pre-existing CR population. The postshock thermal
distribution during the early evolution (before shock
modification) should have Ty oc ME, so the injection
momentum, pinj x My for t/t, < 1. However, as en-
ergy transfer to CRs increases over time and the gas
subshock weakens, the peak in the Maxwellian distribu-
tion shifts to lower momenta. The model with My = 30
shows this effect clearly. This nonlinear feedback is
greater for higher Mach number, so that the postshock
temperature of evolved CR modified shocks depends on
My much more weakly than the standard M2. We note
that the Maxwellian distribution is calculated from the
gas temperature and density, while the CR distribu-
tion is calculated by the diffusion-convection equation
given in equation (4). The distribution function shows
the characteristic “concave upwards” curves reflecting
modified shock structure (including the precursor) for
the models with My = 10 and 30.

(¢) Injection and Acceleration Efficiencies

We define the injection efficiency as the fraction of
particles that have entered the shock from far upstream
and then are injected into the CR distribution:

T dqx (P14 2d
€(t) = Joordx tf,,o 7 f(p, z,t)p*dp o)
i, nou(t))dt/

where ng is the particle number density far upstream,
u), is the instantaneous shock speed, and ¢; is the time
when the CR injection/acceleration is turned on.

Figure 3 illustrates the time averaged injection effi-
ciency, £(t), for models without pre-existing CRs. The
calculated injection efficiency ranges from ~ a few X
107% to ~ 1073, depending on the subshock Mach
number, the shock speed, and the injection parame-
ter, €. The modeled thermal-leakage injection process
is less efficient for weaker subshocks and for smaller
e (stronger wave trapping of suprathermal particles in
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Fig. 3.— Time averaged ihjection efficiency, £(t), for models without pre-existing CR s. Left panel shows the models with
My =5 —50 and Ty = 10" K, while right panel shows the models with My = 2 — 50 and Ty = 10°® K.

the postshock environment). Injection is also less effi-
cient for lower shock speeds, because the diffusive flux
of injected particles crossing the subshock is smaller
for smaller injection momentum (pin; us). So, for a
given Mach number the models with higher shock speed
(i.e., higher Ty in figure 3) have larger values of £(?).
For strong shocks the subshock weakens significantly
due to the CR nonlinear feedback, so the injection effi-
ciency slowly decreases over time.

As a measure of acceleration efficiency, we define the
“CR energy ratio”; namely the ratio of the total CR en-
ergy within the simulation box to the kinetic energy in
the initial shock frame that has entered the simulation
box from far upstream,

foz’“" dxEcgr(z,t)
05p0(u, )%t

B(t) = (10)

where u} o is the initial shock speed.

Figure 4 shows the CR energy ratio, ®, for models
with different My, P, o, and Ty. The injection parame-
ter is the same for all models, ¢ = 0.2. We find that
time asymptotic values of ® increase with My but ap-
proach ~ 0.5 for My > 20, and that ® increases with
the presence of upstream CRs for models with My < 5.
Comparison of models with the same My but with dif-
ferent Ty (i.e., different u,) tells us that the CR accel-
eration is slower to develop (in terms of ¢/t,) and the
time asymptotic CR acceleration efficiency is slightly
lower for the models with higher Ty,

IV. SUMMARY

Unlike pure gasdynamic shocks, downstream states
of the CR modified shocks cannot be found from ”shock
jump conditions”, so they have to be integrated time-
dependently from given initial states or found from
nonlinear analytical methods. We have performed such
time-dependent simulations in order to study the CR
acceleration at quasi-parallel astrophysical shocks.

The main results of our simulations can be summa-
rized as follows:

1) The CR pressure approaches a steady-state value
in a time scale comparable to the acceleration time
scales for mildly relativistic protons after which the evo-
lution of CR modified shocks becomes approximately
“self-similar”.

2) Two shocks with the same Mach number, but
with different shock speeds, evolve qualitatively sim-
ilarly when the results are presented in terms of a
characteristic diffusion length and diffusion time. So
the acceleration efficiency is determined mostly by the
shock Mach number. Such similarities are only approx-
imate, however, because the partial CR pressure and
the Bohm diffusion coefficient for transrelativistic CRs
do depend on the momentum m,c. Since the effective
injection momentum is pinj/mpc x (us/c), the initial
evolution depends on the shock speed as well as Mach
number.

3) Suprathermal particles can be injected very effi-
ciently into the CR population via the thermal leakage
process, so that typically a fraction of 1074 — 1073 of
the particles passed through the shock become CRs for
e=02-0.3.

4) For a given value of ¢, the acceleration efficiency
increases with the shock Mach number, but approaches

‘a similar value in the strong shock limit. Time asymp-

totic values of the ratio of CR energy to inflowing ki-
netic energy converge to ® ~ 0.5 for My 2 30 and it
is relatively independent of other upstream or injection
parameters. Thus, strong quasi-parallel shocks can be
mediated mostly by CRs and the gas thermal energy
can be up to ~ 10 times smaller than that expected for
gasdynamic shocks.

5) For weak shocks, on the other hand, the acceler-
ation efficiency increases with the injection rate (or €)
and the pre-exiting CRs. The presence of a pre-existing
CR population acts effectively as a higher injection rate
than the thermal leakage alone, leading to greatly en-
hanced CR acceleration efficiency in low Mach number



COSMIC-RAY ACCELERATION

T T T

T,=10'K

T T TTTTTT T T T TTITIr

PRI S SO = ST NN N DO M A N R S A

NI BT

Ty=10°K, P,/P,,= 0.5

0.6 mM,=235 7]

e 0.4 P -

L ~ / i

L /,,‘ |

0.2 = .

A~ ]

0 il
0.1 1 10 100

t/t,

231

T T T T T T T TTITTT

[ T,=10%K

T T

0.6

0.4

0.2

L LA L

T,=10°K
0.6

0.4

L vt v b v H v v b e

0.2

¢
5\ LA L L B ) N B Y A

Ty=10%K, P_o/P o= 1.0
06 - M=2 3 5
o 0.4

0.2

LI S L L A B B B

oo v v b v Ly

Ll

10

0.1 1

L1

—_
o
o

t/t,

Fig. 4.— Time evolution of the ratio of total CR energy in the simulation box to the kinetic energy in the initial shock rest
frame that has entered the simulation box from upstream, ®(¢). Top panels show the models with Mo = 5 — 50, To = 10*
K, while middle panels show the models with My = 2 — 50, To = 10% K. For the top and middle panels, the left panels are
for the models without pre-existing upstream CRs, while the right panels are for the models with Feo = 0.25F,0. Bottom
panels show the low Mach number models with Mo =2 —5, Tp = 10% K and different levels of upstream CRs.

shocks. We found, even for weak shocks of M, = 3,
that up to 40 % of the total energy flux through the
shocks can be transferred to CRs, when the upstream
CR pressure is comparable to the gas pressure in the
preshock flow.
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