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Abstract. The transmission of Alfén waves at parallel shocksbe reached by the conventional test-particle shock-acceleration
is treated self-consistently, i.e., taking the pressure and enettggories (e.g., Drury 1983).
flux exerted by the waves into account when determining the In their study, VS assumed that the waves have no impact
shock’s gas compression ratio. The resulting test-particle &t the compression ratio of the shock. Their study, however,
celeration and transport parameters at the shock are showretealed interesting results at small Afic Mach numbers,
be functions of five parameters: the Adfvic Mach number of where the waves have finite pressure at least in the downstream
the shock, the upstream plasma beta, and the cross helicigion. Here, we study the transmission of Afvwaves tak-
magnetic amplitude, and power-spectral index of the upstre@rg into account the pressure and energy flux of the waves in
waves. In alarge region of parameter space, the scattering-cetitershock-structure equation, i.e., the Rankine—Hugoniot rela-
compression ratio is significantly larger than the gas compréiens. It is shown that thiself-consistentvave transmission
sion ratio. For some conditions, it may get very large values ttegiproach is important for obtaining the correct value of the
result in an extremely hard test-particle-energy spectrum of theattering-center compression ratio at the limit — 4-373,
cosmic-rays accelerated at the shock. This result is qualitativeliiereM = w; /Va is the Alfvénic Mach number of the shock,
the same as that obtained by the same authors under the “t@st= cf/Vj is the plasma beta, and;, ¢; and V, are the
wave” approach, i.e., assuming that the waves have no impagstream background plasma speed, sound speed, ariehAlfv
on the shock’s dynamics. However, the present analysis giegeed, respectively. At this limit, the downstream wave field
limits to the application of the previous results, and widens tliestanding in the shock frame and, thus, producing an infinite
scope of the previous analysis by removing a mathematical skeattering-center compression ratio in the “test-wave” transmis-
gularity in shocks with squared Mach number approaching temn model. This singularity is not a physical one and, as will
test-wave-theory gas compression ratio. be shown in this paper, is removed by the correct consideration
of the wave effects.
Key words: acceleration of particles — Magnetohydrodynamics The transmission of finite-amplitude AEn waves through
(MHD) — shock waves — turbulence — ISM: cosmic rays a plane shock wave was first studied by Scholer & Belcher
(1971) and later by McKenzie & Bornatici (1974). The dif-
ference between the two approaches was that McKenzie and
Bornatici used spatially averaged values of the downstream
1. Introduction wave-momentum and wave-energy fluxes, whereas Scholer and

Belcher used values calculated immediately behind the shock

Recently, Vf':\inio & Sc,hlickeiser (1998), (hgreqfterVS) eX""mmeffiont, when determining the shock’s compression ratio. We have
small-ampllt.ud('a Alf\enlwave transmission in parallel Sho_dﬁhosen to work with the Scholer & Belcher -approach, since
waves and its implications on shock-acceleration of partlclfhsere are physical reasons supporting their treatment and be-
(Axford et al. 1977, Krymsky 1977, Bell 1978, Blandford &, se analytic expressions for the gas compression ratio as a

Ostriker 1978). They shpwed that the mostimportant parameﬁﬁﬁction of the upstream plasma parameters can be calculated
controlling the spectral index of the shock-accelerated part'dﬁf'this approach.

the scattering-center compression ratio, may get values consid-

erably larger than the gas compression ratio at shocks with a low

Alfv énic Mach number. This implies thgt parallel astrophy " Self-consistent Alfen wave transmission

cal shock waves are capable of producing power-law particle-

energy spectra with spectral ind€x< 2, values too small to Considering the continuity of the mass flux, the transverse mo-

mentum, and the tangential electric field, VS derived the trans-
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6By  r2(rY241) M+ He, and the upstream wave-energy flux is

T = = 1

631 2 M + 7’1/2HC1 ( ) 2 2

SB! 1/2(,.1/2 1 M+ H Fw = ,@(ul +Hc VA )7 (631) uy (7)
R = 2 _ T (r'/2-1) + Hey ) ! 47 o 8 ’

B, 2 M —ri2[

where the first term on the right hand side is the normal com-
wheredB; is the magnetic field associated with the incidentonent of the Poynting flukﬁ(u x B) x B, and the second
(upstream) Alfien wave B, andé By are the magnetic fields term comes from the normal kinetic energy fld(dw)?u,,.
of the transmitted and reflected Aéia waves,H,, = +1is Wehaveusedtherelatiom = —H. 6B/ (47p)'/? betweenthe
the cross helicity of the upstream wave fietd= p»/p; is the velocity and magnetic field perturbations; this holds for A&lfv
gas compression ratio of the shock, ang, and the upstream waves of degenerate cross-helicity stdfle,= +1. Note that
(downstream) mass density of the plasma. for the circularly polarized Alfén waves propagating in one

In their calculations, VS assumed that the small-amplitudirection, the upstream wave-energy flux and wave pressure are
waves have no impact on the shock dynamics, i.e., that the geastants. In the downstream region, there are both forward
compression ratio is not affected by the upstream wave paragmd backward propagating waves present. This means that the
etersp B, andH., . In this case, the continuity of mass, parallefiownstream wave pressure,

momentum and energy flux leads to the well-known expression . .
(0B5 + ¢6B3)

Py, = ————=— 8

r = W—HW (3) [ ( )
v-1+26/ and wave-energy flux,

for the gas compression ratio at a parallel shock, i.e., for fixed (0B5)? (082
values of the plasma beta and the ratio of specific heats,F,,, = —>—27(uy 4+ Vj,) — 27 (uy — Va,)
the upstream Alfenic Mach number fully determines In the Am Am
following, we will include the modifications to Ed.(3) from _ (6B5 + 5315)2u2 (9)
the inclusion of Alfen-wave pressure and energy flux. Thus, 8 ’

the present model is not a perturbation-theory approach: thare functions of position and time. Note, however, that the wave
is no underlying “unperturbed shock solution” that the wavressure and energy flux are constants in the whole plane of
transmission would be based on but the wave fields are takge shock on both sides. This justifies our model assumption

into account in all equations they appear in. of a stationary planar shock that does not perform any motion
under the perturbation induced by the upstream wave field, and
2.1. Gas compression ratio in a fast shock explains why the compressional wave modes are absent from

the downstream region.

The structure of a parallel shock in presence of Aifwaves can Two approaches have been used to calculate the wave pres-
be obtained as a solution to the jump conditions (Landau & Li§ure and wave-energy flux differences at the shock. Scholer
shitz 1960) expressing the continuity of the mass flux,] = & Belcher (1971) used the downstream values calculated im-
0, the continuity of parallel momenturfpu;, + P+ P,]=0,and  mediately behind the shock, where the two wave fields are al-
the continuity of the energy fluks pu3 +vPun/(y—1)+F.] =  ways in the same phase. McKenzie & Bornatici (1974) chose to
0, if the jump conditions for the wave pressufB, ], and wave- yse the average values of these quantities taken over the whole
energy flux[Fy ], are specified. Her, u,, andP are the mass downstream region. They claim that this is necessary in order
density, normal component of the velocity, and gas presstgecorrectly predict the mean state behind the shock to the order
of the plasma, respectively. Like VS, we will use a coordinatggb s Bf / B2, where B, is the ordered magnetic field parallel
system, where the shock normal points towards the upstreagthe shock normal. It should be noted, however, that they have
and thusun,,, = —uy(2), Whereu, ;) > 0 is the upstream assumed the coexistence of the two downstream wave fields
(downstream) background plasma speed. A rearrangemenfyfihout any interaction between them, which is a correct solu-
the conservation laws gives the gas-pressure ratio at the sh@sk of linearized MHD equations; this approximation is valid

in the form only, if we can neglect all second order terms bi&h s BS / B3,
Py (y+Dr—(y=1)+ (-1 -1A @ SO th(_e argument of McKenzie & Bornatici does not seem ap-
P D —(~—1 J propriate. On the other hand, the Scholer & Belcher -approach
1 (y+1)—=(y=Dr . ; : -
predicts a correct gas compression ratio at the limit> 0 for
where the upstream wave frequency and correct phase speeds of small-
r+1[P] 2r  [Fy] amplitude MHD-perturbations, as we shall see later, whereas
T r—-1 P  r—1Pu (3)  the McKenzie & Bornatici -model does not. Therefore, to say

) ) o the least, we feel that the McKenzie & Bornatici -model cannot
The upstream wave pressure is (neglect;ngghe electric-field cB@-regarded as a more physical approach than the Scholer &
tribution that is of the ordefu, + Hc,Va)"/c%) Belcher -model, which we choose to work with.
(6B1)? Using the continuity of the transverse moment{pn, u; —

Py, = S (6) B.B./47] = 0, and the tangential electric fieldy, B, —
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B,u,] = 0, along with the conservation laws introduced earlier, *f e
we calculate the parametérin Eq. (4) as o 7 o -
B2 (6By— 6B, s b LT -7
- B _ 0B B) a =, . ]
87TP1 87TP1 c 3 - ’// //
which is in accordance with the Eg. (6—19b) of Boyd & Sande‘r% f // . 1
son (1969) for an oblique MHD shock. Let us denote the nok= [ . 7 — Switch—on shock
malized upstream wave magnetic fieldly- 6 B1/By. Using € ,f S/ Parallel shock, 8 =
Egs.[4) and[{10) and the continuity of parallel momentum, we | ; -0
derive an equation for the compression ratio, S 7 0.3
L / N
_627<6B%_1> M>7yr—1_ (y+Dr—(y—1) i —— 10 ;
25 5B% /8 r (7+1)7(771)T 1 ‘ ‘ ‘ ‘ T ‘WO
(y=1(r—1) b*y (6B, 2 Alfvenic Mach number, M
"y ( - ) | (11)
(Y+1)—(y=1r 28 \6B: Fig. 1. Gas compression ratio as a function Ahic Mach number for

shocks withb = 0 and~ = 5/3 for different values of the plasma
beta. Note that the switch-on shock solution is physical only under the
parallel-shock curve for a given value 6f

In the derivation of Eq[(11) we usk, /p, Vi = /v, which
holds for an adiabatic ga®p~" = const. Using Eqd.{13}2), we
may write for the ratio of the wave amplitudes
5& —T+R=r M? — Hgl _ TMQ —1 (12) shock framew; = V1k; = 0, whereV; andk, are the phase
P2 M? —rHZ M2 =71’ velocity and wave number of the upstream waves, respectively.
sinceH., = 1 by assumption. In fact, the latter form of thd fact, since we neglected all time derivatives from our calcu-
ion, we have silently assumed that the wave lengths on both

equation holds for a general upstream magnetic field if tin'fé .
derivatives may be neglected (c.f. Eq.(5.46) of Priest 1988jdes of the shock are much larger than the shock thickagss,

The expression fatB, /B, can be substituted to EG{11). Th@n? we don’t expect our analysis to carry over to waves with
resulting equation contains only one unknow &nd it may k="~

be solved for a set of input parameteld, 3, v, andb. Note

that the cross-helicity state of the upstream wavks, has no 2.2. Casey = 5/3

effect on the compression ratio. Combining EQsl (11) (12), )
the problem can be reduced to finding the roots of the cut%]igflgs study the roots of the EQ.{13) ina= 5/3 plasma. We

equation in-

y(r) = (M2 = r)? {298 = M2[y+1 = (y = 1)r]} Blr) = §<MQ - r)’ 375 - M2(4 -]+
+b2]\/[27“{(’y—1)7“2+[MQ(Q—’}/)—(’Y—‘rl)]T—‘r’)/]V[Q} —l—er[Qr + (M —8)7“+5M] =0. (14)
=0. (13)  Fig[d shows the real roots of Ef.{14) in the casé af 0. The

. . salid line gives the switch-on shock solution and the dashed lines
From this general shock equation we can reproduce a number 0

. ) . . ve parallel shocks for some values of the plasma beta. Note
special cases: the parallel-shock solutidn (3) immediately resujts

o t the switch-on-shock solution for a given value of plasma
for b = 0, i.e,, when there are no waves present. The secqgé%a exists only under the curve giving the respective parallel-
solution in this case; = M?, gives the so calledwitch-on y giving P X

-« Shock solution. A fast mode shock is always the one with largest
shock(e.g., Boyd & Sanderson 1969), where the magnetic flei% if r is kept constant; thus, a fast shock is a switch-on shock

upstream is parallel to the shock normal, but makes a finite anﬁ (i < M? < 4-33 and a parallel shock otherwise
with the shock normal in the downstream region. This solution The situation is quaI[i)tativer different if theré are waves

is possible only if present, i.e., ib > 0. We calculate the fast-shock solutions of
Y+1—-28 y=5/3 Eq.[12) for3 =0 as

1< M? < : 4-33;
v M?=r
otherwise the downstream tangential magnetic field magnitude (54 1)b+ /(5 + r)20% + 24(r — 1)(4 — r)
would have an imaginary value (Priest 1982). In a plasma with+7b o . (19)

g8 > 1 the inequality is never satisfied, so parallel shock is the

only physical solution in such plasmas, if the upstream tangemhich are shown in Figl2. The key feature of the plot is that
tial magnetic field is zero. Note that EG.{13) is in accord withll the fast-shock solutions with a finitdie below the critical

Eq. (5.48) of Priest (1982) for the compression ratio in obliquairver = M? so the downstream flow is always super-Aihic
shocks, as expected, since an oblique shock may be regaratedithe infinite values for the wave transmission coefficients are
as the special case where the upstream wave frequency inabaided on the whole randé? > 1452, which now defines fast
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4 [ e (Schlickeiser 1989), if the turbulence is weak, itd.< (T2 +
. et ] R*)b? < 1. (We will get back to this point in Sect.4.) In a
S f g b 1 degenerate cross-helicity state = +1, which is considered
g3t / --- 0 4 here in the upstream region ¢ 0), the transport equation can
s T 7 90 be written in form (correcting for two typographical sign errors
8 i) __ 03 1 in Eq. (25) of VS)

a [ Yy ]
§of i 7 o of of poViof _
2 ’ ///// ] 02 0z " dr 3 0x Op Qul.p), (19)
° i ,;”/// 1 wherez is distance from the shock along the shock normid,
12 1 particle momentumy is particle velocity,Q, (z, p) represents
! 10 sources and sinks, and

Alfvenic Mach number, M

Fig. 2. Gas compression ratio as a function Afic Mach number Vi=ur+He,Va, (>0) (20)
for fast shocks Witrﬁ.: 0 and~ = 5/3 for different values of the g the shock-frame phase speed of the upstream waves. The
upstream wave amplitude, form of the upstream spatial diffusion coefficiert, may be

shocks; because the total upstream magnetic field magnitud%j%mated if the upstream wave number spectrum is known. We

(a constant) given byg? = B2(1 + b?), the phase speed of theill consider a spectrum of the form
fast MHD wave relative to the upstream plasma flow is give 1 B2(g—1 q
b perEam P Wy = 120 0B @) gy gy (B2 (21)
y 2 k1 k
B? B2 u? 1—0 6B%(q—1) ki\?
2 _ — 20 1= Y2 R _ q _ K1
inag = 0 plasma. 2In fact, putting = 1 in Eq. (I3) gives a for the left- and right-handed Alen waves, respectively, where
cubic equation forl/ =, where the three roots o is the magnetic polarization state of the wavés their power-
1402+ 1022 4 law spectral index/{(k) is the step function, ank, is the low
M?=1, M?= g Ve ) 4 (16) cut-off value for the wave numbers. We consider the spectral

, ) 2 index of the waves in the rande< ¢ < 2. Thus, we obtain the
may be easily connected with the three MHD wave modes, taﬁfusion coefficient in form (VS)

Alfvén mode, and the fast+(sign) and slow { sign) mag-

netosonic modes, respectively, for all valuesgofThis is yet vRLSy By
another point in favor of the Scholer & Belcher (1971) calcu®! (z,p) = 2m(g— 1) (5&
lation of the shock’s compression ratio, since different phase ) ) )
speeds for the small-amplitude perturbations are obtained"{R€refir is the Larmor radius of the particle, and
the McKenzie & Bornatici (1974) approach tis finite. Note 4 1

also that in & > 0 plasma the fast shock is always parallel iP1 = 2-qd—q)1—0o%

the ordered upstream magnetic field is along the shock normal, ] ]
since so is then the ordered downstream magnetic field. This is !N the downstream region:(< 0), the transport equation
because the tangential magnetic field is now totally due to tipads

2
) (ki Ru )0 (23)

(24)

Alfv én waves on both sides of the shock. o of of poVveof 1 0 ,, Of

In the general casé + 0, b + 0, Eq. [13) can be solved in 3,25, 239, ~ 39z dp | p? op’ 9237)
parametric form = —Qs(z,p). (25)

2 _
M™ = (1 +2)r(2) (17) Here, the transport and acceleration parameters are the down-
and stream diffusion coefficient;z (x, p), thathas the boundary con-
822(z + 1) — 6822 — b2(z + 1)(52 — 3) dition,
T FSIFU | iy 7 Py P (18) #1(0, )
k2(0,p) = ———; (26)

where the parameter generally runs betweenl < z < oo Wi

and for fast shocks betweéd , — 1 < z < co, whereMg,,  the average shock-frame phase speed of the downstream waves,
is the largest one of the roofs {16).

Vo(k) = us + HE Va, (> 0); (27)
3. Cosmic-ray transport and acceleration parameters and the momentum diffusion coefficient,
Cosmic-ray transport in a homogeneous guiding field can be Vip?
described by the quasi-linear diffusion—convection equatigﬁ(l”p) =0, (28)

K2
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where 1000 T

2 R2 T2 3
9= M, 29 =
q(q+2)W; &

S 100¢%

and < i
P21 Mt H, TP 2

T T2 "M+ 2H,, (30) R
S1/2 1 M4 H, \@tD2 o
— C1 é
Rk = 27’1/2 (TM — 7’1/2HC1 ) ) (31) =

givethe wave transmission andreflection coefficientsatconstant "4 o oo 00y

wave numbek (see VS), and L 2 3 4
Gas compression ratio, r
Wy = T + R} 32 _ -
k g ) k ) (32) Fig. 3. Total wave amplification factor at constant wave number for a
H* = g T, — Ry (33) shock with a constant upstream plasma beta. Dashed and solid lines
Wy give the results fol.,, = +1 and —1, respectively. The magnetic

are the wave intensity increase and the downstream cross hg]mplltude of the upstream wavesis= 0.1 and their spectral index is

ity at constant wave humber, respectively. Since the downstreAm
cross-helicity state is now non-degenerate, the momentum dif- 1 g
fusion term in the transport equation is unavoidable (VS). = [
VS studied the behavior of the cosmic-ray transport and I
acceleration parameters at the shock due to the transmlssii:)n 0.57
of Alfvén waves. They considered two cases for the plas@a
beta,5 = 0.3 and 1.2 and found that fof < 1 the shock
may be very efficient in accelerating particlesd$ — 4-303
since, in their model, the squared Mach number approaches the
compression ratio at this limit and, hence, the downstream wave

0.0

Cross

field is effectively standing behind the shock. This formally? w00
yields an infinite scattering-center compression ratio (VS), §
i M+ H, -1.0
re= i =r L (34) w 2 E 4
Vg(k) M +7"1/2H§2 Gas compression ratio, r

This singularity is removed in the present analysis. sl 3Ry, 4. Downstream cross-helicity at constant wave number for a shock
give the wave amplification factor, the downstream cross hgith a constant upstream plasma beta. Dashed and solid lines give the
licity, and the scattering-center compression ratio at constaults forH., = +1 and—1, respectively. The magnetic amplitude
wave number fob = 0.1 when the wave pressure effects havef the upstream waves ts= 0.1 and their spectral index is= 1.5.
been taken into account, i.e.and M are connected through _
Egs. [IYEIB) instead of using Ef (3), like was done in (VS). g1 ]
The scattering-center compression ratio still gets substantia%y ]
larger values than the gas compression ratio, but the values 2 gre L R
finite for all shocks with\/? > MZ .. L
When downstream momentum diffusion is neglected, trge
particle spectrum at the shock is (e.g., Schlickeiser et al. 1993)
dJ/dE « p~', wherel' = (1 +2)/(rx —1). Thus, at the limit 10%
ry — 0o, the power-law spectral inddx — 1. In the analysis L
of VS, this limit was approached ag? — 4-33. When the
wave pressure effects are included this limit is not reached b
neverthelesd, may get very close to unity for a small valuehof
In Fig.[6, the spectral indeXwith b = 0.1 is plotted againstthe 5
spectral index resulting from conventional shock acceleration ] 2 3 4
theory, where the scattering centers are frozen into the plasma Gas compression ratio, r
flow, i.e., T'gas = (r + 2)/(r — 1). The spectral indexX" is
quite generally below 1.5 and reducing the valué oll get it upstream plasma beta. Dashed and solid lines give the resulfs fos
closer and closer to the limit = 1, whereas the spectral index X{1 and -1, respectively. The magnetic amplitude of the upstream

Pgas > 2 for a plasma withy = 5/3. waves ish = 0.1 and their spectral index ig= 1.5.

’

ter co
R

V’WE cen

atteri

Fig. 5. Scattering center compression ratio for a shock with a constant
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Spectral index, . . . . . .
P ¢ Fig. 7. The ratio of acceleration times for a shock with a constant

Fig. 6. Cosmic-ray spectral index produced by a shock with a constatstream plasma beta. Dashed and solid lines give the results for
upstream plasma beta, neglecting stochastic acceleration in the dofis- = +1 and—1, respectively. The magnetic amplitude of the up-
stream region. Dashed and solid lines give the resultéfigr= +1  stream waves i = 0.1 and their spectral index is= 1.5.

and—1, respectively. The magnetic amplitude of the upstream waves
isb = 0.1 and their spectral index is= 1.5. 3.0

It was shown by VS, that the second-order Fermi accelera- 2.5
tion in the downstream region is generally less effective than tkre I
first-order acceleration by multiple shock crossings. IncIud|r@
the wave pressure effects does not change this result qualifa2-0|
tively, as can be seen in FIg. 7; in the physical case of backward
upstream waves (e.g., Bell 1978), the ratio of the characterisﬁc
time scalesyy andr,, of the two processes (see VS for details) '-°
is,

olg,v) /7 _ 1.0
2 - 1 10
(1 e )A(q) Alfvenic Mach number, M
rp — 1 r 1 1
(M + H01> m R <T2 + R2> : (35) Fig. 8. Cosmic-ray spectral index produced by a shock with an up-
k k stream plasma beta = 0.3, neglecting stochastic acceleration in the
It will not get smaller values than 5 fgr = 0.3 andb = 0.1 and downstream region. The upstream cross-heliéity = —1, and the

zero magnetic helicity. Herd(q) = 5¢(¢+2)(2—q)(4—q)/24 dashed and solid lines give the results foe= 0.01 and 0.1, respec-
is a slightly varying function of, A(1.5) ~ 1.4, A(5/3) ~ 1.0, tively. The spectral index of the upstream waveg is 1.5.
andA(1.8) ~ 0.63, anda(g,v) = [dlog(p*x~1)/dlogp] /3,
which equalg1+ ¢)/3 at non-relativistic particle velocities and
(2 4+ ¢)/3 at relativistic velocities, i.e2/3 < a < 4/3. o

In Figs[8 and’P we give the energetic particle accelerat|c§1
parameters as a function of the Aéfwic Mach number with 5
B = 0.3 and two values ob = 0.01 and 0.1 for the case of &
backward upstream waves. Agets smaller we approach theg 10t
limiting value of ' = 1, whereas at the same time the relativé i
importance of the second-order Fermi acceleration stays small.
Including the wave pressure effects to the &ifvwave trans- o
mission problem does not, therefore, change the most |mp§r—
tant conclusions of VS, but rather gives limits to and somewhat
widens the scope of their application.

100F

1 10
Alfvenic Mach number, M

4. Discussion and conclusions Fig. 9. The ratio of acceleration times for a shock with an upstream

We have studied the problem of ABn-wave transmission atPlasma bet@ = 0.3. The upstream cross-helicity stateffs, = —1,

parallel shocks self-consistently, i.e., taking into account tg9 dashed and solid lines give the results tfor= 0.01 and 0.1,

pressure exerted by the waves to the plasma and the reseﬁpectlvely The spectral index of the upstream wavessl.5.
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ing impact on the shock structure. The problem was previouszly
treated by VS under a test-wave approach, where the pressure
and energy flux of the waves was neglected. < 1.0F
We have given an explicit solution for the Afimic Mach -
number of a fast shock as a function of the gas compressi@gn
ratio in a cold plasma, and a parametric dependence between
the two quantities in the finite temperature case. Since theée
are always low-frequency waves in astrophysical plasmas, we , , i
regard the obtained equations for the shock’s gas compression
ratio as important generalizations of the parallel-shock-structufe
equation[(B), that may still be applied in plasmas with a large
plasma beta or a very large Afimic Mach number. Note that 3 ‘ ‘ L
our treatment holds only for unidirectional circularly polarizeé3 1 10

upstream wave fields, since variations in the magnitude of the Alfvenic Mach number, M

perpendicular magnetic field component may induce mo“onl%. 10. The relative intensity of the downstream waves for a shock

the shock front itself from its equilibri_um position (see, e.9yith an upstream plasma bea— 0.3. The upstream cross-helicity
Achterberg & Blandford 1986). The situation gets even mokgate isH,, = —1, and dashed and solid lines give the results for

complicated, if the upstream wave vectors are not aligned with- 0.01 and 0.1, respectively.
the shock normal, since the assumption of a planar shock is then
probably violated, also. This is why we do not expect our model

to be generalized to oblique shocks very easily. propagating Alfén wave fields. However, if the amplitude of
Like VS, we also studied the implications of the wave trangme of them is large and the other one is finite, the terms involv-
mission to the diffusive shock acceleration of test particles, ajy the squared perturbation amplitude in the MHD equations
confirmed their finding that in a low-beta plasma the particlenay not be neglected anymore, and the linear picture breaks
energy spectra may be significantly harder than predicted &wn. In fact, a sinusoidal circularly polarized Aéfls wave with
the simplest version of the diffusive shock acceleration theogggenerate cross-helicity, although it is an exact solution of the
where the waves are frozen in to the plasma flow. The haiHD equations for any amplitud&B, is unstable against de-
ening of the particle-energy spectrum is most pronouncedciy into a backscattered ABn wave and a magnetosonic wave
(i) the Alfvénic Mach number of the shock is small, and (iifraveling in the direction of the parent wave (Sagdeev & Galeev
the magnetic amplitude of the upstream waves relative to t)¢69). Cohen & Dewar (1974) and Cohen (1975) showed, how-
ordered magnetic field magnitude is small. When the physigdler, that if the longitudinal plasma fluctuations are subjected
case of backward upstream waves with a small net magnetic ftetinear damping (which is not unreasonable), a broad-band
licity is considered, the acceleration process is dominated by #jactrum of non-coherent An waves traveling in one direc-
first-order Fermi acceleration by multiple shock crossings ovgén is stable, if its power-law spectral indgx> 1. Thus, the
the second-order, stochastic acceleration in the downstreamygve spectra that we have studied are probably even overesti-
gion. We found that the ratio of acceleration times of these twigating the amplitude of the forward Aén waves somewhat
mechanisms is not very sensitive to the relative amplitude gfyay from the shock, since other wave modes than the backward
the upstream waves. Thus, while stochastic acceleration mg &n wave (which is always the one with the largest ampli-
be very important for the fully non-linear treatment of backude under physically plausible conditions) will gradually decay
ground plasma, waves and and cosmic rays around the shegm the system. This would also occur as a result of down-
we believe that the spectral index of the shock accelerated ceeam stochastic acceleration, which would damp the down-
mic rays is controlled by the first-order Fermi mechanism. stream waves making the minor wave components evanescent
We treated the cosmic-ray transport quasi-linearly, whighom the system (Ko 1992). Anyway, in a low-Mach-number
means thatthe underlying assumptionis thatof weak turbulencgr < 2) shock with backward upstream Afm waves, we
In Fig.[1I0, we can see that the quasi-linear treatment of thfay estimate the intensity of the downstream forward waves
particle motion in the downstream region may be questionallgm Eq. [2) askR2b? < b2(M — 1)*/16, and since the back-
forlarge values of and atlow-Mach-number shocks, ingeneralyard wave intensity i€'2b2 ~ 1, we may estimate that the
We may still, however, regard the particle motion as diffusivigtio R?/T? ~ b®/16, i.e., an order of magnitude smaller than
in the wave frame, even if the actual form of the downstreagie small parametér. Thus, in such shocks the downstream
spatial and momentum diffusion coefficients are no longer givefave field may regarded as consisting only of backwardékifv
exactly by their quasi-linear forms. Thus, the mainresults for o@iaves. Note also, that if the plasma beta is very large, like in the
study should hold qualitatively even for values(6f32/Bo)*  downstream region of a high-Mach-number shock, the medium
reaching unity. may be treated as non-compressional; in this case, the longitu-
A more serious problem due to the large downstream wayRal fluctuations are negligible, but the gas pressure is fluctuat-

amplitude arises since we assumed that the downstream flugig-so that the total pressure (gas+waves) of the system remains
ations may be described by a superposition of two oppositelynstant.
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Scholer & Belcher (1971) raised the question about tltlerough the step-like gas shockat= 0; the cosmic rays have
evolutionarity of their shock solution. They claimed that theo direct effect on them, since the cosmic-ray distribution is con-
low-Mach-number shocks would have a critical Mach numbé&nuous over the shock. We have not analyzed the state of the
value below which the downstream flow would be super-fasipstream medium self-consistently, but assumed that it is given
magnetosonic. We, in contrast, find that when circularly polarour upstream values refer to the ones measured immediately in
ized upstream waves with constant magnetic field magnituilent of the shock, notin the far upstream region. However, since
are considered, the downstream flow immediately behind a fts accelerated particles probably generate most of the waves in
shock is always sub-fast-magnetosonic and, thus, the evolutithre upstream medium, a fully self-consistent calculation would
ary condition for the shock is fulfilled. This is simply becaustake this into account as well as the back-reaction of the up-
one should take into account the transverse magnetic field wistream waves and the cosmic rays to the upstream plasma flow
computing the phase speed of the small-amplitude fast MHiattern through their respective pressure gradients and energy
waves behind the shock, when considering non-compresdiuxes. The self-consistent shock-structure has been calculated
upstream fluctuations. It is precisely this field component thiay McKenzie & Volk (1982), but since their cosmic-ray treat-
removes the problem encountered by the analysis of Scholer ameht was a hydrodynamical one (Parker 1969, Drury @KV
Belcher, who applied the model to linearly polarized waves. THO81, Axford et al. 1982) they did not obtain any information
proof of the evolutionarity lies in the fact that our model preabout the detailed form of the energetic-particle spectrum, and
dicted the same gas compression ratio for the shock as mayheeinteresting spectral effects due to the high scattering-center
obtained for an oblique shock without waves and this, in turagmpression ratio discovered by VS and the present paper were
always satisfies the evolutionary conditions. missed. One should bear in mind that the hard energy spec-

The extremely turbulent state of the downstream mediuma with ' < 2 cannot be realized if one assumes the same
leads also to an observable effect that could be used as a sestctral index to hold for alb — oo, because of the infinite
for the present model. Since the normalized wave intensiggsmic-ray energy densities involved. Finite acceleration times
(6B/By)?, may change drastically from upstream to dowrt; however, explain why such a hard spectrum may be realized
stream the model predicts that the degree of linear polarizeelow some cut-off momentum,.«(t). The McKenzie & \WIk
tion of the synchrotron radiation of shock-accelerated electromedel, being based on the wave-energy exchange equation of
changes accordingly from large values upstream to small vBlewar (1970), also assumed that the amplitudes of the down-
ues downstream. This could, at least in principle, be obsen&deam waves do not evolve, but this seems to be an assumption
by high-resolution radio observations of supernova-remnahat does not hold generally; whenever the time dependence of
shocks. The effect would be most pronounced for shocks wiklave field cannot be Lorentz-transformed away, we expect the
Alfv énic Mach number in rangkl = 1-3, so it would be most minor wave components to be damped either by plasma effects
likely detectable in slowly expanding supernova remnants. Thet included in MHD (or Dewar’s equation) or by cosmic rays
model predicts simultaneously an electron-energy spectral @xperiencing second-order Fermi acceleration (see also Jiang et
dex close to unity, which means that the synchrotron frequerady 1996). Including these effects in our treatment will provide
spectrum should be flat in such objects. Note also, that Kenaslwith interesting tasks for the future.
et al. (1986) discovered that the spectral index of the acceler-
ated protons in a traveling interplanetary shock on 12 Noveml??éferences
1978 was consistent with Alnic scattering-center velocities
directed away from the Sun in both upstream and downstre&ghterberg A., Blandford R.D., 1986, MNRAS 218, 551
regions; since the gas compression ratio in that shockws, Axford W.I., Leer E., Skadron G., 1977, Proc. 15th Int. Cosmic-Ray
this is precisely what our model predicts (see the solid curvesf;igr:/‘:) |11|’_;L§r2E Mckenzie ). 1982, AGA 111 317
of Fig.4). This shock, however, was not a parallel one so t o N i ' '
agregr[r%g,nt may also be coincidental. P el AR., 1978, MNRAS 182, 147

Blandford R.D., Ostriker J.P., 1978, ApJ 221, L29

Th_e study of Kennel etal. (1986) also lends support to our aé(iyd T.J.M., Sanderson J.J., 1969, Plasma Dynamics. Thomas Nelson
sumption of the nature of the upstream turbulence: for the shocK 5, sons Ltd.. London
that they studied, the upstream turbulence seems to be almQsten R.D., Dewar R.L., 1974, JGR 79, 4174
completely non-compressional (see their Fig.5). Shocks witldhen R.D., 1975, JGR 80, 3678
compressional upstream turbulence are, however, observe®asar R.L., 1970, Phys. Fluids 13, 2710
well. Such shocks may exhibit features that cannot be descrilbgdry L.O.C., 1983, Space Sci. Rev. 36, 57
by our simple model, as described above. Also, as pointed &igry L.O.C., VOIk H.J., 1981, ApJ 248, 344
by VS, fast MHD waves in the downstream region can onf}jang I.-G., Chan K.-W,, Ko C.-M., 1996, A&A 307, 903
propagate away from the shock and, therefore, the presencé‘?ﬂnd C.F., Coroniti F.V., Scarf F.L., etal., 1969, JGR 91, 11917
compressive modes in the system may lower the effective sﬁ—c"M" 1992, A&A 259, 317

tering center compression ratio. One must, therefore, be care u'?dau L.D., Lifshitz E.M., 1960, Electrodynamics of Continuous Me-
9 P ) ’ ! dia. Pergamon Press, London

when applying our model to shocks observed in space. McKenzie J.F. Bornatici M.. 1974. JGR 79. 4589
Our current treatment is fully self consistent when it comggckenzie, J.Fr, BlIk H.J., 19’82, A&lA 116, 1’91
to the compression ratio of and transmission of the &ffwaves \ickenzie J.F., Westphal K.O., 1969, Planet. Space Sci. 17, 1029
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