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The analytical theory of diffusive acceleration of cosmic rays at parallel stationary shock waves
of arbitrary speed with magnetostatic turbulence is developed from first principles. The theory is
based on the diffusion approximation to the gyrotropic cosmic ray particle phase space distribu-
tion functions in the respective rest frames of the up- and downstream medium. We derive the
correct cosmic ray jump conditions for the cosmic ray current and density, and match the up- and
downstream distribution functions at the position of the shock. It is essential to account for the
different particle momentum coordinates in the up- and downstream media. Analytical expres-
sions for the momentum spectra of shock-accelerated cosmic rays are calculated. These are valid
for arbitrary shock speeds including relativistic shocks. The correctly taken limit for nonrelativis-
tic shock speeds leads at relativistic cosmic-ray momenta to the power-law momentum spectrum
Fi(y1) e yl_q(r) and at nonrelativistic cosmic-ray momenta to the power-law momentum spectrum
Fi(y) = yl—(l'HI(r))

dard spectral index from nonrelativistic shock acceleration theory. Moreover, for nonrelativistic

, where the power-law spectral index ¢(r) is a factor 2 greater than the stan-

shock speeds we calculate for the first time the injection velocity threshold B, > /3, settling

the long-standing injection problem for nonrelativistic shock acceleration.
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1. Introduction

Apart from magnetic reconnection in transient electric fields cosmic-ray particles in magne-
tized cosmic plasmas are accelerated by first- and second-order Fermi processes interacting with
low-frequency electromagnetic fluctuations such as Alfven and Whistler plasma waves. First-order
Fermi acceleration at shock waves is a prime candidate for particle acceleration in astrophysics
process because of the large kinetic energy reservoir of supersonic outflows. Pulsar wind nebulae,
active galactic nuclei and gamma-ray bursts exhibit highly collimated winds or jets with initial
relativistic bulk Lorentz factors Ty = (1 — (Vo/c)?)~!/2 up to 100 — 103. Therefore there is high
interest to understand the acceleration of cosmic rays at magnetized shocks of arbitrary speed.

2. First principles

To keep the mathematical complexities at a minimum, we consider the case of an infinitely ex-
tended planar shock with a step-like shock profile U (z* < 0) = B,c, U(z* > 0) = Byc with positive
0 < B4 < Bu. In order to automatically remove the strong particle momentum anisotropy due to
the relativistically moving medium, we take the cosmic-ray phase space coordinates in the mixed
comoving coordinate system: time t* and space coordinates z* in the laboratory (=shock rest)
system and particle’s momentum coordinates p and i = p;/p in the rest frame of the streaming
plasma. This choice then allows us to apply the diffusion approximation to cosmic-ray transport
in the respective up- and downstream media. Let (p, i) and f represent either (p;, ;) and f, or
(p2,12) and fy, respectively. It is also useful to keep the parallel momentum coordinate p| = PU.
It is essential that, because of the chosen mixed comoving coordinate system, the up- (py, i1) and
downstream (p;, Up) cosmic-ray particle momenta in general are different.

In both reference systems the Larmor-phase averaged steady-state Fokker-Planck transport
equation (without momentum losses) for the anisotropic but gyrotropic cosmic-ray phase space
density f(z*,p,it) in a medium with magnetostatic turbulence, propagating with the stationary
bulk speed U = U (z)éZ = Pycéz with I' = [1 — B2]~'/2 aligned along the magnetic field direction,
reads (Lindquist 1966; Kirk, Schneider and Schlickeiser 1988)

dfo _dUp p 9fo
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where Q(z*, p1, 1) = Qo(p1,11)8(z") is the assumed particle injection rate solely at the position
of the shock. With d(TU)/dz* = I°(dU /dz*) the transport equation (2.1) can be written as

0G0+ 5 [ Dunla)

dfy d(UT) p dfo o, 9 [D ()8]’0} (2.2)
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With dimensionless momentum coordinates y = p/(mc), y| = p|/(mc) Eq. (2.2) after a few ma-
nipulations reads

as(z*,y, 0 0
%ny) I'Bsc 8z Bsv/ 142 +y)).fol = Qo(y1,11)8(z") + Em [D““(“)aﬂ (23)
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with the cosmic-ray current

0
S5 yy)) = F\C/y% — BT (Bs/ 1 +y? +y|)a§(: (2.4)

Eq. (2.3) represents the generalization of the transport equation of Gleeson and Axford (1967)
accounting for shocks of arbitrary speed and anisotropic but gyrotropic cosmic-ray particle distri-
bution functions. For nonrelativistic shocks Gleeson and Axford (1967) showed that, apart from
sources, the cosmic-ray "jump" conditions at a shock front are simply that the isotropic phase space
density and the isotropic current F(y, z* f_ dufoly,u,z%)/2, S(y,z*) = f_lld,uS(y,,u,z*)/2 are
continuous.

2.1 Diffusion approximation in the up- and down-stream medium

For the step-like shock velocity profile the Fokker-Planck transport equation (2.2) in the up-
(z" < 0) and downstream (z* > 0) medium is given by

T+l = 5 D)2 29

We write fo(z*,y, 1) = F(z",y) + g(z*,y, 1) as the sum of the isotropic part of the cosmic-ray phase
space density F(z*,y) and the anisotropy g(z*,y, tt). For small anisotropies |g(z*,y, )| < F(z*, p)
the diffusion approximation (Jokipii 1966) provides the diffusion-convection transport equation for
the isotropic phase space density F(z*, p) and the anisotropy g(z*,y, 1)

) OF \ o JIF () /1 (-p)(—p?)
S TUF ~Tk=—]=0, gz, y,p) = —A) ==, A(u)= [ du~——="r——2
pl ko1 =0, 8@y p) = AW —~ W= ) D ()

2ol uz 2
—2/ dx = ——/ duuA(u / 2.6
Du# 8 J-1 s B Du# (20

Demanding as spatial boundary conditions F,(z* = —oo,y1) =0, Fy(z" = oo, yz) = F>(y2), finite
F,(z*=0,y) and F;(z"* = 0,y;) at the shock location z* = 0, and spatially-independent diffusion
coefficients ki >, the approximated up- and downstram anisotropic (but gyrotropic) phase space

distribution functions are

Ju(@Z <0,y1, 1) = fu(0,y1, 11 )e Tt £,(0,y1, 1) = Fi (y1)B((1), fa(z2">0,y2, ) = fu (0,31, 1)

+ BuBic? 2B, A()
4K B f,ll dp tA(Hr)

Mostly important is the isotropy of the downstream distribution function in its rest frame!

~ F(y2), B(i) = Alp) =1- (2.7

2.2 Momentum spectrum of accelerated particles at the shock

We determine the momentum spectrum of accelerated cosmic rays at the shock by integrating
Eq. (2.3) from z* = —n to z* = N and considering the limit n — O resulting in

Sd(ovy%yH,Z) _Su(oaybyH,l) - QO(ylmul)
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+cTaPy 11 [(Bar/ 1+ Y3+ y)2)][fa(M,y2,)2) — Fa (0,32, 2)]
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. 9 fu(Z",y1,11) dfu(Z",y2, o)
:71,13})/ dz* —Dw(u) 5 11 ! +/ dz* 7DW(N)%] (2.8)

With the solutions (2.7) from the diffusion approximation the majority of terms in this lengthly
equation vanishes, leaving only

Sd(oay%yH,Z) - Su(07ylayH7l) = QO(ylnul) (2.9)

with

0,y2, d fa(0,y2,
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Sa(0,y2,y)2) =
Tay/1+3 92

y)1fu(0,2,5),1) 9 £u(0,y1,Y).1)

Su(0,y1,y)1) = = cPuLu(Bur/ T+31 40— (2.10)
Luy/1+? Yl
Together with the continuity condition (Kirk and Schneider 1987)
Ju(@ =0,y1, 1) = fa(z" = 0,2, 1h2) (2.11)

Egs. (2.9) - (2.11) determine the momentum spectrum of accelerated particles at the shock. How-
ever, these equations still contain (y;,y1) and (yH72, y2) which are related to each other using
relativistic kinematics. If

h— ﬁu_Bd :Bu(r_l)
1_ﬁuﬁd r_ﬁuz ’

denote the relative velocity of the upstream medium with respect to the downstream medium and

L, =(1-6%)""2=T,T4(1—Bupa) (2.12)

the associated relative Lorentz factor, one finds generally with r = /B, and Bi = y1/4/1+?

L.(yith +by/1+y})
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3. Transport equation at the shock

In terms of spherical momentum coordinates the up- and downstream cosmic-ray currents
(2.10) at the shock are

BRI (1 B+ B0 00)B0) — R ) (1 = )5 G+ BB )

A+ B a1

and, as f7(0,y2, ) = F>(y2) = Fl (yl) (b,y1) is independent of i,

= lta 2+ 200+ GO ()1 (b30) = 5 aha + ) (1))

(3.2)

Sd (O7y27 .u2)
cBala

where we use the continuity condition (2.11) and the last equation (2.13) to relate

F 1 d
Py / dus f4(0,y2, 1) = / dus fu(0,y1, 1) = 1(2))1)/ di 8Z2 (1)

B(u)(1 +%)
bpyyr +4/1+y3)2 —1]3/2

:I(bayl)F](y1)7 I(bayl): (33)

Ly (!
)’1/ du,
2

With Egs. (2.13) we express the downstream current (3.2) solely in terms of upstream momenta.
The cosmic-ray jump condition (2.9) then yields

1 b+ Bii 2[Ba(1+bBp1) +b+ Pii]
ﬁdrdFl(yl)l(b’yl)(b+ﬁl‘ul)(ﬁd(l+bl31u1) B2W (b, w1, y1) BEW (b, 11, y1) )
BT o b(1l-pu) o
_ b 1 —
(1+bﬁl.ul)y?W%(ba.ul>)’l) ((ﬁH_ ) +yla 1+ 1+y3 8,ul>

(1 +yD)y1(b+ i)W 2 (b, y1) [+ Bups + Ba(l +bﬁ1#1)]Fl (yI(b,y1))

[ ﬁllglul (Nl + gu)]ﬁur F ()’1) (ul)_'_BuruFl (yl)( — ) au [(.ul + ngl) (ul)]
B -+ e ) — L 6

with W (b, y,y1) = (1+ (b1 /B1))? + (b*(1 — u?)/y?). This equation holds for cosmic-ray par-
ticles of arbitrary momentum, shock waves of arbitrary speed and and general injection functions
Qo(yi, i1).

As we are particularly interested in the isotropic momentum spectrum Fj (y;) of accelerated
particles at the shock. we average Eq. (3.4) over u; leading after lengthly algebra (Schlickeiser
and Oppotsch 2017) to

14 1d :
AT () - SO

in terms of the convection rate Q(b, y1) and the acceleration rate 7' (b, y;).

Q(b,y1)Fi(y1) +

(3.5)
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3.1 Solution of the transport equation at the shock

For the isotropic monomomentum injection rate Qo(y;, 1) = Q18 (y1 —yo) the solution of Eq.
(3.5) is given by

30155 noQ(byy)
Fily1 2 y0) = 5 —~¢exp —/ dy ] (3.6)
( ) T (y1,b) | v ¥T(b.y)
For the (in general momentum-dependent) power-law spectral index we obtain
d(InF/d dInT (b, Q(b,

dIn(y1/yo) dy T(b,y1)’
depending on the ratio of the convection rate Q(y;,b) and the acceleration rate T (yy,b).

3.2 Extreme nonrelativistic shock speeds

In the limit of extremely nonrelativistic shock speeds with b =0 and I', = 1 we find W(b =
0,u1,y1) =1and I(b = 0,y) = 1, so that the transport equation (3.5) for relativistic cosmic rays
reduces to

Bu— Ba d(yiFi(31))
3y} dy;

agreeing exactly with the transport equation used in nonrelativistic acceleration theory. However,

BaFi(y1) +

1 1
=5 /_ Qo1 u), (3.8)

this case is somewhat unphysical as b ~ 8, — B; = 0 implies 8, = B4, so that no nonrelativistic
shock occurs.
3.3 Correct limit of nonrelativistic shocks

The correct limit of nonrelativistic shocks with small but finite values of b = (r — 1); < 1
yields to second order in B; < 1 for the convection and acceleration rates

r—1_, Bir(r—1)(7r—1)

Qb < 1) = il — = B+ S )
T(b<<1,y1>:C@"r(l—sﬂf—l[l (r_”;Zl{1>B5][1+2(3r+25)[§1§_1)[331), (39)

for symmetric (D (—p1) = Dy (f1)) upstream Fokker-Planck coefficients. Because the convec-
tion rate is always positive, cosmic-ray particles only are accelerated for a positive acceleration rate
leading to the condition for the cosmic-ray velocities

U\l r4(r— r r— r r—
By > Bu(r) = Bv/elr) oy A= 1S3 +7)[1+\/1 120(r — 13 (3r+2)(7r — 1)

r 30(r—1) [45r3 4+ (r—1)(53r+7)]? )

(3.10)

which settles the injection threshold for nonrelativistic shock acceleration. Only cosmic-ray parti-
cles with momenta or velocities y; ~ fB; > B, =~ y. are accelerated by nonrelativistic shocks. The
injection threshold velocity f.(r), shown in Fig. 1, for all flow compression ratios is always larger

than v/3B,.
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7F exact function -

\ — — — — approximation

Threshold velocity f./p,

Flow compression ratio r

Figure 1: Injection threshold velocity B./f, as a function of the flow compression ratio r for a nonrelativistic shock.

3.4 Power-law spectral index

With the rates (3.9) the power-law spectral index (3.7) is given by

— r(r—1)%(7r—1)y?
2282 3 BB
(B =y -1 B2 ’

which is shown in Fig. 2 for #; > 1.1y, and different flow compression ratios.
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Figure 2: Power-law spectral index for a nonrelativistic shock with B; = 10~ as a function of particle
momentum y; = 1.1y.(r) for three different flow compression ratios r = 3,4,7 (full curve).

For relativistic cosmic rays with ; ~ 1 > y, the spectral index (3.11) approaches g(r,y; >
1) =q(r) ~ (5r—2/(r—1) =2+ (3r/(r — 1)), which differs from the classical nonrelativistic

shock acceleration theory spectral index 3r/(r — 1) by the additional factor 2.
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For nonrelativistic cosmic rays with B; ~ y; >y, the spectral index (3.11) approaches g(r,y. <
yi <1)=gqo(r) ~=[3(2r—1)/(r—1)] = 1 +¢q(r), which differs from the classical nonrelativistic
shock acceleration theory spectral index 3r/(r — 1) by the additional factor 3.

Obviously, our strictly relativistic shock acceleration theory, accounting correctly for the dif-
ferent momentum coordinates in the up- and downstream media, where the diffusion approximation
has been applied, implies a much weaker efficiency for the acceleration of cosmic rays at nonrel-
ativistic shocks, when the nonrelativistic limit of small but finite shock speeds in the relativistic
theory is considered.

4. Summary and conclusions

The analytical theory of diffusive cosmic ray acceleration at parallel stationary shock waves
of arbitrary speed has been developed. Starting from the Fokker-Planck particle transport equation
in the mixed comoving coordinate system we derived for the first time the correct cosmic-ray jump
conditions at the shock relating the upstream and downstream anisotropic cosmic-ray currents. The
anisotropic upstream and downstream cosmic-ray currents are calculated from a diffusion approx-
imation of particle transport in the upstream and downstream medium. Pitch-angle averaging the
cosmic-ray current jump condition provides a general solution for the isotropic momentum spec-
trum of accelerated particles at the shock valid for arbitrary shock speeds, arbitrary cosmic-ray
momenta and general injection functions at the shock, determined by the ratio of general accel-
eration and convection rates. The correctly taken limit for nonrelativistic shock speeds leads at
relativistic cosmic-ray momenta to the power-law momentum spectrum Fj (y; ) o< y;q(r) and at non-

(1+4(r))

relativistic cosmic-ray momenta to the power-law momentum spectrum Fi (y1) o<y, , where

the power-law spectral index ¢(r) is a factor 2 greater than the standard spectral index from nonrel-
ativistic shock acceleration theory. Moreover, for nonrelativistic shock speeds we calculate for the
first time the injection velocity threshold 8. > v/3f,, settling the long-standing injection problem
for nonrelativistic shock acceleration.
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