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Spacecraft observations of interplanetary shocks have revealed significant deviations in
energetic particle spectra from the diffusive shock acceleration (DSA) theory predictions.
Within almost two decades of particle energy, spanning about seven e-folds upstream,
the particle flux is almost energy independent. Although at and behind the shock, it

~! (as predicted by DSA for reasonably strong shocks), the flux decreases

falls off as €
with the coordinate close to the shock upstream progressively steeper at lower energies,
which leads to a flat energy distribution. Within a standard DSA solution under a fixed
turbulence spectrum, pre-existing or self-excited by accelerated particles, a flat particle
spectrum over an extended upstream area means that the particle diffusivity must be
energy-independent, contrary to most transport models. We propose a resolution of this
paradox by invoking a strongly nonlinear solution upstream under a self-driven but short-
scale turbulence, in which the particle diffusivity increases with energy as o €/2, but
also decays with the wave energy as 1/E,,, which compensate for the ¢3/2 rise. The main
difference with the traditional DSA is that the wave-particle interaction is nonresonant,
and the turbulence is not saturated at the Bohm level (that would require 6B ~ By
turbulence saturation amplitude). A steep, energy-dependent final drop in the particle
flux far ahead of the shock to its background level in the solar wind is likely due to a

quick particle escape upstream caused by turbulence deficiency.
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Flat Spectra at Shocks Mikhail Malkov

1. Introduction

The diffusive shock acceleration (DSA) mechanism is known to be universal and robust.
The particle spectrum behind the shock is a power-law in momentum o p~9, with an index
q = 3r/(r —1), that depends solely on the shock compression, r. The simplicity of the
DSA is, however, deceptive. This paper considers the DSA disagreement with the spectra
observed in situ, at interplanetary shocks, e.g., [4, 5, 11]. According to these observations,
the particle flux often flattens upstream, whereas the downstream part agrees with the DSA.
Since the disagreement is partial, it helps identify the DSA elements responsible. Recall that
within the DSA, particles gain energy when they cross and recross the shock by scattering off
magnetic perturbations of whatever origin. Central to the DSA paradigm is a simultaneous
growth of wave amplitudes and their lengths during the acceleration. Scattering is most
efficient when the wave-particle resonance condition, krg (p) ~ 1, is maintained throughout
the wave and particle spectra up to at least the maximum particle momentum, pyax. Here,
g is the particle gyroradius, 7y = c¢p/eByp, and k is the wave number of resonant Alfven
waves. However, the fastest-growing waves may evolve by mechanisms not necessarily
aimed at achieving the most efficient particle scattering, implied in most DSA models.
This paper explores alternative particle transport regimes that lead to the observed flat
spectra upstream. We obtain them as a modified steady-state analytic DSA solution. Note
that flat spectra have been obtained as transients using a numerical model in [10].

2. Observational Hints

Figure 1 demonstrates disagreements with the "standard" DSA upstream but the agree-
ment is close enough downstream, where the particle flux decreases as ¢! with energy,
which is consistent with the DSA if the shock compression ratio r ~ 4. Immediately on the
upstream side, the low-energy part of the spectrum decays more steeply with distance from
the shock, which is also qualitatively consistent with the DSA, if the particle diffusivity
grows with energy, as often implied in DSA treatments. Further ahead, the disagreements
are evident.

We first consider the DSA steady-state solution for a given particle diffusivity & (e, 2)
to understand them. Assuming that the spectrum is e~® at and behind the shock, the DSA
solution upstream arises from a balance between convective and diffusive particle fluxes. In
the shock reference frame, moving at a speed u, on its upstream (z < 0) side, we thus can
write:

oF

ﬁ(e,z)a—uF:O. (1)

To compare this DSA solution with the data, we use here the particle flux, F'(e)de =
f (p) vp?dp/4n, with energy normalization, instead of the ordinary particle distribution, f,
normalized to 47p?dp. The DSA solution downstream, with freshly injected particles of
intensity @, is F' = Qe °. Here s = (r+2) /2(r — 1) = ¢/2 — 1. The data indicate that

s~ 1.
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Figure 1: Top panels: observed particle spectra. Bottom panels: magnetic fields. The right panels
represent a zoom into the near shock area upstream, marked on the left with arrows.

Far upstream, the flux in Fig.1 becomes constant, F =~ F(€). Since Fy(e) < F(0,¢€),
we have neglected it in eq.(1) for now. A complete solution then is:

Qe *exp [—u ZO n(‘ifz)] , 2<0
Qe %, z>0

F= (2)

Immediately behind the shock, the observed spectrum remains nearly constant (see zoom
in Fig.1), which justifies the above solution at z > 0.
As suggested by Fig.1, the spectrum flattens for z < zg, which requires

0
u/ = _ Slne—o, (3)
2 K (€2) €

0
where €y > € is related to zg, beyond which the spectrum is observed to be flat and which is

about the same for all e. Furthermore, the spectral flatness requires k to be e-independent
at z < zp. An ordinary DSA assumption is that the particle cyclotron resonance with
waves supports their diffusion, so k ~ w./v, where v is the particle velocity and the wave
frequency w < w.. Hence, for the diffusion coefficient, we have, £ ~ r) o 1)3/6313, e.g.,
[6]. This relation links z with € in eq.(3) and requires the z- averaged TBI% o k=3 1n (k/ko)
within 29 < z < 0, where ko = w./+/2€o/m. Furthermore, if we ignore the logarithm factor,
k becomes energy independent for z < zq if 6313 (2) o< k=3, However, it is still inconsistent
with a k~1?wave spectrum observed associated with the flat particle flux upstream [11].
Turbulence spectra possibly generated by accelerated particles include: k=2 correspond-
ing to the resonant Bohm diffusion of nonrelativistic particles [6] (for r = 4), k~%/3 (Kol-
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mogorov spectrum), and k—3/2 (Iroshnikov-Kraichnan, or IK, almost perfectly agreeing with
the observed spectrum). However, the k~2-like spectrum readily emerges from a Fourier
decomposition of a periodic system of magnetic discontinuities, which corresponds to a se-
quence of shocks. Such structures have been observed ahead of bow-, interplanetary and
cometary shocks (see [13]| for an update). They are often called shocklets or shocktrains
and can be easily constructed analytically [8]. Weak shocks can be found in the magnetic
data in Fig.1. As we cannot apply the above-mentioned linear resonance condition to the
particle interaction with these nonlinear structures |7|, we explore an alternative approach
below.

Let us assume that shocklets are generated in the shock precursor by one of the insta-
bilities driven by accelerated particles. As it was recently shown [9], the particle pressure
gradient may efficiently drive an ensemble of shocks that later evolves into an Alfven spec-
trum k~3/2. The wave-particle interaction is likely dominated by a nonresonant kry > 1
condition, but the phases of the short-scale magnetic perturbations are randomized during
the cascade. The nonresonant small-angle scattering frequency is then easily calculated to
be v = AY? /2t ~ (lv/rg) (6B;/By)?, where [ is the turbulence correlation length. Here we
assumed that the angle Av is accumulated from vt/l > 1 uncorrelated deflections, each of
which at an angle ~ (I/r4) (6B;/Byp). Note that unlike the standard quasi-linear derivation
that we implied in the resonant spectrum with ) oc v3 /53,3 earlier, the length scale [ in
the spectral density §B; is not related to the particle velocity, v. Thus, we arrive at the

v?2 03 [ By
Rl = —" — | —
=30~ w2 \ 6B,

following expression for r:
instead of k| o 632 for the resonant particle diffusion

3/2,,2

Since [ is fixed now, k| ~ /7w,

in the IK turbulence. This change in the diffusivity scaling is central to the flat spectra
formation.

Apart from the nonresonant diffusion and other DSA modifications introduced below,
we essentially follow Bell’s approach to the k suppression by Alfven waves [1]| upstream.
Let us introduce a dimensionless wave spectral density, F.,,, related to the rms magnetic
field fluctuations, <5B2> and the background field, By, as follows:

5B2
/E dlnk—/E )dInp.

The last relation, implymg an approximate resonance kpg (p) ~ 1 [12], is not an accurate

cyclotron resonance condition and is implausible in the nonresonant case. Nevertheless,
it is physically justifiable to assume that the nonlinear suppression of  (¢) depends most
strongly on the particle flux with the same e. Therefore, as in Bell’s approach, we can relate
Kk & kg (€) /F (¢). For, we introduce a partial pressure of energetic particles, normalized,
similarly to Fy, to dlnp:

P )= 5 't 0
Here f is the ordinary particle distribution functlon normalized to p?dp, v and V4 are the

particle and Alfven speeds, respectively, and p is the plasma density. Balancing the wave

pondermotive pressure with that of the energetic particles, e.g., [2], we have
OEy 0P
My—1 5)
My —1) 2 =97 6
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Figure 2: Fit of the data shown in Fig.1 to eq.(13).

where My = u/Vy. Physically, P and E,, are completely independent of each other far
upstream from the shock, which we account for by introducing an integration constant,

Y (p):
6472/ 2me3/?
Ev= iy 40, (©

Note, that 1 (p) is very small compared to F' and can generally be neglected, except it

becomes comparable with F' far upstream where it ensures a correct transition of F' to its

far-upstream value.

3. Acceleration Model

Now we turn to a more general than eq.(1) but still ordinary DSA equation

of 0 ) 9
u% — &H” cos? 19371872 = —];Au(,;;)(s (Z) + Qo (p)5(z). (7)

It includes on its r.h.s. the acceleration and injection terms, where the velocity jump
Au = u — uq, with ug being the downstream flow speed. Unlike eq.(1), this equation is
not constrained by vanishing its l.Lh.s. at z = oco. It also includes shock wave obliquity,
Unp > 0, but assuming that x| = £ /Ey with E, < 1 we dropped the cross field transport
term with k| =~ koFy.
Integrating eq.(7) once, we can write on the upstream side:
B! cos? 193,1/10% —uf(z)=®(p) (8)

The integration constant @ (p) is thus a minus the total z- independent particle flux
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(diffusive plus convective) on the Lh.s. If ® is known, we may write the full solution and
see how the particle distribution at the shock, fo (p) oc p~*, precipitously flattens upstream
to f o< p~2, that is to F'(€) ~ const. In the traditional DSA framework, ® (p) is specified
using the far-upstream convective flux & = &, =—uf (—00,p) = —ufoo (p), provided that
0f/0z — 0, Ey # 0 at z — —oo. Its relation to fy (p) is obtained by integrating eq.(7)
across the discontinuity at z = 0 and matching the particle fluxes across it. However, the
data shown in Fig.1, point to the following problems with identifying ® (p) in this way.

Far upstream, a gradual decay of f (p) with the distance suddenly flattens to z— in-
dependent f (p) starting from some z = —z4 (p) . The derivative 9f/0z can be regarded
discontinuous at z = —zy, thus turning the diffusive particle flux to zero at this point.
Hence, the breakpoint at z = —zo (jump of 0f/0z) effectively represents a particle sink,
similar to the source of injected particles +QJ (z), except with the opposite sign. A plau-
sible assumption is that upon diffusing to the point z = —z,, against the plasma flow,
particles injected and continuously accelerated at the shock front promptly escape toward
—oo other than diffusively. This observation questions typical DSA analyses that do not
include the particle sink at z = —z4,. Curiously enough, it is reminiscent of the "free-escape
boundary" invoked in Monte Carlo DSA simulations [3], except its position was assumed
energy independent.

As the particle distribution is constant outside (—z,0), the boundary value problem
for eq.(7) should be formulated for z € (—zo0,0). We, therefore, set f = f (p) as the left
boundary condition at z = —z4. Both fi and z, can be extracted from the data in all
energy channels to calibrate the acceleration model.

As a second boundary condition for eq.(7), it is natural to set f = fo (p) at z = 0, which
can also be extracted from the data. This strategy is also motivated by poorly known u and
ug needed to determine ® from the shock matching conditions, mentioned above. Upon
relating the wave energy density E\y, (z,€) in eq.(8) to the particle flux F by eq.(6), eq.(8)
can be rewritten in the following form:

Ko (€) e73/2 oF

2 il
WCOS ﬁBTL (Z) 92

where we have introduced the notation

—F=1Y(e), (9)

3pVa (1— My
6472v/2m

Eq.(9) thus contains two integration “constants™ ¢ (¢) and W (e), which are not deter-

K

and VU (€) = 2m§<1>.

mined. They emerged from the integration of the wave production balance in eq.(5) and
the convection-diffusion equation, eq.(7), respectively. As we discussed above, ¥ can in
principle, be expressed through the particle injection rate @ and the flow speeds v and ug:

eferl o s
\I/(e)——s_i_l&e Fo, (10)

where we converted the power-law index ¢, introduced earlier for fy (p), to its equivalent

for Fy = F (e,2=0), s = q/2 — 1. As s is poorly known from the data, we do not impose
the above relation but determine W from fitting the solution given below to the data.
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Returning to 1, near z = —zo, F' is way below its values in the rest of the shock
precursor. By eq.(5), the same conclusion is true for Fy. Hence, the integration constant
¥ (p) in eq.(6) must be small compared to F', except near z = —z. Therefore, we treat
U and 1 as free parameters and use Fy and F, as more reliable input parameters for the
model. We will approach this problem more systematically in a longer publication, which
should further scrutinize our model.

After introducing a new “coordinate” ¢ in place of z with the dimensionality 1/ [F]

63/2 z dz
(= | (1)
Krg (€) Jo cos?Opy, (2)
and rewriting eq.(9) as
1 F
_L or F=U, (12)
F 41 0C
we obtain its solution, that unconditionally satisfies the boundary condition F (0,¢) =
Fy (e): 1
v —1 -
F=(U- 1+ (7/’_‘1’)4—1} — . 13
w-u)|(1+ 50 )e ' 13

This solution is shown in Fig.2 for three different energy channels and some power-
law representations of U | ¢ and a suitable choice of the scaling constant K in eq.(11)
to properly convert from the coordinate dependence of F' to the time-series given in Fig.2
and satisfy the condition F'(—zo) = Foo Since for nonresonant wave-particle interactions
ko o< €¥/2 the normalized distance ¢ upstream does not depend on energy, which is crucial
for the flatness of F'(€). As seen from its series expansion for |(¢) — W) (| < 1, valid in the

most of the shock precursor,

F
F~ _ Rty 0, (14)
1= (Fo+v)¢

the uncertain quantity ¥ drops, while v is
small compared to Fy. According to the ‘ ‘ ‘
above formula, it is also small compared to Flux (sec - sr - cm 2 - MeV)™!
F in the most of the upstream medium. 105: e 91.5 keV
Moreover, for ¢ to the left (upstream) of 445 keV
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the approximate version in eq.(14), while

not being accurate at large ¢, agrees with Figure 3: The same as in Fig.2, but using an
the data more closely in the rest of the shock approximate formula in eq.(14),

precursor, Fig.3. To fit the data everywhere

upstream, it is sufficient to insert power-law dependencies on € for ¥ and 1 in eq.(13) to
match the boundary conditions. We defer a discussion of the systematic determination of

these model parameters to a longer paper.



Flat Spectra at Shocks Mikhail Malkov

Conclusions We have proposed the following two modifications to the DSA theory to
explain the flat spectra observed ahead of several interplanetary shocks

e Dependence of particle diffusivity x on the particle flux F' (nonlinear particle trans-
port) through the scattering wave intensity

e Short-scale magnetic perturbations that are generated by, but not resonant with,
accelerated particles

3/2

In the resulting DSA solution, the particle diffusivity increases with energy as o €°/#, simul-

taneously decaying with the wave energy as B! ¢ 3/2F~1 thus turning e independent
almost everywhere in the shock precursor.
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