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• High-energy particles exist in tenuous 
plasmas, such as the solar wind, everywhere 
we have looked.  Understanding their origin 
remains an important unsolved problem.

• Most particles seen in space are part of the 
thermal population.

• What mechanism accelerates particles from 
thermal energies to higher energies? 

• What measurements are required in order 
to distinguish between these mechanisms?
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Motivation: Observations
• “Tails” on the distributions of charged particles are always seen, even in the 

quiet solar wind, as well as near shocks. Simple Maxwellian distributions 

are never seen

• Gloeckler & Fisk have noted that the tail commonly exhibits a distribution 

such that f  w-5 (w is particle speed), which is particularly apparent when 

averaging over rather long time scales

ACE News Item

Gosling et al, 1981

A large ESP event

• Gosling et al., (1981) noted that a high-energy tail was 

seen to be established just after the passage of a 

strong interplanetary shock in 1978.

• There are numerous observations in Earth’s foreshock 

region showing suprathermal particles most-likely 

originating from the bow shock. 

• Suprathermal particles were seen prior to the crossing 

of the termination shock by Voyager 1 and 2, signaling 

its impending crossing. 

Shocks are likely a major source of 

suprathermal particles



Possible acceleration mechanisms that produce 
suprathermal particles in the solar wind

• Second-order Fermi acceleration in the turbulent solar 
wind

• Transit-time damping

• Magnetic reconnection in the solar wind

• Acceleration by interplanetary shocks

• Acceleration by gradual plasma compressions 

• such as those prior to the formation of shocks 
associated with CIRs or CMEs in the low corona

• Acceleration in turbulent, or random, plasma compressions 



Some issues to consider

• What is the acceleration rate?
• For some of the mechanisms on the previous slide, under typical conditions, 

the rate of acceleration is too slow to overcome adiabatic cooling. 
• Shocks are known to accelerate particles far more rapidly than adiabatic 

cooling. 

• What is the source of energy?
• For many mechanisms, the energy source comes from either the thermal

solar wind, or from the B2/8π of the interplanetary magnetic field.  
• These are typically much smaller than ρU2 at a shock (or a gradual 

compression) that move relative to the solar wind with speed U.

• How can we distinguish between the mechanisms with 
measurements besides the energy spectrum*?

• Enhanced plasma wave activity?
• Association of suprathermal particles with plasma/field structures?

There is ample evidence of the association of suprathermal
particles with shocks and other plasma compressions.

*Spectra with power-law indices 
from -4 to -6 (f) or -1 to -2 (dJ/dE) 
can be achieved by most of the 
mechanisms on the previous page 
under typical conditions.

The energy spectrum alone 
cannot easily distinguish 
between the mechanisms!



Possible acceleration mechanisms that produce 
suprathermal particles in the solar wind

• Second-order Fermi acceleration in the turbulent solar 
wind

• Transit-time damping

• Magnetic reconnection in the solar wind

• Acceleration by interplanetary shocks

• Acceleration by gradual plasma compressions 

• such as those prior to the formation of shocks 
associated with CIRs or CMEs in the low corona
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A true discontinuity is not required for efficient acceleration

There is nothing special about a true “shock” as opposed to a more-general 
compression of the plasma, except that shocks are very thin, and, thus, have 
a large gradient in the flow speed; but the kinetic physics of collisionless
shocks is NOT included in (most) energetic-particle transport equations.

This is the term that gives acceleration at a 
shock, or a compression.  There is no shock 
microphysics contained in this term.

The Parker equation, from which the well-known results of Diffusive Shock Acceleration derive







Consider a compression with width Lc and a particle diffusive scale 
LD=κ/U, where κ is the diffusion coefficient and U is the speed of 
the compression relative to the speed of the wind; then we simply 
require:

Lc << LD

for efficient (shock-like) acceleration.

The 3 possibilities:

Lc >> LD …………………………………….. no significant acceleration
Lc  LD     ……………………………………… acceleration
Lc << LD ……………………………………… like shock acceleration



Sites of large-scale gradual plasma compressions

1. Co-rotating interaction regions                           



Observations of energetic particles at 1 AU in region of 
compression, but no shock (Mason et al., 2000)

Theoretical prediction 
(Fisk & Lee, 1980)



Observations of energetic particles at 1 AU in region of 
compression, but no shock (Mason et al., 2000)

Theoretical prediction 
(Fisk & Lee, 1980)

Note the 
spectrum does 
not roll over at 
low energies



The observations suggest
the particles are being 
accelerated locally, rather 
than farther away



Ebert et al. (2012) 
analyzed s/c 
observations of 
many CIR-related 
events, also 
concluding that the 
energetic particles 
are accelerated 
locally by a gradual 
solar-wind 
compression region
(notably at its 
‘trailing edge’)



2. CMEs in the (low) corona

Schwadron et al, 2015

Sites of large-scale gradual plasma compressions



Roelof, 2015

1D Hydrodynamic 
simulations of a 
disturbance 
moving from near 
the Sun into 
interplanetary 
space 
(Hundausen, 
1973; Gosling & 
Pizzo, 1999).



Back to CIRs:
• Energetic particles associated with CIRs 

represents an interesting and unique 
opportunity for study with instruments 
on Solar Probe Plus.

• SPP will encounter transitions 
between fast and slow wind at various 
heliocentric distances (that may be 
CIRs with well-developed shocks much 
farther out in the heliosphere).

• How much local acceleration occurs at 
CIRs near the Sun, compared to 1 AU?

• How does this depend on the ‘width’ 
of the compression?

SPP orbit



An illustration of the interplanetary magnetic-field 
configuration used by Giacalone et al. (2002) to 
numerically integrate the trajectories of many test 
particles using fields obtained from this model.

A model corotating interaction region 
without shocks – only a gradual 
compression that can be varied



Consider a compression with width Lc and a particle diffusive scale 
LD=κ/U, where κ is the diffusion coefficient and U is the speed of 
the compression relative to the speed of the wind; then we simply 
require:

Lc << LD

for efficient (shock-like) acceleration.

The 3 possibilities:

Lc >> LD …………………………………….. no significant acceleration
Lc  LD     ……………………………………… acceleration
Lc << LD ……………………………………… like shock acceleration



Purely scatter-free case.

Purely diffusive case in which LD<<Lc.

Weak scattering with LD  Lc.





Energy spectra 
averaged over a 
complete solar 
rotation

Note that both the 
overall intensity and 
spectral shape 
depend on the width 
of the compression 
(and particle mean-
free path)

Giacalone et al., 2002

Spectrum rolls over 
at high energy 
because of finite 
system size

Fixed particle mean-free path



Giacalone et al., 2002

Energy spectra 
averaged over a 
complete solar 
rotation

Note that both the 
overall intensity and 
spectral shape 
depend on the width 
of the compression 
(and particle mean-
free path)

Fixed compression width



Suppose the compressions are ‘random’

If LD is larger than the scale of variation of U, we expect 
shock-like acceleration to occur.   

Giacalone et al. (2003)
Fisk & Gloeckler (2006)
… and several others since



Estimating the acceleration time

The acceleration time is of order κ/U2, where κ is the particle diffusion coefficient, 
and U the speed relative to the average speed of the wind.

Taking U  50 km/s and κ  2x1019 cm2/s (reasonable for 50 keV protons) we find:

τacc ≈  8x105 sec

While the time scale associated with adiabatic cooling is 3r/2Vw, where r is the 
heliocentric distance and Vw is the wind speed.   This comes to about 6x105 sec at 
1 AU, of the same order as the acceleration time in random compressions.

Thus, this mechanism may contribute to the broadening of solar-wind 
particle distributions, creating suprathermal tails.



Conclusions

• Gradual plasma compressions can acceleration charged particles.  
A true collisionless shock is NOT required

• The acceleration is similar to diffusive shock acceleration

• The width of the compression region and its relation to the particle 
diffusive length scale (related to mean-free path) contribute to the 
resulting intensity and spectrum of energetic particles.

• Solar Probe Plus will pass through many fast/slow-wind transitions 
of varying widths, providing a unique opportunity to examine 
particle acceleration at CIRs in the inner heliosphere and corona.

• With regards to distinguishing between acceleration mechanisms 
for suprathermal particles: the spectrum alone does not easily 
solve this problem!


