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There is a significant amount of energy density in large SEP events,
and there is considerable variability between them.

Partial Pressure of 47 keV -4, 75 MeV protons from 2000 2004 (ACE/EPAM)
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Red dashed lines are the times of the 4 fastest solar wind speeds measured

during this period (all over 1000 km/s). Note that 2 of them occurred during
the Oct. 2003 period (there are 2 lines close together).



The energy content in SEP events Is often dominated
by the intensity at high energies

 The pressure tensor for particles with a distribution f is
given by:

P ;= /dgp w; p; f(P)

e Thus, the scalar pressure of an isotropic, power-law
distribution of non-relativistic energetic particles, with
spectral index vy, (i.e. f = Ap™) reduces to

4w A [P?
P, = —— s
p.(D1,D2) 3m /. p- 'dp
e For momentum spectra that are flatter than p# (energy
spectra flatter than E1), the partial pressure is dominated

by the higher-energy particles



4-hour periods around each of the highlighted events

In both events, the energetic-particle intensities peak at the passage of a strong
interplanetary shock and closely resemble the predictions of diffusive shock
acceleration theory
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Energy spectra at the shock for the 2 events highlighted
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What determines the
shape of the energy
spectrum at the shock
(which is where the
peak intensity
occurs)?

How does this depend
on both space and
time for traveling
interplanetary shocks?



The basic physics of particle acceleration at shocks
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Quantitative predictions of Diffusive Shock Acceleration can be obtained by solving
the cosmic-ray transport equation (Parker, 1965) (which assumes isotropy)

of af 0 of 8f 10V, Of
ot = i om T on i pm VP9 T3 0n, omp T

advection diffusion drift energy change

When applied to a simple, planar shock-like discontinuity, the resulting distribution
has the form
Uy|x|

{fO( ) eXp( "mm,1(p)) z<0
fo(&) >0

flx,p) =

where v = 3U,/(Uy —Us) = 3r/(r —1)

Thus, strong shocks produce flatter energy spectra than
weaker shocks.



Coupling the Parker Eg. to MHD/CME models

of . Of 0 (90f ., Of 10V Of
5t = Voigg * o or,  Piog T3 0n, amp

This a simpler version of the equation used by the NSF / “Sun to Ice” team, as
well as the “PATH” model used by the University of Alabama, and others, to solve
for SEP acceleration and transport

It assumes that SEPs are isotropic. This is not really a bad approximation, except
in the early part of the event.

While the focused-transport equation, and PATH-model approach, are a good way
to go for MHD/CME/SEP calculations, especially if large anisotropies are
expected, some insight can also be gained by solving this equation for
propagating shocks.

It is conceptually straightforward to couple this (and similar) eq.’s to MHD, but
hard to do, in practice.



Coupling the Parker Eg. to MHD/CME models

of _ ., Of 10V,,; Of 0
ot N w’?’é?:u,; 3 833‘@ 611’1])
advection diffusion energy change source
The drift velocity due to the large scale
curvature and gradient of the average
magnetic field is: The magnetic field enters here
— pbcw B
Va =3, VX [BQ}

And the symmetric part of the diffusion
tensor is:

B;B;

S
Kf?(:j) = K105 + (K] — K1) IZE



Coupling the Parker Eg. to MHD/CME models
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The plasma velocity enters here



The intensity of high-energy particles accelerated by
a shock depends on ...

a)

b)

The flux of “source” particles —
which controls the intensity at
lower energies, and ...

the strength of the shock (density
compression ratio) — which
determines the slope of the
power-law part of the spectrum
seen primarily at lower energies,
and ...

J(E) (particles/cm 2 -sec-MeV-sr)

losses and/or time dependence,
which can lead to spectral breaks
at higher energies
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Variations in any of these with time or space (e.g. caused by
turbulence, or unusual shock/magnetic-field geometries) can
lead to other spectral variations as well.



Acceleration Time in Diffusive Shock Acceleration

e For a planar shock, one can theoretically determine the time to
accelerate particles to an energy E from a smaller energy E, Itis
given by

e = L[ (s B
acc UI—UQ

where

N iﬁ}mxjg(E,)) dE'

5 U Us B

RKyer — R | Siﬂ2 HBn + Iﬁ?” COS2 QBn

Is the diffusion coefficient normal to the shock front (kappa is
formally a tensor). &, is the angle between the shock normal and
magnetic field



The acceleration time depends on ...

1. the (upstream) diffusion coefficient.

Smaller diffusion coefficient means faster acceleration

For a given time which to accelerate particles, more-rapid acceleration
leads to higher maximum energy

Perpendicular shocks are faster accelerators than parallel shocks

because K¢, << Kpraer-

The diffusion coefficient depends on the intensity of the magnetic field
turbulence

Some versions of shock-acceleration theory require the turbulence to
be significantly enhanced upstream of shocks. This is not commonly
seen at 1 AU.

and 2. U;-U,, the difference in plasma speed across the shock.

This is not the same as the speed of the shock.



The evolution of the spectral break with
distance from the Sun for a traveling shock

« As we discussed, the SRR
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depends on the T tey : ioon
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particles which is pretons, he dashed ines are for CNO partcies, and the dash-dotied lnes are fo fron.
considerably shorter
in the strong We expect the “maximum energy” to
magnetic fields near  be larger near the Sun than at 1AU
the Sun. (e.g. Li & Zank, 2005, as shown

above)



A (relatively) simple calculation

We solve the Parker transport equation using a spherically-symmetric
geometry, for a shock moving radially outward from the Sun.

0f (10 (4 Of\_ ,0f 100°U) 0
ot 7°2 87“ " or 8r r2 or 6?111]9

+Q =0

Solved using a standard finite-difference approach.

The plasma speed is determined kinematically (consistent with that
expected for a radially propagating interplanetary shock).

The diffusion coefficient is assumed as follows:

Krr = ko(E /1 MeV)7(r/1 AU)?

Where K, and y are input parameters. K, is about 2x101° cm?/s, and y
=0.75 based on SEP observations at 1 AU. The dependence on r given
above is simply an assumption. It is not well constrained, but
reasonably, one would expect K., to scale roughly inversely with the mag.
field strength B.



Simulation of the large SEP event seen on
DOY 302, 2003 (Halloween event)

Shock speed taken to
be that seen at 1AU

ne, = 10* was assumed
(related to injection
efficiency)

K, and y determined
from 1 AU observations

Spectrum shown is that
right at the shock
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Time-intensity of 3-MeV protons at 3 locations

j(E) (particles/cm 2 -sec-MeV-sr)
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Integrated spectra, at the time of passage of the shock at 1AU:
The dependence on the diffusion coefficient is considerable
Fixed K, (fixed field strength) Fixed Energy dependence of K
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Number of SEP Events with Fluence > F

SEP Peak Intensity Distributions
Compare Cycle 24 with cycles 21-23 over first 5 years

Cycle 24 has had fewer events of all sizes than Cycles 21-23, but especially
for events with >10,000 Protons/(cm?3sr-s), where cycles 21-23 averaged 4
events and cycle 24 has had only one event (July 23, 2012 at STEREO-A).

Slide courtesy D. Mewald
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Hourly Average <B> (nT)

Hourly Average <B> (nT)

The interplanetary magnetic field is significantly weaker during the
rise to maximum of cycle 24 - a pattern that was also very evident
during the extended solar minimum.
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Is a shock required for efficient
acceleration?

e In terms of the Parker equation, the answer is “no”
— the acceleration only depends on the divergence
of the flow speed. Thus, any compression can
accelerate particles — but the larger the
compression, the higher the acceleration rate

e A caution, though: when coupling SEP transport to
MHD/CME models, one must be sure the MHD
compression is physically reasonable!



Very simple 1-D MHD/CME calculation of a large plasma disturbance
(no shock — the adiabatic approximation was used)
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A kinematic representation of U, that is consistent with that

from the 1D/HD simulation

1 1
Uf,a('l", t) = §(Vw + Vf) + §<Vw —

V})tanh(

)

« WhereV,, is the solar wind speed upstream of the disturbance, V; is the
wind speed behind it, r, is the location of the disturbance and Ary is its

thickness.

 ry=r.,,+ V4t, where V,is the velocity of the disturbance. V, is taken to be
constant (about 1600 km/s), which is pretty close to the simulation result

(except near 1 AU).

» The rarefaction behind the disturbance late in the event is neglected here
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SEP transport/acceleration simulation result for this case.

e Accelerated
spectrum (at
the shock) Is
extremely flat

* Very rapid

e Not realistic!
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For this (unphysical) case, the acceleration is way too
efficient. The reason is as follows ...

Sun frame of reference

disturbance front

>
disturbance speed
(~1600 km/s)

> —>

fast wind slower wind
(~4000 km/s) (~550 km/s)




For this (unphysical) case, the acceleration is way too
efficient. The reason is as follows ...

Sun frame of reference

disturbance front

>
disturbance speed
(~1600 km/s)

> —>

fast wind slower wind
(~4000 km/s) (~550 km/s)

Frame of reference moving
with the disturbance

disturbance front

“downstream” flow | «ypstream” flow
(Vi-Vy=2400 km/s) | (v -v, =1050 km/s




For this (unphysical) case, the acceleration is way too
efficient. The reason is as follows ...

Sun frame of reference Frame of reference moving
with the disturbance

disturbance front disturbance frox

>

disturbance speed
(~1600 kmy/s) “dgwnstream “upstream” flgw
> e (V- (V-V,,=1050/km/s
fast wind slower wind
(~4000 km/s) (~550 km/s)

* Note that the flows on both sides of the disturbance flow
towards the disturbance!!

* Energetic particles are always brought back to the
disturbance for acceleration. No way to escape!



In an interplanetary shock, the shock is moving faster than the fast wind behind it.
Thus, when transforming into the frame moving with the shock, the flow upstream
(opposite the side of the Sun) enters the shock supersonically, and the flow
downstream (Sun side) moves away from the shock sub-sonically

Sun frame of reference

IP shock front

>

fast wind
(~1250 km/s)

>

disturbance speed
(~1500 km/s)

—

slower wind
(~500 km/s)

Frame of reference moving
with the IP shock

disturbance front

“downstream” flow “upstream” flow
(VirVg=250 kmis) | (v v =1000 km/s

note that this is 4 times
smaller than the upstream
flow, which is the jump-
conditions limit

Moral of Story: MHD (or plasma model) should handle the shock correctly. This
effects the SEP acceleration efficiency.



Conclusions

Large SEP events are associated with shocks and, at least, are
gualitatively consistent with the predictions of diffusive shock
acceleration theory

The SEPs contain a significant fraction of the overall energy
available.

The variablility of the energy content in SEPs likely results from
variability in SEP fluxes at the highest energies

The intensity at the highest energies is strongly dependent on
the diffusion coefficient

Puzzles remain concerning the relationship between the
diffusion coefficient and the magnetic-field power spectrum

Coupling between SEP transport and CME/MHD models is
conceptually straightforward, but must be validated carefully!
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4-day periods around each of the highlighted events
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Simulation of event simulated by Pete
(using kinematic model)
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Energy budget
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