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Solar Cycle

* The Sun’s activity waxes and wanes over an 11-year cycle




400 Years of Sunspot Observations
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> 10 MeV Protons (ACE/SIS)
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#° "y Why do we care about SEPs?

* A sample of the Sun

> One of the most accurately measured solar samples

»  Abundances fro

> 1f we can just fig
them here

* Space Weather
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e Energetic particles hitting the Earth’ s atmosphere excite
atoms and create aurora




lnterpla;vetary Fei
1 MeV/n (ACE)

L shell Fe

" New belt created 10/30/200
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April 2010

'Zombie' satellite runs amok in Earth's orbit

The out-of-control communications satellite Galaxy 15 is drifting into orbits occupied by other
spacecraft.

Intelsat's Galaxy 15 satellite launched
in 2005 with an Ariane 5 rocket in
Guyana. The communications satellite
stopped responding last month,
becoming a 'zombie' satellite that now
threatens other spacecraft

Newscom/File
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GIC enters power system=?
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transition in conductmty hetween

surface up to 6 Volts/lkm causes resistive rock geology and s eawater
Geomagnetically-Induced Currents
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Geomagnetic Storm Effects
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March 1989 = | ‘

Hydro Quebec Loses Electric Power' for 9 Hours
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* On the ground

> neutron monitors

ELECTROMAGRETIC  MESON
OR "SOFT"
COMPONENT

EMNERGY FEEDS ACROSS FROM | SMALL ENERGY FEEDBACK
MUCLEAR TO ELECTROMAGNETIC [FROLI MESON TO WUCLEDHIC
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How are SEPs Measured?
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Schematic Diagram of Cosmic Ray Zhower
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Figure 2.2. Intensity-time profiles of electrons and protons in ‘pure’ (a) gradual and (b) impulsive
SEP events. The gradual event is a disappearing-filament event with a CME but no impulsive flare.
The imnulsive events come from a series of flares with no CMEs.
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Old Picture:

Only Flares

New Picture:

Flares CME Shocks

Figure 2.1. A paradigm shift.
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New Picture:

Flares CME Shocks

Figure 2.1. A paradigm shift Reames 1999
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= Fermi Acceleration

momentum gain in 1 cycle:
ACCELE Ap = 2m* (V, vy
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component of the streaming be continuowns at the shock
Noting that the unpolarized interplanctary wave spectrum
guarantees {—s o as z—» o, neglecting the downstream spa
tial diffusion coeflicient, imposing f(p, =— o) = 0, and as-
suming ions are injected at the shock at momentum p = p, , at
arate N, jonsem *s ', the solution is

p. §) = PNV (po )T "(p/po.) * exp [— V(K] (8)

for p > p,, and zero for p < p, .. where
and g, (4) is the upstream (downstream) plasma mass density
The denvation of expression (8) from equation (7) subject to
the prescribed shock boundary conditions is outlined in more
detail by Axford [1981], Axford et al. [1977] and Blandford
and Ostriker [1978].

We now proceed 1o investigate the wave intensities. Diffu-
sion theory requires that the 1on phase space distribution be
nearly isotropic. I the deviation from isotropy of the ion
phase space distribution can be assumed to be linear in g, then
the wave amplitude growth rates associated with wave inten-
sitics [, (k) arc [ Lee. 1982]

e Qm*\ K, &
dppl V= |2
“.‘ M( kip? ) cos &

where w, = [QmA '] and ¥, is the upstream Alfven speed
Here we have assumed 7* « o « £2,%, where m is the real part
of the wave frequency, and we hive chosen the normalization
j' . d°pf(p) = n,, where n, is the number density of 1on species
s Since @f,/00 < 0, we note that j ). implying that up-
stream waves propagating away from (toward) the shock front
in the frame of the solar wind arc unstable (stable). Interplan-
etary hydromagnetic waves at frequencies less than 10 * Hz
in the spacecraft frame are observed predominantly to propa-
gate away from the sun [Belcher and Davis, 1971 Goldstein
and Siscoe, 1972]. Extrapolating this result to the higher fre-
quencies (~ 1077 Hz) resonant with the encrgetic jons and
noting that propagation away from the sun upstream of the
shock is in the unstable direction, it is appropriate to take
1.(k z) = 0. Furthermore, interplanctary hydromagnetic
waves are observed to be unpolarized on average [ Matthaeus
and Goldstein, 1982] so that 1. %(k) = 1.°(~ k), where I, “(k) is
the interplanetary differential wave intensity. Noting in equa-
tion (9) that y (k) is even in &, it is then appropriate to take
(K L.k, 2} for all z. It then follows from (4) that
Jik ) = Tk, 2)

T'he differential wave intensity. /. (k, =). satisfies a wave ki-
netic (fqll&llh"\

6"V, \

9

N al.
~(V =V, cos ) =— =271, (10)
oz

where we neglect induced emission or absorption or sponta-
neous emission due to other processes than the quasi-lincar
wave-particle interaction with the energetic ions. Neglecting
V, compared with ¥ and using (K, 2) as independent variable,
equation (10) may be rewritten as

(1

Following Skilling [1975] and Lee [1982], we approximate
(9) by noting that if K.,° 7/,/¢7 is a rapidly decreasing function
of increasing p. then the integral is dominated by (K,° f,

Luk: 10N ACCLLERATION AT INTERPLANETARY TRAVELING SHOCKS

)y, for [k < [Qlm, (pg,) ' Rewriting (9) as

on'v, R
T K cos v T Fa

l(‘};,";" | (12)
\ Jii

the integral 13 insensitive to the detailed
b Bra -

- ol

we then argue that
o

(13)
2,(k) = =
B
Substituting (13) into (11), we obtain upon integration
1.k =) (14

The ion omnidirectional distribution functions are known
via equation (8) as functions of {: accordingly, =({) must be
found by performing the integral

("t 1

2 ‘ {.[L‘ a k) fhw, O) 4 1 “m] (15)
Jo '

From equation (8) it is clear that the minor ions (gm, ' <
gpm, ') are most important relative to protons in equation
(15) when { = 0. The ratio R = %, (k) fy(wy.. 0)/2, (k) f(w,, 0)
can be estimated from observations by noting from Scholer et
al. [1983] that the ratio R of the omnidirectional distribution
functions in velocity space of helium to protons at the same
speed lies in the range 0.01-0.03. From equations (8) and (13),
R = A Ay /Qy.)' *R, where Q, = q,/q, and A, = m,/m,
The largest value of R consistent with observations is obtained
for R" = 0.03 and fi = 6, yielding R = 0.24. It is therefore ap-
propriate to neglect the contribution of helium (similar argu-
ments apply to the neglect of the other minor ions) to the
excitation of the hydromagnetic waves, Equation (15) may
then be integrated to yield the differential wave intensity and
the jon ommnidirectional distribution functions as

1k, 2)

1.k, Ok + 1K) 1A m k", )
VLR 4+ xRS 42 m k|~ 'L 0)
~ a kk) f{€2,m Ik~ ", 0)
W 0L | B (16)
fip. 2) = f{p. O 1, “Qump )]0

oxp [ VK",

| =2 Qmp~ )10, 'p. )
+ 1. %Qmp ')+ 1,(Qmp ‘”r‘Q‘ 'p, 0N
exp [VIK,") 0.4, '1.%Qump Nzl ~ e (17

where, from PN [4=Vip,)*] !
(P/po) "

Expression (16) holds only for k| < € |m (p, )", for which
the approximation of (9) leading to (13} holds. For [kl >
[2,lm{py ) ' the lower limit of integration must be replaced
by po., s that the k dependence of the two terms contributing
to 7. is [ki™" and |k]~*, respectively Anticipating the fact that
the 1on-excited wave intensity spectrum dominates the inter-
planetary spectrum at k| = IQ,Im ip,, ) ! in the vicinity of the
shock, then, for (k| = K 1m (p, ) ', the wave intensity spec-
trum falls off precipitously for increasing & near the shock (less

equation (8, fip. 0)

RATION

B~ =3(1 - p,/pa)
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