Phys 954, Solar Wind and Cosmic RaysSection VE. M�biusstJones & Ellison

Chapter 3.2-3.3With the shock-drift acceleration we arrive at an ordered deterministic accelerationprocess that works at quasi-perpendicular shocks. As we have indicated before there isalso another not so well ordered non-deterministic process, but with certain advantagesover the shock drift process. We see immediately 2 shortcomings of the shock drift1)After one encounter with the shock (how many crossings during the gyrationswithin 1 rci of the shock doesn’t matter and is counted as one shock encounter)2)At the parallel shock, where we see the most persistent and strongest energeticmatic sketches. Magnetic fluctuations (Alfv�n waves in essence, whose generation weanother cycle of the same process, or in the case of the parallel shock it allows the reflec-tion across the shock at all.From this simple picture we can see that the gain of momentum in 1 cycle is

D p mu u

upstream downstream = - 2 ( )

Shock Plane

upstream

B

downstream

= Fermi Acceleration

momentum gain in 1 cycle:

upstream

p = 2m * (V - V )

downstream

Energy gain by reflections and consecutive shockcrossings.

Phys 954, Solar Wind and Cosmic RaysSection VE. M�biusThe ultimate energy (or momentum) gain of the ions is determined by the compression

ruud=

and the probability that they are turned around again towards the shock.Let us now assume that both far enough upstream and downstream the pitch anglescattering manages to make the ion distribution isotropic in the nest frame of the flowtropic distribution when they come from the shock (transmitted or reflected). In princi-ple, we have to compute the full distribution function here. However, let us assume:a)shock thickness << l(ion velocity of energetic ion)Then we do not have to deal with the shock in scattering, we can just use the jump in u,approximation and directly use the transport equation derived earlier.

0133131 2 3 2 4 25 3=¶ +� - ¶ - � + �ØºŒ øßœ+ � ¶¶ ( )ØºŒ øßœf t u p fp f puqB B x f u p p p f( ) ( ) ( ) ( ) ( )( )r r rk

(V.3_12)

Let’s look for a stationary solution, i.e. the time variation (1) = 0. For an infinite homo-geneous shock (and f only ||B) Therefore, the Drift Term (4) = 0. The latter can alsobe achieved by transformation of an arbitrary shock into the DeHofmann-Teller frame.This would make the flow ||B. Here we settle for a treatment without transformation,^B e c a u s e t h e c o m p r e s s i o n a t t h e s h o c k ( w h i c h d e f i n e s t h e e n e r g y g a i n ) i s n o w p a r t i a l l y B we have to also consider ^ in . Yet we have eliminated the tensor. We may write: VD Phys 954, Solar Wind and Cosmic RaysSection VE. M�biusk = k || cos2 qBn + k ^ sin2 qBn (The squares come from the fact that k ~ l2). As a consequence the diffusion convec-tion equation is more general and can be applied to an oblique shock. The shock-driftk ^ (spheric shock for the anomalous component). The remaining terms are: (2) the convec-tion term, (3) the diffusion term and (5) the momentum convection term due to the Spflux in momentum space. Let me remind you that this is not just bow shock physics, it is

013 132 3= ¶¶ - ¶ - ¶ØºŒ øßœ + ¶¶ ¶¶ ( )ØºŒ øßœx u p fp fx u x p p p fkFppfpTakeAxp

( ) ( ) ) = fi 4 4 2 2 p p 0134443

0132 132 2 3

=¶¶ - ¶ - ¶

ØºŒ øßœ+ ¶¶ ¶¶ØºŒ øßœ

=¶¶ - ¶¶ -� �- ¶

ØºŒ øßœ+ ¶¶ ¶¶ØºŒ øßœ fl fl x

up p

f p

p

f x

u x p

p f x

up p

F p

F

F x

u x p

pF add up

p k p

p k ( ) ( ) 0

1

3

2

1

3

1

3

1

3

= -

¶

¶

¶

¶

-

�

�

�

�

�

�

+

¶

¶

Ø º

Œ

ø ß

œ

+

¶

¶

¶

¶

+

�

�

�

�

�

�

Ø º

Œ

ø ß

œ

-

¶

¶

¶

¶

› › fi

¶

¶

-

¶

¶

Ø º

Œ

ø ß

œ

=

¶

¶

�

Ł

�

�

x u p F p F F x x u p F p F u x p pf cancel x uF x p F x u x

k k

( )

( , ) ł� ¶¶ p pF x p

( ( , ))

Now let’s start from:

¶

¶

-

¶

¶

Ø º

Œ

ø ß

œ

=

¶

¶

�

Ł

�

� ł

�

¶ ¶ [ ] x uF x p F x p x u x p pF x p

( , )

( , )

( , ) k

1

3

with a one-dimensional equation (x|| shock normal)

Fxpdppfxpdp( , ) ( , )= p4 2 r

for an isotropic momentum distribution f(x,p).We integrate the equation from x = - x = +.

Phys 954, Solar Wind and Cosmic RaysSection VE. M�biusnoting that

F FpFxpFp

-¥ = ‡ = 1 2 0 ( ) ( , ) ( )

¶ ¶ = -

u x u u x u d / ( ) ( ) d

The above boundary conditions imply

¶ ¶ fi fi - ¥

¶ ¶ = ‡

F x for x

F x for x / / 0 0 0 uFpuFpuuppFxp uuuFpuuuFpFppFpp

d u d u d u d uu d 2 1 2 1 2 2 13 3 3 ( ) ( ) ( ) ( , )

( ) ( ) ( )

( )

- = -

¶

¶ [ ]

-

-

+

-

= +

¶

¶

d

-

-

- +

-

=

¶

¶

¶

¶

+

+

-

�

Ł

�

� ł

�

=

- 31 3 1

21 3 1

2 2 1 2

2 2 1 r

F p F p

r r

F p p

F p p p

F p p

r r

F p

r r

F p

( ) ( ) ( )

( )

( )

( ) ( )

The general solution of this inhomogeneous Differential Equation is

FprpdppFpBprr rrpp rro2 21 21 1 1 213 1( ) ' ' ( ' )= -�Ł� �ł� + �- +- +- - - +-�

F1(p) is the spectrum for the upstream region. The resulting spectrum depends onlyon r!The maximum energy gain is reached for the maximum compression ratior 4F ~ p-2For smaller r the spectrum is softer.The homogeneous term in the relation can only contribute, if particles are generated+ and e-tion of low energy ions from the incoming solar wind (thermal plasma) is containedin the inhomogeneous term. Fl(p’) is the spectrum of the injected ions.For example we useF1o do

Phys 954, Solar Wind and Cosmic RaysSection VE. M�bius

Fp Npo o q

1 ( ' ) =_�Ł�_�ł� -

This model cannot treat the injection out of the solar wind, because we needpo >> vsw for the diffusion approximation (near isotropy both upstream and down-

approach (Monte Carlo simulation). The results at higher energies are fine. He stillneeds to adjust at least one of his parameters to get the absolute flux i.e. the physicsof the injection is not covered!What we find is a power law spectrum, but an exponential in energy/charge is ob-In addition, the e-folding energy Eo correlates well with the solar wind speed ||B,which seems qualitatively obvious from Fermi acceleration, if the process is not runWhat can stop the process, before it comes to its natural end? Forman and Drury

Phys 954, Solar Wind and Cosmic RaysSection VE. M�biuspointed out that there is only a finite time available for acceleration, namely as long as ak^Comparison with Models of

Diffuse Upstream Ions

Spectral Slopes--fi?!-fi

Phys 954, Solar Wind and Cosmic RaysSection VE. M�biusBow ShockTo reach higher energy more reflections are needed, i.e. the number of reflections n:

n proportional to E

t longer

F p e e

acceleration connection connection

E E()~~( )- -tt at

However, no correlation of the Eo with was observed.Now the diffusion coefficient is only high in the region where the ions are (next chap-ter), i.e., they can leak out of the region like out of a leaky box. Ellison worked with es-cape ||B into the upstream region and Lee with escape ^B, because the BS is finite. Inboth cases the escape needs to be energy/charge dependent to get the result. As we seeenergy/charge dependent. I.e., ions with a higher E/Q can escape more easily, whichleads to a fall-off of the spectrum at high energies.Generation of Waves by the IonsLee, 1982; Trattner, et al.1992

ence the plasma, i.e. that they are test particles. We have already seen thatB

Phys 954, Solar Wind and Cosmic RaysSection VE. M�biusFlow ||B: Assume there is a small disturbance.

Bp_{o Diffuse Ions}2_{2 m} »

the field ^B. Pure transverse wavesfiAlfv�n waves

w

m k

V

P P

B A o=-^1 22|| /

The waves are driven by the particle distribution and their intensity I grows with the instability growth rate g.

Phys 954, Solar Wind and Cosmic RaysSection VE. M�bius

g a k

g – –––

= -�Ł� �ł� ¶ �ı� - ¶¶ = � ( , ) ( ) ||

k x V q

m dv v

k v f

x

v v

I

x

I A ss cs A m m 12 2 2W

i.e. g ~ k||f/x the particles generate the waves!On the other hand, the diffusion coefficient || is determined by the waves:

k

p || ,

= �Ł �ł –� B v

I

v x cs cs s 2 3

2 4 2 W

W

Finally, k|| is needed to accelerate particles at the shock, i.e. to generate energetic parti-cles. Together with the diffusion convection equation:

¶

¶

-

¶

¶

Ø

º

Œ ø

ß œ

=

¶

¶

�

Ł

�

�

ł

�

¶ ¶ [ ]

x u f x p f x x p u x p p p f x p

( , ) ( , ) ( , )

||^{k 1}_3^1 2 3

this leads to a set of coupled equations. They result a relation between the energy den-sity in the particles and the energy density in the waves.

WnVWB sw Downstream Asw p= -�Ł� �ł�6 57 1 3 2. /

where W is the energy density of thewaves and Wp the energy density ofThe energy flux of the ions deter-mines the energy flux of the waves,and the energy flux of the particlesdetermines the energy flux of the1)What gets the process started be-fore there are waves and particles?2)What determines to which levelthis can grow?Let us start with 2). For a strongshock, vA » 50 km/s and vsw = 440km/s we get as typical value for theratio of the energy densities.

Phys 954, Solar Wind and Cosmic RaysSection VE. M�bius

WW r V

B p Asw

/ . / . »

-

�

Ł

�

ł

» 6 57

1 1

3

0 04 2

The wave energy density is

WBB o» D 22m

p

> »^B o^22 m

this leads to DB/B > 0.1, i.e. the fluctuations can become of the same or-

der of magnitude as the average field strength. There is a limitation to the amplitudesof Alfv�n waves without compressive component DB/B < 1!

a)the beam from the perpendicular shock as seed ions intensity too weak composition not correct a/p-ratio is much too lowescape of downstream thermal ions is the same story

sion-convection equation/or the mean free path and the probability to cross the shockin the test particle approach of Fermi acceleration.This microscopic treatment uncovered a very strong wave activity at the shock with lo-^turn these particles create very strong waves which steepen into a new shock upstream.I.e. the shock is in constant reformation.Shock-Drift AccelerationTerm Paper Yihua ZhengS�nnerup, 1967; Paschmann et al., 1980

Phys 954, Solar Wind and Cosmic RaysSection VE. M�bius

After having studied shock acceleration at our front door step, the Earth’s bow shock,That is where interstellar pick-up ions get accelerated to form the anomalous compo-nent of cosmic rays. We observe mainly He, O, N, Ne at 1 AU. It has been verified re-cently that these ions at energies around »100 MeV/Q are indeed singly charged!Interesting question? Why do we only see the pick-up ions accelerated and not all theother solar wind ions?a)To be observed at 1 AU the ions have to diffuse upstream in the solar wind:In the form

G =-¶�Ł�ł�u f fxk

we see that an ion distribution has to build up a gradient in order to move upstream.k

RpQe=

k is largei.e. singly charged ions have an advantage.Singly charged ions seem to have an advantage also in the injection into the shock

These are regions where fast SW overtakes slow wind. Shocks are formed which rotatewith the sun (28 days). Here again ions are accelerated. These shades are visiblethroughout the solar system, as far as explored. Recent observations by Gloeckler andGeiss (1994) seem to suggest that pick-up ions He+ and H+ arepreferably accelerated here, as can be seen in comparison with He2+. Note: H+ is alsopick-up here! Sometimes we seem to see a similar behavior at the bow shock, but the+

Phys 954, Solar Wind and Cosmic RaysSection VE. M�biusInterplanetary Traveling Shocks

There is yet another type of event: Occasional strong shocks that travel outward fromthe sun. These become particularly strong in the outer heliosphere, because the strong-est events overrun all the others and scoop up everything.Upstream and downstream of these shocks intense energetic particle distributions are-fihigher energies-These events are also known as energetic storm particles (ESP) events, because theycoincide with the commencement of magnetic storms at the Earth.The Earth’s magnetosphere is lit by the strong shock wave. As can be seen here, theESP event is preceded by an even more energetic particle event without simultaneousshock. These are the energetic particles directly accelerated by a flare on the sun.

Phys 954, Solar Wind and Cosmic RaysSection VE. M�biusD. behavior at shocks, Geophys. Res. 16,345, 1989.Ellison D.C., Monte-Carlo simulation of charged particles upstream of the Earth’s bowshock, Geophys. Res. Lett. 8, 991, 1981.

259, 1991.Lee M.A., Coupled hydromagnetic wave excitation and ion acceleration up stream ofthe Earth’s bow shock, J. Geophys. Res. 87, 5063, 1982.

M�bius, E., Studies with Cluster upstream and downstream of the bow shock - An ex-perimenter’s perspective, , , 127, 1995.G., N. J.R. S.J. J.T. Energization solar by reflection from the Earth’s bow , J. Geophys. 85, 4689,1980.B. �.. of reflected at a shock front, J. Geophys. ,74, 1301, 1969.H., cal analysis of diffuse ion events upstream of the Earth’s bow shock, J. Geophys.

99, 13389, 1994.