I. Solar Wind and IMFE. M�bius2/28/01I.4 Interplanetary Magnetic FieldUp to here we have treated the solar wind and the corona as spherically symmetric.Viewgraphs (measured Solar Wind Parameters)an important role. With help of the Zeeman effect detailed maps of the magnetic field inthe corona are produced.Viewgraph (Magnetic fields)The first picture shows the surface of a very active sun with many sunspots. Thecases represent a more quiet sun with a significant dipole component of the magneticsouthern latitudes. In between the field is more or less across the surface. The regionsare the regions where the solar wind can emerge easily, as can be seen from the nextViewgraph (Structure Corona)The corona presents an image of the magnetic field structure within it. The darkerregions are the "Coronal Holes" where the flow of plasma can easily escape the grip ofthe magnetic field, whereas the bright regions mark trapped coronal plasma in closedmagnetic field structures. We call these helmets and streamers. The model on thethe magnetic field exerts forces on the wind and must structure the wind. Before westart with this new element, let us first spend a little time on the treatment of a plasma in(in MKSA units)1) E = oPoisson Eqn.2)� x B = �o J + 1/c2 ¶E/¶tAmpere’s Law3)� x E + ¶B/t = 0Faraday’s Law4)

I. Solar Wind and IMFE. M�bius2/28/01charges. Ts EJB.E acts on chargesB acts on currentsthrough the Lorentz Force: = q + q( x )Therefore, we have to include the behavior of the plasma into the equations. This canbe performed with several different levels of complication, depending on the specific

therefore it is good only as long as the external forces are strong compared with the"home-made" fields of the plasma itself. In essence, the plasma only reacts passive toIn the framework of our course it will be appropriate for the addition of pickup ionsto the solar wind plasma and acceleration of a few particles out of a backgroundplasma to high energies.However, this approach cannot be used for the core plasma itself.

Used is only the probability for each particle to be atrvWe use the probability of an arbitrary particle to be at a certain location in phasethis complete distribution function f again amounts to an impossible task so that

f(v) are important for the behavior, as is needed for certain plasma waves.

In many cases the plasma can just be treated as a macroscopic fluid. I.e. only jsare used. Such a description is good for large scale phenomena, and therefore it isderivation from a general description of the distribution function to the MHD

Boltzmann EquationEvolution of the (single particle) distribution function f1 in phase space:/t: temporal evolution of f1 caused by other particles! f convective variation in configuration space/m f convective variation in velocity spa(action of external forces on the distribution function) f/t influence of the other particles denotes single particle distribution)External Forces (can be any type of force): electric field = q (v x )magnetic fieldNo influence of any other particles:Influence of collisions:tThe right hand side has been expressed in the simplest approximation by thechange through collisions between 2 particles (1, 2) with an average frequency.

Boltzmann Equation andVlasow EquationLet us split of individual (collisions) and collective forces (field based oncharge distribution). We can add the collective forces to external forces:Vlasow Equation:External Forces : electric field = q (v x )magnetic field =q = q �o dr = q e f(r,v) dv o dr use f1Now we have a self-consistent description, but with a nastyIntegro-Differential Equation.It can be solved together with Maxwell’s equationsor for an electrostatic case just with Poisson’s Equation-> kinetic description of plasmasnecessary, if v vIf v >> v -> cold plasma approachor if v << v -> warm plasma approachWe use only bulk properties of the plasma, not distribution! = bulk velocityn = densitykT = mean kinetic energy

Collective EffectsImportant length scales:lL: kT = e q/(eo r) lL = r = eq/(eo kT)distance where individual force becomes dominantq: may be multiply chargedDebye length: = kT/ ( n e)distance to which thermal particles can create adisturbance (or shield the potential of 1 particle)d: average distance of particlesin a plasma usuallyDi.e. many particles in a Debye sphere, the collectivefield is much more important than collisions-> plasma regimes

Macroscopic ParametersLet us assume a general function A(,t) (with v, v, v ..)We calculate the mean of the quantity:____r,t) = A(r,,t) f d / f dv = 1/n * A(r,v,t) f dvand insert this into the Boltzmann equation. Then we geteqns. For the mean A (separately) for individual species j:/t (nA) - n A/t+ /x (n vA) - n v A/xj- n/m F = 0I) A = 1 = v0A = 1II) A = m1A = m = m0I) Conservation of particles (A = 1): Continuity Equation/t n + S /xj (n vj) = 0�v0

Macroscopic ParametersAveraged parameters:/t (nA) - n A/t+ /x (n vA) - n v A/xj- n/m F = 0I) A = 1 = v0A = 1II) A = m1A = m = m0II) Conservation of momentum (A = mMomentum Transport Equation

/t (n m ) + /xj (n vj ) - n/m Fj mj = 0/t (n m ) + (n ) - n = 0After rearrangement with = + uwhere is the random component of vn m /t + n m 0 = - .(n m u o ) + n F � .Pwhere P is the stress tensor. It contains the p (diagonal terms) and (off diagonal). Let�sstay with just the pressure. Closure of the problem:p = 0: cold modelor hot model:p determined by Equation of State: P = n KT/ = nm c2

I. Solar Wind and IMFE. M�bius2/28/01 = - p + jxB -

sr2r pp.30-44; Kirk, pp. 12 — 24; Kivelson&Russell, p.41-50Now we have 2 sets of equations (for electrons and ions, species j)and Maxwell�s Equations. The Lorentz force has been used to represent externalelectromagnetic forces. Additional forces are summarized in Fother. Invoking an Equationof State for p leads to a closed set for MHD problems. This represents a 2-fluid modelmass conservation, as already used before (I.3_1). Adding both momentum transportequations leads toFor the stationary case with gravity this is an equation similar to (I.3_2), but with anHere = m + ne m j = en(ui - ue) s = e (ni — ne) 0 (because qi = -qe and ni ne)The momentum equation does not contain E anymore, because any electric field will beshielded beyond the Debye length by the mobility of the electrons. Therefore, thePoisson equation will not be needed to determine E within our framework. This isuthe combined mass density, which is pretty much the ion flow. The electron bulk flowadds little. We can neglect terms of order mei.jttj j¶t + = - + j jj + BF j¶t + ) = 0 ut + = - p + jxBF t » 1/c2t2 L22 u22(� 1/L; /t 1/t).In Faraday’s Law:(I.4_2)I.e. for non-relativistic problems the displacement current can be neglected, and we onlykeep the current term .The current j represents basically the motion of electrons w.r.t. ions in this fluid. Thisbrings back the electric field solely for the motion of the electrons in the form of a"generalized Ohm’s Law". We need the electron momentum transport equation (firstwithout collisions). As we have stated before the electrons closely track the motion ofthe ions on a large scale (L > lD), i.e. the left hand side has already been taken care of inthe momentum transport equation of the plasma flow (including any forces on the massdensity, such as gravity). In other words: transformed into the rest frame of the massflow, we are left with:�peE + ue x B)(I.4_3) = - j/ne - j0 = - �pe - en (E + u x B) + j x BWe arrive at the same result deriving the generalized Ohm�s Law by subtracting thetwo momentum equations (II) from each other after multiplying the electron eqn. by miand the ion eqn. by me. Terms of order mei are neglected. Also for u/c << 1 thequadratic terms in u (convective derivatives) can be neglected for the relative motion ofe and i. (Work through pp. 41 — 44 in Kallenrode for the step by step approach.) The endej/t = en (E + u x ) — j x + pe — enj/swhere s is the conductivity here! Note: c does not appear in the equation, if the MKSAelectrons is treated in the problem) and have no collisions (last term).Then we can rewrite the equation as follows:(E + u x B) = j x B/ne - �pe/ne(I.4_4)The terms on the R.H.S. of the Eqn. are of the order of the bulk flow parameters insimilar dimensional argument as above this term (ru/ne becomes approximately: ru2/(neL) » rt)whereas the 2 term on the L.H.S. is of order uB. Let us compare these two terms:) eB/m * t » * t

I. Solar Wind and IMFE. M�bius2/28/01The gyro frequency is about 0.5 s in the solar wind, very short compared withThus the terms on the R.H.S. are unimportant. The Hall term j x B that produces anthe charge carriers, can be neglected here, as can the electron pressure gradient.However, these terms become important in laboratory situations with much smaller(I.4_5)or on long space and time scales electrons are so mobile that they short out any electricfield E’ in the moving system! The last point is important here: Since we first treatedthe mass flow in I.4_1 and then the electron motion relative to the bulk flow we have

assumed that we are moving with the plasma. In this rest frame any electric field wouldlead to an infinite current. However, in the rest frame of any spacecraft from which wewant to measure the parameters, the electric field is:Bsometimes a pure mechanical treatment can be as appropriate as computation oftrajectories in an electric field, if we just transform the problem into the correct frame ofelectrons .... + - )(I.4_6) .... - - )Any collisions among identical species are unimportant, because they don’t change themomentum of the species. The collisions between i and e act similarly on both species,i.e. there is no change in the total momentum equation, but through the electronmomentum transport Ohm’s Law gains an additional term, which in fact is the most + x = i - )/ne = mei i - 2with the conductivity: s = ne2enei this becomes: + x = sor = - x + s(I.4_7)Frozen-in Magnetic Field and Diffusion

I. Solar Wind and IMFE. M�bius2/28/01t = x B) - x sWith Ampere’s Law:t = x B) - x ( x (I.4_8) x ( x ) = ) - = - (because �B = 0 )t = x B) + oThe first term on the R.H.S. represents the frozen-in magnetic flux.The second term on the R.H.S. represents diffusion of magnetic flux. = 1/ is the magnetic diffusivitywhich reaches very small values in the corona and the solar wind, because theconductivity is so high. It is determined by the Coulomb collisions. Analogous to purehydrodynamic flow we can define a Magnetic Reynolds Number (dimensionless):hwhere L is the typical scale length. It compares the �persistence� (Lu) of structures of2For the solar wind this leads to incredibly large numbers of » 1018. I.e. the solar windterm can be neglected in most problems. To estimate the strength of the diffusion termwe only have to consider the most important collisions, i.e. what yields the highestcollision frequency at given location. (Refer to Homework Set #2.)Magnetic Field in a Flux TubeLet us consider a flux tube. The rate of the change of the flux is:

dtBtscB S dS B uxdld� = � + � ( )¶ ¶

i.e. the explicit change of B in the flux tube and the change of the area S of the tubebecause the line element dl of the boundary curve C sweeps out the area dt x dl during the motion of the flux tube with the plasma.B(u x dl) = - (u x B)dl and Stokes’ Theorem lead to:

ddtBdS =[¶BS-�x(u B ) ] (I.4_9)

I. Solar Wind and IMFE. M�bius2/28/01follow any widening or compression to leading order. The magnetic field acts like at = � x ( x B) - ( i . e . i n c l u d i n g collisions) is the basis of the dynamo� x ( x B) "creates magnetic field" via convective motion d i s s i p a t e s f i e l d The Lorentz term in the momentum transport equation turns into a double cross = j B = x x B/� = (/� - (I.4_10)which describes the magnetic force on the plasma in the flux tube.The 2nd term is similar to the pressure gradient �P, i.e. like a magnetic pressure, whichacts in the direction of the change of the magnetic field, from higher to lower magneticpressures (along the field). The first term represents the tension of curved magneticfield lines (a homogeneous field would produce neither of the terms). F B = 0 as can beseen from the original equation. The force is strictly perpendicular to B (because of thecross product). In a gradient a component in the direction of the flux tube emerges thatis similar to the force with which we squeeze something out of a tube.Analogous to the particle pressure (cs2 = gp/r): = Bracts like a sound speed (if we interpret the term on the R.H.S. as magnetic pressure). vAis the Alfv�n speed, propagation similar to waves on a string (rubber band). We canTransport of Magnetic Field by the Solar Winddragged along or the wind will be trapped. The latter seems to happen in the helmetsof the corona. Otherwise the wind takes solar magnetic field along.

I. Solar Wind and IMFE. M�bius2/28/0128 days at the equator, the field lines are spiraled around. They look like the wateremerging from a rotating garden hose. However, the magnetic field is forced to rotate with the sun with the speed = ( r - R )This leads to an angle Y: = ( r - R (I.4_11)Typical angles with respect to the flow velocity at the Earth are 45�Effect of the Magnetic Field on the Solar Wind(Weber - Davis problem)After the discussions above there must also be an effect of B on the solar wind. The(frozen-in!) radially outward. This should lead to a transport of angular momentum, asproblem restricted to the equatorial plane, i.e. no latitude effects. We are interested in = ( B ( r ) , 0 , B ( r ) ) a n d = ( u ( r ) , 0 , u = 0 leads to r) = 0 2(I.4_12) i.e.: Brr2 = constantIncorporating the magnetic field into our original equation set (I.3_1 - I.3_3)) = - �

(P + 22m

) + (Bm -

sr2r(I.4_13)) = 0 (I.4_14)r r2 = constant (through integration)polytropic eqn. of statea = constantr(I.4_15)� x (u x B) = 0 (I.4_16)

I. Solar Wind and IMFE. M�bius2/28/01The latter equation leads torBF - uFBr) = constantF component: x ( x = 1/r - u)) = 0_and uF = s at the solar surface this means:rrsrr = ( u r - ) / u (I.4_16a)The only terms with a F component in (I.4_13) are: = (oWith azimuthal symmetry:r ) = B d / d r ( r B ) rurrfrom (I.4_12 and _14)As a result we get the conservation of the angular momentum L: - ( B / ( r ) ) . = L(I.4_17)transmits a torque force on the solar surface, which has slowed down the solar rotationin the past and is still going on. This may have solved part of the angular momentumproblem of the sun from formation until today. The sun has much less angularmomentum than the original interstellar gas cloud out of which the solar systemformed. (Homework Problem)After substituting I.4_16a into I.4_17 another critical point solution emerges:

urruBA A A o r rj m r= -- =W WM LM with M2 22 2 2 211/( ) /

(I.4_18)WrA2, i.e. the solar wind co-rotates with the sun as a rigid rotator up to the Alfv�n point.The radial component of the momentum transport can also be brought into a form witha critical point. In this case the magnetic pressure and the thermal pressure on thewhich are close together.Let us estimate rA from the fact that at rA2r 2 r o 2 A B u M 1 r m = =

I. Solar Wind and IMFE. M�bius2/28/01 r = const. = Br(rA) • rA2 u r = const. = ) u ) r2

r r

B r r u r u r u r A r o r A r r =

� ( ) ( ) ( ) / ( ) ( ) m r

We can express rA in terms of values for the solar wind parameters at 1 AU (with Br » 5rAr(T) from Parker�s solution, but is tedious. For our estimate it may suffice that urA)has to be higher than cs and lower than urE) from the position of the Alfv�n point.Take the stand that roughly ur(rA) » (ur(rE) + cs)/2 (as an experimenter’s first guess).This leads to a rough estimate rA for the determination of L in Homework #2.

Isenberg, pp. 1-15It is observed that the sign of the radial component Br changes quasiperiodically.the northern half or southern half (magnetically) of the sun.of the interplanetary magnetic field. As the solar wind streams freely from the N and Scoronal holes, while it is impeded over the equatorial region, we now expect an effectAt low latitudes we still see the sector structure, but beyond »40� this is gone and a fast�I.e. the more typical fast solar wind has a very steady speed of 800 km/slines. The slow wind is thought to originate in the closed field regions over the equator,but this is not completely clear yet. Models of an origin in the boundary regionsbetween open and closed field are also discussed. In general, the acceleration of thewind, both fast and slow, is not well understood yet.The boundaries between the two types of wind are very sharp. This can be seen veryfast and slow wind streams that are associated with these boundaries. For example, fastwind runs away from slow wind or vice versa.don�t mingle, so they are obstacles to each other. This is true also of planetarymagnetospheres. They represent substantial obstacles to the solar wind. In all thesegets stopped or disturbed. The magnetic field serves as a mediator of these

I. Solar Wind and IMFE. M�bius2/28/01contain (magnetic) energy, can heat or accelerate plasma, because they are forced tomove through the plasma. This may happen in the solar corona and in the SWacceleration region to provide the missing energy.To understand the basics, let us start to work on hydromagnetic waves in plasmas. We

I. Solar Wind and IMFE. M�bius2/28/01Kallenrode, p. 67 - 75Kivelson&Russell, p. 330-342; Kirk, pp. 37-42arestoring force are needed. In plasmas many different restoring forces, such as electric,magnetic and pressure are active, and the different species may react in different ways.macroscopic motions.Let us consider for the beginning homogeneous plasmas at rest without B. Such aplasma is not much different from a neutral gas, except that two different species mustsound waves in plasmas.

For the analysis we use average parameters of the plasma Ao and small variationsaround the average A1 for mass density, velocity and pressure. Remember that theo1o 1 1 o p p p u u + = = r + r = r r rThen we start with the MHD equations:

¶ ¶ + � = r r t u( )r 0

Mass conservation

r dudt p

r = - �

Momentum Equation(I.5_1)

P const P o r r a a = =.

Equation of StateThe backgound plasma is assumed stable and in equilibrium. Therefore, we only needto consider variations of the small disturbances , 1 1 p , u rBecause we use only small perturbations (A1 << A), all terms of order etc. areII a)

r r o s ut p c

¶¶ = - � = - �

r1 1 2 1 p c s

1 2 1 = r

with

!!. ! n s t P c o o 2 s a =

¶ ¶ t¶ ¶ + � =r r1 1 0t o ur

! 0 u o = r

I. Solar Wind and IMFE. M�bius2/28/01After differentiating Ib) again for time and inserting IIa), we get:

¶

¶

- = 2 1 2 2 1 0 r r t c s D

or

¶

¶

- � = 2 1 2 2 2 1 0 r r t c s

(I.5_3)(D = �2 in the European notation) This is a wave equation.With the Ansatz:

r r r w

1 10

= • -i k r t( )_{r r}

we get

w r r

2 10 2 2 10 0 - = c ks

or the dispersion relation:22 s 2 k c = w(I.5_3a)for ordinary sound. It describes isotropic propagation in a plasma.(I.5_2a) becomes

r w r r r u k c s

1 2 1 = -

The velocity disturbance is parallel to the propagation, i.e. we have a or pressure wave.--use linear equations in r1, u1, p, etc.-Alfv�n Waves assuming a purely magnetic restoring force that moves around the plasma material. Ifwe imagine magnetic field lines as rubber bands, we can expect by analogy a wavepropagating along the string with:

vBA o2 2=m rrrrB B jo + 1 1( )or instead o

¶

¶

+ � =rr

1 1 0 t uo ( )

r

(I.5_4)

r m o o o o ut j xB xB x B

¶¶ = = � r r r r

r

1

1 1

( )

¶

¶

= � r r r B t x u x B o 1

1 ( )

cu1r

� =rB 1 0

( ) t r k ( i e w - r r), the following equations emerge:

- + = w r r

1 1 0 o kur r

- = = • - m r wo o o o o

u k xB xB B B k k BB

r r r r r r r r r r

1 1 1 1

( ) ( ) ( )

- = = - = w r r r r r r r r r r r rB k x u x B B k u B k u

and k B o o o

1 1 1 1

1 0 ( ) ( ) ( )

We start with transverse waves (string waves) i.e.

r rk u• = ^1 0

!From II)

r r r r r r r r r

k ku k B B k k B B

o o o o

: ( )( ) ( )01 1 2 1=-=••-•mrw

r r r r

B B B B o o 1 1 0 • = ^

r r r r

B B k uo 1 1 1 = - w ( )

- = - • • • m r w w

o o o o

u B k B k u

r r r r r r 1 1 1 ( ) ( )

We allow an arbitrary propagation k r o B r at angle . Therefore:

r r B k B k o o = cos q

w m r

q q 2 2 2 2 2 2 2 = = B k V k o o o A

cos cos

(I.5_5)for Alfv�n waves, where

V B A oo o = 2 m r

While sound waves are longitudinal waves, Alfv�n waves are pure transverse waves.The propagation velocity is based on the B-field component parallel to kr.

w q k V A

= • cos

h � 2 1rB

to relation II) we get

- = • + 2 m r w h

o o o

u B B k i k B

r r r r r

1 1 1 ( ) w q w h

2 2 2 2 2 = - V k i k

A cos

(I.5_7)With the phase velocity of the wave

w q k VA= cos

and the wavelength

k2p =

l as the typical scale length we derive a magnetic Reynoldsnumber

R V V k

m Ph A = = cos l h p q h2

.

w q w p q

2 2 2 2 2

= -VkikVRA Amcoscos

(I.5_8)wd e c a y s l o w l y . H o w e v e r , f o r t h e h u g e m a g n e t i c R e y n o l d s n u m b e r s f o u n d i n t h e s o l a r w i n d , t h i s e f f e c t c a n b e n e g l e c t e d , e x c e p t f o r v e r y s h o r t w a v e l e n g t h s . r

Bow/kQ

I. Solar Wind and IMFE. M�bius2/28/01rinj isHowever, the magnetic field transports that information further. 2 Alfv�n waves arethe corresponding flux tube. The affected volume is expanding at the speed VA. We getfor momentum conservation between the injected mass (4/3 ) and theaccumulating mass (2 rinj2 VA) with the average speed (v — v)/2.

r

p r p r r rr inj env env env A env envinj A env env Vr t

r dvdt v v dmdt r V v v dvdt Vr v v or v v e_{env}inj_A • = - • = • • • -

= • • -

= -�Ł� �ł� - •

4

3

2 2 2

3

4

1

3 2

34 ( ) / ( ) /

( )

ultimately be swept away. The situation is reminiscent of comets, with the differencethat they continuously dump material into the solar wind, as they are close to the sun.This approach works as long as v < VA or the relevant wave speed, which can be up to

v c V

f s A

= +2 2

fAlfv�n and sound wave) in a plasma. The information about the disturbance cannot besent fast enough into the environment; the waves pile-up and create a shock wave.

renvironmentrinjectionVABVenvVinj

I. Solar Wind and IMFE. M�bius2/28/01The supersonic (super-Alfv�nic) object is at the tip of a cone with the shock waves. Thecone angle is determined by the Mach number of the object�s speed.Mv v s f = = aThis is the relevant angle at distances large compared to the size of the object.Near the object the shape of the shock wave is determined by the geometry of the flowaround the object.Let us concentrate on idealized shock geometry.--Kallenrode, 119 — 130, Kirk, pp. 42-48Jones, Ellison, Chapter 3.1Let us first look at a pure hydrodynamic shock without magnetic field. In order to keepthe shock at a fixed position the information about the flow obstacle has to reach thes(the sound speed). Therefore, theflow speed has to drop below the sound speed. This occurs at the shock.1 < cs

x = 0We assume a jump instead of the finite transition.

Vf V a

I. Solar Wind and IMFE. M�bius2/28/01Now we use again (for stationary flow)

¶

¶

= ( ) r ru^x 0 ¶

¶ +( )= x

u P r 2 0 momentum flux

¶

¶

• +

-

�

Ł

�

� ł

�

= x u u P u 1 2 1 0 2 r

g g

r r

energy flux conservationFor monotonic gas the overall energy (�Enthalpy�) consists of

3252P P P+ =

inner energy + work of expansion/compression

532= = = +g CC f fpV

where f is number of degrees of adiabatic coefficient g (It is not the polytropic index a.).At the shock (only x-components are considered, because perpendicular to the flow!):I) u = u2 u + p = u + p2(I.6_3)

r r 1 2 1 1 2 2 2 2

2 52 2 52

u P u u P u l + �

Ł

� ł

= +

�

Ł

�

� ł

�

(4.29 in Kirk et al.: P 2 • v

2From I) we get_r r

2

1

1

2

= =

u

u r the compression ratio at the shockThe set of equations has the trivial solution

[ ] =12 0

, i.e. nothing changes.With using ru = r1u1 = const.III) becomes:

r r+=+u u P u u u P u1 1 2 1 1 1 1 22 2 22 52 2 52

I. Solar Wind and IMFE. M�bius2/28/01If we assume 1, u1, p1 are given, there is only one other (non-trivial) solution for 2, u2,2, because we have 3 second order equations that determine the solution. Nointermediate states are possible!Therefore, the description of the transition itself requires the addition of higher orderWe need to add higher order processes! For the time being we will ignore this.The solutions for the equations are the so-called Rankine-Hugoniot Jump Conditions forthe flow parameters. With

MuPuc^s12 1 1_2^1 1_2^12= =_r^g

We get:

r MM=_+^{- +}_{( )}^{( )}_g^g_1^{1 2}1_2^12

(I.6_4)

PMP2 12 12 11= - -+g gg ( )

(the latter one after some tedious algebra!!)We don�t want to do just algebra. Therefore, in HW#3, Problem 1), it is sufficient towrite down the equivalent to I.6-3. The physical arguments for the terms areWe can show for M1 .

1183234< < +- = =r r g g / /PM21 12~

for large M 1 (~ means proportional to), i.e.:

PTrT21 21 21 21~ ~r r

(I.6_5)

I. Solar Wind and IMFE. M�bius2/28/01There is strong heating in the shock. The reverse would be cooling and speeding up.: < 1 does not lead to a shock solution.

ScPv= log r g

P increases with larger power than rg across the shock, no adiabatic process!M1u2 < cs2Why do we get a shock?

Compression leads to heating. Since the pressure goes like:P ~ g The temperaturer + In a wave with longitudinal components (acoustic wave) the wave crests move faster,because the sound speed is higher in the wave crest.shock formationThis is a non-linear effect. Thus the linearization that we have used before would not beapplicable anymore for shocks!

I. Solar Wind and IMFE. M�bius2/28/01 a)12We use the same equations as above and:

� =rB^0

In this case the Alfv�n wave does not steepen (no shock!); only the acoustic wavesteepens to an acoustic shock.^ B u12In other words, the magneto-acoustic modes steepen and therefore form a shock.For the case perpendicular to BI)22 1 1 u u r = rmass flow

r m r m

112 1 12 22 2 2 2 2 u P B u P B o o + + = + + 1 2 4 3 4 1 24 34

momentum flowWe add the magnetic pressure to the equation. There is no magnetic tension involved,because there is no �kink� in the field.

I. Solar Wind and IMFE. M�bius2/28/01

r g g

g g m

r g g

g g m m 1 1 2 1 12 1 2 22 2 2 2

2 1 12 2 1 12 12 u P B u u P B u M M o B M M o o +

-

+

-

�

Ł

�

�

�

�

� ł

�

�

�

�

= +

-

+

-

�

Ł

�

� ł

�

/

1 2 4 3 4

energy flowThe equivalent expression for the magnetic field term is used: We have 2 degrees offreedom, i.e. f = 2 for magnetic field pressure, ||B and B. In other words the pressureof B contributes to the inner energy and to the work of compression.

g M = + = 2 2

2

2

� = x u x B ( ) r r 0

u •1 u1 = B2 u2

ruB= = =r 2 12 21

(I.6_7)

Br2212 2=

for magnetic pressure!

MB1 2 11fi ¥ > +- •g g

4 for g = 5/3

PBTotal o= + 22 mu v c Vf s A12> = +

(I.6_8)The shock parameters are determined by the fast magneto-sonic Mach number:

MuPf Total2 1 12 1= rg

. Because of the �mixture� in the total pressure, the effective geff of the

532= < < =g g geff MrM= +- +( )( )gg 11 222

r will be reduced over the hydrodynamic shock. M r 3 for g = 2, forexample.

I. Solar Wind and IMFE. M�bius2/28/01

uBuB leadsto

EE theuxBfield

1 1 2 2 1 2 = = ( ! ) r r

The magnetic field has both || and components.

rrrE u x B1 1 1=

However, if we move parallel to the shock exactly with the speed of the magnetic field

rE 1 1 0=

If we look, for example, at a particle, which is reflected exactly normal to the shock, wehave to consider the electric field at the shock. The problem becomes simpler, if wetransform the problem into a system without an electric field E. Then we perform theparticle reflection at the shock, just mechanically. Finally, we perform the returntransformation. This sequence changes the velocity! In fact, coming from upstream ofthe shock the particle gained energy.Let us have a look at the Earth�s bow shock in reality.What are the quantities that we need to measure, when we evaluate such a situation?B

nvTPallparticle quantities

1 1 1 � fi�_!

We have to measure the distribution function f(v) and then integrate over powers in vto arrive at all �moments� or average values of macroscopic parameters according to:

vfvn d� ( )

to get n, v, T, p.