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Obiject in supersonic flow — Why a shock is needed

If flow sub-sonic information about object can transmitted via sound
waves against flow

Flow can respond to the information and is deflected around obstacle in a
laminar fashion

If flow super-sonic signals get swept downstream and cannot inform
upstream flow
about presence of object

A shock is launched which stands in upstream flow and effects a super-

to sub-sonic
transition

The sub-sonic flow behind the shock is then capable of being deflected
around the object



a) b)

Fluid moves with velocity v; a disturbance occurs at 0 and propagates with velocity
of sound c relative to the fluid

The velocity of the disturbance relative to 0 is v + c n, where n is unit vector in any
direction

(a) v<c:adisturbance from any point in a sub-sonic flow eventually reaches any
point

(b) v>c: a disturbance from position 0 can reach only the area within a cone given
by opening
angle 2a, where sina=c/v

Surface a disturbance can reach is called Mach's surface



MACH ANGLE
(Mach 1886)

,/" ¢ = sound welocity
; Y = projectile welocity
z M= Mach numker

Ernst Mach



Examples of a Gasdynamic Shock

‘Schlieren’ photography



More Examples

Copvright J. Kim Vardiver, 1994

Shock attached to a bullet Shock around a blunt object:
detached from the object



SHOCKS IN SOLAR SYSTEM

Plasma collisionless, but MHD description still useful
MHD wave modes: fast, slow and Alfven

Solar wind flow: 300-700 km/s
Alfven speed: 50 km/s

Impulsive events: Flares, CME
Obstacles: planets — magnetospheres, ionospheres

There HAVE to be shocks!



Historical Note on Plasma Shocks

HYSICAL REVIEW VOLUME 80, NUMBER 4 NOVEMBER‘ 15, 1950

Magrieto-Hydrodynamic Shocks*

F. pE HorFrMANN AND E. TELLER
Los Alamos Scientific Laboralory, Los Alamos, New Mexico

(Received July 10, 1950)

A mathematical treatment of the coupled motion of hydrodynamic flow and electromagnetic fields is
given. Two simplifying assumptions are introduced: first, the conductivity of the medium is infinite, and
second, the motion is described by a plane shock wave. Various orientations of the plane of the shock and
the magnetic field are discussed separately, and the extreme relativistic and unrelativistic behavior is
examined. Special consideration is given to the behavior of weak shocks, that is, of sound waves. It is
interesting to note that the waves degenerate into common sound waves and into common electromagnetic
waves in the extreme cases of very weak and very strong magnetic fields.

rederic De Hoffmann [& Wife];Edward Teller [& Wife]




Interplanetary traveling shocks

1000"

Fe XIV 5303A 21:04 UT K Corna 5309A 21:07 UT
LASCO C1 23-Dec-1996

Coronal Mass Ejection
(SOHO-LASCO) in
forbidden Fe line

Large CME observed
with SOHO coronograph
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Corotating interaction regions and
forward and reverse shock

Origins of
Forward & Stream
Reverse Interface

Shocks

Forward
/ Shock

Slow
Stream

Reverse
Shock ~\

1AU
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Earth’‘s bow shock




The Earth‘s Bow Shock
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Magnetic field during various
bow shock crossings
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Heliospheric termination shock

Bow ShOCK =)
Heliosheath ~

Voyager 1 v

\,‘.Voyager P
£
\

Termination Shock

/

Heliopause

Heliosphere

Schematic of the heliosphere showing the
heliospheric termination shock (at about 80 —
90 AU) and the bow shock in front of the
heliosphere.



Voyager 2 at the
termination shock
(84 AU)
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MHD CONSERVATION RELATIONS

MHD Wave Modes

Sound speed in ideal gas

Ca = (,},_)l‘/‘l
Alfvén velocity
B
Va=——7
(nop)*/?

Magnetosonic velocity
. 1 e . O ¢ .
s = 5{(1% + %) £ [(VE+ 2)? — dvuyc? cos? 6]1/2)

Positive root: fast magnetosonic wave mode ¢y
Negative root: slow magnetosonic wave mode cgj

Intermediate mode (shear-Alfvén wave):

Cint = Vacosf



MHD CONSERVATION RELATIONS

Upstream (u) Shock Downstream (d)




MHD CONSERVATION RELATIONS

00 Conservation equation for

a—;—kV.F:o a quantity Q with flux F
i (F.) =0 Assume one dimensional
dx =Y and time stationary

[ F] notation for
difference in F upstream
to downstream

F2] =0

Integrate upstream to
downstream to find that
change in flux F normal to

Conservation of mass shock surface is zero

Ci / o r
—(pV:)=0 PVl =0
dax



MHD CONSERVATION RELATIONS




Discontinuities

Contact Discontinuity V,=0.B,#0

Density jump arbitrary, but pressure and
all other quantities are continuous.

Tangential Discontinuity | /; =0.B, =0

Plasma pressure and field change main-
taining static pressure balance.

Rotational Discontinuity | V;,, = B,,/\/top

Form of intermediate shock 1n 1sotropic
plasma, field and flow change direction
but not magnitude.

Shock Waves: V,, # 0

Parallel Shock B =0

Magnetic field unchanged by shock.

Perpendicular Shock B,=0

Plasma pressure and field strength in-
creases at shock.

Oblique Shocks B;#0.B,#0

Fast Shock

Plasma pressure and field strength in-
crease at shock, magnetic field bends
away from normal.

Slow Shock

Plasma pressure increases, magnetic field
strength decreases, magnetic field bends
towards normal.

Intermediate Shock

Only shocklike in anisotropic plasma.




Slow Shock

Fast Shock

Upstream

Downstream

Vn,u > Vf,u and Vf,d > Vn,d > VA,d VA,u > Vn,u > Vs,u and Vs,d > Vn,d



SHOCK PARAMETERS

Shock normal angle B,

3 B
9Bn Qg
=
I )
n A
£ ;
\4 6
5 Quasi-
Quasi-parallel perpendicular
., ) |4
Alfvén Mach Number M, = u

B”/ \/ /uo pU

Other plasma parameters: plasma beta, composition, anisotropy, etc!



USING THE SHOCK CONSERVATION RELATIONS

Exactly parallel shock

Bz/ — an, Bm =0

Using transverse momentum

equation | B;:',
[ <l ) ; ) I;]Br
HopP I);-

Transverse magnetic field zero upstream and downstream, so
magnetic field is unchanged by shock.

=0

Shock jump relations same as for an ordinary gas shock.



USING THE SHOCK CONSERVATION RELATIONS

Exactly perpendicular shock By = 0 and B, = B,

From conservation of 7 — I/
: g I"’uxBur — l’d.\‘B(/f
tangential electric field

density compression ratior = pg/py
Magnetic field compresses as much as the density
For high Mach number, compression ratio becomes =

My > 1and M > 1

Compression ratio has
limit of about 4 as Mach
number increases



de Hoffmann-Teller Frame (H-T frame)
and Normal Incidence Frame (NIF frame)

=

A
v
LS

o)

B, = angle between B and 7

. — - Unit vectors
f,, = angle between V and 7

If fy,, = 0: Normal Incidence Frame (NIF)

Incoming velocity

ubtract a velocity v, perp
to normal so that incoming

SHOCK SURFACE
= velocity is parallel to B

L



The de Hoffmann-Teller velocity

-

V;,, = incoming velocity, VH’I’ = de Hoffmann-Teller velocity. VM‘, = in-
coming velocity in the H-T frame

Take cross-product with B

BxV:=0=BxVi,—BxVyr

take cross-product with 7

ii x (B x Vyr)=1iix (B x Vi)

ii x (B x Vyr) = B(ii - Vygr) — Vir(ii - B)




1. Since in the de Hoffmann -Teller (HT) frame the velocity is parallel to
the magnetic field the V x B electric field vanishes in that frame

2. In the HT frame the shock 1s at rest - no induced electric field

A consequence of E =0 is that the energy of a particle is constant, and sur-
faces of constant particle energy are spheres centered on the HT frame origin

3. The de Hoffmann-Teller transformation velocity is the same downstream
as 1t 1s upstream



de HOFFMAN-TELLER FRAME

n

/HTF constant

! N ~ energy locus

vt = Vi, tanfp,



SHOCKS IN COLLISIONLESS PLASMA
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ION REFLECTION AND SHOCK STRUCTURE

QUASI-PERPENDICULAR lon reflection leads to a heated
downstream distribution
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ION REFLECTION AND SHOCK STRUCTURE

QUASI-PERPENDICULAR lon reflection leads to a heated
downstream distribution

Velocity space
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ION REFLECTION AND SHOCK STRUCTURE
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SIMULATION OF PARALLEL AND
QUASI-PERPENDICULAR SHOCKS
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PARTICLE ACCELERATION AT SHOCKS

In a collisionless plasma
» a small number of particles can reach large energy






Electron Acceleration at the Quasi-Perpendicular Bow Shock
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Upstream edge of the foreshock
Anderson et al. 1979



Foreshock velocity dispersion

70

Most energetic electrons at
foreshock edge

Lower energies deeper in the
foreshock




Electron acceleration at the foreshock edge
(quasi-perpendicular shock)

Adiabatic motion of electrons in HT frame:

m(vHT)2
2B

Liouville’s theorem: phase space density at point in velocity space is same
as Incident distribution at point whence reflected particles originated

= const.

'LL:

fr(_ HT HT)—f()(UHT HT)

But: there is normal electric field (not removed by transformation in HT
frame).



Thus energy equation

gmlef T = gmief @) + ()

r;=initial position upstream and ¥ pseudo-potential (¢*'7 (z) electrostatic
potential in the HTF)

U(x) = p[B(z) — B(zi)] - e¢"" (z)

Effect of potential: lower energy particles that would have been reflected,
pass downstream



Reflected electrons: Ring beam with sharp edges

Larger loss cone due to Portion reflected by magnetic mirroring
cross-shock potential modified by effect of cross-shock potential



Magnetic mitror criterion

."‘. .vHT

. u e

| | e
e — Reflected

"""" electrons

One contour of incident
electron distribution

As VT increases (O gy, closer to 90°) portion that mirrors comes increas-
ingly from outer part of incident distribution: reflected density depends
strongly on distribution function above thermal energies (non-Maxwellian
tail).



Field —aligned beams (FABs) upstream of the quasi-perpendicular shock
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SHOCK DRIFT ACCELERATION

Energy gain from motional electric field ... JHUAPL Experiment on IVP 8
. . . 15 Sep 1974
» if a particle can be held in shock frame 12000 e v
. . . . . . ™ Protons ]
» and drifts in direction of electric field S J
[ 029-050 MeV J: i
2000F — s | o e Tl
T =] 2000
Shock Front F096-200Mev | UL p3
Upstream Downstream 100 | 10
m° © © © Ps Gozfiw_’__é—
o ]?9“ o o [ P7 15-25Mev ~ 7‘745 12
: ‘U_L,J"-'-"‘-'IL : i 7
© 6 6 0 010 P8 25-48Mev ! —= 06
P8 B
0.02f %Lﬂ
® ® ® ® ” Alphas "1 -:4100
. g Al

Al

A2 1.14 - 1.80 MeV/Nuc

]

20

®
®

®

®

o
[.JJI

T T

>
~
o
[e))
ITIrey
>
~
&
.
IN]
<
o
s
=z
IS
o
| Jl‘Jlll[ Lil
N

A3 1.8 -4.2 MeV/Nuc

C [=]
T
S
>
w

V. Va "} Mediums 1 4
1002 | 0.7-1.45 MeV/Nuc 1
2 I L———d
0.8 72 1.45- 3.3 MeV/Nuc
2 F
O L
1200 1300 140\@\ 1500
" uT SHOCK



19 NOvV 1877

12 INBOUND

ISEE 1

ISEE 1
12 INBOUND

19 NOV 1977
00 ~ 19:09:00

19:07:

Diffuse ions upstream of Earh’s quasi-parallel bow shock

1981

Paschmann et al.



Diffuse lon Spectra Upstream of Earth’s Bow Shock
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Cluster observations of diffuse upstream ions
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Diffusive Shock Acceleration

The Parker transport equation for energetic particles

1. Diffusion
2. Convection

3. Adiabatic decelation



The Parker transport equation for the phase
space density f may be written as the sum of
various physical effects, as indicated:

- [,%%J;] (diffusion)
~U; 9L (convection)
+%§gj[aﬁ)§p] (energy change)
+ Q(z;,t,p) (source term)

T his equation contains both spatial transport
and acceleration. Statistical acceleration can
be incorporated by adding momentum diffusion

1 0.2 of
pa—p[p Dppa—p]



Consider a one-dimensional flow U, (x) as shown.

(the shock ratio U, / U, < 4)

Ul

v

Shock

U2

X

Solve the Parker transport equation for bound-
ary condition

()[' T T N .
U = (Uy — U3)8(x)

fi(@ =0) = fao(z = 0)



For this system the steady state solution to
Parker’s equation for particles injected at
momentum p, has the characteristic form

(above py):

ir =101 ()

. U
= Ap g2 eXp(ﬁf) T < Tshock
— Ap_(H_Q T 2 ZTshock

where ¢ = 3r/(r — 1) =~ 4 for strong shocks —
dj/dT ~ p~2 ~ T2

Near-universal power law spectrum!



Solution of time-dependent Parker equation results in
characteristic acceleration time for acceleration to to velocity v

(Laplace transform the Parker equation)

v

3 K K
T _ XX1+ XXx2 dV’
o Ul—sz U, U,




Earth‘s bow shock

Between L, diffusion coefficient , k and solar wind velocity v, the following relation holds
(stationary, planar shock):

Time scale for diffusive shock acceleration:

t 3k 3L
acc = _foldi i
ng Ve e-folding distance

With L =3 R; at 30 keV and v, = 600 km/s one obtains:
t,.=120s



The rate of increase in the cutoff momentum
pe depends on these parameters:

2
dpc ~ USh
dt Koy

1. Exponential rollover in energy spectrum
above p.

Inf




Simulating Diffusive
Acceleration
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Simulating Diffusive g Upstream (65000 <X < -55000)
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INTERPLANETARY SHOCKS AND PARTICLE ACCELERATION

—Flare-accelerated SEPs - S S
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INTERPLANETARY SHOCKS AND PARTICLE ACCELERATION
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MODELING PARTICLE ACCELERATION FOR SOLAR
ENERGETIC PARTICLE EVENTS
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