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-
Introduction: Shock wave

A disturbance that travels faster than the local sound speed (or, in general,
a characteristic wave speed) is a shock wave.

Sn 1006 brightest supernovae ever

X-43 fastest aircraft

Tail of diplodocus
exceeded speed of
sound, ~1200 km/h

Pistol shrimp, kills
enemies at distance by
releasing a sound
reaching 218 decibels
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Introduction: Sound and Alfvén speeds

@ The sound speed is
cs = (yplp)'?,
where v is the ratio of specific heat, p is the gas pressure and p is the
mass density. This is the characteristic speed at which information is
transmitted through non-ionized, non-magnetic gases.

@ The Alfvén speed is
B

N

This is the characteristic speed at which information is transmitted
along a magnetic field in a plasma.

Va=
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Introduction: Slow and fast magnetosonic speed (ms)

The MHD equations yield several types of waves:

2 ! (2+12)- \/ (2 +V2)" = 4c2V2 cos? O l

Crsslow = 5

Crsfast — 5

2 ! (cF+Vv3)+ \/ (2 + Vj)2 — 4c3V2 cos? O, l ,

where 65, is the angle between the incoming magnetic field and the shock
normal vector.

cms

\'\ Alfvén Wave
Fast Wave

Fast Wave
Slow Wave

Slow Wave Alfvén Wave

VA > 0s .
Baumjohann&Treumann 1996
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Introduction: Mach numbers

@ Sonic Mach number is

MS =
Cs
where v is fluid velocity.
@ Slow Magnetosonic Mach number is
v
Mg slow =
Cms slow
@ Alfvén Mach number is .
Mp = —
Va
@ Fast Magnetosonic Mach number is
1%
M s fast =
Cms fast
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Introduction: Shock

Shocks are transition layers where the plasma properties change from one
equilibrium state to another.

The relation between the plasma properties on both sides of a shock can
be obtained from the conservative form of the MHD equations, assuming

conservation of mass, momentum, energy, dB/dt = V X (v X B) and of
V-B=0.
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Shock-Conservation Relations

@ The jump across the shock in any quantity X:

Upstream Shock Downstream

N B [X] = X, — Xu
Z'“" @ For any quantity, a conservation equation is
lyor ¢
n«—lm aQ

— +V-F=0,

ot
where Q and F are the density and flux of any conserved quantity. If shock
is steady and one-dimensional (variations only along n-axis), then

OF,

=0.
on
The component of the conserved flux normal to the shock is constant
[F.] =0.

For MHD, the conservation of mass in one dimesion is 652" = 0 which
leads to the jump condition for the shock: [pv,] = 0.




T —
Rankine-Hugoniot jump conditions for ideal MHD

[B.]) =0 (1)

[vaB: = viB,]e = 0 (2)

[ovaly =0 (3)

[ov2 + p + B2 /2wl = 0 (4)

[PVan B Bt/ﬂo]ﬁ 0 (5)

[%,Ovzvn + yz T Bt(v”Bl;O s ”)]u =0 (6)
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Fast Shocks: M ysfast > 1

@ Plasma pressure and field strength (Alfvén speed) increase
downstream of shock; magnetic field bends away from normal

@ Fast shocks are by far the most frequent types of shocks observed in
solar-system plasmas (Earth’s bow shock. . .)

n upstream I
. downstream

i

T
Vn, Vr
eBn —O\MNW\,JU\MJ

Fast Shock
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Bow Shock: definition

@ The most famous example of a plasma shock is the Earth’s bow
shock.

@ It develops as a result of the interaction of the Earth’s magnetosphere
with the supersonic solar wind.

@ When M,,; > 1 and the plasma flow is distorted due to the presence
of a non-moving object, a shock front will develop across which the
fluid quantities will jump discontinuously.

@ The super-magnetosonic flow will become sub-magnetosonic.

Solar Wind
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Bow Shock: characteristics

@ The surface of the bow shock is parabolically shaped, M, ~ 8.

@ Mach number is defined by the solar wind velocity component normal
to the shock, v, = vy, cos 8. The condition M,,,; > 1 is satisfied when
6 < arccos M,,!. Therefore, bow shock forms at 6, ~ 80°.

@ Bow shock divides the solar wind flow into two regions: the
undisturbed region upstream of the bow shock and the disturbed
magnetosheath flow on the downstream side.

%

B,
%
Y

%

Solar Wind

Perpendicular Shock
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Shape of the bow shock: Mach cone

@ Incase V4 > ¢, the Alfvén Mach cone /
angle defines the shape /8

. [ Va Lo
Oy = arcsm(— = arcsin MA1
sSw

My =9.7 (solid), 4.9 (dashed), 1.9 (dotted),1.4 (fancy)
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Cairns and Lyon, 1996
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Position of the bow shock and magnetosheath

@ The position of the bow shock highly varies depending on solar wind
dynamic pressure, IMF and M4 (e.g. model by Peredo+95).

30

~ "Rsiny (R,.)

X (Rg)
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Vlasiator simulations: Plasma density, IMF at 30°

DB: bulk.0000000.visv
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Formation of the bow shock

Vlasiator simulations: Magnetic field magnitude, IMF at 5°
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Slow shocks: M sgow > 1

@ Plasma pressure increases; magnetic field strength (Alfvén speed)
decreases; magnetic field bends toward normal

Slow Shock
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Slow shocks

Petscheck magnetic reconnection is associated with a slow-mode shock;
can be related to magnetic reconnection in the solar corona.

"~ Plasmoid
 X-point

Conduction

Front “

) Reconnection Jet

/Fast Shock

corona

chromosphere
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Parallel and perpendicular shocks

@ Strictly in parallel shocks the magnetic field is not affected by the
shock.

@ Realistic parallel shocks are always quasi-parallel and therefore affect
the magnetic field amplitude.

@ The shock becomes turbulent.
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Parallel and perpendicular shocks

@ Typical magnetic shock profiles

[ ——
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Parallel and perpendicular shocks

Qua ‘Il i-parallel
|
i

N

creditfrom Y. Narita
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Parallel and perpendicular shocks: magnetic field

The positions of the quasi-parallel and quasi-perpendicular shock regions
move due to the change in the IMF direction.

a) Q=178
//\"Fareshock Bubble”
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Karimabadi+14
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Quasi-parallel and quasi-perpendicular shocks:
temperature

The enhanced heating in the quasi-parallel as compared to
quasi-perpendicular magnetosheath is clearly evident.

50
Karimabadi+14 0 X(d;) 2000
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Tools to study bow shock

To study the solar wind-Earth interaction we have an excellent tool:
mission CLUSTER
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-
CLusTER orbits 2001-2012

“Orbits are traversing the regions of prime interest in the magnetosphere,
both at high and low latitudes.”

magnetosheath

magnetopause
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Cluster separation

“The strategy governing the separation between four spacecraft of the
cluster which is varied according to the most important scale sizes of the
phenomena to be studied.”
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Cluster Instruments

Each of the four spacecraft are equipped with a full complement of particle

and field instruments.

CIS: ~0.01 keV — 35 keV

Hydrogen flux, [1/cm?sr s keV]
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Fluxgate Magnetometer (FGM)

Each instrument consists of two triaxial fluxgate magnetometers and
onboard Data-Processing Unit (DPU)

The mass of each sensor is 290 g + 48 g for the thermal cover.

The mass of the electronics box is 2060 g.

The instrument power consumption in normal operations is 2460 mW.
In order to minimise the magnetic background of the spacecraft, one
of the magnetometer sensors is located at the end of 5.2 m radial
boom, the other at 1.5 m inboard from the end of the boom.

Different ranges from -64 to +64 nT
with resolution of 7.8 1073 nT and
from -65536 to +65528 nT with
resolution of 8 nT

Telemetry: 15.5 vector/second
(Nominal mode) to 67.2
vector/second (Burst mode)
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Upstream region, parallel bow shock: example

CME passage, solar maximum
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Kronberg et al., 2009
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Upstream region, parallel bow shock: example
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Diffusive or first order Fermi acceleration

Credit: Treumann&Jaroschek

reflections with energy gain SHOCK

reflection with energy loss

upstream downstream

@ Spatial gradient of density of upstream ions is expected to decrease
exponentially with distance from the bow shock [e.g. Terasawa+81].
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Upstream region: acceleration at the bow shock
CME passage, solar cycle maximum
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@ Spatial gradient of the partial density of upstream ions is calculated.
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Upstream region: acceleration at the bow shock
CME passage, solar cycle maximum
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@ Spatial gradient of the partial density of upstream ions is calculated.
@ Scattering with waves and diffusive transport = gradients decrease

exponentially with distance.
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Formation of shock between solar wind streams

Richardson+18

2017-06-06 10:00:00
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Upstream region: CIR passage, solar cycle minimum
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@ Moon-exploration team will be affected
by energetic particles in upstream region
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Future applications?
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Summary

@ Planetary shocks are complicated structures

@ They lead to strong energization of plasma which can affect the
satellites.

@ Energetic particles can enter into the deepest lunar wake and raise
the electric potential of the lunar surface (Nishino+17). This can affect
the distribution of the dust on the lunar surface and, therefore,
manned activities.
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