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Did Cluster help us in understanding
High Mach number shocks?

• ISSI team 2008-2009

• “High-Mach-number collisionless shock dynamics: theory and simulations 
versus multi-point measurements in space”

• V. Krasnoselskikh
• S. Bale, M. Balikhin, D. Burgess, M. Gedalin, T. Horbury, H. Kucharek, B. 

Lembege, V. Lobzin, C. Mazelle, S.  Schwartz, M. Scholer

• Young scientists: 

• J. Soucek, E. Henley, M. Pulupa and A. Tjulin

• H. Comisel

• Three topics:

• Scales
• Sources of upstream wave activity
• Best possible simulation of the 24th January 2001 shock



Structure of the shock front: dispersion versus nonlinearity in the
presence of the weak dissipation

Precursors in sub-critical shocks and early models (Sagdeev, 1961, 1964)

The structure is formed as a result of counter-balance between

nonlinearity and dispersion, weak dissipation



High Mach number shocks are supposed to become
non-stationary

What are possible reasons for nonstationarity and
reformation?

• Three possibilities

• I. Domination of the nonlinearity over dissipation when 
the dispersion is negligible, in other words, the 
dissipation mechanism is not capable to ensure 
necessary energy transformation 

• II. Due to the dynamics of instabilities in the foot 
region (simulations)

• III. Instability of the shock front ramp due to the 
domination of the nonlinearity over dispersion, when 
the shock front (ramp region) is formed as nonlinear 
dispersive structure



Phase velocity

dependence of
oblique fast
magnetosonic
(whistler) waves upon
the wavenumber



Gradient catastrophe of nonlinear upstream whistler

Above whistler critical Mach number whistler precursor becomes nonlinear
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Galeev et al., 1988 a,b,c; Krasnoselskikh et al. 2002

Above Mnw shock nonlinear steepening of waves can not be
stopped anymore by dispersion and/or dissipation and

becomes non-stationary

Nonlinear whistler critical Mach number



Reformation process

• Steepening in time that means the appearance of
small scales (several (c/ωpe))

• Overturning, also called « gradient catastrophe » of
the « old » front, and, as a consequence, « bursty »
ion reflection

• Formation of the « new » front and return to the
beginning

• Many factors that are not taken into consideration



Appeal to experimental data of multi-point
measurements: Cluster

What are the right questions to answer making
use of the data?

• Does the front steepen with the growth of the Mach number till 
the scales comparable with electron inertial length?

• What are the characteristic scales of fine structure of the shock
front?

• What are the sources of waves observed upstream of the
ramp?

• Can we observe direct manifestations of the overturning and
reformation?





Magnetic field ramp thickness (Hobara et al, 2010)



Magnetic ramp thickness statistics (Mazelle et al., 2009)





Where the waves are generated?
Normal Incidence Frame 

20/01/2003, MA=5.5, θBn =75.6°, βi = 0.7

(Sundkvist et al., 2010)
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Direct observation of
reformation:

shock crossing 24 January 2001

• Lobzin,V. V.,  V. Krasnoselskikh, J.-M. 
Bosqued, S. J. Schwartz, and  M. Dunlop

• Nonstationarity and Reformation of High-

Mach Number Shocks: Cluster Observations, 
Geophys. Res. Lett., v. 34, L05107, 
doi:10.1029/2006GL029095, 2007



Parameters of the Shock Wave

Upstream magnetic 

intensity 
4.21 ± 0.09 nT        Main Dimensionless Parameters 

Upstream electron 

density 
9.0 ± 0.2 cm-3   Upstream θB 81º ± 4º 

Upstream electron 

temperature 
8.2 ± 0.3 eV   Upstream βe 1.7 

Frequencies, Periods and 

Characteristic Lengths 
  Upstream βi 2.0 

Upstream electron 

plasma frequency fpe 
27.0 ± 0.3 kHz   

Alfvén Mach number 

MA  
10 

Upstream electron 

Debye length λDe 
5 m   Fast Mach number Mf 5 

Upstream proton 

gyroperiod TBi 
15.5 s     

 

II



The magnetic field profiles obtained by FGM experiments 
aboard Cluster spacecraft during the Earth's bow shock 
crossing on January 24, 2001 (Lobzin et al. 2007).



Hodograms for magnetic field 

peaks

III



The ion velocity distributions in the forward part of the foot for the 
bow shock crossing on 24 January 2001 and temporal variations 
for  relative number of counts corresponding to reflected ions 
(Lobzin et al. 2006). 





Conclusions II

The most probable reason for reformation is related to weakness of

the dispersion that can not stop nonlinear steepening

In the case of oblique quasiperpendicular shocks the critical Mach 
number for the transition from stationary to nonstationary dynamics
can be evaluated using the condition that the whistler precursor
wave train can not be anymore established upstream of the shock
ramp

• Computer simulations by means of the PIC codes can not properly
model physical processes of the particle interaction with fields
because they artificially overestimate electric to magnetic fields
ratio      





Major differences





• Particle acceleration:

• Injection problem and  its association 
with the magnetic field structures

• Problem of efficiency of mechanisms: 
in astrophysics the gradient drift 
comes into the game for oblique 
shocks 

• Multi-scales 

• Diffusion scale









Giacalone, Schwartz and Burgess, 1993 





Ion events associated with different magnetic 
field features (Wilkinson et al, 1993)









Real fields amplitudes



Simulation field amplitudes
B=B / B0

e= E / 1.2V/m



Where is the difference between
simulations and experiment



i e
m / m pe ce

/ω ω

Solar Wind                               1836                   100 – 200                         (5000)

Biskamp and Welter, 1973                         124            5                 1-D

Lembege and Dawson, 1987                      100               2                 1-D

Liewer et al.,   1991                                  1836     1-4                 1-D

Savoini and Lembege, 1994                         42            2                 2-D

Shimada and Hoshino, 2000,2003,2005       20                    20                 1-D     (90)

Lembege and Savoini, 2002                         42            2                 2-D

Krasnoselskikh et al.,  2002                        200         - 1-D

Hada, Oonishi. Lembege, Savoini 2003        84                  2                 1-D    (18)

Scholer, Shinohara, Matsukiyo,  2003       1840                 2                 1-D    (95)

Scholer, Matsukiyo, 2004                          1840          2                 1-D    

Muschietti and Lembege, 2005                   100              2                 1-D    (20)

Matsukiyo, Scholer, 2006                          1860          2                 2-D

Scholer, Comisel, Matsukiyo, 2007           1000                5                 1-D   (150)

Parameters in PIC Simulations of Collsionless Shocks 

i e
m / m1. Mass ratio

2. Ratio of electron plasma to gyrofrequency
pe e

ce A i

mc

V m

ω
ν = =

Ω

Ac / V


