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ABSTRACT	  
The	  Cluster	  close	  separaUon	  campaign	  at	  the	  terrestrial	  bow	  shock	  was	  aimed	  at	  
probing	  the	  terrestrial	  bow	  shock	  front	  using	  mulU-‐scale	  spacecraX	  separaUons.	  
The	  closest	  separaUon	  (<	  10	  km)	  was	  achieved	  between	  Cluster	  3	  and	  Cluster	  4.	  
The	  separaUon	  of	  two	  other	  spacecraX	  from	  this	  pair	  was	  in	  the	  range	  100-‐1000	  
km.	   The	   data	   from	   this	   Cluster	   campaign	   have	   been	   used	   to	   study	   the	   fine	  
structure	   of	   the	   magneUc	   ramp.	   It	   is	   shown	   that	   the	   magneUc	   field	  
perturbaUons	  observed	  within	  the	  ramp	  along	  the	  shock	  normal	  possess	  spaUal	  
scales	  a	  few	  Umes	  shorter	  than	  the	  ramp	  region	  itself,	  and	  are	  accompanied	  by	  
variaUons	  in	  the	  electric	  field	  with	  magnitudes	  of	  a	  few	  tens	  mV/m.	  Using	  dual	  
spacecraX	  measurements	   enables	   us	   to	   show	   that	   in	   the	   plane	   of	   the	   shock	  
front	  the	  characterisUc	  width	  of	  these	  structures	  corresponds	  to	  electron	  scales.	  
Comparison	  of	  the	  magneUc	  field	  profile	  obtained	  from	  Cluster	  3	  and	  4	  indicates	  
possibility	  that	  the	  iniUal	  stage	  of	  the	  front	  reformaUon	  is	  observed.	  
	  
INTRODUCTION	  
In	  spite	  of	  the	  great	  progress	  in	  the	  physics	  of	  the	  collisionless	  shocks	  that	  has	  
been	  achieved	  since	  the	  pioneering	  theoreUcal	  development	  of	  the	  collisionless	  
shock	  concept	  (e.g.	  Sagdeev	  1961)	  a	  few	  unsolved	  problems	  sUll	  remain.	  One	  of	  
them	  is	  the	  non-‐staUonarity	  of	  high	  Mach	  number	  shocks.	  An	  understanding	  of	  
shock	  front	  non-‐staUonarity	  provides	  an	  insight	  into	  the	  physical	  processes	  that	  
are	  involved	  in	  the	  formaUon	  of	  high	  Mach	  number	  shocks.	  The	  importance	  of	  
shock	   front	   non-‐staUonarity	   is	   also	   related	   to	   the	   fine	   structure	   of	   the	   front	  
resulUng	  from	  various	  scenarios	  of	  the	  non-‐staUonarity.	  	  For	  example	  the	  model	  
of	  magneUc	   ramp	   dynamics	   proposed	   by	   Krasnosel’skikh,	   (1985)	   leads	   to	   the	  
occurrence	   of	   strong,	   localized	   electric	   field	   structures	   that	   can	   significantly	  
affect	   the	   process	   of	   the	   electron	   thermalizaUon	   within	   the	   shock	   front.	   To	  
address	   this	   unsolved	   problem	   the	   ESA	   Cluster	   mission	   conducted	   a	   special	  
Small	   Scale	   Campaign	   aimed	   at	   the	   observaUon	   of	   terrestrial	   bow	   shock	  with	  
very	  small	  (only	  a	  few	  km)	  satellite	  separaUon	  distances.	  Here	  the	  iniUal	  results	  
of	   this	   Cluster	   shock	   campaign	   relevant	   to	   the	   shock	   nonstaUonarity	   are	  
presented.	  	  
	  	  
Bow	  Shock	  crossing	  by	  Cluster	  on	  the	  24th	  of	  January,	  2015	  at	  21:10	  UT.	  
Figure	  1	   shows	   the	  magnitude	  of	   the	  magneUc	  field	   |B|	   as	  measured	  by	   four	  
Cluster	   spacecraX	   during	   the	   terrestrial	   bow	   shock	   crossing	   on	   24th	   January	  
2015.	  	  	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Currently,	  only	  limited	  electric	  field	  data	  are	  available	  from	  Cluster	  due	  to	  the	  
failure	   of	   a	   number	   of	   electric	   field	   probes	   during	   15	   years	   of	   operaUon.	  
Electric	  field	  data	  are	  not	  available	  on	  Cluster	  3	  and	  only	  Y-‐component	  of	  the	  
electric	   field	   in	   the	   spacecraX	   non-‐spinning	   coordinate	   frame	   is	   reliably	  
available	  from	  Cluster	  4	  for	  this	  bow	  shock	  crossing.	  The	  spacecraX	  y-‐axis	   is	  
close	  to	  the	  y-‐axis	   in	  the	  GSE	  coordinate	  frame.	  The	  variaUon	  of	  Ey	  and	  |B|	  
are	   shown	   in	   Figure	   5.	   It	   can	   be	   seen	   that	   immediately	   aXer	   the	   local	  
maximum	   of	   |B|	   within	   the	   ramp	   structure	   the	   increased	   level	   of	   Ey	  
variaUons.	   To	   calculate	   the	   cross-‐shock	   potenUal	   Φ	   the	   projecUon	   of	   the	  
electric	  field	  along	  the	  shock	  normal	  should	  be	   integrated	  along	  the	  normal	  
direcUon.	  Assuming	  that	  Vsh	  is	  constant:	  

Discussion	  
One	   of	   the	   explanaUons	   for	   substructures	   in	   the	   ramp,	   such	   as	   the	   local	  
maximum	  observed	   by	   Cluster	   4	   and	   shown	   in	   Fig.	   3,	   is	   shock	   front	   rippling.	  
However	   the	   spaUal	   scales	   associated	  with	   the	   corrugaUon	   instability	   that	   is	  
known	  to	  lead	  to	  shock	  rippling	  are	  much	  larger	  than	  those	  observed	  here	  and	  
correspond	  to	  MHD	  or	  at	  least	  ion	  scales.	  	  
Numerical	   simulaUons	   by	   Quest	   (1985;	   1986)	   of	   high	   Mach	   number	   (22)	  
perpendicular	   shocks	   exhibited	   quasi-‐periodic	   behavior	   in	   the	   ion	   reflecUon	  
process.	  There	  were	  periods	  when	  all	  ions	  were	  reflected	  from	  the	  shock	  front	  
were	   intermixed	   with	   periods	   without	   any	   reflecUon	   ions.	   Vaisberg	   et	   al.,	  
(1986)	   reported	   oscillaUons	   of	   the	   ion	   flux	   at	   the	   shock	   front.	   The	   quasi-‐
periodic	  dynamics	  of	   the	   reflected	   ions	  must	  be	   related	   to	   the	  quasi	  periodic	  
reformaUon	  of	  the	  macroscopic	  fields	  in	  the	  shock	  front.	  The	  analyUcal	  model	  
for	   the	   non-‐staUonary	   evoluUon	   of	   high	   Mach	   number	   shocks	   has	   been	  
developed	  by	  Krasnoselskikh	  (1986)	  and	  Galeev	  et	  al.,	   (1986)	  and	  reviewed	  in	  
Krasnoselskikh	  et	  al.	   (2002).	   	  The	  Krasnoselskikh	  et	  al.,	  model	   is	  based	  on	  the	  
results	  of	  Sagdeev	  (1966),	  describing	  the	  relaUonship	  between	  the	  shock	  front	  
structure	  and	  the	  corresponding	  linear	  waves.	  In	  brief,	  the	  Krasnoselskikh	  et	  al	  
(2002)	  model	  assumes	  that	  for	  low	  Mach	  number	  dispersive	  shocks	  steepening	  
of	  the	  front	  will	  stop	  once	  the	  front	  scale	  reaches	  the	  whistler	  dispersion	  scale.	  
At	  this	  stage	  a	  phase	  standing	  precursor	  will	  be	  formed	  in	  a	  quasiperpendicular	  
shock.	  This	  whistler	  precursor	  decelerates	  the	  upstream	  flow	  and	  provides	  the	  
dissipaUon	  for	  example	  via	  the	  parametric	  instability.	  However,	  phase	  standing	  
whistlers	  can	  exist	  only	  if	  the	  Mach	  number	  is	  below	  the	  whistler	  criUcal	  Mach	  
number	  (Mw)	  (μ	  is	  the	  electron	  to	  proton	  mass	  raUo):	  
	  
If	   MA>MW	   a	   staUonary	   precursor	   can	   not	   be	   formed.	   The	   ramp	   steepening	  
conUnues,	  and	  nonlinear	  whistler	  waves	  with	  a	  characterisUc	  spaUal	  scale	  c/ωpe	  
are	   formed	   within	   the	   ramp.	   The	   electric	   field	   related	   to	   this	   short	   scale	  
nonlinear	  structure	  can	  lead	  to	  non	  adiabaUc	  heaUng	  of	  electrons	  at	  the	  ramp	  
[Balikhin	   et	   al.,	   1993].	   If	   the	  Mach	   number	   exceeds	  MnW≈21/2MW	  there	   is	   no	  
possibility	   that	   these	  nonlinear	  waves	  will	  be	  generated	  within	   the	   ramp	  and	  
the	  	  gradient	  catastrophe	  regime	  develops	  with	  quasi-‐periodic	  	  breaking	  	  of	  the	  
shock	  front,	  similar	  to	  the	  breaking	  of	  large	  amplitude	  ordinary	  hydrodynamic	  
waves.	   For	   the	   shock	   presented	   here	  MW≈8.7,	   and	  MnW≈12.3.	   Therefore	   the	  
shock	   is	   very	   close	   the	   regime	   between	   these	   two	   criUcal	   Mach	   numbers.	  
Cluster	  4	  observes	  oscillaUons	  	  that	  were	  predicted	  by	  Krasnoselskikh	  (1985).	  	  
Another	  scenario	  resulUng	  in	  nonstaUonarity	  of	  the	  front,	  oXen	  referred	  to	  as	  
front	   reformaUon,	   is	   evident	   in	   many	   numerical	   simulaUons	   (e.g.	  
Krasnoselskikh	   et	   al.,	   2002).	   In	   this	   scenario	   the	   leading	   small	   amplitude	  
whistler	  wave	  at	  the	  upstream	  edge	  of	  the	  foot	  grows	  to	  form	  a	  new	  ramp.	  It	  
was	  shown	  in	  Krasnoselskikh	  et	  al	  ,	  (2013)	  that	  this	  may	  be	  an	  arUfact	  of	  the	  set	  
of	   parameters	   used	   in	   simulaUons.	   In	   their	   avempt	   to	   reproduce	   the	   shock	  
features	   reported	  by	   Lobzin	  et	   al.	   (2007),	  Comisel	   et	   al.	   (2011)	  used	  a	   ID	  PIC	  
simulaUon	   with	   a	   realisUc	   ion	   to	   electron	   mass	   raUo.	   The	   only	   unrealisUc	  
parameter	  in	  the	  simulaUon	  was	  the	  raUo	  of	  the	  electron	  	  plasma	  and	  cyclotron	  
frequencies	   (ωpe/Ωce).	  While	   agreeing	   that	   the	   shock	  was	   non-‐staUonary,	   the	  
results	   showed	   a	   number	   of	   substanUal	   differences	   between	   simulaUon	   and	  
observaUons.	   The	   electric	   fields	   in	   the	   vicinity	   of	   the	   shock	   front	  were	  much	  
larger	  in	  the	  simulaUon	  than	  in	  the	  observaUons.	  The	  reason	  for	  this	  difference	  
arises	  due	  to	  the	  use	  of	  an	  unrealisUc	  value	  for	  ωpe/Ωce.	  The	  refracUve	  index	  (N)	  
of	  the	  waves	  determines	  the	  raUo	  of	  the	  wave	  electric	  and	  magneUc	  fields	  and	  
may	   be	   calculated	   from	   the	   phase	   velocity	   of	   the	  waves	   and,	   importantly,	   is	  
related	  to	  the	  raUo	  ωpe/Ωce.	  	  
	  
	  
For	   a	   phase	   standing	   whistler	   wave	   just	   upstream	   of	   the	   ramp	   the	   phase	  
velocity	   is	   approximately	   the	   same	   as	   the	   upstream	   solar	   wind	   velocity.	  
ObservaUons	  showed	  that	  Vsw~440	  kms-‐1,	  resulUng	  in	  Nexp	  ~	  700.	  However,	  for	  
the	  simulaUon	  the	  value	  of	  ωpe/Ωce	  was	  assumed	  to	  be	  8	  and	  hence	  Nsim	  ~	  23.	  
Thus	   the	   electric	   field	   of	   the	   waves	   in	   the	   simulaUon	   was	   approximately	   30	  
Umes	  greater	  than	  that	  observed.	  This	  significantly	  overesUmated	  electric	  field	  	  
can	  have	  an	  essenUal	  effects	  	  	  on	  the	  upstream	  ion	  dynamics	  and	  may	  result	  in	  
the	   formaUon	  of	  a	  new	  ramp.	  However	   there	  are	  no	  observaUons	   to	  support	  
this	   alternaUve	   scenario	   for	   shock	   front	   nonstaUonarity	   in	   parUcular	   in	   the	  
shock	  observed	  by	  Cluster	  	  and	  studied	  here.	  
Conclusions	  
1.Short	  separaUon	  between	  two	  Cluster	  spacecraX	  enabled	  direct	  observaUon	  
of	  the	  shock	  front	  nonstaUonarity	  process.	  	  
2.	  Data	  presented	   show	  evidence	   in	   favor	  of	   the	   front	  nonstaUonarity	  model	  
proposed	  by	  Krasnoselskikh	  (1985).	  
3.	  SpaUal	  scales	  of	  substructures	  assume	  short	  spaUal	  scale	  electric	  field	  within	  
the	  ramp	  that	  could	  lead	  to	  the	  non-‐adiabaUc	  thermalizaUon	  of	  electrons.	  	  
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With	   only	   one	   reliably	   available	   component	   of	   the	   electric	   field	   it	   is	  
impossible	   to	   calculate	   En	   and	   therefore	   Φ.	   With	   only	   one	   component	  
available	  some	  very	  strong	  assumpUons	  that	  are	  difficult	  to	  jusUfy	  are	  needed	  
to	  esUmate	  Φ.	  One	  possibility	   is	   to	  assume	   that	  Ey	   is	  proporUonal	   to	  En.	  As	  
the	  angle	  between	  the	  GSE	  y	  axis	  and	  the	  model	  shock	  normal	  is	  78°,	  only	  a	  
Uny	  part	  of	  Ey	  contributes	  to	  the	  cross	  shock	  potenUal.	  However	  the	  overall	  
value	  of	  the	  potenUal	  can	  be	  esUmated	  using	  results	  of	  staUsUcal	  studies	  of	  
the	  potenUal	  as	  a	  funcUon	  of	  θBn	  and	  MA	  [Dimmock	  et	  al.,	  2012].	  	  

Figure	  1.	  |B|	  as	  measured	  by	  four	  Cluster	  spacecraX	  during	  the	  shock	  crossing	  	  	  

Figure	  2.	  Three	  components	  of	  the	  magneUc	  field	  as	  measured	  by	  	  Cluster-‐3	  	  

Figure	   3	   displays	   |B|	   observed	   by	   Cluster	   3	   (blue)	   and	   4	   (red)	   using	   an	  
expanded	  Ume	  scale.	   	   The	  main	  dissimilarity	   in	  |B|	   is	   the	  prominent	   local	  
field	  maximum	  observed	  by	  Cluster	  4	  within	  the	  ramp.	  Such	  non-‐monotonic	  
features	   have	   been	   observed	   before	   [Balikhin	   et	   al.,	   2005,	   Walker	   et	   al.,	  
1999],	   however	   in	   the	   absence	   of	   close	   simultaneous	  measurements	   they	  
also	   could	   be	   explained	   by	   a	   short	   lived	   reversal	   of	   the	   shock-‐spacecraX	  
velocity	  during	  the	  ramp	  crossing.	  The	  close	  separaUon	  between	  C3	  and	  C4	  
(of	  the	  order	  of	  the	  electron	  inerUal	  scale)	  and	  simultaneous	  observaUon	  of	  
the	   ramp	   by	   both	   spacecraX	   prove	   that	   the	   observed	   feature	   is	   a	   sub-‐
structure	  of	  the	  ramp,	  and	  cannot	  be	  explained	  by	  a	  velocity	  reversal.	   	  The	  
magenta	   line	   represents	   the	   difference	   |B4|-‐|B3|,	   and	   displays	   a	   clear	  
oscillaUon	   at	   the	   Ume	   of	   the	   local	   maximum	   in	   the	   ramp	   magneUc	   field	  
detected	  by	  Cluster	  4.	  This	  oscillaUon	  is	  also	  evident	  in	  the	  difference	  of	  the	  
magneUc	  field	  components	   	  Bl	   	  and	  Bm	  as	  measured	  by	  Cluster	  4	  and	  3.	  The	  
minimum	   variance	   direcUon	   for	   this	   oscillaUon	   (which	   corresponds	   to	   the	  
direcUon	  of	  wave	  vector)	  forms	  a	  small	  angle	  7°	  with	  the	  shock	  normal,	  and	  
exhibits	  ellipUcal	  polarizaUon	  as	  shown	  in	  Figure	  4	  that	  displays	  the	  relaUons	  
between	  maximum,	   intermediate	  and	  minimum	  variance	  components.	  The	  
red	  stars	  	  idenUfy	  	  the	  iniUal	  part	  of	  the	  Ume	  interval.	  	  	  

During	  this	  shock	  crossing	  the	  closest	  separaUon	  of	  only	  6.76	  km	  was	  between	  
Cluster	  3	  and	  4.	  The	  separaUon	  distances	  between	  the	  Cluster	  3	  and	  Cluster	  1,2	  	  
were	   4002km	   and	   3076km	   respecUvely.	   IniUally	   the	   spacecraX	   were	   in	   the	  
undisturbed	   solar	   wind	   with	   |B0|≈5.8	   nT.	   However,	   between	   21:09:30	   and	  
21:13:00	   all	   spacecraX	   crossed	   the	   shock	   and	   entered	   the	   magnetosheath.	  
Cluster	   3	   and	   4	   observed	   the	   shock	   ramp	   almost	   simultaneously,	   just	   aXer	  
21:09:59.	  As	  can	  be	  seen	  from	  Fig.	  1	  upstream	  of	  the	  ramp	  at	  21:09:35-‐21:09:59	  
Cluster	   3,4	   observed	   the	   foot,	   evident	   from	   the	   gradual	   increase	   in	   |B|.	   The	  
Peredo	  et	  al.,	  (1995)	  model	  was	  used	  to	  calculate	  the	  shock	  normal	  n=[0.97668	  	  
0.20947	   	  0.04700]	   (GSE).	   	  θBn	   resulUng	   from	  this	  normal	   is	  66°	  and	  the	  Alfven	  
Mach	  number	  MA≈7.8.	  The	  separaUon	  between	  Cluster	  3	  and	  4	  along	  the	  model	  
normal	  was	  ≈4.72km	  and	  ≈4.84	  km	  in	  the	  perpendicular	  plane.	  Figure	  2	  displays	  
the	   components	   of	   the	  magneUc	   field	   as	  measured	   by	   Cluster	   3	   in	   the	   shock	  
coordinate	  system.	  The	  absence	  of	  significant	  variaUons	   in	  Bn	  during	   the	  ramp	  
crossing	   supports	   the	   choice	  of	   the	  normal	  direcUon.	   The	  main	   change	  within	  
the	  ramp	  occurs	  in	  Bl	  as	  expected.	  	  	  
	  

Figure	  3.	  	  
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Figure	  5.	  |B|	  and	  Ey	  	  as	  measured	  by	  Cluster	  4.	  	  	  

Shock-‐SpacecraW	  Velocity	  and	  ramp	  spaYal	  scales	  
	  
For	   this	   parUcular	   shock	   crossing	   the	   determinaUon	   the	   relaUve	   shock-‐
spacecraX	  velocity	  	  Vsh	  is	  a	  challenging	  task.	  The	  separaUon	  between	  Cluster	  4	  
and	  Cluster	  1,2	   forms	  angles	  87.4°	  and	  89.5°	  with	   the	  model	   shock	  normal.	  
SeparaUon	  between	  Cluster	  3	  and	  4	  is	  very	  small,	  implying	  a	  large	  error	  if	  this	  
pair	   is	   used	   for	   the	   velocity	   idenUficaUon,	   even	   though	   the	   angle	   with	   the	  
shock	   normal	   is	   45.8°	   The	   separaUon	   between	   Cluster	   1	   and	   2	   is	   about	  
3688km	  and	  forms	  angle	  78.7°	  with	  the	  model	  shock	  normal.	   	  With	  all	  these	  
reservaUons	  Vsh	  has	  been	  esUmated	  using	  Ume	  delays	  between	  the	  following	  
pairs:	   (1,4)	  and	   (1,2)	   resulUng	   in	   the	  values	  9.5km/s	  and	  9.2km/s.	   	  Another	  
possibility	   is	   to	  use	  a	  methodology	  from	  the	  “pre-‐ISEE”	  era	  that	   is	  based	  on	  
the	  width	  of	  the	  foot	  region	  (Woods,	  1969;	  Livesey	  et	  al.,	  1984):	  	  	  

Figure	  4.	  Minimum,	  Intermediate	  and	  Maximum	  
components	  	  Variance	  	  
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Taking	   into	  account	   the	  upstream	  solar	  wind	  velocity	  and	   the	   foot	  duraUon	  
leads	   to	   an	   esUmate	   Vsh≈14km/s,	   that	   is	   surprisingly	   close	   to	   the	   above	  
esUmates	  based	  on	  the	  Ume	  delays	  in	  spite	  of	  the	  unfavorable	  geometry.	  It	  is	  
the	  value	  of	  the	  velocity	  that	  based	  on	  the	  foot	  duraUon	  that	   is	  going	  to	  be	  
used	   for	   the	  esUmate	  of	   the	   shock	   ramp	  spaUal	   scales.	   The	  duraUon	  of	   the	  
ramp	  crossing	  is	  about	  1	  second	  corresponding	  to	  width	  of	  Lramp≈14	  km.	  
The	   characterisUc	   spaUal	   scales	   for	   this	   crossing	   are	   the	   following:	   electron	  
inerUal	   length	   c/ωpe≈1.6	   km;	   	   ion	   inerUal	   length	   c/ωpi≈68.7	   km;	   dispersion	  
length	  	  cos(θBn)c/ωpi≈27.9	  km.	  Therefore	  	  Lramp≈8.75c/ωpe≈0.5cos(θBn)c/ωpi.	  
The	   duraUon	   of	   the	   sub-‐structure	  within	   the	   ramp	   that	   corresponds	   to	   the	  
local	  maximum	  observed	  in	  |B|	  is	  about	  0.24	  s,	  corresponding	  to	  the	  spaUal	  
scale	  along	  the	  normal	  Ln-‐sub≈	  3.4	  km≈2.1c/ωpe≈0.12cos(θBn)c/ωpi.	  The	  upper	  
limit	  on	  the	  spaUal	  scale	  of	  the	  substructure	  in	  the	  plane	  perpendicular	  to	  the	  
normal	   can	   be	   esUmated	   using	   the	   component	   of	   the	   Cluster	   3	   and	   4	  
separaUon	  vector	  that	  is	  perpendicular	  to	  the	  normal,	  as	  this	  substructure	  is	  
prominent	   in	   Cluster	   4	   data	   and	   is	   not	   clear	   in	   Cluster	   3	   data.	   Therefore:	  
Sperpsub	  ≤	  4.8	  km≈3c/ωpe≈0.17cos(θBn)c/ωpi.	  	  	  	  	  
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