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Goals	
  

•  Historical	
  progression	
  of	
  our	
  observa9onal	
  and	
  
theore9cal	
  understanding	
  of	
  the	
  solar	
  wind	
  

•  A	
  sense	
  of	
  why	
  we	
  study	
  the	
  solar	
  wind	
  
–  Connec9on	
  between	
  the	
  Sun	
  and	
  interplanetary	
  space	
  
– Hea9ng	
  and	
  escape	
  from	
  the	
  corona	
  
–  Fundamental	
  plasma	
  physics	
  

•  Three-­‐dimensional	
  picture	
  of	
  the	
  solar	
  wind	
  
•  Highlight	
  open	
  ques9ons	
  and	
  future	
  
opportuni9es	
  



HOW	
  DO	
  WE	
  EXPLORE	
  THE	
  SOLAR	
  
WIND?	
  



Some	
  observa9onal	
  techniques	
  

•  Eclipses	
  
–  Thompson	
  scaCering	
  

•  Comets	
  
–  Ioniza9on,	
  radia9on	
  pressure	
  

•  Early	
  spacecraG	
  
–  In	
  situ	
  instruments	
  

•  Current	
  observa9onal	
  capability	
  
•  Future	
  plans	
  

–  Solar	
  Probe	
  Plus,	
  Solar	
  Orbiter	
  



Earliest	
  hints	
  of	
  a	
  solar	
  wind	
  
•  Astronomers	
  have	
  used	
  solar	
  

eclipses	
  to	
  study	
  the	
  moon	
  
and	
  the	
  Sun	
  for	
  thousands	
  of	
  
years	
  

•  Earliest	
  recorded	
  
observa9ons	
  of	
  eclipses	
  date	
  
back	
  to	
  6000BC	
  

•  "Astronomers	
  Studying	
  an	
  
Eclipse,"	
  a	
  1571	
  pain9ng	
  by	
  
Antoine	
  Caron	
  

•  When	
  direct	
  sunlight	
  is	
  
blocked,	
  a	
  corona	
  (La9n	
  for	
  
crown)	
  of	
  material	
  
surrounding	
  the	
  Sun	
  can	
  be	
  
seen	
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•  Fine	
  structure	
  due	
  
to	
  coupling	
  
between	
  plasma	
  
and	
  magne9c	
  
field	
  lines	
  

•  Complex	
  structure	
  
transi9ons	
  to	
  
radial	
  lines	
  

•  We	
  now	
  know	
  
that	
  these	
  
structures	
  are	
  the	
  
star9ng	
  point	
  of	
  
the	
  solar	
  wind	
  



Early	
  evidence	
  for	
  the	
  solar	
  wind	
  
•  	
  	
  



PHYSICS	
  OF	
  SOLAR	
  WIND	
  
ACCELERATION	
  



Some	
  facts	
  established	
  by	
  the	
  1950s	
  

•  Significant	
  flux	
  of	
  ions	
  and	
  electrons	
  in	
  interplanetary	
  space,	
  
likely	
  con9nously	
  

•  Coronal	
  temperatures	
  of	
  millions	
  of	
  degrees	
  accepted	
  
•  Sydney	
  Chapman	
  determines	
  that	
  million	
  degree	
  corona	
  is	
  an	
  
excellent	
  heat	
  conductor	
  and	
  therefore	
  may	
  extend	
  deep	
  into	
  
space	
  

•  Ludwig	
  Biermann	
  predicts	
  dense	
  and	
  fast	
  flow	
  of	
  par9cles	
  
required	
  to	
  explain	
  radial	
  comet	
  tails.	
  	
  	
  

–  Suggests	
  con9nuous	
  speeds	
  of	
  500-­‐1500	
  km	
  s-­‐1	
  	
  
–  densi9es	
  of	
  500	
  p	
  cm-­‐3	
  at	
  1	
  AU	
  (an	
  overes9mate)	
  



We	
  will	
  consider	
  three	
  models	
  

1.  An	
  extended	
  atmosphere	
  in	
  hydrosta9c	
  
equilibrium	
  

2.  A	
  solar	
  breeze	
  due	
  to	
  evapora9on	
  of	
  the	
  
corona	
  into	
  space	
  

3.  A	
  supersonic	
  solar	
  wind	
  



1.	
  Extended	
  hydrosta9c	
  atmosphere	
  

•  Sydney	
  Chapman,	
  Notes	
  on	
  the	
  Solar	
  Corona	
  and	
  the	
  Terrestrial	
  
Ionosphere,	
  Smithsonian	
  Contribu9ons	
  to	
  Astrophysics,	
  1957	
  



1.	
  Remarks	
  on	
  sta9c	
  equilibrium	
  

•  	
  	
  

H>>200 km! 



1.	
  Chapman’s	
  predic9ons	
  

•  	
  	
  



2.	
  Evapora9on	
  of	
  high	
  energy	
  tail	
  

•  	
  	
  

Full VDF 

Escaping 
protons 



2.	
  Chamberlin’s	
  predic9ons	
  

•  	
  	
  

Full VDF 

Escaping 
protons 

Protons 
at 1 AU 



3.	
  Con9nuous	
  hydrodynamic	
  expansion	
  

•  Eugene	
  Parker,	
  Dynamics	
  of	
  the	
  interplanetary	
  gas	
  and	
  
magne9c	
  fields,	
  ApJ	
  1958	
  

•  Begins	
  with	
  several	
  concerns	
  about	
  previous	
  models	
  
–  Predic9ons	
  of	
  speeds	
  are	
  way	
  off	
  

•  Zero	
  net	
  flow	
  for	
  the	
  sta9c	
  atmosphere,	
  ~	
  20	
  km	
  s-­‐1	
  for	
  the	
  exospheric	
  
model.	
  	
  Instead	
  should	
  be	
  at	
  least	
  10x	
  faster	
  

•  Need	
  a	
  way	
  to	
  produce	
  high	
  speeds	
  and	
  sustain	
  them	
  as	
  plasma	
  
expands	
  away	
  from	
  the	
  Sun	
  

–  Chapman’s	
  model	
  requires	
  finite	
  pressure	
  at	
  infinity	
  that	
  is	
  many	
  
orders	
  of	
  magnitude	
  smaller	
  than	
  es9mated	
  pressure	
  of	
  
interstellar	
  space	
  

–  In	
  fact,	
  shows	
  that	
  sta9c	
  equilibrium	
  is	
  unstable,	
  and	
  therefore	
  
there	
  will	
  be	
  a	
  con9nuous	
  outward	
  hydrodynamic	
  expansion	
  of	
  
the	
  corona	
  

•  So	
  where	
  does	
  this	
  expansion	
  emerge	
  from,	
  and	
  can	
  it	
  
produce	
  supersonic	
  flows?	
  



How	
  hard	
  is	
  it	
  to	
  create	
  supersonic	
  flow?	
  

•  	
  	
  

A 
U 



	
  Accelera9on	
  in	
  a	
  Converging	
  Tube	
  



An	
  inspira9on	
  from	
  steam	
  turbines	
  

•  deLaval	
  	
  nozzle	
  
developed	
  to	
  produce	
  
supersonic	
  jets	
  of	
  
steam	
  within	
  a	
  turbine	
  

•  Trick	
  is	
  to	
  allow	
  the	
  
tube	
  guiding	
  the	
  steam	
  
to	
  diverge	
  as	
  the	
  flow	
  
reaches	
  the	
  speed	
  of	
  
sound	
  

Stodola, Steam and Gas Turbine (1927) 



The	
  	
  deLaval	
  Nozzle	
  



De	
  Laval	
  Nozzles	
  and	
  Space	
  Explora9on	
  

Robert H. Goddard, Smithsonian National Air 
and Space Museum (1928) 

Apollo Command/Service Module (1971) 



Parker	
  Model	
  

•  	
  	
  



Start	
  with	
  conserva9on	
  and	
  momentum	
  eqns	
  

•  	
  	
  



•  	
  	
  



Parker’s	
  predic9ons	
  

•  	
  	
  

Parker (1958) 



Many	
  paths	
  for	
  improvement	
  

•  	
  	
  



IN	
  SITU	
  MEASUREMENTS	
  OF	
  SOLAR	
  
WIND	
  



Observa9onal	
  challenges:	
  Loca9on	
  

•  Solar	
  wind	
  and	
  magnetosphere	
  
are	
  magne9zed	
  highly	
  
conduc9ve	
  plasmas	
  and	
  
therefore	
  cannot	
  interpenetrate	
  

•  Solar	
  wind	
  flow	
  exceeds	
  fast	
  
mode	
  wave	
  speed,	
  leading	
  to	
  
strong	
  bow	
  shock	
  as	
  wind	
  is	
  
heated,	
  compressed,	
  and	
  
diverted	
  around	
  Earth	
  

•  A	
  spacecraG	
  needs	
  to	
  get	
  at	
  
least	
  30	
  RE	
  from	
  Earth	
  to	
  stand	
  
a	
  chance	
  of	
  seeing	
  the	
  solar	
  
wind	
  directly	
  

•  Today,	
  ACE,	
  Wind	
  spacecraG	
  
examples	
  of	
  “L1	
  monitors”	
  (use	
  
IMP-­‐7,	
  IMP-­‐8,	
  ISEE-­‐3	
  for	
  earlier	
  
periods)	
  

Davies (1990) 



Observa9onal	
  challenges:	
  Plasma	
  
•  Solar	
  wind	
  instruments	
  need	
  to	
  measure	
  

velocity	
  distribu9on	
  func9ons	
  
•  Need	
  to	
  determine	
  velocity	
  (speed	
  and	
  

direc9on),	
  density,	
  and	
  temperature	
  of	
  the	
  
solar	
  wind.	
  

•  Why	
  not	
  just	
  fly	
  an	
  anemometer	
  and	
  a	
  
weather	
  vane?	
  

•  Because	
  the	
  solar	
  wind	
  is	
  not	
  in	
  
equilibrium	
  
–  Rela9ve	
  densi9es	
  change	
  
–  Species	
  have	
  different	
  veloci9es	
  
–  Species	
  have	
  different	
  temperatures	
  
–  Temperature	
  can	
  be	
  hard	
  to	
  define	
  

•  Raw	
  solar	
  wind	
  measurements	
  are	
  maps	
  
of	
  the	
  number	
  of	
  ions	
  and	
  electrons	
  as	
  a	
  
func9on	
  of	
  direc9on	
  and	
  energy	
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Example:	
  Faraday	
  Cup	
  (aka	
  Retarding	
  
Poten9al	
  Analyzer)	
  

Voyager PLS 

Solar Probe Cup (SPC) 



Solar	
  Probe	
  Cup	
  Opera9ng	
  Principle	
  
HV Waveform 

AC-Coupled Current 

Convert signal to voltage and amplify 
Measure amplitude with digital lock-in amplifier 
Move on to next energy window 

HV Grid 

Four collector plates 



Reaching	
  for	
  solar	
  wind	
  

Interplanetary station Luna 1, Exhibition of Achievements of 
National Economy of the USSR (1965) 

Luna 2 launched September 12, 
1959; First artificial object to reach 
Earth escape speed; Ion flux of 
2x108cm-2  s-1 Gringauz (1959) 

New Mexico Museum of Space History; 
Alamagordo, New Mexico, USA 

Explorer 10 launched March 25, 1961; 
Measured n, V, and T of magnetospheric 
plasma.  Large flow angles and temperatures 
implied deflection of solar wind by bow shock. 



Interplanetary	
  Space	
  with	
  Mariner	
  2	
  
•  Launched	
  	
  August	
  1962	
  	
  
•  First	
  planetary	
  encounter	
  (Venus)	
  
•  113	
  days	
  of	
  data	
  

–  Confirm	
  con9nuous	
  radial	
  flow	
  of	
  
plasma	
  

–  high,	
  low	
  speed	
  streams	
  ranging	
  
from	
  300-­‐800	
  km	
  s-­‐1	
  

–  n,	
  v,	
  T	
  rela9ons	
  
•  Comparison	
  of	
  He	
  and	
  H	
  

–  Similar	
  veloci9es,	
  but	
  He	
  oGen	
  
flowing	
  faster	
  along	
  field	
  direc9on	
  	
  

–  He/H	
  highly	
  variable,	
  typically	
  4.5%	
  
–  Ta	
  up	
  to	
  4x	
  Tp	
  

Smithsonian National Air and Space Museum 

Energy/charge spectrum of solar wind ions 



Heliophysics	
  
Observatory	
  



Solar Probe Plus 



Solar	
  Probe	
  Plus	
  orbit	
  



THE	
  “STEADY	
  STATE”	
  SOLAR	
  WIND	
  



Large	
  Table	
  of	
  Numbers	
  

n is proton density, Vsw is solar wind speed, B is magnetic field strength, A(He) is 
He++/H+ ratio, Tp is proton temperature, Te is electron temperature, Tα is alpha 
particle temperature, Cs is sound speed, CA is Alfven speed.  

(Table provided by Jack Gosling) 



Trends	
  at	
  1	
  AU	
  

•  	
  	
  



Solar	
  wind	
  sources	
  



Hundhausen (1995) 

The	
  Standard	
  Paradigm	
  

•  Fast	
  solar	
  wind	
  
–  Emerges	
  from	
  open	
  field	
  
lines	
  associated	
  with	
  
coronal	
  holes	
  

•  Slow	
  solar	
  wind	
  
–  Escapes	
  intermiCently	
  
from	
  the	
  streamer	
  belt	
  
and	
  near	
  the	
  heliospheric	
  
current	
  sheet	
  

•  Other	
  sources	
  
–  Ac9ve	
  regions	
  
–  Coronal	
  mass	
  ejec9ons	
  
(CMEs)	
  	
  



Several	
  months	
  at	
  1	
  AU	
  

  Variable 

  Structured 

  Periodic?  What 
period should we 
expect? 

Wind/SWE 



Repea9ng	
  streams	
  of	
  wind	
  

•  Wrap data by 27 days 
•  Different speeds of wind 

coming from different regions 
•  Regions evolve from weeks 

to months 



Evolu9on	
  of	
  a	
  stream	
  into	
  space	
  
•  	
  	
  

Hundhausen (1995) 



STREAM	
  INTERACTIONS	
  



Fast	
  wind	
  overtakes	
  slow	
  wind	
  



THREE-­‐DIMENSIONAL	
  STRUCTURE	
  



Kine9c	
  proper9es	
  of	
  the	
  solar	
  wind	
  

 Kine9c	
  or	
  non-­‐thermal	
  
features	
  
 Field-­‐aligned	
  anisotropies	
  
 Beams	
  
 Different	
  temperatures	
  

 Radial	
  evolu9on	
  
 Stronger	
  closer	
  to	
  Sun	
  
 Stronger	
  in	
  fast	
  wind	
  

 Paradigm	
  
 Slow	
  wind	
  is	
  Maxwellian	
  and	
  

behaves	
  as	
  single	
  fluid	
  
 Fast	
  wind	
  has	
  strong	
  non-­‐

thermal	
  aspects	
  
 Slow/fluid,	
  Fast/kine9c	
  

 Word	
  of	
  cau9on:	
  collisional	
  
relaxa9on	
  plays	
  a	
  role	
  0.

3 
AU

 
0.

5 
AU

 
1 

AU
 

Slow Fast 

Schwen and Marsch 



Evolu9on	
  of	
  energy	
  with	
  distance	
  
•  Why	
  are	
  

temperatures	
  so	
  
large	
  in	
  corona?	
  

•  Why	
  do	
  
temperatures	
  not	
  
fall	
  off	
  adiaba9cally	
  
with	
  distance?	
  

•  What	
  are	
  the	
  
energy	
  sources	
  and	
  
how	
  are	
  they	
  
dissipated?	
  
–  Turbulence	
  
–  Magne9c	
  

reconnec9on	
  
–  Waves	
  

SPP 

Hinode/SOT 

G-
band 
bright 
points 

SUMER/SOHO 

Helios 
& 

Ulysses 

UVCS/SOHO 

Undamped (WKB) waves 
Damped (non-WKB) 
waves 

SPP 



Effects	
  of	
  a	
  9lted	
  current	
  sheet	
  



Stream	
  Interac9ons	
  in	
  3D	
  





Three	
  dimensional	
  heliosphere	
  

McComas et al. (2008) 

Monthly sunspot 
number 

Mean tilt of heliospheric 
current sheet 



The	
  Outer	
  Limits	
  
•  Voyager	
  1	
  crossed	
  termina9on	
  

shock	
  in	
  December	
  2006	
  
•  Voyager	
  2	
  crossed	
  in	
  August	
  2008	
  
•  Plasma	
  measurements	
  on	
  Voyager	
  

2	
  from	
  func9oning	
  PLS	
  instrument	
  



Exci9ng	
  science	
  in	
  the	
  solar	
  wind	
  
•  What	
  can	
  we	
  learn	
  about	
  the	
  general	
  physics	
  of	
  hea9ng	
  and	
  

accelera9on	
  using	
  the	
  solar	
  wind?	
  
–  Simultaneous	
  measurements	
  of	
  par9cles	
  and	
  electromagne9c	
  fields	
  
–  Reconnec9on,	
  turbulence,	
  instabili9es,	
  accelera9on…	
  

•  How	
  does	
  the	
  connec9on	
  between	
  the	
  corona	
  and	
  
interplanetary	
  space	
  evolve	
  with	
  9me?	
  

•  What	
  signatures	
  of	
  coronal	
  hea9ng	
  and	
  structures	
  are	
  seen	
  
embedded	
  in	
  the	
  solar	
  wind?	
  

•  How	
  does	
  the	
  solar	
  wind	
  interact	
  with	
  the	
  planets	
  and	
  
contribute	
  to	
  space	
  weather?	
  

•  Many	
  more	
  ques9ons,	
  and	
  exci9ng	
  opportuni9es	
  for	
  new	
  
observa9ons	
  from	
  missions	
  like	
  Solar	
  Probe	
  Plus,	
  Solar	
  Orbiter	
  
–  Close	
  the	
  observa9onal	
  gaps	
  between	
  corona	
  and	
  interplanetary	
  

space	
  
–  Directly	
  test	
  coronal	
  hea9ng	
  and	
  solar	
  wind	
  accelera9on	
  by	
  entering	
  

the	
  magne9c	
  atmosphere	
  of	
  the	
  Sun	
  



ADDITIONAL	
  MATERIAL	
  



SHORT	
  TERM	
  VARIATION	
  



Trends	
  con9nued	
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Figure 1.  Variations of the inverse of the electron temperature (circles, in units of 106 K) and of
the solar wind proton bulk speed (solid curve) during a six-months time period (August 27, 1996
– February 9, 1997) observed with SWICS on Ulysses.  The tracking of the two curves is almost
perfect except during the two time periods indicated by the shaded regions.  Each of these two
time periods coincides with a Coronal Mass Ejection event identified using bi-directional
electron signatures in the Ulysses SWOOPS data (J. Gosling, private communication).



Impact	
  of	
  changes	
  at	
  solar	
  wind	
  source	
  

•  Basic	
  equa9on	
  for	
  Parker	
  spiral	
  
makes	
  several	
  assump9ons	
  
–  Solar	
  wind	
  emerges	
  from	
  source	
  

region	
  at	
  constant	
  speed	
  
–  Neglects	
  interac9ons	
  of	
  streams	
  
–  Neglects	
  overall	
  mo9on	
  of	
  

magne9c	
  field	
  within	
  corona	
  
•  Upper	
  example:	
  sudden	
  drop	
  in	
  

speed	
  
–  Results	
  in	
  radial	
  magne9c	
  field	
  

•  Lower	
  example:	
  include	
  
differen9al	
  rota9on	
  and	
  9lt	
  of	
  
magne9c	
  moment	
  
–  Field	
  lines	
  much	
  more	
  complex	
  
–  Much	
  more	
  magne9c	
  connec9on	
  

across	
  la9tudes	
  



Coronal	
  Mass	
  Ejec9ons	
  

•  About	
  70	
  events/yr	
  at	
  maximum,	
  8/yr	
  at	
  minimum	
  
•  Speeds	
  of	
  300-­‐2000	
  km	
  s-­‐1	
  

–  Produce	
  the	
  largest	
  total	
  fluence	
  of	
  energe9c	
  solar	
  par9cles	
  
•  About	
  0.2	
  AU	
  thick	
  at	
  1	
  AU	
  (over-­‐expansion)	
  



Field	
  guide	
  to	
  finding	
  CMEs	
  
•  Superathermal	
  par9cles	
  from	
  corona	
  

counterstreaming	
  in	
  both	
  direc9ons	
  
along	
  field	
  
–  Electrons	
  >	
  70	
  eV	
  
–  Protons	
  >	
  20	
  keV	
  

•  Unusual	
  composi9on	
  
–  He2+/H1+	
  up	
  to	
  20%	
  by	
  number	
  density	
  
–  He1+	
  seen	
  
–  High	
  charge	
  states	
  of	
  Fe	
  

•  Magne9c	
  signatures	
  
–  Strong	
  total	
  field	
  
–  Low	
  plasma	
  beta	
  
–  Unusual	
  field	
  rota9ons	
  (especially	
  if	
  in	
  a	
  

flux	
  rope)	
  
–  Lower	
  field	
  fluctua9ons	
  

•  Galac9c	
  cosmic	
  rays	
  reduced	
  



Genera9on	
  of	
  shocks	
  by	
  CMEs	
  



LONG	
  TERM	
  VARIATION	
  



He/H	
  through	
  two	
  solar	
  minima	
  

65 Kasper et al. (2012) 



Magne9c	
  flux	
  in	
  heliosphere	
  



Long	
  term	
  solar	
  wind	
  trends	
  

•  Link	
  with	
  charge	
  state	
  varia9on	
  over	
  solar	
  cycle,	
  predict	
  
using	
  measured	
  mass	
  flux	
  

•  Link	
  to	
  solar	
  condi9ons	
  (e.g.	
  do	
  small	
  supergranular	
  length	
  
scales	
  produce	
  low	
  AHe?)	
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  wind	
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  isotopes	
  

Buzz Aldrin and Solar Wind Composition Experiment (Apollo 11) 

Genesis mission (2001-2004) 



Sun	
  and	
  planets	
  had	
  different	
  origins	
  

McKeegan et al. 2011 

Part per 1000 differences in 17O/16O and 18O/16O relative to standard sample 
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