
Last time…

• Comments on homework

– Double epsilons

– integrals

• Space weather stories

• CMEs
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Lecture 36

• Solar wind turbulence

– Energy spectrum

– Dimensional analysis

• Heliosphere & termination shock

• Voyager 1 + 2

– Messages to us & from us

– Magnetic fields of planets



Double epsilons
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Double epsilons



Lect.12: could you explain 

Fourier analysis?

A. Yes

B. Maybe

C. Probably not

D. Certainly not
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Because there are also

negative frequencies

• Small wavenumbers   large scales

• Large wavenumbers   small scales



Turbulence spectra measured 

directly in the solar wind

R. Bruno, B. Bavassano, Ad Sp. Res. 35, 939, 2005
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turba  confusion, crowd
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Da Vinci’s conceptions

Large eddies  smaller eddies
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Sentimental comments on turbulence

• Werner Heisenberg was asked what he would ask God, given the 

opportunity. His reply was: "When I meet God, I am going to ask him 

two questions: Why relativity? And why turbulence? I really believe 

he will have an answer for the first."

• Horace Lamb—his choice being quantum mechanics (instead of 

relativity) and turbulence. Lamb was quoted as saying in a speech to 

the British Association for the Advancement of Science, "I am an old 

man now, and when I die and go to heaven there are two matters on 

which I hope for enlightenment. One is quantum electrodynamics, and 

the other is the turbulent motion of fluids. And about the former I am 

rather optimistic."[3]

http://en.wikipedia.org/wiki/Turbulence#_note-2
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Hydrodynamic Equations
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Kolmogorov spectrum
nonlinearity

 
2
1

2
12

2coscos  kxkx

kk 2

constant flux e  [cm2/s3]

e e
k

E(k)
   2

2
1 udkkE [cm3/s2]

  ba

K kCkE e

123    :cm  a

a32    :s 
a=2/3,  b= 5/3



Turbulent spectra can be measured 

directly in the solar wind

R. Bruno, B. Bavassano, Ad Sp. Res. 

35, 939, 2005
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Double epsilons



Voyager 2



The latest from Voyager 2



Voyager 2
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How far is Voyager 1 now? 

A. 62 AU

B. 76 AU

C. 82 AU

D. 134 AU

E. 153 AU
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When was it launched

A. 1967

B. 1977

C. 1987

D. 1997

E. 2007



Voyager 1+2

• Voyager 1: Sept 5, 1977

– Most distant (134 AU, 37 lh/2)

– North (Saturn in 1980)

– Nuclear batteries until 2020

• Voyager 2

– Jupiter, Saturn, Uranus, Neptune!

– South (Uranus in 1986)

– 110 AU, 15 km/s



Voyager 1+2



Voyager 1+2



Voyager 1+2



Voyager 1+2



Voyager 1+2



Voyager 1+2



Voyager 1+2



Voyager 1+2



Voyager 1+2



Voyager 1+2

Uranus & Neptune
(less differential rotation)

Jupiter & Saturn
(more differential rotation)



What we learned today

• Solar wind turbulence

– Energy spectrum

– Dimensional analysis

• Heliosphere & termination shock

• Voyager 1 + 2

– Messages to us & from us

– Magnetic fields of planets


