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MHD turbulencé

Energy cascade possible only if two AlfvZn wave packe
propagating in opposite directions collide

Dimensionless parameter? * KPE PV = v, 1V, <<1
¥ Time scales:
¢ Eddy turn-over time ! y ~ 1/ ko,
¢ Alfvéntime!l ! o ~1/kVy =" \ <<!\
¢ Energy cascademe ! g ~1 o/ "“=1\/" >>1y
Kolmogorov cascade ratefx ~ VE/ "y ~KPEY?

2 | u 32y 81
IK cascade rat&f i ~Vi/ "g ~ I« # ~K'ELVA™ <<!g
[Iroshnikov 1963, Kraichnan 1965]!



Solar wind turbulence modé|

The steady state solar wind turbulence model developed
by [Matthaeus et al. 1994, 1996] and later developments:

Assumptions:!
¢ Steady state !

¢ Radially expanding solar wind with uniform speéd,!
¢ 1D (radial positiorr) !

¢ Turbulence characterized by two Pelds: Buctuation
velocity (£) and correlation length §!

¢ Kolmogorov type cascade rate !

¢ Solar wind (proton) temperature can be calculated passi\



Solar wind turbulence modé|

The steady state solar wind turbulence model developed
by [Matthaeus et al. 1994, 1996] and later developments:

dz’ _n AZ? . #Z’ N Q

dr r New  Vaw
d_:#C + $Z H# $ Q2
dr r Voo VsuZ
dT 4T N m#Z>

dr 3 3Kz Ve

Z¢: average turbulence energy witg@1 = 7°

!': turbulence correlation length!

T: solar wind proton temperature!

Q: turbulence generation rate due to pickup ions (more on the
form of this operator later) !



Solar wind turbulence model vs observatiohs

100 ——VYovager2 _____ From [Smith et al. 2001]!




Tenr

perature comparison with pickup ions
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Solar wind model with IK cascade

[Ng et al., J. Geophys. Res., 115, A02101 (2010)]

The solar wind turbulence model changed to [Matthaeus et
al. 1994, Hossain et al. 1995]:

dz> _, AZ, #Z' . Q

dr r $\/SWVA VSW
. . O s (M3 .
d"_,C", $ %t ( #$Q2
dr I Vow&VL) Vo Z
ﬂ =" ﬂ + m#z4
dr 3r  3ky SV Va
Z?: average turbulence energy witi2 = z?
!': turbulence correlation length!
T: solar wind temperature!

Q: turbulence generation rate due to pickup i@so depends on!
the turbulence energy spectrdm)




Turbulence generation due to pickup ionk

Following Isenberg et al. [2003] and Isenberg [2005]
— VSZW dN
? n dt
dN/dt=N," ,(r./r)’ exp(#L/r)

V2, /n :initial kinetic energy per pickup proton

Ny heutral hydrogen density at the termination shock

"o. lOnization rate

L: scale of the ionization cavity (6 ~ 8 AU used in calculations)

#. fraction of newly ionized pickup proton energy that
generates waves (requires most theoretical considerations)



Wave energy generation fraction

#+Vgy Oy* ()S(L)du v: particle velocity!
"#)=1% - Oﬁ 2 1 CosBY%
# + Vi Y (S(du
* * "1
1 (KY#  uV | @
ﬂ:,) lef'(k,)%.. u_\/,f/z) (k) i “—V’fgl
By vt W v L (vt W v Ny

A=2ZI3?%,  v(u=")=Vy, SW=|"v] Su=A4)=1

2uVV,
k = V3" w2+ wWi=0 W =" A
r u#$ ‘/J J IJV J IJV A J 2\42 " 2MV\4 +Vj
I(k)= A(r)K{ "% or! I(k)= A(rJk/*'* ! dependence on

spectral index, but not Al

C>0if L<1 geOasﬂeO

Vew du [Isenberg 2005]!



Cyclotron resonance conditioh

" E !
k = " (k) = £kV,,[1+— @
r u#$ ‘/J ( ) A # R_ R,

Ky < kg

dv E lej (kr) (1_ MVJ)

du S| =W, Y V, > 0!

< 0 usually in a turbulence casc: T / -

L, . «-/‘ 2 L_

#1s smaller for the IK spectrum

than the Kolmogorov spectrum Vy <0l

since |d/du| is smaller due to
|(k,) getting closer td(k,) |
[Isenberg 2005]!



#for Kolmogorov vs IK!

Kolmogorov! K]



0.02

#for Kolmogorov vs IK!

0.01 0.015

0.005

0

Kolmogorov!

V, Vg =0.075

0.018

0.016

: 0.014
| 0012 |
: 0.01 |
1 o0.008 |-
| oo0e |
1 o0.004
1 o002
ol

-0.002
0

X

|

\

\

"\ #9%

' "Lookup_IK500.txt" u 1:30 ———




Comparisons with observations
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Comparisons with observationd
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Comparisons with observationd
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Comparisons with observationd
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Conclusion

¥ Although a solar wind model based on Kolmogorov cascade
compares well with proton temperature observations when contributions
from pickup ions are included, observations are consistent with IK
cascade are less sensitive to the contribution of pickup ions.

¥ Pickup ions generate less turbulence under IK cascade.

¥ The prediction of the correlation length based on IK cascade appears to
agree better with data than Kolmogorov cascade with pickup ions.

¥ Results obtained based on parameters/methods used in Smith et al.
2001, Isenberg et al. 2003, and Smith et al. 2006.

¥ Solar wind heating based on IK cascade is a possible alternative to
Kolmogorov based theories and should be investigated more
extensively.

¥ More precise description of how pickup ions generate turbulence might
also change the prediction of solar wind temperature, especially in the
outer heliosphere.



