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Solar Wind Magnetic Energy Spectrum

 Steeper Dissipation Range
 attributed to:
   •Proton Cyclotron Damping
 (Goldstein, Roberts, & Fitch 1994, 
 Leamon et al. 1998b, Gary 1999)
  
   •Kinetic Alfven Wave Damping
 (Leamon et al. 1998a)
   
   •Whistler Dispersion
 (Stawicki, Gary, & Li 2001)

Inertial Range Dissipation Range

Physics underlying the dissipation range
is not well understood!

(Fig. 1 from Leamon et al. 1999)

Plasma 
Heating

Turbulent plasma heating depends critically on this physics!

Early Observations



Recent Observations: Dissipation Range Spectra

Observations find 
nearly power-law 
behavior down to 
electron scales!

 (Alexandrova et al. 2009, PRL)

 (Sahraoui et al. 2009, PRL)

 (Sahraoui et al. 2010, PRL)

 (Kiyani et al. 2009, PRL)

Typical Spectral
Index in Dissipation 
Range is ~ -2.8

Can we model 
numerically the
Dissipation Range
with realistic 
physics?

Aim of this Talk:
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Weakly Collisional Solar Wind Plasma
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• The solar wind does not behave as a fluid
Rigorously, a kinetic description is necessary, especially for dissipation!



Challenges for Numerical Modeling

To enable direct comparisons of observations to 
numerical modeling of the Dissipation Range, 
we must meet three requirements:

1) 3-D in space

2) Realistic mass ratio

3) Physically resolved kinetic dissipation mechanisms

Requires 2-D in 
perpendicular plane

Requires parallel
dimension

∂z±

∂t
∓ vA ·∇z± + z∓ ·∇z± = −∇p

-All dissipation needed must be provided by kinetic processes.
-Using ad hoc dissipation models, such as viscosity or 

resistivity, will artificially alter dissipation range spectrum

-Finite dynamic range of dissipation range will affect spectrum

ρi

ρe
=

√
miTi

meTe
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Kolmogorov Hydrodynamic Turbulence
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• Kolmogorov Hypothesis: (Kolmogorov, 1941)

 - Energy transfer occurs locally in wavenumber
 - Energy cascade rate in inertial range is constant

• Astrophysical turbulence develops an Inertial Range

Inertial Range

Energy Flow



Modifications for Kinetic Turbulence

Turbulence Theory in Kinetic Plasmas must incorporate:

1) Inherent anisotropy of MHD turbulence

2) Weak collisionality at small scales

a) Transition to Kinetic Alfven Waves at k⊥ρi ∼ 1

b) Damping via Kinetic Mechanisms, e.g. Landau damping

a) Leads to low frequency (              ), anisotropic (               ) 
fluctuations at small scales

ω ! Ωi k‖ ! k⊥
 (Sahraoui et al. 2010, PRL)



Solar Wind Observations

k⊥ρe = 1k⊥ρi = 1



Model of Kinetic Turbulent Cascade
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Alfven Waves Kinetic Alfven Waves
EB

Plasma Heating
is governed by 

kinetics!

+ Kinetic Dissipation 

 (Howes, Cowley, Dorland, Hammett, Quataert, & Schekochihin, JGR 113, A05103, 2008;
Schekochihin, Cowley, Dorland, Hammett, Howes, Quataert, & Tatsuno, ApJS 182, 310, 2009)
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Gyrokinetics

•Low-frequency limit eliminates fast 
cyclotron timescale

•Anisotropic

•Captures: Finite Larmor radius, 
Landau resonance, and Collisions  

•Excludes: Fast wave and cyclotron
resonance

ω ! Ωi

k‖ ! k⊥

Gyrokinetics is kinetic theory 
averaged over the Larmor motion.

(Rutherford & Frieman 
1968; Taylor & Hastie 1968; 
Frieman & Chen 1982; Howes et al. 2006)

AstroGK Simulations
• 5-D Distribution Function, two 
species, fully electromagnetic

• Ion to Electron scale simulations 
require millions of CPU hours



AstroGK

The Astrophysical Gyrokinetics Code

211,990 processors

98,304 processors

Numata, Howes, Tatsuno, Barnes, & Dorland, J. Comp. Phys., 229, 9347 (2010)
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Transition to Kinetic Alfven Wave Turbulence

(Fig. 3 from Bale et al. 2005)  (Howes et al. 2008a)

Numerical 
Dissipation 

Numerical results are strongly supportive of model of 
transition from MHD Alfven Waves to Kinetic Alfven Waves

• Supports the hypothesis that frequencies remain low, ω ! Ωi



Comparison to Cascade Model

 (Howes et al. 2008a, Howes et al. 2008b)

Numerical 
Dissipation 

• One fitted parameter

• Cascade model shows 
excellent agreement with 
numerical simulation

-Linear wave modes provide
useful description of turbulent
fluctuations

• Kinetic damping is weak for 
these plasma parameters

• Need more strongly damped 
case to better test model
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First-Principles Calculation of Turbulence

The use of Gyrokinetics enables direct numerical 
simulations of kinetic turbulence from first principles.

Using the nation’s flagship supercomputing resources, today we can 
achieve turbulence simulations that satisfy the requirements:

- Resolve sufficient kinetic damping to terminate the cascade without
the need for artificial dissipation

-Resolve from the scale of the ion to the electron Larmor radius
          From                  tok⊥ρi = 1 k⊥ρe = 1

These properties are necessary to make direct comparison to observations

 

3) Physically resolved kinetic dissipation mechanisms

2) Realistic mass ratio mi/me = 1836

1) 3-D in space (nx, ny, nz, nλ, nε, ns) = (128, 128, 128, 64, 16, 2)



Full Dissipation Range Simulation

 (Howes, TenBarge, Dorland, Quataert, Schekochihin, 
Numata, & Tatsuno 2011, PRL 107, 035004)

Ion to Electron Scale Simulation • No artificial dissipation 
is needed to achieve a 
steady-state

• Cascade models 
predicted an exponential 
drop off in spectra--here 
we see a more power-law 
appearance

• Key Findings:

EB⊥ ∝ k−2.8
⊥



Direct Comparison to Observations

 (Howes et al. 2011,  PRL)

Ion to Electron Scale Simulation

• Nearly power-law behavior down to electron scales

- Suggests resolving dissipation is important for direct comparison

Recent Observations

 (Sahraoui, Goldstein, Robert, Khotyaintsev 2010, PRL)

• Disproves by counterexample a claim that KAW cascade cannot reach 
electron scales  (Podesta, Borovsky, & Gary, 2010)

• Simulations produce                         spectrum, in remarkable agreement!EB⊥ ∝ k−2.8
⊥



Relevance of Linear Wave Properties

 (Howes et al. 2011, PRL)

Ion to Electron Scale Simulation

• Excellent agreement
suggests that linear KAW 
properties are consistent 
with the nature of the 
turbulent fluctuations

• Thin lines are         and        spectra predicted
based on linear KAW eigenfunctions

EB‖ EE⊥

• True even though this 
spectrum corresponds to 
strong KAW turbulence



Ion and Electron Heating

 (Howes et al. 2011, PRL)Ion to Electron Scale Simulation

Linear kinetic Landau damping 
peaks at k⊥ρi ∼ 1

Ion collisional heating
peaks at k⊥ρi ∼ 20

This result is consistent with the action of the ion entropy cascade, 
which transfers energy to sub-Larmor radius scales (Schekochihin et al., 2009)



Conclusions

• Modeling the solar wind Dissipation Range requires a kinetic approach:

• Gyrokinetics enables first-principles calculations of the solar wind
dissipation range using  AstroGK 

• Previous results support the model of transition to KAW cascade

We have just scratched the surface of questions we can answer 
with gyrokinetic simulations of solar wind turbulence

- Show that a Kinetic Alfven Wave cascade can reach k⊥ρe ∼ 1

- Suggest turbulent properties are similar to linear wave modes 
- Dissipation Range Spectral Index of -2.8 agrees with observations 

- Requires: 1) 3-D in space
                2) Realistic mass ratio
                3) Resolved physical dissipation mechanisms

• Current results model the entire dissipation range from     to ρi ρe

- Finds first evidence of ion entropy cascade in 3-D simulation



THE END


