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✓ Background


✓ Ion vs heating ratio


✓ k-spectrum (βi = 0.1 vs 100)


✓ phase space-spectrum (βi = 0.1 vs 100)


✓ summary


✓ Ultrahigh beta (βi = 10000) simulation 

Outline
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✓ Large scale free energy source (e.g., Keplerian shear) 
drives turbulence


✓ Turbulence dissipates at small scales


✓Unequal distribution of heating between ions and electrons

Turbulent heating in collisionless plasma

Puhales+, 2015

Qi ≠ Qe

‣ What is Qi/Qe?


‣ How does it depend 
on parameters?
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✓ Large scale free energy source (e.g., Keplerian shear) 
drives turbulence


✓ Turbulence dissipates at small scales


✓Unequal distribution of heating between ions and electrons


✓Does turbulence prefer equilibration between species?


✓Or pushes toward further disequilibration?


Turbulent heating in collisionless plasma

Ti  > Te     ➞    Qi  < Qe

Ti  > Te     ➞    Qi  > Qe
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✓ Large scale free energy source (e.g., Keplerian shear) 
drives turbulence

✓ Turbulence dissipates at small scales

✓Unequal distribution of heating between ions and electrons

✓Crucial in blackhole accretion flows (Quataert, 1999)

✓MRI  ➞  Turbulence  ➞   Momentum transport

Turbulent heating in collisionless plasma

Heating

Electrons Ions

Radiation Advection, outflow

✓ To estimate Ti, heating ratio is important

collisionless disk, e.g. RIAF
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Psaltis, arXiv:1806.09740

✓Event Horizon Telescope   →   Photograph near Sgr A*



6

Psaltis, arXiv:1806.09740

✓Event Horizon Telescope   →   Photograph near Sgr A*

✓Prediction via GR Radiative MHD simulation
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Psaltis, arXiv:1806.09740

✓Event Horizon Telescope   →   Photograph near Sgr A*

✓Prediction via GR Radiative MHD simulation

✓Different results depending on the heating prescription
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Chael+, 2018
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Chael+, 2018
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GK turbulence, theory (Howes 2010) Reconnection, 2D PIC (Rowan+ 2017)
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GK turbulence, theory (Howes 2010) Reconnection, 2D PIC (Rowan+ 2017)

Revise this prescription 
via nonlinear simulation       



Dissipation scale turbulence in accretion disks

Inject Alfvén waves
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Anisotropy k⊥ ≫ k||

© INAF Osservatorio di Torino
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Dissipation scale turbulence in accretion disks

Inject Alfvén waves
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Full GK simulation (ion-electron scales)

Howes+ 2011
✓For (βi, Ti/Te) = (1, 1) 


✓Qe  > Qi


✓Qi  peaks at electron scale    ←   nonlinear phase mixing
(Tatsuno+ 2009)

<latexit sha1_base64="UIB9HXLay0XylpXoG6lWzE04Ghc="> </latexit>

&   Maxwell’s eqs
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Full GK simulation (MHD-ion-electron scales)

Told+ 2015, Navarro+ 2016
✓For (βi, Ti/Te) = (1, 1) 


✓Qe /Qtotal ~ 70%


✓Qi  via v⊥ derivative     ←   nonlinear entropy cascade


✓Qe  via v|| derivative     ←   linear Landau damping

<latexit sha1_base64="UIB9HXLay0XylpXoG6lWzE04Ghc="> </latexit>
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Hybrid GK approach

✓We need wide-ranged scan in the parameter space (βi, Ti/Te) 

✓ Cannot afford full GK approach    ➞    Hybrid approach

✓ Heating partition is decided at k⊥ρi  ~ 1 (Schekochihin+ 2009)
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Hybrid GK approach
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Hybrid GK approach

✓ Gyrokinetic ions + isothermal electron fluid model 

                                              [(me/mi)1/2 ≪ 1 limit of electron GK eq.]

<latexit sha1_base64="7ZEzl0QtLUveCyyDvyBQt1CDL8I="></latexit>

<latexit sha1_base64="7kE765Lzp1sWJDw5LUs3sxTJaHA="></latexit> &   Maxwell’s eqs

<latexit sha1_base64="efETG/i4tw0pC6CccK/MhZdmDAA="></latexit>

✓ Use AstroGK code (Numata+ 2010) with isothermal electron fluid

                                                                   (Kawazura & Barnes 2018)
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Numerical set up

✓ Simulation box : 0.125 ≦ kxρi, kyρi ≦ 5.25 or (0.25 ≦ kxρi, kyρi ≦ 5.25) 

✓ Inject Alfvén wave at the box scale via oscillating Langevin 

antennas (TenBarge+ 2014)    ➞　Pant

✓ Ion dissipation via collision + hypercollision   ➞   Qi

✓ Electron dissipation via hyperviscosity + hyperresistivity   ➞   Qe 

✓ In a stationary state,  <dWtot/dt>      0

<latexit sha1_base64="KZnfftU5sOLTxPE4NSWYds5rY+4="></latexit>

<latexit sha1_base64="FdWtjPnfhjEWLs4r828zONbcceo="></latexit>
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Result : heating ratio

Howes 2010

✓ Qi/Qe ~ 0.6   at  (βi, Ti/Te) = (1, 1)   ←  Consistent with full GK 

                                                                                                 (Navarro+ 2016)

✓ Increasing function of βi

✓ Insensitive to Ti/Te 

✓ Qi/Qe → 0 when βi → 0 (as predicted in Zocco & Schekochihin, 2011)

←  The same trend as Howes’ 
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Result : heating ratio

Howes 2010

✓ Significantly different from Howes’ at high βi and low βi

✓ At high βi, Qi/Qe has ceiling (    30)

✓ At low βi, Qi/Qe  is several orders of magnitude larger than Howes’

✓ In Sgr A*,  mid plane : βi ~ 10,  Jet region : βi ~ 0.1

<latexit sha1_base64="EcqNrmIfY2w+A4mfXBOe3j1nXCE="></latexit>
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Result : heating ratio

Howes 2010

Why is there a ceiling at high βi?
Why is it greater than Howes’ at low βi?
                                          →   Future work
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Result : heating ratio

✓ New heating ratio prescription

<latexit sha1_base64="yS1Xrn6vNeXbZS++OCW0aCJSST0="></latexit>
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Result : k-spectrum
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Result : k-spectrum (low-mid βi)

✓ For βi = 0.1 and 1
‣ A familiar AW/KAW transition at k⊥ρi = 1

Howes 2008
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Result : k-spectrum (low-mid βi)

✓ For βi = 0.1 and 1
‣ A familiar AW/KAW transition at k⊥ρi = 1

‣ Heating mainly at a grid scale  (electron scale)
                                                 ⬆ consistent with Howes, Told, …

Howes 2008
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Result : k-spectrum (high βi)

✓ For βi = 100

‣ Huge drop of electric field   ←     

<latexit sha1_base64="fdNeuRk3u+S6g5OWpjurmhR01EU="></latexit>

(Schekochihin+ 2009)
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Result : k-spectrum (high βi)

✓ For βi = 100

‣ Huge drop of electric field   ←     

<latexit sha1_base64="fdNeuRk3u+S6g5OWpjurmhR01EU="></latexit>

(Schekochihin+ 2009)

High Pm MHD turbulence, Cho+ 2002
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Result : k-spectrum (high βi)

✓ For βi = 100

‣ Huge drop of electric field   ←      

Similar drop for low Ti/Te       

but EB⊥ is as usual

<latexit sha1_base64="fdNeuRk3u+S6g5OWpjurmhR01EU="></latexit>

(Schekochihin+ 2009)
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Result : k-spectrum (high βi)

✓ For βi = 100

‣ Huge drop of electric field   ←     

<latexit sha1_base64="fdNeuRk3u+S6g5OWpjurmhR01EU="></latexit>

(Schekochihin+ 2009)

beta gap

Zero Alfvén frequency region = beta gap

currently working on βi = 10000 (in backup slides)
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Result : k-spectrum (low-mid βi)

✓ For βi = 100

‣ Huge drop of electric field   ←   


‣ Heating occurs at k⊥ρi < 1
(Schekochihin+ 2009)

<latexit sha1_base64="fdNeuRk3u+S6g5OWpjurmhR01EU="></latexit>



✓ Hermite-Laguerre spectrum

✓ Large m : small scale in v||,  Large l : small scale in v⊥

25

Result : velocity spectrum

<latexit sha1_base64="ik8vXCsyEXx2TN69utIGAvrGXqc="></latexit>

<latexit sha1_base64="OYOcLh11b+TK9ESbTldIillZym8="></latexit>
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Result : velocity spectrum

<latexit sha1_base64="ik8vXCsyEXx2TN69utIGAvrGXqc="></latexit>
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✓ Hermite-Laguerre spectrum

✓ Large m : small scale in v||,  Large l : small scale in v⊥

25

Result : velocity spectrum

<latexit sha1_base64="ik8vXCsyEXx2TN69utIGAvrGXqc="></latexit>

slice at k⊥ρi=0.45            

m-1/2  predicted by Kanekar+ 2015


<latexit sha1_base64="OYOcLh11b+TK9ESbTldIillZym8="></latexit>

k⊥  vs  m



✓ Hermite-Laguerre spectrum

✓ Large m : small scale in v||,  Large l : small scale in v⊥

✓ Ion heating at high βi   ←  linear Landau damping

25

Result : velocity spectrum

<latexit sha1_base64="ik8vXCsyEXx2TN69utIGAvrGXqc="></latexit>

slice at k⊥ρi=0.45            

m-1/2  predicted by Kanekar+ 2015


<latexit sha1_base64="OYOcLh11b+TK9ESbTldIillZym8="></latexit>

k⊥  vs  m
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Result : velocity spectrum

✓ Hermite-Laguerre spectrum


✓ Large m : small scale in v||,  Large l : small scale in v⊥ 

✓ Ion heating at high βi   ←  linear Landau damping

<latexit sha1_base64="ik8vXCsyEXx2TN69utIGAvrGXqc="></latexit>

6D EM by Cerri+ 2018

<latexit sha1_base64="OYOcLh11b+TK9ESbTldIillZym8="></latexit>

k⊥  vs  m
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Result : velocity spectrum

✓ Hermite-Laguerre spectrum

✓ Large m : small scale in v||,  Large l : small scale in v⊥

✓ Ion heating at high βi   ←  linear Landau damping

<latexit sha1_base64="ik8vXCsyEXx2TN69utIGAvrGXqc="></latexit>

<latexit sha1_base64="OYOcLh11b+TK9ESbTldIillZym8="></latexit>
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Result : velocity spectrum

✓ Hermite-Laguerre spectrum

✓ Large m : small scale in v||,  Large l : small scale in v⊥

✓ Ion heating at high βi   ←  linear Landau damping

✓ Diagonal structure in (k⊥, l) plane   ➞   nonlinear phase mixing

<latexit sha1_base64="ik8vXCsyEXx2TN69utIGAvrGXqc="></latexit>

<latexit sha1_base64="OYOcLh11b+TK9ESbTldIillZym8="></latexit>

k⊥  vs  l
(Tatsuno+ 2009)



✓ Hermite-Laguerre spectrum


✓ Large m : small scale in v||,  Large l : small scale in v⊥ 

✓ Ion heating at high βi   ←  linear Landau damping


✓ Diagonal structure in (k⊥, l) plane   ➞   nonlinear phase mixing

2D Electrostatic Hankel

spectrum (Tatsuno+ 2010)
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Result : velocity spectrum

<latexit sha1_base64="ik8vXCsyEXx2TN69utIGAvrGXqc="></latexit>

<latexit sha1_base64="OYOcLh11b+TK9ESbTldIillZym8="></latexit>

k⊥  vs  l
(Tatsuno+ 2009)
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✓ Ion heating at high βi   ←  linear Landau damping
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Result : velocity spectrum

<latexit sha1_base64="ik8vXCsyEXx2TN69utIGAvrGXqc="></latexit>

k⊥  vs  l
(Tatsuno+ 2009)

6D EM by Cerri+ 2018

<latexit sha1_base64="OYOcLh11b+TK9ESbTldIillZym8="></latexit>
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Summary

Howes 2010

✓ A new heating prescription


✓ The same trend as Howes’ prescription, but appreciably different 
at high βi and low βi 


✓ Qi/Qe  is insensitive to Ti/Te    →   Collisionless plasma prefers 
enhanced temperature inequality (except βi=1)
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Summary
✓ A new heating prescription


✓ The same trend as Howes’ prescription, but appreciably different 
at high βi and low βi 


✓ Qi/Qe  is insensitive to Ti/Te    →   Collisionless plasma prefers 
enhanced temperature inequality (except βi=1)


✓ Strong ion heating at high βi via linear Landau damping


✓Magnetically dominated spectra at high βi 

➡  investigation of nonlocal transfer in progress

Y. Kawazura, M. Barnes, and A. A. Schekochihin, arXiv: 1807.07702
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Summary
✓ A new heating prescription


✓ The same trend as Howes’ prescription, but appreciably different 
at high βi and low βi 


✓ Qi/Qe  is insensitive to Ti/Te    →   Collisionless plasma prefers 
enhanced temperature inequality (except βi=1)


✓ Strong ion heating at high βi via linear Landau damping


✓Magnetically dominated spectra at high βi 

➡  investigation of nonlocal transfer in progress

Future work

✓ Compressive mode driving

✓ Beta gap investigation
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Application to accretion disks
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Beta gap
✓ High βi  ➞   A region with zero Alfvén wave frequency  :=  beta gap
✓ The gap starts at k⊥ρ* = 1,  ρ* ~ ρi βi1/4    (Schekochihin+ in preparation)

beta gap
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Beta gap
✓ High βi  ➞   A region with zero Alfvén wave frequency  :=  beta gap
✓ The gap starts at k⊥ρ* = 1,  ρ* ~ ρi βi1/4    (Schekochihin+ in preparation)

✓ The anomaly of spectrum emerges around k⊥ρ* ~ 1

✓ The ceiling of Qi/Qe starts at βi  that has a finite gap
✓ Howes prescription is ill-posed when the gap is present

beta gap

<latexit sha1_base64="mXn1HPZ06yd795itG1/L5K5Gqtg="></latexit>
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Beta gap
✓ High βi  ➞   A region with zero Alfvén wave frequency  :=  beta gap

✓ The gap starts at k⊥ρ* = 1,  ρ* ~ ρi βi1/4    (Schekochihin+ in preparation)


✓ The anomaly of spectrum emerges around k⊥ρ* ~ 1 

✓ The ceiling of Qi/Qe starts at βi  that has a finite gap
✓ Howes prescription is ill-posed when the gap is present

✓ To understand the ceiling of Qi/Qe, we need to investigate the gap
<latexit sha1_base64="mXn1HPZ06yd795itG1/L5K5Gqtg="></latexit>



38

Beta gap
✓ High βi  ➞   A region with zero Alfvén wave frequency  :=  beta gap

✓ The gap starts at k⊥ρ* = 1,  ρ* ~ ρi βi1/4    (Schekochihin+ in preparation)
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✓ Howes prescription is ill-posed when the gap is present

beta gap

✓ To understand the ceiling of Qi/Qe, we need to investigate the gap
✓ Too narrow gap for βi ~ 100

<latexit sha1_base64="mXn1HPZ06yd795itG1/L5K5Gqtg="></latexit>
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Beta gap
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(1) Pressure anisotropy (Kunz+ 2018)

<latexit sha1_base64="mXn1HPZ06yd795itG1/L5K5Gqtg="></latexit>



38

Beta gap
✓ High βi  ➞   A region with zero Alfvén wave frequency  :=  beta gap

✓ The gap starts at k⊥ρ* = 1,  ρ* ~ ρi βi1/4    (Schekochihin+ in preparation)


✓ The anomaly of spectrum emerges around k⊥ρ* ~ 1 

✓ The ceiling of Qi/Qe starts at βi  that has a finite gap
✓ Howes prescription is ill-posed when the gap is present

✓ To understand the ceiling of Qi/Qe, we need to investigate the gap
✓ Too narrow gap for βi ~ 100

(1) Pressure anisotropy (Kunz+ 2018)

(2) Ultra-high βi,  ~10000

<latexit sha1_base64="mXn1HPZ06yd795itG1/L5K5Gqtg="></latexit>
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Beta gap
✓ High βi  ➞   A region with zero Alfvén wave frequency  :=  beta gap

✓ The gap starts at k⊥ρ* = 1,  ρ* ~ ρi βi1/4    (Schekochihin+ in preparation)


✓ The anomaly of spectrum emerges around k⊥ρ* ~ 1 

✓ The ceiling of Qi/Qe starts at βi  that has a finite gap
✓ Howes prescription is ill-posed when the gap is present

✓ To understand the ceiling of Qi/Qe, we need to investigate the gap
✓ Too narrow gap for βi ~ 100

(1) Pressure anisotropy (Kunz+ 2018)

(2) Ultra-high βi,  ~10000

✓ Ultra-high βi is numerically difficult

<latexit sha1_base64="mXn1HPZ06yd795itG1/L5K5Gqtg="></latexit>
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Beta gap
✓ High βi  ➞   A region with zero Alfvén wave frequency  :=  beta gap

✓ The gap starts at k⊥ρ* = 1,  ρ* ~ ρi βi1/4    (Schekochihin+ in preparation)


✓ The anomaly of spectrum emerges around k⊥ρ* ~ 1 

✓ The ceiling of Qi/Qe starts at βi  that has a finite gap
✓ Howes prescription is ill-posed when the gap is present

✓ To understand the ceiling of Qi/Qe, we need to investigate the gap
✓ Too narrow gap for βi ~ 100

(1) Pressure anisotropy (Kunz+ 2018)

(2) Ultra-high βi,  ~10000

✓ Ultra-high βi is numerically difficult
✓ βi1/2 times more computational time

<latexit sha1_base64="mXn1HPZ06yd795itG1/L5K5Gqtg="></latexit>
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Beta gap
✓ High βi  ➞   A region with zero Alfvén wave frequency  :=  beta gap

✓ The gap starts at k⊥ρ* = 1,  ρ* ~ ρi βi1/4    (Schekochihin+ in preparation)


✓ The anomaly of spectrum emerges around k⊥ρ* ~ 1 

✓ The ceiling of Qi/Qe starts at βi  that has a finite gap
✓ Howes prescription is ill-posed when the gap is present

✓ To understand the ceiling of Qi/Qe, we need to investigate the gap
✓ Too narrow gap for βi ~ 100

(1) Pressure anisotropy (Kunz+ 2018)

(2) Ultra-high βi,  ~10000

✓ Ultra-high βi is numerically difficult
✓ βi1/2 times more computational time
✓ 4D model for the gap (Schekochihin+ in preparation)
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Result : k-spectrum

beta gap
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Result : k-spectrum

✓ The anomaly of spectrum emerges around k⊥ρ* = 1

beta gap
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Result : k-spectrum

✓ The anomaly of spectrum emerges around k⊥ρ* = 1

✓Magnetically dominated turbulence in the gap (and maybe further)

beta gap
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Critical balance

✓ Nonlinear decorrelation time ~ linear propagation time;  ωnl  ≠  ωA 

                                                                                                                                (Goldreich & Sridhar 1995)


           


                                                                                    (Schekochihin in preparation)               

✓ Confirmed numerically and experimentally

✓What would happen to CB in the gap, ωA = 0?

✓ CB is an essential assumption in Howes’ heating prescription
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Result : time-spectrum

✓ Spatio-temporal spectrum

Sub Larmor spectrum for βi = 1 (TenBarge & Howes 2012)
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Result : time-spectrum

✓ Spatio-temporal spectrum
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Result : time-spectrum

✓ For βi = 1 (the same as MHD), ωnl  = ωAW = k||vA ~ k⊥2/3

✓ Spatio-temporal spectrum
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Result : time-spectrum

✓ For βi = 1 (the same as MHD), ωnl  = ωAW = k||vA ~ k⊥2/3

✓ No difference between w/ gap and w/o gap

✓ Spatio-temporal spectrum
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Result : time-spectrum

✓ For βi = 1 (the same as MHD), ωnl  = ωAW = k||vA ~ k⊥2/3

✓ No difference between w/ gap and w/o gap
✓ For βi = 10000,  ωnl  ≠  ωAW

✓ Spatio-temporal spectrum
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Result : time-spectrum

✓ For βi = 1 (the same as MHD), ωnl  = ωAW = k||vA ~ k⊥2/3

✓ No difference between w/ gap and w/o gap
✓ For βi = 10000,  ωnl  ≠  ωAW

✓ How is this related to the ceiling?    ➞   future work

✓ Spatio-temporal spectrum
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Phase space cascade

✓ The energy related to the ion distribution function, ∫d3x∫d3v δf 2/2, 
cascades in 5D phase space

✓ Emergence of the small scale structure in the velocity space

✓ Eventually hits the collisional cutoff   ➞  heating


✓Where this dissipation occurs is important

➡  spectral analysis in the phase space


