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Main questions:
What are the spectra of fluctuations? 

What is the mechanism causing the -2.8 magnetic spectrum 
measured in the solar wind?

Plasma turbulence in the sub-ion-Larmor-radius range 

Solar wind magnetic spectrum form
Cluster [Alexandrova+ 2019]

What is the nature of the dissipative processes?  

How are ions and electrons heated?
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Electron heating 

Efficient electron heating is observed in kinetic 
turbulence simulations around current sheets.

Magnetic reconnection yields 
efficient electron heating

[Wan+ 2012, 2015] [Loureiro+ 2013]

current current electron heating electron heating 

Some long-standing discussion: relation between current sheets, reconnection, and heating

What can be the role of reconnection in kinetic turbulence? setting the spectra? facilitating heating?
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Spectra and spectral anisotropy 

General arguments:

At scales 𝑘!𝜌" ≫ 1, equipartition b/w magnetic and density fluctuations gives 

Total magnetic fields                        , correlation lengths of fluctuations: length ℓ ∼ 1/𝑘∥, thickness 𝜆 ∼ 1/𝑘!, and width 𝜉

<latexit sha1_base64="7ZaLj2APBkMbkA+GjEPKBcoT+SY=">AAACKXicbVBNS8NAFNz4bf2qevSyWAS91EREPVa9eFSwtdCU8LJ5bRc3ybK7KZTQv+PFv+JFQVGv/hG3NQdtHVgYZubx9k0oBdfGdT+cmdm5+YXFpeXSyura+kZ5c6uh00wxrLNUpKoZgkbBE6wbbgQ2pUKIQ4F34f3lyL/ro9I8TW7NQGI7hm7CO5yBsVJQrlELvw9K9njgCzsYAfU1j+m+r3ppwGkjOD9kB9SPUBigF0HuS1SSFtlhUK64VXcMOk28glRIgeug/OJHKctiTAwToHXLc6Vp56AMZwKHJT/TKIHdQxdbliYQo27n40uHdM8qEe2kyr7E0LH6eyKHWOtBHNpkDKanJ72R+J/XykznrJ3zRGYGE/azqJMJalI6qo1GXCEzYmAJMMXtXynrgQJmbLklW4I3efI0aRxVvZOqd3NcqV0UdSyRHbJL9olHTkmNXJFrUieMPJAn8krenEfn2Xl3Pn+iM04xs03+wPn6BsO8pS0=</latexit>
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Linear time scale is set by propagation of KAWs

Dimensionally, the nonlinear eddy-turnover rate is 

Critical balance: 
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<latexit sha1_base64="MWef0rmfM3oaIjtuBYF48xA/emM=">AAACAnicbVBNSwMxEM3Wr1q/Vj2Jl2ARPJVdEfVY9OKxgq2F7rLMpmkbmmSXJCuUpXjxr3jxoIhXf4U3/41puwdtfTDw8t4MmXlxypk2nvftlJaWV1bXyuuVjc2t7R13d6+lk0wR2iQJT1Q7Bk05k7RpmOG0nSoKIub0Ph5eT/z7B6o0S+SdGaU0FNCXrMcIGCtF7kHQByEg4jjQTODilUs+jtyqV/OmwIvEL0gVFWhE7lfQTUgmqDSEg9Yd30tNmIMyjHA6rgSZpimQIfRpx1IJguown54wxsdW6eJeomxJg6fq74kchNYjEdtOAWag572J+J/XyUzvMsyZTDNDJZl91Ms4Ngme5IG7TFFi+MgSIIrZXTEZgAJibGoVG4I/f/IiaZ3W/POaf3tWrV8VcZTRITpCJ8hHF6iOblADNRFBj+gZvaI358l5cd6dj1lrySlm9tEfOJ8/KPeXSg==</latexit>�l ⇠ �nl
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Kolmogorov-type cascade of KAW

General arguments:

At scales 𝑘!𝜌" ≫ 1, equipartition b/w magnetic and density fluctuations gives 

Total magnetic fields                        , correlation lengths of fluctuations: length ℓ ∼ 1/𝑘∥, thickness 𝜆 ∼ 1/𝑘!, and width 𝜉

<latexit sha1_base64="7ZaLj2APBkMbkA+GjEPKBcoT+SY=">AAACKXicbVBNS8NAFNz4bf2qevSyWAS91EREPVa9eFSwtdCU8LJ5bRc3ybK7KZTQv+PFv+JFQVGv/hG3NQdtHVgYZubx9k0oBdfGdT+cmdm5+YXFpeXSyura+kZ5c6uh00wxrLNUpKoZgkbBE6wbbgQ2pUKIQ4F34f3lyL/ro9I8TW7NQGI7hm7CO5yBsVJQrlELvw9K9njgCzsYAfU1j+m+r3ppwGkjOD9kB9SPUBigF0HuS1SSFtlhUK64VXcMOk28glRIgeug/OJHKctiTAwToHXLc6Vp56AMZwKHJT/TKIHdQxdbliYQo27n40uHdM8qEe2kyr7E0LH6eyKHWOtBHNpkDKanJ72R+J/XykznrJ3zRGYGE/azqJMJalI6qo1GXCEzYmAJMMXtXynrgQJmbLklW4I3efI0aRxVvZOqd3NcqV0UdSyRHbJL9olHTkmNXJFrUieMPJAn8krenEfn2Xl3Pn+iM04xs03+wPn6BsO8pS0=</latexit>
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Linear time scale is set by propagation of KAWs

Dimensionally, the nonlinear eddy-turnover rate is 

Critical balance: 
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Specify the nonlinear physics! 
• Kolmogorov-type cascade of KAWs --- 𝑘 !

"#/%

[Cho&Lazarian 2004; Howes+ 2008; Schekochihin+ 2009]IF
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Intermittency  

General arguments:

At scales 𝑘!𝜌" ≫ 1, equipartition b/w magnetic and density fluctuations gives 

Total magnetic fields                        , correlation lengths of fluctuations: length ℓ ∼ 1/𝑘∥, thickness 𝜆 ∼ 1/𝑘!, and width 𝜉

<latexit sha1_base64="7ZaLj2APBkMbkA+GjEPKBcoT+SY=">AAACKXicbVBNS8NAFNz4bf2qevSyWAS91EREPVa9eFSwtdCU8LJ5bRc3ybK7KZTQv+PFv+JFQVGv/hG3NQdtHVgYZubx9k0oBdfGdT+cmdm5+YXFpeXSyura+kZ5c6uh00wxrLNUpKoZgkbBE6wbbgQ2pUKIQ4F34f3lyL/ro9I8TW7NQGI7hm7CO5yBsVJQrlELvw9K9njgCzsYAfU1j+m+r3ppwGkjOD9kB9SPUBigF0HuS1SSFtlhUK64VXcMOk28glRIgeug/OJHKctiTAwToHXLc6Vp56AMZwKHJT/TKIHdQxdbliYQo27n40uHdM8qEe2kyr7E0LH6eyKHWOtBHNpkDKanJ72R+J/XykznrJ3zRGYGE/azqJMJalI6qo1GXCEzYmAJMMXtXynrgQJmbLklW4I3efI0aRxVvZOqd3NcqV0UdSyRHbJL9olHTkmNXJFrUieMPJAn8krenEfn2Xl3Pn+iM04xs03+wPn6BsO8pS0=</latexit>
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Linear time scale is set by propagation of KAWs

Dimensionally, the nonlinear eddy-turnover rate is 

Critical balance: 
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Specify the nonlinear physics! 
• Kolmogorov-type cascade of KAWs --- 𝑘 !
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[Cho&Lazarian 2004; Howes+ 2008; Schekochihin+ 2009]

• Intermittency --- 𝑘 !
$%/' and 𝑘∥
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[Boldyrev&Perez 2012]
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Tearing mediation 

General arguments:

At scales 𝑘!𝜌" ≫ 1, equipartition b/w magnetic and density fluctuations gives 

Total magnetic fields                        , correlation lengths of fluctuations: length ℓ ∼ 1/𝑘∥, thickness 𝜆 ∼ 1/𝑘!, and width 𝜉

<latexit sha1_base64="7ZaLj2APBkMbkA+GjEPKBcoT+SY=">AAACKXicbVBNS8NAFNz4bf2qevSyWAS91EREPVa9eFSwtdCU8LJ5bRc3ybK7KZTQv+PFv+JFQVGv/hG3NQdtHVgYZubx9k0oBdfGdT+cmdm5+YXFpeXSyura+kZ5c6uh00wxrLNUpKoZgkbBE6wbbgQ2pUKIQ4F34f3lyL/ro9I8TW7NQGI7hm7CO5yBsVJQrlELvw9K9njgCzsYAfU1j+m+r3ppwGkjOD9kB9SPUBigF0HuS1SSFtlhUK64VXcMOk28glRIgeug/OJHKctiTAwToHXLc6Vp56AMZwKHJT/TKIHdQxdbliYQo27n40uHdM8qEe2kyr7E0LH6eyKHWOtBHNpkDKanJ72R+J/XykznrJ3zRGYGE/azqJMJalI6qo1GXCEzYmAJMMXtXynrgQJmbLklW4I3efI0aRxVvZOqd3NcqV0UdSyRHbJL9olHTkmNXJFrUieMPJAn8krenEfn2Xl3Pn+iM04xs03+wPn6BsO8pS0=</latexit>
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Linear time scale is set by propagation of KAWs

Dimensionally, the nonlinear eddy-turnover rate is 

Critical balance: 
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Specify the nonlinear physics! 
• Kolmogorov-type cascade of KAWs --- 𝑘 !
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• Intermittency --- 𝑘 !
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[Boldyrev&Perez 2012]
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Isothermal limit --- Spectra and spectral anisotropy 

General arguments:

At scales 𝑘!𝜌" ≫ 1, equipartition b/w magnetic and density fluctuations gives 

Total magnetic fields                        , correlation lengths of fluctuations: length ℓ ∼ 1/𝑘∥, thickness 𝜆 ∼ 1/𝑘!, and width 𝜉

<latexit sha1_base64="7ZaLj2APBkMbkA+GjEPKBcoT+SY=">AAACKXicbVBNS8NAFNz4bf2qevSyWAS91EREPVa9eFSwtdCU8LJ5bRc3ybK7KZTQv+PFv+JFQVGv/hG3NQdtHVgYZubx9k0oBdfGdT+cmdm5+YXFpeXSyura+kZ5c6uh00wxrLNUpKoZgkbBE6wbbgQ2pUKIQ4F34f3lyL/ro9I8TW7NQGI7hm7CO5yBsVJQrlELvw9K9njgCzsYAfU1j+m+r3ppwGkjOD9kB9SPUBigF0HuS1SSFtlhUK64VXcMOk28glRIgeug/OJHKctiTAwToHXLc6Vp56AMZwKHJT/TKIHdQxdbliYQo27n40uHdM8qEe2kyr7E0LH6eyKHWOtBHNpkDKanJ72R+J/XykznrJ3zRGYGE/azqJMJalI6qo1GXCEzYmAJMMXtXynrgQJmbLklW4I3efI0aRxVvZOqd3NcqV0UdSyRHbJL9olHTkmNXJFrUieMPJAn8krenEfn2Xl3Pn+iM04xs03+wPn6BsO8pS0=</latexit>
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Linear time scale is set by propagation of KAWs

Dimensionally, the nonlinear eddy-turnover rate is 

Critical balance: 

<latexit sha1_base64="zr0A5GUcIboV4jzpwE2uHXpJqRs="></latexit>

�nl ⇠ "/(⇢0v
2
A�/2) ⇠ "/(�B2

?�/8⇡)

<latexit sha1_base64="M1+WN6ZY4V7xTyzaj7A6ZSb+4hE="></latexit>

�l ⇠ !KAW / k?⇢skkVA ⇠ ⇢sVA/(`�)

<latexit sha1_base64="MWef0rmfM3oaIjtuBYF48xA/emM=">AAACAnicbVBNSwMxEM3Wr1q/Vj2Jl2ARPJVdEfVY9OKxgq2F7rLMpmkbmmSXJCuUpXjxr3jxoIhXf4U3/41puwdtfTDw8t4MmXlxypk2nvftlJaWV1bXyuuVjc2t7R13d6+lk0wR2iQJT1Q7Bk05k7RpmOG0nSoKIub0Ph5eT/z7B6o0S+SdGaU0FNCXrMcIGCtF7kHQByEg4jjQTODilUs+jtyqV/OmwIvEL0gVFWhE7lfQTUgmqDSEg9Yd30tNmIMyjHA6rgSZpimQIfRpx1IJguown54wxsdW6eJeomxJg6fq74kchNYjEdtOAWag572J+J/XyUzvMsyZTDNDJZl91Ms4Ngme5IG7TFFi+MgSIIrZXTEZgAJibGoVG4I/f/IiaZ3W/POaf3tWrV8VcZTRITpCJ8hHF6iOblADNRFBj+gZvaI358l5cd6dj1lrySlm9tEfOJ8/KPeXSg==</latexit>�l ⇠ �nl

Specify the nonlinear physics! 
• Kolmogorov-type cascade of KAWs --- 𝑘 !
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𝒌

Phase mixing (field-particle interaction)

“kinetic-channel” of dissipation at small velocity-space 
scales

spatial space 

Nonlinear advection

“fluid-channel” of dissipation

at small spatial scales 

velocity space 

Studying phase-space dynamics is crucial to understand particle heating

𝒎

injection
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Anti-phase-mixing and plasma echoes

Schekochihin+ 2016; Adkins & Schekochihin 2018

Confirmed by simulations in the inertial range 
with compressive fluctuations  [Meyrand+ 
2018] 

Q: is it obvious that echoes are expected in the sub-𝜌" range with electromagnetic fluctuations? 
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Kinetic Reduced Electron Heating Model (KREHM) framework

A rigorous asymptotic reduction of gyrokinetics (GK) valid in the limit of low electron plasma-beta                              
[Zocco+ 2011]

Ions become isothermal. 
GK Poisson’s law containing FLR

<latexit sha1_base64="EHE9ZJhrrh3H6rTcmZEhOGojUL8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPNVERD0WvXisYG2hCWGznbRLd5OwuxFKKPhXvHhQxKu/w5v/xk2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2796CSTFJo04QnshsSBZzF0NZMc+imEogIOXTC0U3hdx5BKpbE93qcgi/IIGYRo0QbKbAPvBA0CQB7igksAjgVAasFdt1pOFPgReKWpI5KtAL7y+snNBMQa8qJUj3XSbWfE6kZ5TCpeZmClNARGUDP0JgIUH4+PX+Cj43Sx1EiTcUaT9XfEzkRSo1FaDoF0UM17xXif14v09GVn7M4zTTEdLYoyjjWCS6ywH0mgWo+NoRQycytmA6JJFSbxIoQ3PmXF8nDWcO9aLh35/XmdRlHFR2iI3SCXHSJmugWtVAbUZSjZ/SK3qwn68V6tz5mrRWrnNlHf2B9/gDYcZTD</latexit>

�e ⇠ me/mi

<latexit sha1_base64="GpwBGSDkpWVwwwSkftp6CwEsTSQ="></latexit>

�ne/n0e = 1/⌧(�̂0 � 1)e'/T0e

Electrons are described by 
<latexit sha1_base64="E/oLRmyuCtUBXXm4NsqTHQr/9UU="></latexit>

�fe = ge + (�ne/n0e + 2vkuke/v
2
the)F0e

<latexit sha1_base64="tpMeO640yEhD4JkiUR0MhZNU3Jk="></latexit>

1

n0e

d�ne

dt
= �b̂ ·r e

cme
d2er2

?Ak

<latexit sha1_base64="u9OkuzkUykC5VOcvtsrTnC9cyf0="></latexit>

dge
dt

+ vkb̂ ·r
✓
ge �

�Tke

T0e
F0e

◆
= C[ge] +

 
1�

v2k
v2the

!
F0eb̂ ·r

e

cme
d2er2

?Ak

<latexit sha1_base64="kZdOY2OFiAow1bNG/q7E9FsPVOU="></latexit>

ge(r, vk, t) =
1X

m=0

Hm(vk/vthe)gm(r, t)F0e(vk)/
p
2mm!Hermite expansion:

<latexit sha1_base64="F9D/8ymhH+3s5+LHuSCGWvenORo="></latexit>

d

dt
(Ak � d2er2

?Ak) = �c
@'

@z
+

cTe0

e
b̂ ·r

✓
�ne

n0e
+

�Tke

T0e

◆

Continuity:

Ohm’s law

Kinetic equation
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Kinetic Reduced Electron Heating Model (KREHM) framework

Electrons are described by 
<latexit sha1_base64="E/oLRmyuCtUBXXm4NsqTHQr/9UU="></latexit>

�fe = ge + (�ne/n0e + 2vkuke/v
2
the)F0e

<latexit sha1_base64="tpMeO640yEhD4JkiUR0MhZNU3Jk="></latexit>

1

n0e

d�ne

dt
= �b̂ ·r e

cme
d2er2

?Ak

<latexit sha1_base64="F9D/8ymhH+3s5+LHuSCGWvenORo="></latexit>

d

dt
(Ak � d2er2

?Ak) = �c
@'

@z
+

cTe0

e
b̂ ·r

✓
�ne

n0e
+

�Tke

T0e

◆

<latexit sha1_base64="utW1H6n34xla6MKGd8DQkVf0Lmo="></latexit>

dgm
dt

= �vtheb̂ ·r
 r

m+ 1

2
gm+1 +

r
m

2
gm�1 � �m,1g2

!
�

p
2�m,2b̂ ·r

e

cme
d2er2

?Ak

𝑔(:Hermite moments of 𝑔)

Continuity:

Ohm’s law

Kinetic equation

A rigorous asymptotic reduction of gyrokinetics (GK) valid in the limit of low electron plasma-beta                              
[Zocco+ 2011]

Ions become isothermal. 
GK Poisson’s law containing FLR

<latexit sha1_base64="GpwBGSDkpWVwwwSkftp6CwEsTSQ="></latexit>

�ne/n0e = 1/⌧(�̂0 � 1)e'/T0e

<latexit sha1_base64="EHE9ZJhrrh3H6rTcmZEhOGojUL8=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPNVERD0WvXisYG2hCWGznbRLd5OwuxFKKPhXvHhQxKu/w5v/xk2bg7Y+GHi8N8PMvDDlTGnH+bYqS8srq2vV9drG5tb2jr2796CSTFJo04QnshsSBZzF0NZMc+imEogIOXTC0U3hdx5BKpbE93qcgi/IIGYRo0QbKbAPvBA0CQB7igksAjgVAasFdt1pOFPgReKWpI5KtAL7y+snNBMQa8qJUj3XSbWfE6kZ5TCpeZmClNARGUDP0JgIUH4+PX+Cj43Sx1EiTcUaT9XfEzkRSo1FaDoF0UM17xXif14v09GVn7M4zTTEdLYoyjjWCS6ywH0mgWo+NoRQycytmA6JJFSbxIoQ3PmXF8nDWcO9aLh35/XmdRlHFR2iI3SCXHSJmugWtVAbUZSjZ/SK3qwn68V6tz5mrRWrnNlHf2B9/gDYcZTD</latexit>

�e ⇠ me/mi
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With kinetic electrons --- Phase space cascade and electron heating
<latexit sha1_base64="VAypLdP3Kpx6xyGWWECOVTs92lA="></latexit>

dgm
dt

=
@gm
@t

+
c

B0
{', gm}

<latexit sha1_base64="t5g3p7Zz3YnqMtEahoVOsUCuA0c="></latexit>

⇡ kkvthegm/
p
m ⇠ vthe

B0
{Ak, gm}/

p
m

Source of free energy in velocity space 

𝒌

𝒎 collisions

Phase mixing

Nonlinear advection

<latexit sha1_base64="l1vbbOPusj1B1C3hcu1DBQ3qaPI="></latexit>

b̂ ·rJk
<latexit sha1_base64="RNOonyu9ita2dWo5kGwJ/Gfy+WU="></latexit>

dgm
dt

= �vtheb̂ ·r
 r

m+ 1

2
gm+1 +

r
m

2
gm�1 � �m,1g2

!
�

p
2�m,2b̂ ·rJk
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Phase mixing
Nonlinear advection

Critical Hermite moments and echos?

At each scale 𝜆, there is a critical Hermite order 𝑚*+ :

<latexit sha1_base64="8YCk+AlIese5pFjm7xg6RptNCUk="></latexit> c

B0
{', gmcr} ⇠ vthe

B0
{Ak, gmcr}/

p
mcr

nonlinear advection rate ~ Phase mixing rate 

<latexit sha1_base64="WFz6TN2UgfeXKrjy4F0Wjefy2+Q=">AAACHHicbVBLSwMxGMzWV62vqkcvwSK0l3Z3FfVY9OKxgn1Ad7tks9k2NNldkqxQlv4QL/4VLx4U8eJB8N+YPhBtHQhMZr4h+cZPGJXKNL+M3Mrq2vpGfrOwtb2zu1fcP2jJOBWYNHHMYtHxkSSMRqSpqGKkkwiCuM9I2x9eT/z2PRGSxtGdGiXE5agf0ZBipLTkFU+5lzmCQyzGsOwwHQxQBTqS8p9rLfBIpWfXyrajUNqzK16xZFbNKeAyseakBOZoeMUPJ4hxykmkMENSdi0zUW6GhKKYkXHBSSVJEB6iPulqGiFOpJtNlxvDE60EMIyFPpGCU/V3IkNcyhH39SRHaiAXvYn4n9dNVXjpZjRKUkUiPHsoTBlUMZw0BQMqCFZspAnCguq/QjxAAmGl+yzoEqzFlZdJy65a51Xr9qxUv5rXkQdH4BiUgQUuQB3cgAZoAgwewBN4Aa/Go/FsvBnvs9GcMc8cgj8wPr8BQf+fkw==</latexit>

mcr(�) ⇠ (�/de)
2/(2⌧2)

<latexit sha1_base64="VAypLdP3Kpx6xyGWWECOVTs92lA="></latexit>

dgm
dt

=
@gm
@t

+
c

B0
{', gm}

<latexit sha1_base64="t5g3p7Zz3YnqMtEahoVOsUCuA0c="></latexit>

⇡ kkvthegm/
p
m ⇠ vthe

B0
{Ak, gm}/

p
m

Source of free energy in velocity space 
<latexit sha1_base64="l1vbbOPusj1B1C3hcu1DBQ3qaPI="></latexit>

b̂ ·rJk
<latexit sha1_base64="RNOonyu9ita2dWo5kGwJ/Gfy+WU="></latexit>

dgm
dt

= �vtheb̂ ·r
 r

m+ 1

2
gm+1 +

r
m

2
gm�1 � �m,1g2

!
�

p
2�m,2b̂ ·rJk

Above 𝑚*+ plasma echo is  expected to happen and impede phase mixing

In weakly collisional plasmas, the collisional cut off ≫ 𝑚*+

Why is efficient electron heating observed in solar wind [Chen+ 2019] and in kinetic simulations[e.g. Howes+2016-2018]?
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A zeroth-order solution of 𝑔! in the velocity space and its Hermite spectrum

In the phase-mixing dominated regime, l.h.s. << r.h.s. 

To the lowest order:

<latexit sha1_base64="liw4lbWvQTTPsJFjh/J3x9bxFVY="></latexit>

Em ⌘ h|gm|2/2i ⇡ h|gm+1||gm�1|i/2The Hermite spectrum of 𝑔) :
<latexit sha1_base64="RW3CBB+7menjfdyblScPiB/pKs0="></latexit>

Em+1/Em�1 ⇡ gm+1gm/(gm�1gm�2) =
p

(m� 1)/(m+ 1)

<latexit sha1_base64="VAypLdP3Kpx6xyGWWECOVTs92lA="></latexit>

dgm
dt

=
@gm
@t

+
c

B0
{', gm}

<latexit sha1_base64="t5g3p7Zz3YnqMtEahoVOsUCuA0c="></latexit>

⇡ kkvthegm/
p
m ⇠ vthe

B0
{Ak, gm}/

p
m

Source of free energy in velocity space 
<latexit sha1_base64="l1vbbOPusj1B1C3hcu1DBQ3qaPI="></latexit>

b̂ ·rJk

<latexit sha1_base64="RThSpmLxstFQ9nP+ikLqj1DVQP0="></latexit>

gm+1 = �
p

m/(m+ 1)gm�1 for m � 3, and

g3 = �
p
2/3 (⇢s/de)Jk

<latexit sha1_base64="RNOonyu9ita2dWo5kGwJ/Gfy+WU="></latexit>

dgm
dt

= �vtheb̂ ·r
 r

m+ 1

2
gm+1 +

r
m

2
gm�1 � �m,1g2

!
�

p
2�m,2b̂ ·rJk

<latexit sha1_base64="4jx3etW0iLUd3bNEsM6u3awncmA=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCG+tMEXVZFMFlBfuAdhwyadqGJpmQZIQ6FH/FjQtF3Pof7vwb03YW2nrgwuGce7n3nkgyqo3nfTu5hcWl5ZX8amFtfWNzy93eqes4UZjUcMxi1YyQJowKUjPUMNKUiiAeMdKIBldjv/FAlKaxuDNDSQKOeoJ2KUbGSqG7dx1y2JYqliaG/D499k/Ko9AteiVvAjhP/IwUQYZq6H61OzFOOBEGM6R1y/ekCVKkDMWMjArtRBOJ8AD1SMtSgTjRQTq5fgQPrdKB3VjZEgZO1N8TKeJaD3lkOzkyfT3rjcX/vFZiuhdBSoVMDBF4uqibMGg/HUcBO1QRbNjQEoQVtbdC3EcKYWMDK9gQ/NmX50m9XPLPSv7tabFymcWRB/vgABwBH5yDCrgBVVADGDyCZ/AK3pwn58V5dz6mrTknm9kFf+B8/gAEuZRM</latexit>

Em / m�1/2
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Turbulence at scales below the electron skin depth

In the range                        , fluctuations become electrostatic. 
<latexit sha1_base64="DeyGrn44VlEwmefVc04oNZm9dXs=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdVl047KCfUAbwmRy0w6dTMLMRCihWzf+ihsXirj1D9z5N07aLLT1wnAP55zLnXuClDOlHefbqqysrq1vVDdrW9s7u3v2/kFHJZmk0KYJT2QvIAo4E9DWTHPopRJIHHDoBuObQu8+gFQsEfd6koIXk6FgEaNEG8q38YAbc0hM5zj0wXRQSrEYD+Qo8VnNt+tOw5kVXgZuCeqorJZvfw3ChGYxCE05UarvOqn2ciI1oxymtUGmICV0TIbQN1CQGJSXzy6Z4hPDhDhKpHlC4xn7eyInsVKTODDOmOiRWtQK8j+tn+noysuZSDMNgs4XRRnHOsFFLDhkEqjmEwMIlcz8FdMRkYRqE14Rgrt48jLonDXci4Z7d15vXpdxVNEROkanyEWXqIluUQu1EUWP6Bm9ojfryXqx3q2PubVilTOH6E9Znz8rbpld</latexit>

� ⌧ de . ⇢i

Equipartition between density fluctuations and kinetic energy of parallel electron flows:  

<latexit sha1_base64="HW4uqI6Jx2JkQMcIljLrV7IXMUQ="></latexit>

(�ne/n0e)
2n0eT0e ⇠ d2e|r2

?Az|2/8⇡
<latexit sha1_base64="2p/669J5aeAp+jKjhN1VHxvWh4I="></latexit>

'� ⇠ (⇢iVA/c)de�B?�/�

Assuming standard Kolmogorov-type cascade: 
<latexit sha1_base64="9a1vWcmmjGYjH1NngmKLy6RQl+s=">AAACJXicbVDLSgMxFM34tr6qLt0Ei+CqzhRRFy5ENy4rtFXotMOd9LYNJpkhyQhl6M+48VfcuFBEcOWvmD4WWj0QOJxzLjf3xKngxvr+pzc3v7C4tLyyWlhb39jcKm7vNEySaYZ1lohE38VgUHCFdcutwLtUI8hY4G18fzXybx9QG56omh2k2JLQU7zLGVgnRcXz8AE0poaLRNHQcEnDHkgJUR5qSZUYUmxXqIpyH4d0lE37vF05qo2FqFjyy/4Y9C8JpqREpqhGxbewk7BMorJMgDHNwE9tKwdtORM4LISZwRTYPfSw6agCiaaVj68c0gOndGg30e4pS8fqz4kcpDEDGbukBNs3s95I/M9rZrZ71sq5SjOLik0WdTNBbUJHldEO18isGDgCTHP3V8r6oIFZV2zBlRDMnvyXNCrl4KQc3ByXLi6ndayQPbJPDklATskFuSZVUieMPJJn8krevCfvxXv3PibROW86s0t+wfv6BjZupQw=</latexit>

" ⇠ �nle
2n0e'

2/T0e

<latexit sha1_base64="6RNd7OAyyNVuqNNwPcmdM8NDtRE=">AAACF3icbVDLTgIxFO3gC/GFunTTSExc4Qwx6pLoxiUm8kgYnNwpBRrazqTtkJAJf+HGX3HjQmPc6s6/scAsFDxJ05Nz7r3tPWHMmTau++3kVlbX1jfym4Wt7Z3dveL+QUNHiSK0TiIeqVYImnImad0ww2krVhREyGkzHN5M/eaIKs0ieW/GMe0I6EvWYwSMlYJi2e+DEBCkvhJY8gn2NRPYH4GKByzwuZ3UhbPsfqgExZJbdmfAy8TLSAllqAXFL78bkURQaQgHrdueG5tOCsowwumk4CeaxkCG0KdtSyUIqjvpbK8JPrFKF/ciZY80eKb+7khBaD0Woa0UYAZ60ZuK/3ntxPSuOimTcWKoJPOHegnHJsLTkHCXKUoMH1sCRDH7V0wGoIAYG2XBhuAtrrxMGpWyd1H27s5L1essjjw6QsfoFHnoElXRLaqhOiLoET2jV/TmPDkvzrvzMS/NOVnPIfoD5/MH+OWfyw==</latexit>

�nl ⇠ '�/�
2

<latexit sha1_base64="m9w/ExlhVZ2RaVsV5lH1luwgVfM="></latexit>

E'(k?) / k�7/3
? , EB(k?) / k�13/3

? .

Critical 𝑚*+ where phase-mixing rate balance nonlinear-advection rate:
<latexit sha1_base64="I4F12WKDP28qCja5M631KTGyHYw=">AAACEnicbVC9TsMwGHTKXyl/AUYWiwqpXdqkqoCxgoWxSLRFatLIcZzWqp1EtoNURX0GFl6FhQGEWJnYeBvcNgO0nGTpdPedPn/nJ4xKZVnfRmFtfWNzq7hd2tnd2z8wD4+6Mk4FJh0cs1jc+0gSRiPSUVQxcp8IgrjPSM8fX8/83gMRksbRnZokxOVoGNGQYqS05JlV7mWO4BCLKXQk5bDiMJ0OUD3wSHXQrFcajkLpoFH1zLJVs+aAq8TOSRnkaHvmlxPEOOUkUpghKfu2lSg3Q0JRzMi05KSSJAiP0ZD0NY0QJ9LN5idN4ZlWAhjGQr9Iwbn6O5EhLuWE+3qSIzWSy95M/M/rpyq8dDMaJakiEV4sClMGVQxn/cCACoIVm2iCsKD6rxCPkEBY6RZLugR7+eRV0m3U7POafdsst67yOorgBJyCCrDBBWiBG9AGHYDBI3gGr+DNeDJejHfjYzFaMPLMMfgD4/MHZfScAw==</latexit>

mcr ⇠ (�/de)
4/(2⌧2)

At 𝑘!𝑑) ≫ 1, nonlinear advection is always faster than phase mixing --- fluid-channel of 
dissipation should dominate à steep Hermite spectrum 
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Numerical simulations 

We perform simulations for turbulence in the kinetic range by solving KREHM equations

White-noise forcing added to the continuity equation (forcing density perturbation) at box scale

Balanced turbulence 

Energy injection balanced by dissipation through hyper-collision at large 𝑚 or through hyper-
diffusion at large 𝑘!

• Isothermal limit, i.e., 𝑔) = 0:  Energy spectra of fluctuations, spectral anisotropy, intermittency

• electron kinetic physics accounted for (𝑔) ≠ 0): phase space dynamics, electron heating 
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Spectra and spectral anisotropy  

• Intermittency --- 𝑘 !
$%/' and 𝑘∥

"#/%
[Boldyrev&Perez 2012]

• Kolmogorov-type cascade of KAWs --- 𝑘 !
"#/%. [Cho&Lazarian 2004; Howes+ 2008; Schekochihin+ 2009]

• Tearing mediation --- 𝑘 !
"&/% (or 𝑘 !"%) and 𝑘∥

"#/(
[Loureiro&Boldyrev 2017] 

(the original MHD version of the theory: Loureiro&Boldyrev 2017; Mallet+ 2017)

Existing models:

In numerical simulations, the frozen flux constraint can instead be 
broken by (hyper) resistivity 𝜂,∇!- :   

n is the parameter for the configuration of magnetic fields: n=1 Harris sheet; n=2 sinusoidal profile  

Our approach to distinguish the role of intermittency vs tearing mediation: 
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Isothermal simulations – Energy spectra

~𝑘!
$%/'spectrum; predicted by the intermittency 

model and the tearing-mediation model

Simulations are performed in the sub-𝜌" range, with 
the flux-unfreezing mechanism being the main 
difference. 
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Energy spectra is not set by tearing mediation

If the spectra are set by the tearing mediation:

Electron inertia: -8/3

Resistivity:  -2.4

Hyper-resistivity: -2.6

The overlap of the spectra rules out tearing-mediation as 
the physical mechanism underpinning the energy cascade.

Simulations are performed in the sub-𝜌" range, with 
the flux-unfreezing mechanism being the main 
difference. 

<latexit sha1_base64="2SijjmhaqOPTyM/L4VHbbMd4DSo="></latexit>

EB(k?)dk? / k�(7↵+3)/(3↵+1)
?
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Energy spectra is not set by tearing mediation

If the spectra are set by the tearing mediation:

Electron inertia: -8/3

Resistivity:  -2.4

Hyper-resistivity: -2.6

The overlap of the spectra rules out tearing-mediation as 
the physical mechanism underpinning the energy cascade.

Simulations are performed in the sub-𝜌" range, with 
the flux-unfreezing mechanism being the main 
difference. 

<latexit sha1_base64="2SijjmhaqOPTyM/L4VHbbMd4DSo="></latexit>

EB(k?)dk? / k�(7↵+3)/(3↵+1)
?
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Spectral anisotropy shows no evidence of progressive alignment  

3D structure functions of the 
magnetic fields:

<latexit sha1_base64="thWkzFyQuu6Ok9O4iedOevg/ZVI="></latexit>

S2(�r) ⌘ h|�B(r, �r)|2ir

Why don’t the turbulence eddies become tearing unstable?
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Spectral anisotropy shows no evidence of progressive alignment  

3D structure functions of the 
magnetic fields:

<latexit sha1_base64="thWkzFyQuu6Ok9O4iedOevg/ZVI="></latexit>

S2(�r) ⌘ h|�B(r, �r)|2ir

10°1 100

∏

10°2

10°1

100

`
ª

∏2/3

∏

ℓ ∼ 𝝀𝟐/𝟑

𝝃 ∼ 𝝀

Why don’t the turbulence eddies become tearing unstable?

Isotropic morphology of eddies in perpendicular planes 
– no progressive alignment for tearing mediation
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Spectral anisotropy shows no evidence of progressive alignment  

3D structure functions of the 
magnetic fields:

<latexit sha1_base64="thWkzFyQuu6Ok9O4iedOevg/ZVI="></latexit>

S2(�r) ⌘ h|�B(r, �r)|2ir

10°1 100

∏

10°2

10°1

100

`
ª

∏2/3

∏

ℓ ∼ 𝝀𝟐/𝟑

𝝃 ∼ 𝝀

Why don’t the turbulence eddies become tearing unstable?

Isotropic morphology of eddies in perpendicular planes 
– no progressive alignment for tearing mediation

Solar wind measurements 
from MMS and PSP 

[Wang+ 2020; Zhang+2022;] 
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High-order structure function indicates 2D intermittent structures

Using higher order structure functions 
to quantify intermittency

Self-similar fluctuations, i.e., no 
intermittency  

2D Intermittent structures;

Main assumption to derive the -8/3 spectrum 
by Boldyrev&Perez 2012 

<latexit sha1_base64="3HGdW3qegwznP3MpzUzHvXu2SCg="></latexit>

Sq(�r) ⌘ h|�B(r, �r)|qir ⇠ �r⇣q
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Simulations with kinetic electrons 

MHD transition to sub-𝜌* , 
𝑑) unresolved

sub-𝜌* , 𝑑) resolved sub-𝑑)

𝜌"
𝐿 = 0.1; 𝑘!,(/0𝑑) = 1

𝜌"
𝐿
= 2; 𝑘!,(/0𝑑) = 10 𝜌" = 𝑑) = 2𝐿
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MHD to 𝝆𝒊 sub-𝝆𝒊 sub-𝒅𝒆
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MHD to 𝝆𝒊 sub-𝝆𝒊 sub-𝒅𝒆
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MHD to 𝝆𝒊 sub-𝝆𝒊 sub-𝒅𝒆
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High-𝑚 dissipation turns on at 𝜌" .

In the range 𝜌" < 𝜆 < 𝑑) , the 
“kinetic dissipation” dominates.

In the range 𝑑) > 𝜆, the “fluid 
dissipation” dominates. 
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Landau damped EM energy matches electron heating 
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A zeroth-order solution of 𝑔! in the velocity space and its Hermite spectrum

Velocity-space spectrum:
<latexit sha1_base64="RThSpmLxstFQ9nP+ikLqj1DVQP0="></latexit>
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At each scale 𝜆, there is a critical Hermite order 𝑚*+ :

<latexit sha1_base64="8YCk+AlIese5pFjm7xg6RptNCUk="></latexit> c

B0
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Nonlinear advection rate~ Phase mixing rate 
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For both cases, there is a sufficiently wide 
dynamical range that echo could happen.

Assuming 𝜑 and 𝐴∥ have the same 
configuration/gradients
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Local weakening of nonlinearity around current sheets enables strong phase mixing

The ratio of the nonlinear-advection rate to phase-mixing rate as a 
function of normalized current density. The positions with large 
energy density of 𝑔( (with strong current density) have locally 
weakened nonlinearity. 
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Heating occurs around current sheets

Magenta contours indicates regions 
with strong collisional dissipation.The ratio of the nonlinear-advection rate to phase-mixing rate as a 

function of normalized current density. The positions with large 
energy density of 𝑔( (with strong current density) have locally 
weakened nonlinearity. 
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Conclusions

We study the kinetic turbulence in the low-𝛽 limit, composed of KAWs.

In this specific regime: 

• The magnetic and density energy spectra in kinetic turbulence is set by 
intermittency.

• The kinetic channel (via phase mixing) of  energy dissipates dominates the fluid 
channel, energy dissipated at small scales in velocity space.

• Electron heating is caused by Landau damping of KAWs in this regime.

• Energy dissipation/electron heating occurs mostly around current sheets, due to the 
local weakening of nonlinearity. 


