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QUESTION:  
WHAT GOVERNS THE LARGE-SCALE DYNAMICS OF THE 
INTRA-CLUSTER-MEDIUM PLASMA?

X-Ray

NASA/CXC/CFA/M.MARKEVITCH ET AL.
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GENERAL APPLICATION TO:
black-hole accretion, solar wind, hot ionized medium, high-z halos?
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Is it well described by normal 
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�p = p? � pk

v⟂

v |
|

Δp>0

v⟂

v |
|

Δp<0

B

Dtu = − ∇(p + B2/2) + ∇ ⋅ (b̂b̂B2)MHD
Kinetic MHD Dtu = − ∇(p⊥ + B2/2) + ∇ ⋅ [b̂b̂(B2 + Δp)]
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➤ More formally (CGL)
≈ b̂b̂ :∇u

Δp ≈
p0

νc
b̂b̂ :∇uBraginskii MHD (νBrag ≈ p0/νc)
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MHD completely wrong?
Momentum stress due to ∆p  ~  β*magnetic pressure

Even though
L o ⇢i

⇥105
Ion gyroscale
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▸ The plasma responds at   (when  ) by 
generating micro-instabilities (firehose, mirror) 

▸ These help regulate the growth of  

FΔp ∼ FLorentz |Δp | /p ∼ β−1

|Δp |
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Δp
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Mirror

Firehose

FEEDBACK OCCURS ONLY AFTER  FΔp ∼ FLorentz
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Schekochihin et al. 2009

�mfp

Kiyani et al. 2015

TURBULENCE IS LIKE MHD, EVEN FOR  l ≪ λmfp

Because of shear-Alfvén waves
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dB
dt

< 0 Δp < 0

IF
Firehose limit

Δp = − B2 ∇ ⋅ [b̂b̂(B2 + Δp)] = 0

This occurs if δB⊥

B
≳ β−1/2 or 

δB⊥

B0
≳

ωA

νc
β−1/2

In a linearly polarized wave
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δB⊥

B0
≳

ωA

νc
β−1/2 ?

Is turbulence damped in a weakly  
collisional plasma with 
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We call this effect  
“Magneto-immutability”
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SIMULATIONS — ALFVENIC TURBULENCE
▸ Standard, driven, critically balanced MHD turbulence with 
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▸ Low-mach-number flows minimize   

▸ Similarly, magneto-immutable flows minimize  

∇ ⋅ u

b̂b̂ :∇u
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u
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▸ In MRI turbulence, background shear drives 
mean   Δp0 ∝ b̂b̂ :∇U0

Kempski+ MNRAS 2019
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▸ In MRI turbulence, background shear drives 
mean   Δp0 ∝ b̂b̂ :∇U0

Kempski+ MNRAS 2019

MRI

▸ The turbulence 
minimizes  
the total   by  
cancelling    
with  

Δp
b̂b̂ :∇U0

b̂b̂ :∇u
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AM transport due to  Δp Mean  Δp
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▸ Turbulence becomes more similar to MHD as isotropic Re increases

Kempski+ MNRAS 2019

AM transport due to  Δp Mean  Δp

Small scales better 
able to cancel out 
large scales 

Sharma+2007

Relation to kinetics (Kunz+ 2016, Hoshino 2015) remains unclear

Kunz+2016

Kunz+2016



CONCLUSIONS

▸ The dynamical feedback of   on flow occurs around 
the same point that mirror/firehose are excited  

▸ This feedback tends to reduce  , and consequently, 
variations in   
 

▸ Braginskii MHD simulations show that “magneto-
immutable” turbulence is very similar to MHD, 
despite minimizing    

▸ More work needed to understand collisionless regime

Δp

Δp
|B |

b̂b̂ :∇u

we call this magneto-immutability
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