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Weakly collisional plasmas
galaxy clusters, accretion disks, (solar wind):
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Declination

Temperature variations in galaxy clusters

A520 temperature map
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Heat flux inhibition in solar wind
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Mechanisms of heat-flux suppression

From radio observations p, /Amfp~10_13 --> heat conduction along field lines
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Mechanisms of heat-flux suppression

From radio observations p, /Amfp~10_13 --> heat conduction along field lines

o Cluster scale: field is tangled by turbulence. hot
Suppression 5~1/5-1/3 (Narayan & Medvedev 2001). cold
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Mechanisms of heat-flux suppression

From radio observations p, /Amfp~10_13 --> heat conduction along field lines

o Cluster scale: field is tangled by turbulence. % hot
Suppression 5~1/5-1/3 (Narayan & Medvedev 2001). |

o Scale of turbulent/ordered motions: B L VT.
Komarov+ 2014

o Scales < Lg: plasma instabilities
Pressure anisotropy->
ion mirror instability, S~1/5
Komarov+ 2016
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o Scale of turbulent/ordered motions: B L VT.

o Scales < Lp: plasma instabilities

Mechanisms of heat-flux suppression

From radio observations p, /Amfp~10_13 --> heat conduction along field lines

Cluster scale: field is tangled by turbulence. %
Suppression 5~1/5-1/3 (Narayan & Medvedev 2001). cold

Komarov+ 2014

Pressure anisotropy->
ion mirror instability, S~1/5
Komarov+ 2016

Weakly collisional heat flux ->
electron whistler instability >

Gary+ 1975, Levinson & Eichler 1992, Pistinner 1998,
Roberg-Clark+ 2018, Komarov+ 2018
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o Scales < Lp: plasma instabilities

Mechanisms of heat-flux suppression

From radio observations p, /Amfp~10_13 --> heat conduction along field lines

Scale of turbulent/ordered motions: B 1 VT.

Cluster scale: field is tangled by turbulence. %
Suppression 5~1/5-1/3 (Narayan & Medvedev 2001). cold

Komarov+ 2014

Pressure anisotropy->
ion mirror instability, S~1/5
Komarov+ 2016

Weakly collisional heat flux ->
electron whistler instability >

Gary+ 1975, Levinson & Eichler 1992, Pistinner 1998,
Roberg-Clark+ 2018, Komarov+ 2018
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Correlation between magnetic field and temperature

Stir 2D scalar field + 2D magnetic field (set by 2D scalar vector potential).

Magnetic isolation of regions at different temperatures or VT 1 B.

Does it happen for “realistic” turbulent motions?
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Turbulent dynamo + conduction

Pr= v/n=Rm/Re
Pr~200, Re~3
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Turbulent dynamo + conduction

Pr= v/n=Rm/Re
Pr~1, Re~400

log(B~1) < log(B?) Mach number
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Turbulent dynamo + conduction

Introduce temperature fluctuations when dynamo is saturated:

temperature

Pr~100, Re~5
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Turbulent dynamo + conduction

Introduce temperature fluctuations when dynamo is saturated:

Pr~1, Re~400
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Turbulent dynamo + conduction

o High-Pr turbulence inhibits relaxation of temperature fluctuations by aligning VT 1 B.

o Atlow Pr turbulent diffusion enhances heat exchange

Ajjrms/ TO
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Turbulent dynamo + conduction

o High-Pr turbulence inhibits relaxation of temperature fluctuations by aligning VT 1 B.

o At low Pr turbulent diffusion enhances heat exchange
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Outline

o Eftficiency of thermal conduction in the ICM

o Suppression mechanisms
o Local suppression by turbulence

o Mirror instability
o Whistler instability

o Summary
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Weak collisionality and generation of pressure anisotropy.
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Mirror instabillity

weak

Stretch/shear

_) .
strong

{7 i
/M stretching B

> D1->D)

\/ﬁ\/

kinetic simulation of turbulent dynamo @ @
Rincon et al. 2016 0pL = —2p, (pl/p" —1)0B/B
Il
A> 1/f instability

WPI 8/2019



Mirror instabillity
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Mirror instabillity

Diffusion in magnetic mirrors in presence of weak collisions
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Mirror instabillity

Diffusion in magnetic mirrors in presence of weak collisions
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Outline

o Eftficiency of thermal conduction in the ICM

o Suppression mechanisms
o Local suppression/enhancement by turbulence

o Mirror instability
o Whistler instability

o Summary
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Heat-flux-induced whistler instabllity

heat flux <-> asymmetry of electron distribution function
f= fot+efi,e=Ampp/Lr QIINne/lmfpvthT/LT“'gmenev?h
Maxwell / perturbation
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Heat-flux-induced whistler instabllity

heat flux <-> asymmetry of electron distribution function

f=fotefi,e =Amep/Lr Q||~3menevt3h

TR Maxwell / perturbation

transverse whistler

wave along field
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Heat-flux-induced whistler instabllity

heat flux <-> asymmetry of electron distribution function
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Heat-flux-induced whistler instabllity

heat flux <-> asymmetry of electron distribution function

f=fotefi,e =Amep/Lr Q||~3menevt3h
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Heat-flux-induced whistler instabllity

heat flux <-> asymmetry of electron distribution function

f=fotefi,e =Amep/Lr Q||~€me”evt3h
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Marginal heat flux

heat flux <-> asymmetry of electron distribution function
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Oblique vs. parallel
f=fo+efue=Anpp/ly  Gremencviy

parallel whistlers have E rotating opposite to gyration of cold-ward electrons!
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Quasilinear saturation

heat flux <-> asymmetry of electron distribution function
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Simulations of the instabllity
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Absorbing BC for waves along x

Reflective BC for particles x:
particle gains new velocity after reflection from wall;
sustained temperature gradient

Ions do not move

Initial electron distribution is isotropic;
particle density set to keep pressure uniform
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use runs with
varying £ and Ty /T5:
B = (10,15, 25,40)
T,/T,=(1.5, 2, 3)



Simulations of the instabllity
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Simulations of the instabllity
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Comparison with theory

T, /T, =2, 8. =10

e

0.02

0.01

0.00

-0.01

—0.02

0.02

0.01

0.00

-0.01

-0.02

WPI 8/2019



Comparison with theory

1 X .
1071 . +
s 0+
= —1
] %15ﬁ6 \X
X 0y =1 X
+ B, =15
L L L l
10"
5Tﬁe
57’ — Tl/Tz-l
[ J

WPI 8/2019

10%

(LT/pe)<5Bi >sat/B()2




Relevance for galaxy clusters

modified Spitzer parallel heat flux (Coulomb collisions) :
Ae

+ 42,

~ 3
T

Heat flux regulated by instability:
Ae

+ 42,

qQuw = 1.5B¢ *men, v, 7
T

Suppression factor:

Sy ~ ;e (LT + 4)

Be = 100, A, = 20 kpc -> STH"~1/10; Sy, ~1/4, Ly = 100 kpc
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SdRa N

Heat flux and whistlers in solar wind

apparent beta-dependent limits on HF
mostly parallel whistlers Tong+ 2018
weak correlation between heat fluxes and whistler occurrence (selection effect?) Tong+ 2019

small amplitude (~0.01 B,) consistent with QL estimate
strong effect of temperature anisotropy

T SR T B B |
1.5 I 1 | 1 | 103
—— whistl i L
(a) — Alfvsene;”c/Tp=O.5 i Sa) unstable i
| -— Alfven TTo=1 | N
é? 1.0 ----- Alfven T /T, =2 102 - \\\\\ ¢ stable
) ~
< =) 0 "‘:\{.‘ *%
10! (e 10" - o 0\\.‘:. . -
~~ N
v B
ns/ne > 0.02 (b) o "‘5;":
o101 - SN
Em' nsne <1073 | \\_
S 0.5- \ .
S e e S 10_1
0.0 ———

Yo

|cos6k, sl

coooom
oNbMO®O

i -PTCH PR . ;-,F ﬁ @
1 1 T .l
10 12 10 13 10 14 10 15 10 16 10 17 10 18 10 19 10 20 10:21

VWP18/2019



SdRa N

Heat flux and whistlers in solar wind

apparent beta-dependent limits on HF
mostly parallel whistlers

weak correlation between heat fluxes and whistler occurrence (selection effect?)

small amplitude (~0.01 B,) consistent with QL estimate
strong effect of temperature anisotropy

(a) all events (b) whistler events
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1. mostly parallel whistlers

Heat flux and whistlers in solar wind

2. weak correlation between heat fluxes and whistler occurrence (selection effect?)

3.

small amplitude (~0.01 B;) consistent with QL estimate
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(b) whistler events
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Summary

Field-line draping likely explains survival of temperature fluctuations on scales ~10-100 kpc.
Turbulence may enhance magnetic insulation locally or promote heat exchange at Pr~1.
Mirror instability can produce suppression of parallel thermal conductivity ~1/5.

Heat-flux induced whistlers may suppress heat fluxes at strong thermal gradients.



