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Picking up where we letft off...

¢ \\e derived a system of equations that describe meso- and macroscale
plasma physics in weakly collisional systems (including rotation, sheat,
gravity, thermal stratification).

¢ \We discussed the physical interpretation of the kinetic-MHD closure.

e \We applied these equations to elucidate the linear stability of weakly
collisional accretion discs.
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Galaxy Clusters

e \We will learn the plasma parameters characterising these systems.

e \We will investigate conduction, convection, and viscous dissipation in these
systems.

e \We will investigate the outstanding problems related to cluster plasma
physics.

e \We will look to the future and see what can be solved with current tools.
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|ICM Dynamics:
A 3-scale problem
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|CM

A 3-

Dynamics:
scale problem
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Sraginskii-MHD equations
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Cooling
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Physical timescales
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Physical timescales
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Physical timescales
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Cooling flows
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Cooling flows

expect lots of cold gas... ...but not observed
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Cooling-frows™

“Cooling-flow problem”

expect lots of cold gas...
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There is some cold gas...

...mostly in filaments

Crawford et al 2005
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God’s thermostat?

e Feedback from A(ctive) G(alactic) N(uclei)...

...but how does it know how much heat is needed?

Fabian et al 2003

M ~ AT, % ~ 47 pcy

X — at constant pressure
C
S
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God’s thermostat?

e Feedback from A(ctive) G(alactic) N(uclei)...

...but how does it know how much heat is needed?

...and how is it thermalized and distributed?

turbulence? sound waves? weak shocks? bubbles? cosmic rays? Fabian et al 2003

0
Re = EI 10 — 100

Y
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God’s thermostat?

e Feedback from A(ctive) G(alactic) N(uclei)...
...but how does it know how much heat is needed?

...and how is it thermalized and distributed?

turbulence? sound waves? weak shocks? bubbles? cosmic rays?

e Conduction inwards from bulk of cluster...

T(r)/Tas00

...but can it (stably) offset cooling? (e.g. Fabian et al 2002)

...and what is its efficiency?
(e.g. Chandran & Cowley 1998; Narayan & Medvedev 2001) 0 il M
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Conduction and convection— stability

conduction
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Heat conduction

Q=—xbb-VT —a
R
magnetic —>
field line N\
_
X
hot [ I cold

0Q = —xVoT vs. 6Q = —xbb-V6T —xbsb-VT —x6bb-VT
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Heat conduction

0Q =y bb-VéT|— xbsb-VT — x5bb-VT

o0

create a local temperature gradient along B,
create heat flux along B
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Heat conduction

5Q = —x bb-VT

—xbéb-VT

— x6bb-VT

I;+6l;

align B with the background temperature gradient,
create heat flux along B
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Heat conduction

0Q = —xybb-VéT — xbsb-VT |- xdbb-VT

A A A

~x{hbdb) ¥TVT

perturb B on which a heat flux is being channeled,
increase/decrease that heat flux
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When conduction is rapid...

AT ~ ZSHVHT

i.e. compressions/rarefactions in V1’ -oriented field lines lead to heating/cooling

I O heated QO cooled Q) isothermal I
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When conduction is rapid...

AT ~ ZSHVHT

i.e. compressions/rarefactions in V1’ -oriented field lines lead to heating/cooling

AA A A P
AR O heated SR

O cooled
QO isothermal

cold cold
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Magneto-Thermal
Instability

(Balbus 2000; 2001)

hot

hot AT =~ 2§||V||T

AA A A
I v

Heat-flux-driven
Buoyancy
Instability

(Quataert 2008)

cold
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..........................

g VInPp 7 <0—g:-VInT #0

think by analogy:
g VInR'* <0 —g-VInQ* <0
Balbus (2001)
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put a weakly collisional plasma in a
gravitating, thermally stratified atmosphere

S
.

v = 0V B =By, + By,2+ B p=po(2) + dp T =Ty(z) + 6T
0 ox exp (vt + ik-r)
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Dispersion relation kunz 2011)
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Dispersion relation kunz 2011)

Weond = Wyise = 0: i |

/

entropy mode M

slow mode

Alfvén wave

buoyant response
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Dispersion relation kunz 2011)
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Dispersion relation kunz 2011)

(e dInfk2+ K2
Weond = visc:(): ’)”72 (’72 - g 3, 12 y) = ()
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anisotropic altered VISCOUS
viscous damping  buoyant response coupling of
slow & Alfvén
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HBI =
force

with Braginskii viscosity HBraginskii

force

B =B

AT ~ 2§HVHT

field-line compressions cause
changes in temperature

but motions that cause
field-line compressions
are viscously damped
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Dispersion relation kunz 2011)

Weond = Wyise = 0: i |

Weond 2 Wdyn 2> Wyisc - Y

dz k2
. B dinTK dlnT b2k?
Weond 2> Wdyn ™~ Wyisc - > (7 T Y Wyisc k2 -9 dz kz) ~ T Weise dz k?
Weond 2> Wyisc 2> Wdyn - :}72 ~ =g . b‘%fs
dz k9

(Alfvénic MTI)
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MTI

without Braginskii viscosity
(stable)

8§ VT

y
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MTI 7y

with Braginskii viscosity : B = T(i + 2)
(unstable) ; 2 2
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MTI P
with Braginskii viscosity A "B - ﬁ("\ + «%)
(unstable) /. A
G
8 VT /
|
rapid Braginskii viscous damping allows' [" )

slow-mode perturbations (dn, 6T # 0)
to masquerade as Alfvénic fluctuations

(with 0 B, v predominantly oriented L to IA)) Aeir]
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can shut off : ,E‘;
conduction gl can provide ~10%
and thermally turbulent pressure support
insulate core and radially biased B field
(Parrish+ 2009; (McCourt+ 2011; Parrish+ 2012)

Bogdanovic+ 2009)
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This is all linear theory,
which means a lot...

...but only for ~100 Myr.




ICM Is turbulent
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Pressure anisotropy

P1 — Py N U )\mfp
p Vgh £

~ few x 1072

1
— ~ few x 1072

B
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modifies magnetic tension

B2
When p, — p, <———, Alfvén waves are FIREHOGSE unstable. /\/

4 growth time ~1 hr, wavelength ~10-100 npc

B>
When p, — p, > — , slow modes are MIRROR unstable. /\/\/
37T growth time ~100 hr, wavelength ~10%-103 npc \/\/\

TRY CHANGING FIELD STRENGTH
AND EVERYTHING EXPLODES
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Where do they occur?

1f weakly collisional with Pm >> 1:

£ firehose

=
72

Rk ’39} Awy Zi
Typical structure of magnetic fields
generated by turbulence from
MHD simulations with
(isotropic) Pm >> 1
Schekochihin+ (2004)

gJ_ < £|| ~ gvisc
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Do microinstabilities occur in ICM?

~2-5(?)

/

~10-100 (?)

~102-10% (?)
\)z

MTI, HBI,
AGN, mergers

/\ Alfvén
firehose,
mirror
slow g

<< —1

7agyr,i
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What do these microinstabilities do?

Solar Wind:

! T ] 0.2

MIRROR

FIRK

. = HOSE
0.1) . . i . | §0:0005
0.001 0.010 0.100 1.000 10.000 100.000

Bu [Bale et al., PRL 2009]

perfect opportunity for synergy between space and astrophysics
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How do they go marginal?

Option #1:

e ehose © d [6B .|’
1Irehose — 5
dlnBo 2dt  Bg pL— Dy

“+” 2o
dt 0 (|5B||I) = b

mirror — & Bo
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How do they go marginal?

Option #1:

rate-of-strain is limited
(in a sense, more viscosity)
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How do they go marginal?

Option #1:

rate-of-strain i1s limited
(in a sense, more viscosity)

Option #2:

d/n BO WM break mu :>

dt GRGAS,

P1 — P

ISV R
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How do they go marginal?

Option #1:

rate-of-strain i1s limited
(in a sense, more viscosity)

Option #2:

effective collisionality i1s enhanced
(in a sense, less viscosity)
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Viscous heating

(done on board — see Kunz et al 2011)
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@gy source (AGNs, mergers, @

energy absorption rate (effective impedance) [

l
@lence: U@
1

magnetic field changed

/\

pressure anisotropies driven fluctuation dynamo

l

Y
icroscale instabilities excited magnetic’ﬁeld saEurated

pressure anisotropy pinned at marginal stability: A, ~ 8~

thermal balance
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