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How do we describe plasmas in the universe?

When was the universe magnetized?

What does the field look like?

Is it ever laminar?



Diffuse Plasmas in Universe

Hydra Galaxy Cluster

D Stork



Cluster MHD Turbulence

TURBULENCE
Coma cluster

[Schuecker et al. 2004, A&A 426, 387]
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MAGNETIC FIELDS
Hydra A Cluster

[Vogt & Enflin 2005, A&A 434, 67]
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Kinetic energy

k513
Viscous Turnover time Ne ~ 102¢cm-3

/p~Re2L/U T~ 100-1000 eV
~107...108 yr

1/L kv~ Re>*/L 1/ Amp Wpe/C k
102 kpc 1...10 kpc 0.1 kpc 10 km
TurnAer time Collisionless
9 .
L/U ~ 107 yr skin depth

[Schekochihin et al., ApJ 612,276 (2004)]



What kind of distribution function?
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Fluid Equations — the Chapman-Enskog expansion

€ — )\mfp <1
Normal criterion for using expansion: 9 lﬁ f
5 < v Collision rate/frequency
—of df ¢ of df
Fokker-Planck Equation: . E B) - — =0
q o Y 8X+m( TvxB) ov  dt (1)
O(evf) O(vf)

f(r,v,t) = fo(r,v,t) + efi(r,v,t)....

®
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Fluid Equations — the Chapamn-Enskog expansion |

Clfor fo) =0

v_V)2
— o 6_(( ’”?Z) )
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m3/2v,

Boltzmann’s H theorem — this is the unique solution

Fluid Temperature

n = n(r,t) vy = <2T7(;’ t))m V = V(r.1)

Fluid Density Fluid Velocity




Fluid Equations — the Chapman-Enskog expansion

Yo~ Oefr. fo) + Choef)

In general fo efl

n
feq(v,t) = ﬁe_ﬁ (1 +Tao(z) + a1(2)x - by + az(x)x - by + as(x)x - M - x])
th

Compute moments to find heat flow (thermal conductivity), momentum flow
(viscosity), resistivity etc.. FLUID EQUATIONS CLOSED

Finding explicit expressions for q((x), a1 (x),as(x) and as(x) ishard
— it is usually done by expanding in Sonine (Laguerre) polynomials.



Unmagnetized electron Case

unmagnetized plasma where p. > A\, 1p:
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Fluid Equations — Braginskii 1958

SI Braginskii Reviews of Plasma Physics, Vol. 1. English translation 1965

d%“ng
+ naV - vy = 0;
dt
dYv, 1
MaNa d‘t, = —Vpa —V:-Po +Zoeng [E+ —Va X B] +Ra:
c
3 d“kT,
Ena di +pav'va:_v’Qa_Pa:vva+Qa-

Closure terms like g, P, Q come from f1

1
For example electron Qe (ra t) — /d3V§me (V — Ve)Z(V — Ve)fel

heat flux

3.2n.T
. _ e GVTe
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But, is the solution stable? Well posed?

Obviously the fluid equations can describe instabilities (e.g. MHD instabilities).
This does not violate the assumptions behind Chapman-Enskog theory.

BUT: Is

stable

flr,v,t) = fo(r,v,t) +efi(r,v,t) + 6 f(v)ertTikr

L t+1k-r L t+1k-r
E = E¢e” , B = /Be”’
®



Homogeneous Plasma nearly Maxwellian

At these scales and timescales fo and f1 are Homogeneous and stationary in time.
Obviously fo is stable —it’s a Maxwellian — Landau damped modes.

How big must epsilon be to drive instability? Consider electrons at this point.

(fy_|_7;k.v)5f:g<5E.0(f0+€f1) —|—V><5B-a(€f1)>

m ov ov

To make f1 terms compete we must have J0E ~ €v;,0B i.e. Electromagnetic

Faraday gives B — _—Zk X 0F combining ~y ~ ekvyy,
Y

O Form of Weibel instability



Lots of Algebra

B = 'k x E
v

V x 0B = pugod = —epuyg

V5fd3v

B —e Ofy i€ 0f1
5f_(ik-v)me[5E 8—V—;v><(k><5E) 8v]

Jo ef1
'—l—|

feq(v,t) = me_xQ (14 [ap(z) + a1(x)x - by + az(x)x - ba + az(x)x - M - x])
h



Dispersion Relation

Electric field is perpendicular to k and satisfies

SE. - M — M -kk| = AGE,.
two normalized eigepvectors €; and é,, with eigenvalues A; and A,

d= £ - collisionless skin depth

Growth rate

Vi = 7T_1/2l{7?)th{1433 [R -M - 1; — éj -M - éj] — k2d2 + Z[AlB(R . b1> + AQB(R . bz)]}

1

4 o0 e
Asp = W/o deate ™ as(x) ~
Ve

0
_r2 . ..
Aipg = 7r1/2/ drze ™ ay () A2B is similar
0

9)



Optimal direction is when k is in direction of maximum eigenvalue of M.
M- -4 = A\u
eigenvectors 1y, Gy and i3 with eigenvalues (respectively) A, Ay and A3

)\1—|—)\2—|—)\3:O. )\1>)\2>)\3
Voptimum = T V2 kv {Asg (M — Ag] — K*d* + i[A1p(k - b o5k - by}




Criterion for Existance

Instability exists if it can be
at collisionless scales:

kmaa:)\mfp > 1
Am
> dfp@ > 1

- A\ 1/2
Cluster €~ \/—6M3/2 (—mfp> ~ 1073 - 107
my; Lo

)‘mfp 14
~ 3 x 10™".
¥ X




Unmagnetised

Kinetic energy

e~ 1073 — 1072
Viscous Turnover time ) d
1/30 ~ Re-12L/U 6o ~ 10717 L Z€
~107...108 yr L

Weibel like

Ymaz ~ 0.25 1

1/L kv~ Re™/L 1/ Amtp wpelc k
102 kpc 1...10 kpc 0.1 kpc 10 km

TurnAer time

L/U ~10° yr



Nonlinear Effect - Anomalous scattering

Increased scattering? Decrease the effective
mean free path.

Electron trajectory

B Spontaneous
Magnetization

From instability

evd B

Me

T ~ (k’U) —1 Correlation time

Deflection in correlation time

AV ~

T~ Q.TV

)



Anomalous scattering. Estimates

Increased scattering? Decrease the effective
mean free path.

Electron trajectory

C
DBv — Y
T k )
Dg, Q4
Anomalous scattering rate Vanom ™~ 2 ~
v kv

Veff ~ Ve + Vanom

9)



Nonlinearity

Increased scattering? Decrease the effective
mean free path.

Electron trajectory

Ve ™~ Vanom  Beginning of nonlinear behaviour

Ve

Perit — U;zhce ~ €_1/4\/(d)\’m.f.p.) fl — fl y

anom

9)



Nonlinearity

Increased scattering? Decrease the effective
mean free path.

Electron trajectory

Modified growth rate

kp?

Ve

v =7 Y2 kv {e—— — B*d*} ~ 72 kuy,{e — k2d*}.
Vef f Am fp
When Vanom >> VC
i 3 2/3
Saturation when  kap ~ 1= p ~ € 2 (5d*Anp,) ' Boap ~ €213 (%fp)

D)



Electron trajectory

B
. . . -1/3 §d2)\ 1/3
Effective mean free path in saturation p~ € (2 mfp) .
d 2/3 cluster
Thermal conductivit —1/3 1010
Y Ke ~ PUh ~ € ko ~ 107 kg
Am fp

Spitzer conductivity (g 7 Amfpvth

)



Field keeps on Growing
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Stretching and Amplifying the Field by the turbulence

Kinetic energy a—B =V X (u X B)
k513 ot
Turnover time
. 1dB -~
’1/7@ ~Re 2L/U = —bb:Vu~
~107...108 yr B dt 1o

Magnetic
energy

1/L kv 1/ Amfp kn k



What to do about the small scale stuff? Simulation

S , - .

—

St-Onge and Kunz
~ Collisionless dynamo simulation

Not enough resolution to do electron
. Weibel scales



What to do about the small scale stuff? Speculation

Mean field theories? Effective transport?

q(r,t) =q(Vn, VI, W, B, T, n...)
I(r,t) =1IL(Vn, VI ,W,B, T ,n...)
o(r,t) =0c(Vn,VI,W,B, T, n...)

Compute these effective transport coefficients — very tough to do
because epsilon must be small. This would be a tough thesis.

Thank You



