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Motivation ®) OXFORD

Plasma is ubiquitous in many different astrophysical contexts of interest
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Plasma physics = Magnetogenesis, cosmic rays, astronomical obsetvations



Ges) UNIVERSITY OF

What type of plasma?

These astrophysical plasmas are (typically) classical, magnetised and weakly collisional/collisionless

Before we go any further, some terminology as I use it. ..

kT

1) “Classical” = ““typical particle separation n~3 « Debye screening length A\p = \/ PPy 1B+ 2T, /T)
2) “Magnetised” = “macroscopic magnetic field”, “electron Larmor radius pe S Amgp”

3)  “Collisional” = “collisional mean free path A,f, < macroscopic scale length L”...

. . _ “distance of 90° deflection due to small- T?
...and, in classical plasma, Amep = _ . ~
angle Coulomb scattering events Z2etn; log A ,\
4)  “Weakly collisional” = “Larmor radius p; < Apgp < L7 Coulomb logarithm

log A = log (Ape/AgB) > 1
5) “Collisionless” = “p; K L S Amp”
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What Qﬂu@ of @F&Bmw “=’ OXFORD

These astrophysical plasmas are (typically) classical, magnetised and weakly collisional/collisionless
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How can we describe such plasmas? 18} OXFORD

* Kinetic description of plasma: distribution functions fo, for particle species « satisfy Maxwell-Vlasov-Landau equations:

O 4 . Vfa+Q(E+UXB) Ofa ZCfa,fﬁ

ot Moy C
combined with Faraday’s and Ampére’s law (for kAp < 1): aa—? = —cVxFE, VxB= 4—7T 7+ - ! %f .
C

* Integrating Maxwell-Vlasov-Landau equations over velocity space leads to fluid description:

Dn
- 1) 'Va — 07
Dy a—l—n V
DV,
Moo, = —Vpa—V-ma+Zng (E+V,xB)+ R,,
3 DT,
577,@ Dt a+pv'va — _v'qa_ﬂ-oz-vva+Qaa

where g, 1s the heat flux, T« the viscosity tensor, and so on.

Fluid equations “simpler” — but require closure!
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Classical transport: collisional plasmas are fluids =) OXFORD

Key concept: frequent collisions drive plasma towards local thermodynamic equilibrium, allowing for closure to be obtained

* (Recall) conditions for plasma to be collisional:

1
Ao L L, Voz>>T7

for V4 collision frequency of species &, Ao = Vtha/Va particle mean-free path, T' and L macroscopic plasma scales

* Expand electron and ion distribution functions around Maxwellian distribution [Chapman-Enskog (CE) expansion]:

(1) VYV 1 n v’
— £(0) (1) T e~ S (0) — —O‘ _
fa _ fa + fa + ey fOI‘ (0) €a Vg, Tl/a 5 and f 7_‘_3/2 th eXp ( ’Utha> .
« (87
* Substitute into kinetic equation, solve first-order equation to determine fél)
- E.g., in strongly magnetised (po, < Ag), two-species plasma (first order in Ao, /L | zeroth in ps /L ):
L Te 3 [ _ 3 e\ - /. 02
Je(@ey Ber) = ——575 exp (=) {1 + | (n2 A (De) + 1o AL (Te) + 1EAL(Te)) Te) + €eCe(Te) (v§ GQJ_)] } ,
the L
o n (5 N
fz'(’Ue|| , Vel ) = 3 372 XP ( ) 1+ niAi(Uz')'Uz'H + €,C;(0;) V| — 3
Vi T 2
where
Re eYer A'We'A A-W,L--A
M= AT, = A =2 g, e = BB B W E)

e ’
Pe TeTe Uthe Uthi



Fluxes in collisional Braginskiit MHD

Non-Maxwellian components of distribution functions give rise to macroscopic fluxes, achieving desired closure

R, =
Friction force Ru —
R+ =
q. =
Electron heat qe -
u
flux
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Ru + RT 3
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Fluxes in collisional Braginskiit MHD cont. ) OXFORD

Non-Maxwellian components of distribution functions give rise to macroscopic fluxes, achieving desired closure

3 ellle
Heat exchanged Qi = —Q.—R. -u= Mellle (Te — Ti)
™M;Te
o m
MTex — _? (Ma:x + Myy) — 5 (M:I:a: — Myy) — 773Ma:y ;
o m
Tyy = D) (Mye + Myy) — b} (Mo — Myy) + 03 My,
Viscosit 13
telrjscc(:fly Tey = Tyg = —MMay + 9 (Mo — Myy) |
Mgy — Tzx — _772M:1:z 774Myz
Tyz — Tzy — _772Myz + 774sz
Myz — _nOMzz

where 7)o to 7)4 are viscosity coefficients (different for 1ons and electrons).

Q: how well does this model describe astrophysical plasmas?
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Testing classical transport theory

Recent observational evidence: MHD with classical transport often fails
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A plausible culprit: kinetic instabilities (microinstabilities)!



erv brief) review of collisionless microinstabilities =) OXFORD
y

* Microinstabilities studied in great depth by many researchers (too many to list alll)

* Generically arise in plasmas with anisotropic distribution functions.

— Example (unmagnetised plasma): Weibel instability in counter-streaming plasmas (Weibel 1959, Fried 1959)
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Microinstabilities in magnetised plasma also comprehensively studied

X [mm]

—> Firehose and mirror instabilities (Rosenbluth 1958, Chandrasekhar et al. 1958, and so on...)

—> Electron instabilities (Kennel & Petschek, 1966, and so on...)
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Microinstabilities 1n weakly collisional plasma

Q: how can weakly collisional plasmas be subject to microinstabilities?
* Naive view I: how can ‘almost Maxwellian’ CE distribution function be unstable?
* Naive view II: doesn’t collisional damping prevent microinstabilities in weakly collisional plasmas?

A: both views are overly simplistic:
* Thresholdless instabilities (Kahn 1964, Ramani & Laval 1978, Epperlein 1984) e.g. thermal anisotropy
Weibel instability
* Characteristic scales of microinstabilities are 7o macroscopic scales
= In (for example) a classical hydrogen plasma,

Non-trivial range of collisionless

)‘mfp 3
~ TeA 1l —
AD D > scales in classical plasma
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Studies on CE microinstabilities 1 %) OXFORD

* Problem considered by various researchers, usually focused on only one or two instabilities.
Transverse (aka thermal-anisotropy Weibel) instability (Kahn 1964, Albright 1970)
Ramani-Laval instability (Ramani & Laval 1978)

Whistler heat-flux instability (Levinson 1992, Pistinner 1998)

Mirror/firehose instability (Schekochihin 2005)

* Recent sims of CE whistler-heat flux instability (Roberg-Clarke 2016, 2018, Komarov 2018, Yerger 2024)

Yerger et al. (2024)
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Studies on CE microinstabilities 11

Recent study (Bott et al 2024) characterised ‘zoo’ of microinstabilities arising in weakly collisional plasmas:
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When is classical transport theory okay? 15 OXFORD

1. At sufficiently low (3
* All CE microinstabilities either stabilised (or growth strongly suppressed) when 5 < L/

2. When the separation between characteristic collisionless scales and the mean free path is
insufficiently large
* Need microinstability wavenumber to satisfy kA < 1 for effective collisional damping
* This is never satisfied in magnetised plasma

* In plasmas satisfying either of the above conditions, using Braginskii values (or corrections) for conductivity,
resistivity, viscosity okay...

* ...butif neither condition satistied, then fluid equations with Braginskii transport coefficients cannot
be assumed

* Cannot rule out anomalous scattering of particles
* Significant potential impact on the correct values of viscosity, conductivity and resistivity
* Is fluid modelling of such plasmas even possible, or do we need to resort to kinetic theory?
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Where does this leave us?

High-f, magnetised, weakly collisional plasmas = complicated interplay between macro/microscales

/ Macroscopic evolution \

Anomalous collisionality, Momentum & heat
transport fluxes

\ Kinetic instabilities /



Studies on macro/micro interplay I
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Numerous recent analytical + simulation studies in weakly collisional/collisionless high-3 plasma... significant progress!

Microphysics

z /dio

z /dio
Anomalous collisionality (e.g. Kunz e a/ 2014)
Anomalous particle populations (e.g, Riquelme e# a/ 2015)
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Shear-Alfvén wave interruption (Squire ef a/ 2017)
Sound-wave propagation (e.g, Kunz ez a/ 2020)

Thermodynamics
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Pressure-anisotropy regulation (e.g. Camporeale & Burgess 2008)

Anomalous heating (e.g. Sironi & Narayan 2015)
Reichherzer et al (2023)
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Studies on macro/micro interplay 11

Astrophysical plasma turbulence: sometimes well described by collisional MHD models, but sometimes not!

Magnetoimmutability (Squire ez 2/ 2019) Adaptive critical balance in an expanding plasma (Bott ez 2/ 2021)
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Conclusions ‘=Y OXFORD

» The plasmas present in various astrophysical environments of interest are classical, magnetised, and weakly
collisional (or collisionless)

» In such plasmas, fluid dynamical modelling that uses classical theoties of collisional transport makes
predictions that are often inconsistent with astronomical observations and recent experiments

» A plausible explanation for this discrepancy are kinetic plasma instabilities driven by momentum and heat
fluxes that arise due to macroscopic gradients

» This gives rise to a rich interplay between macroscopic and microscopic scales in astrophysical plasmas,
including anomalous collisionality and non-Newtonian transport

Open questions
1. When can weakly collisional and collisionless plasmas be modelled as fluids? If so, on what scales?

2. In what circumstances is kinetic modelling essential? In such cases, can we use reduced kinetic models
(e.g. gyrokinetics) combined with an effective collision operator?

3. What insights can be gained on these questions from contemporaneous studies in galactic dynamics?

I hope we will make some progress towards answering these questions during this KITP program!



