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Outline

i.) Preamble: = From Reconnection to Relaxation and Self-Organization

— What ‘Self-Organization’ means

— Why Principles are important
— Examples of turbulent self-organization

—Preview
ii.) Focus I: Relaxation in R.FP. (J.B.Taylor)

— RFP relaxation, pre-Taylor
—Taylor Theory - Summary
- Physics of helicity constraint + hypothesis

- Outcome and Shortcomings

— Dynamics = Mean Field Theory - Theoretical Perspective

- Pinch’s Perspective
- Some open issues

— Lessons Learned and Unanswered Questions



l.) Preamble

— From Reconnection to Relaxation

- Usually envision as localized event involving irreversibility, dissipation etc. at a singularity

S.-P.

V =V4/Rm'/?

- 177 - how describe global dynamics of relaxation and self-organization
- multiple, interacting/overlapping reconnection events

— turbulence, stochastic lines, etc



Examples of Self-Organization Principles

— Turbulent Pipe Flow: (Prandtl = She)

QA@@v VT~ U
Oz = (Vy) ~ Vs lnz

O = —Ur

Streamwise Momentum undergoes scale invariant mixing

— Magnetic Relaxation: (Woltjer-Taylor)

(RFP, etc)
(Focus 1) Minimize E); at conserved global H); = Force-Free RFP profiles

— PV Homogenization/Minimum Enstrophy: (Taylor, Prandtl, Batchelor, Bretherton, ...)

(Focus 2) — PV tends to mix and homogenize
— Flow structures emergent from selective decay of

potential enstrophy relative energy

— Shakura-Sunyaev Accretion

— disk accretion enabled by outward viscous angular momentum flux



ll.) Focus | - Magnetic Relaxation

— Prototype of RFP’s: Zeta (UK: late 50’s - early 60’s )

(Derek C Robinson)
- toroidal pinch = vessel + gas + transformer

- initial results = violent macro-instability, short life time

- weak Br — stabilized pinch <> sausage instability eliminated

- I, > Ip,crit ( 6 > 1+ ) = access to “Quiescent Period”

— Properties of Quiescent Period:

- macrostability - reduced fluctuations

- T~ 1msec T, ~ 150eV

- Br(a) <0 - reversal

— Quiescent Period is origin of RFP



Further Developments

- Fluctuation studies:

m = 1 kink-tearing — tend toward force-free state
turbulence = A

resistive interchange, ...

- Force-Free Bessel Function Model
By = BoJ1(ur) B, = mokoC:av
J-=abB
observed to correlate well with observed B structure

- L. Woltjer (1958) : Force-Free Fields at constant «

— follows from minimized E'j; at conserved \%?P -B

- steady, albeit modest, improvement in RFP performance, operational space

— Needed: Unifying Principle



Theory of Turbulent Relaxation  (.B.Taylor, 1974)

— hypothesize that relaxed state minimizes magnetic energy subject to constant
global magnetic helicity

2
i.e. profiles follow from:  § ﬁ\ &w&m + y\%mﬁP : mw~ =0

7
J-B
= VxB=uB ; J/B= [EE = const
Taylor state is:

- force free

- flat/homogenized J)/B

- recovers BFM, with reversal for 6 = @ > 1.2

Q\mo

- Works amazingly well



Result:

E
0 — ;-
pa/ o B,

£ = mNuSQZ\Amv

and numerous other success stories

— Questions:
- what is magnetic helicity and what does it mean?

- why only global magnetic helicity as constraint?

- Theory predicts end state — what can be said about dynamics?

- What does the pinch say about dynamics?

— Central Issue: Origin of Irreversibility



Why Global helicity, Only?

- in ideal plasma, helicity conserved for each line, tube

ie. J

ule, B)B  p(d, B') # pla, B)

- Turbulent mixing eradicates identity of individual flux tubes, lines!

i.e.

- if turbulence s/t field lines stochastic, then ‘Ifield line’ fills pinch.

| line €< [tube — only global helicity meaningful.

- in turbulent resistive plasma, reconnection occurs on all scales,but: 7 ~ 1% o >0
( a= 3/2 for S-P reconnection)

Thus larger tubes persist longer. Global flux tube most robust

- selective decay: absolute equilibrium stat. mech. suggests possibility of inverse
cascade of magnetic helicity (Frisch '75) — large scale helicity most rugged.



Comments and Caveats

— Taylor’s conjecture that global helicity is most rugged invariant remains a conjecture

— unproven in any rigorous sense

— many attempts to expand/supplement the Taylor conjecture have had little lasting
impact (apologies to some present....)

— Most plausible argument for global H;; is stochastization of field lines = forces
confinement penalty. No free lunch!

— Bottom Line:

- Taylor theory, simple and successful

- but, no dynamical insight!



Dynamics |:

- The question of Dynamics brings us to mean field theory (c.f. Moffat '78 and an infinity
of others - see D. Hughes, Thursday Lecture)

- Mean Field Theory — how represent (i x B) ?

— how relate to relaxation?

- Caveat: - MFT assumes fluctuations are small and quasi-Gaussian. They are often NOT

- MFT is often very useful, but often fails miserably

- Structural Approach (Boozer): (plasma frame)

(E) = n(J) + (S) . :
—> something  — related to (¥ x B)

(S) conserves H,
Note this is ad-hoc, forcing (S) to

(S) dissipates Ey fit the conjecture. Not systematic,
in sense of perturbation theory



Now
OHpy = Iwg\&w&ﬁ -B) — wm\&wim - B)
B

Conservation Hy; — (S) ~ V. (Helicity flux)

B? J)- B
@ﬁ\%gmﬂ — |\%a Tm —Ty- quvmw|

SO

I'y = —=AV(J/B) ,to dissipate E,,

— simplest form consistent with Taylor hypothesis
— turbulent hyper-resistivity =~ \ = \[(B?)] - can derive from QLT

— Relaxed state:  V(J;/B) =0 homogenized current — flux vanishes



Dynamics |l: The Pinch’s Perspective

- Boozer model not based on fluctuation structure, dynamics

- Aspects of hyper-resistivity do enter, but so do other effects

— Point: Dominant fluctuations controlling relaxation are m=|
tearing modes resonant in core — global structure

— Issue:What drives reversal B, near boundary?

~

Approach: QL (0 x B) in MHD exterior - exercise: derive!
S o R~ i 712
(VX B) =) Ikl —(ares — a(r))(Bo)0r (I, ]7)
k

i.e. (Jg) driven opposite (By) — drives/sustains reversal



— What of irreversibility - i.e. how is kink-driven reversal ‘locked-in"?

— drive J; /B flattening, so higher n’s
destabilized by relaxation front

' — global scattering — propagating reconnection front

m=I’s T'rev
m=1, m=1, m=0, )
— _ — driven current sheet,at ey
n n+| n=|
sum m=2, (difference beat)
beat In+1
m=| . tearing activity, and relaxation
but then ’ driven — & activity
n+2 region, broadens

— Bottom Line: How Pinch ‘Taylors itself’ remains unclear, in detail



Summary of Magnetic Relaxation

concept: topology

process: stochastization of fields, turbulent reconnection

constraint released: local helicity

players: tearing modes

~

Mean Field: EMF = (U X B)

Global Constraint: \%?P.w

NL: Helicity Density Flux
Outcome: B-Profile

Shortcoming: Rates, confinement — turbulent transport
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