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Abstract

In this paper, we introduce a new method for exact decomposition of propagating, nonlinear
magnetohydrodynamic (MHD) disturbances into their component eigenenergies associated with the familiar
slow, Alfvén, and fast wave eigenmodes, and the entropy and field-divergence pseudoeigenmodes. First, the
mathematical formalism is introduced, where it is illustrated how the ideal-MHD eigensystem can be used to
construct a decomposition of the time variation of the total energy density into contributions from the eigenmodes.
The decomposition method is then demonstrated by applying it to the output of three separate nonlinear MHD
simulations. The analysis of the simulations confirms that the component wave modes of a composite wavefield are
uniquely identified by the method. The slow, Alfvén, and fast energy densities are shown to evolve in exactly the
way expected from comparison with known linear solutions and nonlinear properties, including processes such as
mode conversion. Along the way, some potential pitfalls for the numerical implementation of the decomposition
method are identified and discussed. We conclude that the exact, nonlinear decomposition method introduced 1s a
powerful and promising tool for understanding the nature of the decomposition of MHD waves as well as
analyzing and interpreting the output of dynamic MHD simulations.



Why bother decomposing MHD disturbances?

* Key to understanding the evolution of stars and fusion reactors

 MHD waves have long been deemed crucial in coronal heating, and potentially igniting
reconnection

« MHD modes have different qualities with implications for wave-energy transport.
* Intricately coupled and extremely complicated to tease out

* We often need decomposition to analyze data
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The need for an exact decomposition method

All previous decomposition methods \
« Are inexact Q\‘a"\‘
* Are only vaguely reliable in extreme plasma-t‘)gtﬂeawnes

* Use only a part of the available infor&@'@é
* Are extremely laborious anqéinﬂgonsuming
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MHD Equations

" Oip 4+ V. (pv) =0

1 .
ov+v.Vo+ - (Vp+3 X B)=0 P+ M,0,P =0
< P )
8,B — B.VNv— BV.v —v.VB = 0 P = (p,v, B,p)

\Op +v.Vp+pV.v =0 /

Quasi-linear representation
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The eigensystem of ideal-MHD equations

My = RqAqLq
Aq = diag(vg, vg, vg — Aq, Vg + Aq, Vg — Cs,q, Vg + Cs,g: Vg — Ct,q, Vg + Chg)
l \— A A G _/
! 1 i
Field divergence Entropy Alfvéen Slow Fast
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The Eigenenergy Decomposition Method (EEDM)

P+ M,0,P =0

P+ R,L,(x,V,t) =0

L,(x,V,t)=L,A,0,P
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The Eigenenergy Decomposition Method (EEDM)
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Evolution of the Eigenenergies

: B,0,B, aq’/an; airq#0
Baivg = — 14 Ya; Byg=(1—0q,q
1/v/2; otherwise
o B _’02 (c20yp — Oyp)
ent,g — 262 Uqa

E.j&:,q - _(\//J’Tpv X BQ)q ((\/Waq'v + Sqan) X Bq)q (UQ :gp!loaq”)a

Ejrg =~ (5s/f0ff/s,q (F54t/s.qv/Ti0P0 + €B) - By \lpasrq (£t qvq — 557 — 30%) )

1 (Uq + CS/f,q)
X | Ss/rtess g (£84Ce/s,q7/ 1000 + 0y B) - By + \/opais /1,4 (iCS/f,qaq'Uq N anp) 2upc?
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Mode-decomposed energy

8
Eiotr — Eo = Z Z Eim.q

\ ) \u€@yzym=L )
Y

Pre-decomposition Post-decomposition

Eigenenergy initial conditions: Em,q(a:; t = to) =0
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Simulation la:
High-beta case (5 =9)

Background fieIcE
| 1]
|

Driver: torsional Alfven wave
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shrunk/DDTEnergy_plane_xz_ny95_highBeta.mp4
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shrunk/Energy_plane_xz_ny95_highBeta.mp4

Simulation Ib:

Low-beta case (5 = 0.54)
Background field
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shrunk/Energy_plane_xz_ny95_lowBeta.mp4

Simulation II:
3D wave-null interaction

Driver:

Galsgaard et. al. (2003
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shrunk/EnergyTot_ny192_Galsgaard.mp4
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shrunk/Energy1D_nx212_ny192_Galsgaard.mp4

Conclusion

The EEDM

Is exact and analytical

Applies to linear and non-linear disturbances across the entire plasma-beta spectrum
Offers a unique definition and identification of the ideal-MHD modes

Uses all the available information on plasma evolution

Offers precise energy measurements

Detects mode conversion

Is easy to apply both for analytical and simulation studies and the entire process can

be automated for data analysis (stay tuned, the parallelized source code will be
released on my GitHub)
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Email: raboonik@gmail.com ; GitHub: raboonik

QUESTIONS?

QUESTIONS? ]llQ”EST‘O’;;:M

QUESTIONS
QUESTIONS : - @ >
. >, & <

S U

!
i
E

0000



mailto:raboonik@gmail.com

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19

