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The (Kolmogorov, 1941-type; HIT) energy cascade
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The incompressible MHD energy cascade
Goldreich & Shridar (1995)??
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High-resolution simulations and solar wind observations
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The incompressible MHD energy cascade

Goldreich & Shridar (1995)?? High-resolution simulations and solar wind observations
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How to deplete the nonlinearities? Dynamic alignment!

Boldyrev (2006) \\‘

Mallet+ (2015)
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How to deplete the nonlinearities? Dynamic Alignment!
f, A ;. I - ar—" Boldyrev (2006)
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An emergent asymptotic regime?
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Magnetized compressible turbulence
on 10,0007 grids

Beattie, Federrath, Klessen, Cielo &
Bhattacharjee
1. What is the scaling of the energy cascade in highly-
compressible MHD turbulence?
How are the characteristic scales organized in the
compressible turbulence?
. What are the saturation physics of the turbulent
dynamo?

Pl of a 1680million core-hour project on suparMUC-NG

," * Highly-modified version of finite volume code FLASH,

| second-order in space approximate Riemann (PPM)

. solver with framework outlined in Bouchul+2010, tested
| in FLASH in Waagen+2011.

i+ ldeal (ILES) compressible non-helical, isothermal MHD

| turbulence with finite correlation time (OU process;
' Federrath2022).
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ILES of compressible MHD turbulence
Turbulence: oylc, x4, ¢y =L/2
Magnetic fields: B =6, . B=8, #, ~2

Three experiments for convergence tests:

» LOW-RES: = 2,500°  (0.3Mcore-h, 8,640cores)
« MID-RES: =~ 5,000° (4.0Mcore-h, 34,560cores)
» HIGH-RES: = 10,000° (80.0Mcore-h,

148,240cores)
* Factor of 4 higher linear grid resolution than lllustrisTNG

a5 6.00PB in data products
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The velocity power spectrum at high-k
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Alignment PDFs: simulations + MMS data .MI RAC

Pecora et al. (2023) for MMS data. Magnetospheric Mulfiscale

Beattie & Bhattacharjee (2026; PRL). Local ,
relaxation and scale-dependent alignment in A £
N\ A =

compressible, magnetized turbulence




Alignment PDFs: simulations + MMS data .MI RAC

Pecora et al. (2023) for MMS data. Magnetospheric Mulfiscale
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Mason+2006
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How does alignment change with scale?

Measure increments in the local eddy frame
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Alfvénic alignment: one quarter or one eighth?
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Small departures from an Alfvénic state Nearly equal amplitudes
below the energy equipartition scale Eyin(Aeg) = Emag(4eg)

A distance to the nearest aligned state
(a criteria for cross-helicity conserving relaxation)

N 2 u,B
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small angles

Crank the constant flux argument
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Small departures from an Alfvénic state Nearly equal amplitudes
below the energy equipartition scale Eyin(Aeg) = Emag(4eg)

A distance to the nearest aligned state

|6u, — 6B, | 1

2
2 ,(A) = min ~ 56’%3
o=x1 | Su;|* + | 5B, |’
Let’s test!!! small angles
Crank the constant flux argument
Suz P
r1=7A 1/4 1/8
ep, ~const.| ou, ~¢\" = O,p~7
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Just as constant as energy!
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Energy flux

Flux of Alfvénic departures

Flux of Beltrami departures
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Flux transfers are dominated by local k space interactions
(i.e., energy and Alfvénic departures undergo cascade)
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Small departures from an Alfvénic state
below the energy equipartition scale

A distance to the nearest aligned state

Z4(4) = min

=%l |6u,|* + | 6B, |

Let’s test!!!

Crank the constant flux argument

Nearly equal amplitudes

Ekin(/leq) — Emag(/leq)

|
i 593,3

small angles
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Weaker alignment raises the reconnection-mediated threshold

Eddy cross-section

B2006 alignment 9/1 ~ A4
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Conditional critical magnetic Reynolds
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Rmc, new (Rmc, old)

Same tearing / resistive scale ratio
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Summary. MHD turbulence becomes aligned.
,fA cascade of departures keeps it alive.
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