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No phenomenology is safe:
surprises from extreme Reynolds humber MHD turbulence
simulations

Caltech Tea lalk

James Beattie

Postdoc. research associate / fellow
Princeton/ CITA

In collaboration:; Amitava Bhattacharjee (Princeton), Christoph Federrath (ANU),
Ralf Klessen (UH), Salvatore Cielo (LRZ
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Objectives

1. Present a brief overview of MHD turbulence theory focussing on the two most popular
phenomenologies: GS1995 and dynamical alignment (B2006)

W IR

2. Present the energy spectra (maybe time for just kinetic?) and alignment results from the world’s largest
supersonic MHD turbulence simulation.

3. (Time-permitting; i.e.;, won’t happen) supernova-driven turbulence and new insights into.dynamical
turbulent dynamo saturation.
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Beaitie & Bhattacharjee (subm. ). Scale-dependent
alignment and the depletion of nonlinearities.in
compressible magnetohydrodynamic turbulence

__Beattie+(subm.). So'Long Kolmogorov...
‘ arXiv:2501.09855

Beattie+(2025; Nature Astronomy, accepted).
The spectrum of magnetized turbulence in-the
Interstellar medium 4rxivi2504 07136

turbulence with a fluctuation dynamo and
Reynolds numbers over'a million /5. 5,05 16696
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Tﬁé ISM: A laboratory for intereétinggr{gnli[jear physics

e Multiphase trans-to-supersonic compressible plasma

« Re = UL/v>1 = highly-turbulent
* Turbulence driven by a zoo of sources

e (Gravitational instabilities, SN explosions, stellar feedback...
 Pervaded by ultra-relativistic particles with non-negligible

energy densities (peaked number density in GeV — TeV range)

* Non-Gaussian gas-density structures related to star formation
(multi-scale filaments, ribbons, striations, sheets)

e Dynamically important, maintained magnetic fields
« Rm = UL/n > 1 = highly-turbulent magnetic fields

Krumholz & McKee (2005); Federrath & Klessen (2012); Tritsis+(2016); Xu & Lazarian (2016); Soler & Hennebelle (2017); Squire & Hopkins (2017);

Mocz & Burkhart (2018), Burkhart & Mocz (2018); Heyer+(2012); Tritsis+(2018); Hu+(2019); Heyer+(2020); Krumholz+(2020); Beattie & Federrath

(2020); Beattie+(2020); Kortgen & Soler (2020); Skalidis & Tassis (2020); Federrath+(2021); Bukhart (2021); Barreto-Mota+(2021);
Hopkins+(2022); Beattie+(2022); Fielding+(2022); Sampson+ (2022); Kriel+(2022); Galishnikova+(2022); Beattie+(2028)



Reynolds number
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Creating nonlinear things in the fluid

Re |V (u@w| UL
|20V - (pS) | %

Smoothing out nonlinear things in the fluid
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The Kolmogorov-type energy cascade
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k dissipation scales
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Reynolds number sets the size of the cascade | €in = €out = Cheating

Re > 1 ka—l Re~1
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Turbulence

P(k)

P(k)

P(k)

P(k)

P(k)

LMC: 500um, Herschel (processing Gordon et al. 2014)
Galactic Cascade — the structure of the plasma in a Galaxy
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Why should astrophysicists care — star formation”? J == *
, Sink particle « stellar IMF [ a4
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Federrath, Klessen, Ipachio & Beattie (2021)*"*:

Nature Astronomy "
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N sink

Turbulent support
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small-scales (more small-
scale support)
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'Why should astrophysicists care — cosmic ray transport?
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Testing Physical Models for Cosmic Ray Transport Coefficients on

Galactic Scales:|Self-Confinementjand|Extrinsic Turbulencejat

~GeV Energie

Philip F. Hopkins/, Jonathan Squire?, T. K. Chan>*, Eliot Quataert®,
8 Suoging Ji', Dufan Keres”, Claude-André Fgucher-Giguére®

QS

Farcy et. Al. 2022

. Beattie et al. (2023, Frontiers). lon Alfven velocity fluctuations and
' iImplications for the diffusion of streaming cosmic rays

- The energy cascade — fundamental for CR transport

- scua
//?é;c—plasmam&

e

, CRs add \
: Sampson, Beattie et al. (2023, MNRAS). Turbulent diffusion of streaming \
SO . y i extra
. cosmic rays in compressible, partially ionised plasma \
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The incompressible MHD energy cascade

Interacting Alfven waves (visualization from Greg G. Howes)

Current density, jz — Zf
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Plasma Theory and Computation Group

MHD (can be) globally and (is) locally anisotropic!
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The incompressible MHD energy cascade
Goldreich & Shridar (1995)

Interacting Alfven waves (visualization from Greg G. Howes)

Current density, jz
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The incompressible MHD energy cascade
poldreich sHmmmsaArirIA7 3! High-resolution simulations and solar wind observations

106 Y M I
= Tl —
| . — Byl 1.000
10° ¢ L . —E; |- -
i LL (. 3/2[
i el S
E i _
~ 4 | .
o 107 0.100 Mdller+(2003)
e 1 :
E 10° i |
= :
ay ML 0.010 0.10}
¥ L - :
10° : | - | .
-~ WIND spacecraft (taken at L1) ool o

| B .
L.
| i'l I
' | B
[Nt
1 ‘li
2

" Chen+(2013), Chen+(2016) :
o ST e 0.001 L. ..,
_ _ 01
107 1073 10 107 0.0

NNNERNANEBN\NNNN N1 V¥ Ly /2T 5



L i R Tl WN= 277 /77T NN Y

The incompressible MHD energy cascade
poldreich sHmmmsaArirIA7 3! High-resolution simulations and solar wind observations
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How to deplete the nonllnearltles’? Dynamlc Alignment!

Boldyrev (2006)

k Rl . /ou smé’ Mallet+ (2015
; 0 1 1 1:b) Cha?ldera-l-ng- (201)5)
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How to deplete the nonlinearities? Dynamic Alignment! ||
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OU | Boldyrev (2006)
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Modified from Loureiro & Boldyrev (2017)

1/4
k sheet-like anisotropy Lo,
Boldyrev (2006) \ O

The Turbulence Cascade



10,0807 magnetized compressible

turbulence * Highly-modified version of finite volume code FLASH,
second-order in space approximate Riemann (PPM)

Beattie, Federrath, Klessen, Cielo & solver with framework outlined in Bouchut+2010, tested

| - Bhattacharjee . in FLASH in Waagen-+2011.
1. What is the scaling of the energy cascade in highly-
compressible, 15M-style MAD turbulence? — - + Ideal (ILES) compressible non-helical, isothermal MHD
2. How are the characteristic scales organized in the turbulence with finite correlation time (OU process:;
compressible interstellar medium turbulence? Federrath2022).
3. What are the saturation physics of the turbulent /
dynamo? DB: EXTREME Turb_hcf5_plt_cnt_0100

Cycle: 118366 Time:1.

Pseudocolor [~ '
\‘t'nr A r’ y - - .)/
24 g
| ~

Pl of a 100million core-hour project on superMUC-NG

ILES of compressible MHD turbulence s
Turbulence: oylc,~4,¢,=L/2 < AR
Magnetic fields: B = b, ., A\ ~ 2 %] mag. field

Three experiments for convergence tests:

e LOW-RES: 2,520’ (0.3Mcore-h, 8,640cores)

« MID-RES: 5,040 (4.0Mcore-h, 34,560cores)

e HIGH-RES: 10,080°  (80.0Mcore-h, 148,240cores)

e Resolving 10pc down to ~200au everywhere on the grid
e Factor of 4 higher linear grid resolution than lllustrisTNG

3.45PB in data products

!
o &

. ,:'?’,,},ﬂsual'lsatwnc- Salvatore Cielo (Vislt)




Volume integral

Quantities
1/2
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Interpolation to
generate ICs for
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resolution
experiments
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Volume integral
Quantities

Interpolation to
generate ICs for
successively higher
resolution
experiments

0.0

0.0

Settling and interpolate to 5040°

4

relax

~ Re!2,

— O

NN RS










L i WRERE T W= 27 /77T OGNNSO
Energy spectrum: two important scales

_supersonicti 5 | |
i du(ky) = ¢, 1 Turbulent motions are supersonic
100 === mmmmmmmmmme e o TR s == oo
: B subsonic?:
- ou(k) > c,
10_15— =
Y/ Transition scale
1072 =
ou(k,) = c,
107 , 5 E . .
S | 1 Turbulent motions are subsonic
, i 100803 i i il
L S ou(k) < c,
kL/2m
SOn |C Scale Conclusion: no significant change compared to pure hydro.
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Energy spectrum: two important scales

3 — Rm~104”
. : . ¥ — Rm ~ 10°
Kinetic energy dominates, %pmag < Eyin 55 S

101_\hydr0.
My > 1
<

Transition into magnetically dominated S
turbulence &',, = &y,

My =1 e
Magnetic energy dominates, %mag > Evin 1(;() . 10 T 1(
kL /2w
M A | Alfvénic (equipartition) scale
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The kinetic energy spectrum

| | U I B B | | U I B B | | U I B B | | I I B
— Rui~10° 10" — Rm ~ 10* _

— Rm ~ 10° E — Rm~105§
Rm ~ 10° /\ Rm ~ 10° -
R '*
CY'D 10" E
~C
\
N\
=
ER
LS
102
| | Ll | A | N | I B T B O
10Y 101 103 104 10" 10! 107 103 10*
kL/27T kL /2w

NN\ &V ¥y /P 2T 7



L i W RE Tl DW= 277 /77T DO NN
The supersonic component
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L i W RE Tl DW= 277 /77T DO NN
The supersonic component
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The subsonic component

£k) ~ k=32, k > k.

LGN NN Tt

— Rm ~ 10*

Quasi-incompressible on these scales

since steep k=2 |V X u| = 0 mode
spectrum.

: — Rm ~ 10° 3
/\ Rm ~ 106 -

| < |u

‘ comp sol ‘

And Alfvénic to sub-Alfvénic

ou ~ ob

Perfect conditions for Alfvén mode T T
theories. So, dynamical alignment?
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Beattie & Bhattacharjee (subm.). Scale-

Scale dependent al |g n ment dependent alignment and the depletion of

nonlinearities in compressible

7T/5 T T 17T T71] | | I B | N T T 1T T7] | | T T ] 101 b — 2520% 4

- 10,080° o | /N .

) - ~ -

_ K 4 = 1W0°F E
N | - -

i 5” 1 = 0 :
1/4 / = 0 k32 |

i Z / . _ Em 1 ~— /3
: Qb ke :

’q i 1072 =
S I L1 11l I [ NN I L1 1t I L1 1 1aid
=" i kL /2
e - We find
CQ .
/&  Subsonic cascade i 1/8
@ e B 9(f ) ~J f
/9 S A1 1
¢ SN
i Eeot ) scale-dependent alignment,
] Lo ,|" | Ll | | Lol | | L1 11 bUt nOt BOIdyreV (2006)
103 10~ 10~1

2
f J_/ L Each structure function costs 100,000 core hours!
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How to deplete the nonlinearities?

——

k—3/2

Inconsistent with a spectrum!

2(k) 2353923 N 0 o P18
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How to deplete the nonlinearities?

e —
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Inconsistent with a k7>/2

%(k) o 82/3]{_5/3(9_2/3 i k—19/12

spectrum! 19,10 & 1.53

O ~ f1/8

Crazy idea... what if alignment changes energy flux...
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How to deplete the nonlinearities?

100 [ T T TTTT1 1 11
Indepedendently measure kinetic o HI I
energy flux for all cascade terms I uU( )

following Grete+(2017) - What we get:

What we want:

e ~TI (k) ~ k'

cg(k) o 82/3k_5/ 6_2/3
NN

turbulent nonlinearity
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Compressible turbulent kinetic energy spectrum at Re ~ 10°

%(k) k—2 k < ke, %(k) k—3/2 k> ke,

| Run ~ 10* R~ 1
| —Rm~105: : —E%mwl
| k / Rm ~ 109 _ / keq k ]{ Rm ~ 1
S0 / | 2w Scale-depende
1 1 :
=< | Sl alignment &
& Shocks! =
— ' fim_l —energy flux
LSQ L.—3/2 = \k 5/3
100 /k—f)/s IR N
| Jor2 : ‘ Ot GS1995, not
| - B2006, not K41
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Thanks questlons’? e 3 '. - T R e ]

. - Lots more interesting aspects that | could not cover ¥ ==
SR 1. Why is the flux scale-dependent? T

2. |s the Burgers’ spectrum actually a cascade?

3. What does this mean for transition to reconnection and why 6 ~ ¢ g7

4. What happens when you have a strong large-scale magnetic field?

5. You didn’t show the magnetic spectrum? '

6. What is the asymptotic state of turbulence at Re ~ Rm — oo

= . ¢ ¢ < . ’ : = | -
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Lots more interesting aspects that | could not cover

1. Why is the flux scale-dependent?

2. |s the Burgers’ spectrum actually a cascade?

3. What does this mean for transition to reconnection and why @ ~ £/%7

-'- 4. What happens when you have a strong large-scale magnetic field?

.'.$ 3
-
-

7

. 5. You didn’t show the magnetic spectrum?

- 6. What is the asymptotic state of turbulence at Re ~ Rm — o
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The ISM: A laboratory for ir

Multiphase trans-to-sup

Re = UR/v > 1T"'="8
Turbulence driven by a zo
e Gravitational instabilities
Pervaded by ultra-relatiy

energy densities (peaked

Non-Gaussian gas-dens
(multi-scale filaments, ribl
Dynamically important, |

Bh=UlLin>1 = |

5}1 Krumholz & McKee (2005); Federrath & Klessen (2012); Tri
Mocz & Burkhart (2018), Burkhart & Mocz (2018); Heyer+(

(2020); Beattie+(2020); Kortgen & Soler (2020); Sk
Hopkins+(2022); Beattie+(2022); Fielding+(2C
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