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The cold ISM: A supersonic Iaboratory for interesting nonlinear

physics “
. ~ 20% MW ISM gas is molecular hydrogen, organised into
MCs (low-volume filling ~ 1-2%).

ecold, '~ 10K, ¢, islow (and 1, < 1), approximately
Isothermal

oo /c, = M ~ 10,
o[ ~10pc = 7=L/o, ~ O(Myr)

enn ~ 10° — 10’*, huge density contrasts.
° weakly bounded (nhot virialised) by their own self-gravity

_Z‘Ekln‘/‘ ‘>2
. threaded by

grav

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);

W3/W4/W5 MCs and star forming region complex.
ESA/Herschel/NASA/JPL-Caltech CC BY-SA 3.0 IGO; Acknowledgement: R. Hurt (JPL-Caltech). 2

]

Bukhart (2021); Barreto-Mota+(2021); Hopkins+(2022);
Beattie+(2022); Fielding+(2022); Sampson+ (2022); Kriel+(2022);

Galishnikova+(2022); Beattie+(2023)



10,080° magnetized supersonic turbulence
simulation (cold ISM analogue)

Beattie, Federrath, Klessen, Cielo &
Bhattacharjee

1. What is the scaling of the energy cascade in
compressible MHD turbulence?

2. How are the characteristic scales organized In the
compressible interstellar medium turbulence?

3. What are the saturation physics of the turbulent
dynamo?

Pl of a three total 190million core-hour projects on superMUC-NG

ILES of compressible MHD turbulence
Turbulence: oylc,~4,¢,=L/2
B — bturb’ %A ~ 2

Magnetic fields:

Three experiments for convergence tests:

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

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

» HIGH-RES: 10.080°  (80.0Mcore-h, 148,240cores)
3.45PB in data products

* Highly-modified version of finite volume code FLASH,
second-order in space approximate Riemann (PPM)
solver with framework outlined in Bouchut+2010, tested
in FLASH in Waagen+2011.

* |deal (ILES) compressible non-helical, isothermal MHD
turbulence with finite correlation time (OU process;
Federrath+2022).

DB: EXTREME_Turb_hafb pl’r cnt_ 0100
Cycle 118366 Time}25 F p




ILES: must characterize the numerical dissipation for our setup, for our solver
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10,080° magnetized supersonic turbulence

simulation (cold ISM analogue)

Beattie, Federrath, Klessen, Cielo &
Bhattacharjee

What is the scaling of the energy cascade in
compressible MHD turbulence?

How are the characteristic scales organized in the
compressible interstellar medium turbulence?
What are the saturation physics of the turbulent
dynamo?

Pl of a three total 190million core-hour projects on superMUC-NG

ILES of compressible MHD turbulence

Turbulence:

Magnetic fields: B = b,

Uv/CS%éI', fO:L/z
My =2

urb?

Three experiments for convergence tests:

LOW-RES: 2.520°
MID-RES: 5,040°
HIGH-RES: 10.080°

(0.3Mcore-h, 8,640cores)
(4.0Mcore-h, 34,560cores)
(80.0Mcore-h, 148,240cores)

3.45PB in data products Rm ~ Re > 10°, Pm~1-2

* Highly-modified version of finite volume code FLASH,

second-order in space approximate Riemann solver
with framework outlined in Bouchut+2010, tested in

FLASH in Waagen+2011.

|deal (ILES) compressible non-helical, isothermal MHD
turbulence with finite correlation time (OU process;
Federrath+2022) driving in momentum.

Cycle 118366 Time:1.25~
5;'{;{;1;!000-0{;4 I |, . — ) .1/' ' ,

DB: EXTREME_Turb_hcfS_plt_cnt_0100

. / ‘-'i
M mag. field
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/*'gas density
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10,080° magnetized supersonic turbulence
simulation (cold ISM analogue)

Beattie, Federrath, Klessen, Ciel
Bhattacharjee

1. What is the scaling of the energy casca
compressible MHD turbulence?

2. How are the characteristic scales orgai
compressible interstellar medium turbtu

3. What are the saturation physics of the 1
dynamo?

Pl of a three total 190million core-hour projects on

ILES of compressible MHD turbulence
Turbulence: oylc,~4,¢,=L/2
Magnetic fields: B = b, ., A\ ~ 2

urb?

Three experiments for convergence tests:

e LOW-RES: 2,520°  (0.3Mcore-h, 8,6¢
e MID-RES: 5,040° (4.0Mcore-h, 34,5
e HIGH-RES: 10.080°  (80.0Mcore-h, 14
3.45PB in data products Rm ~ Re > 10°,

Time/cell /step [micro sec]
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Each symbol
IS a hode =
48 c-cores.

jobs
organised by
symbol +
colour.

Using

3/4

of superMUC-
NG (228,000 c-
cores
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Interpolation to
generate ICs for
successively higher
resolution
experiments
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Volume integral
Quantities

Interpolation to
generate ICs for
successively higher
resolution
experiments
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0.0

Settling and interpolate to 5040°

HIGH-RES: 10.080°

(80.0Mcore-h, 148,240cores)
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Beattie+ 2025 (Nature Astronomy). The spectrum of magnetized turbulence in the interstellar medium



Comp“te§ disk Data dumps at 10x per correlation time for

averages across the statistically steady state
Read out domain

into HDF5 chunks,
grouped by m nodes

writing each chunk . ’

.’ N ] V.

10,080"
180 sec to write a 28 TB checkpoint file

Merge into single HDF5
file In post-processing

(C++ mpi tool) 10 ()8()3

Almost max. bandwidth for
SuperMUC-NG scratch
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Beattie+ 2025 (Nature Astronomy). The spectrum of magnetized turbulence In the interstellar medium

NNNERNEN\NNNNN 8 ¥ Y /a2




[y Wil ewr i

Two important scales
— the Alfven scale

sub-Alfvenic

o

super-Alfvenic

Multiple regimes
In a single domain!

Beattie+ 2025 (Nature Astronomy). The spectrum of magnetized turbulence in the interstellar medium
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Energy spectra: the disparate lives of u and b fluctuations
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Beattie+ 2025 (Nature Astronomy). The spectrum of magnetized turbulence in the interstellar medium



Energy spectra: the disparate lives of u and b fluctuations
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magnetic cascade terms

1
Tuu(k/’ k///l k//) — Jdv W/// ® u// : V ® W/ _I_ _W/ ® W/// : (V . u//)l]

1
Tbb(k,, k///l k//) — Jdv b/// ® u// : V ® b/ _I_ Eb, ® b/// : (V . u//)[l

C++ tool with FFTW backend as defined in Grete + (2017)



Energy spectra: the disparate lives of u and b fluctuations
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Energy spectra: the disparate lives of u and b fluctuations
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Beattie+ 2025 (Nature Astronomy). The spectrum of magnetized turbulence in the interstellar medium
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The supersonic spectrum
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The subsonic spectrum (also ~ incompressible)

Ek) ~ k% k> ke TAL

Unlikely fast-wave turbulence...
Galtier (2023)

Scale-dependent alignment?
?

A mechanism for depleting nonlinearities
in the turbulence (turning k=P > k—3/2)
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Dynamic alignment?
Shearing events between counter-

propagating Alfven waves / selective decay
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Weaker nonlinear J—
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Modifies the cascade timescale
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Makes 7, larger
even halts cascade.\
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But even more alignment than just u and b o=V Xu
Searching to weaken the nonlinearities
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Beattie & Bhattacharjee (submitted PRL.). Scale dependent alignment in compressible magnetohydrodynamic turbulence




But even more alignment than just u and b
Searching to weaken the nonlinearities
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Beattie & Bhattacharjee (submitted PRL.). Scale dependent alignment in compressible magnetohydrodynamic turbulence




But even more alignment than just u and b
Searching to weaken the nonlinearities g -
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Beattie & Bhattacharjee (subm. PRL.).

A“gnment nOt happenlng on a” ScaleS  Scale dependent alignment in compressible

magnetohydrodynamic turbulence

7'('/5 T T 17T T71] | T T T T T17T1] | T T T TT17T1] | — T T T ] 101 b — 2520° _

A =32
P e ANk E

~ i ) _
S 0 1|0 i(l)2 163 10*
S " ob é_ ) kL /27
~_ i 1 ]
I - Supersonic - We find
Subsonic cascade | cascade i 1 /8
/9 — 9( fl) 0.4 fJ_

scale-dependent alignment,
o I T N B B ! I I T B I ! I I I B I ! 1 1 1 17 bUtnOtBOIdyreV(ZOOG)

103 102 10~1
£, /L

Each structure function costs 100,000 core hours!



Putting it all together to understand the kinetic spectrum

Consider
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AL k2 E
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scale-dependent alignment,
but not Boldyrev (20006).



Putting it all together to understand the kinetic spectrum

Consider
2/3n—-2/31.—5/3
By o 15,70, 77k,

Wiig EO

T~—

b

—

0,5&) ~ €%, T, (k) e ke

implies
Ekin X k_3/2,

Constancy of energy flux within a single 10—

spectrum is violated, making the
cascade less nonlinear!
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" Not a novel result (e.g., Grete 2017),
but it has never been quantified like this
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Thanks, questions?
D james.beattie@princeton. O@astro_magnetism

e R

Not enough time to talk about many more key results

* |deas about the origin of alignment and the cross helicity spectrum
» Other primitive variable / curl alignment structure function

* |n situ current sheet and plasmoid development

 Comparison of density fluctuations with MMS data

* Turbulent dynamo saturation through alignment

 Comparisons with more global supernova-driven turbulence

The future is bright

M - Next generation of 10,000° simulations with large-scale field integrating now
¥ * Moving to also have AthenaK capabilities to do GPU counterpart runs

"+ Pushing towards 20,000° (500TB checkpoints) to further explore asymptotic state

Supernova-driven turbulence, James Beattie \ E !E 'I‘
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Why"? Second ingredient — cross helicity spectrum
Can we ~ conserve rugged invariants in space instead of just in time?
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Why"? Second ingredient — cross helicity spectrum
Can we ~ conserve rugged invariants in space instead of just in time?
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Why? First ingredient — separation of timescales
Can we align faster than the turbulence can perturb magnetic field out of alignment??
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Velocity spectrum
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The dynamical saturation of the dynamo

Saturation through alignment

L
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The dynamical saturation of the dynamo

Saturation through alignment
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The dynamical saturation of the dynamo

Saturation through alignment

Spectral power

i
: Beattie & Bhattacharjee (in prep.). Dynamical
1 Saturation of the turbulent dynamo

1%
Induction moves to large scales Pm=—>1
Vx@u, xb, )#0 m
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Inevitability of the turbulent dynamo

Saturation through alignment

k/ — k///

Alignment implies a perfect balance between dynamo and cascade energy fluxes

V X (“f e bf) ~ () ; magnetic cascade terms
1
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Magnetic spectrum in saturated state

= | T T T TTT] | T T TTTT] | T T T TTT] | B =
T — 2520° -
107 —- — 5040°
%\ I 10080° 3
107 g E
2 F /8 :
~— 10k —19/9 =
oL E £—11/5 :
Lﬂ& 107 g E
107 -
10_8;_ | L1111l | L1111l | L1111l | | |||||—;

10° 10 10 10°

kL/2m

Beattie+(2024). Magnetized compressible
turbulence with a fluctuation dynamo and
Reynolds numbers over a million arXiv:2405.16626

— 25207
— 50403
100807

101 L I-—3/2 Boldyrev (2006); dynamical alignment _

K3 = /| _——1[5/3 Goldreich & Shridar (1995); Alfvénic -
v/ k=9 Fielding + (2023): empirical :
\k_ﬁ)/ g Galishnikova+ (2022); tearing .

=t/ Dong+ (2022); plasmoid instability |

T LT T

kL/2m

104



Worried about magnetic ICs”? Turbulent dynamo takes care of initial

magnetic field conditions!

Decay into the saturation

8@5

M, = Ekin T
AV E :
mag SO

Grow into the saturation

o o o o O
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Beattie et al. (2023, MNRAS). Growth or Decay — I: Universality of the turbulent dynamo saturation



Magnetic Relaxation — main idea? Hm — <a : b>

Searching to weaken the nonlinearities

Define constraint equation based on quadratic (ideal) MHD invariants H C — <u . b>

cross helicity
g — /Ile — ;tzHC = const.
magnetic helicity

Use variational principle on magnetic energy eq.,
5(&—-MH,—L,H,) =0,
Minimize to find minimum energy state.

U = llb, j —_ 2/121) + /116()



Magnetic cascade in saturated dynamo
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Magnetic cascade in saturated dynamo
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The supersonic energy cascade
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Beattie+(Nature Astronomy) The spectrum of
magnetized turbulence in the interstellar
medium




Compressibility changes the nature of the current structure
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Magnetic Relaxation? Relaxing into a saturation
Searching to weaken the nonlinearities
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The magnetic energy cascade
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The magnetic energy cascade
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For Bm 2 10° we expect current sheet instabilities on small

scales to modify the cascade Ej,, ~ k="'

Biskamp (1987); Lapenta (2008); Bhattacharjee+(2009); Boldyrev & Louriero (2013); Huang & Bhattacharjee (2013); Dong+(2022)
tearing instabilities growing Inside a current sheet

folded magnetic fields from
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The magneti
€ magnetic energy cascade Dong+(2022) Science Advances

Gallshnlkova+ (2022) PRX

tearing instabilities growmg Inside a 3D current sheet



The magnetic energy cascade Dong+(2022) Science Advances
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The magnetic energy cascade
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The magnetic energy cascade
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Strong, supersonic, hydrodynamical cascade:
—2

Subsonic, weakened nonlinear magnetohydrodynamical cascade
that becomes magnetically dominated, relaxed on small scales:

keq < k < kll’ Ekm T~ k_3/2

A magnetic cascade develops at very high-Rm:
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The (Kolmogorov, 1941 -type) energy cascade
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The (Kolmogorov, 1941 -type) energy cascade
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The Reynolds number sets the size of the cascade
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The (Kolmogorov, 1941 -type) energy cascade
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Cumulative magnetic energy
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Magnetic energy cascade (preliminary results)
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Magnetic field is intrinsically a small-scale field! Need a lot of resolution to

resolve it properly (energetically)!



One such something: measuring turbulence below ¢,

¥ )
Increasing ~ 3.0 - B
filter size ! : : <5B>€/L /(Csﬂ(l)/Q)
. I i I ]
Al = _25f :: SB((/L)|/ (ei/”) -
- Q ! i [ -
{ 4 "< 20f v :
\ 1 S L
I.I"k- ~ 1 5 B i i -
J-|r N\ J [ 1 I
s i ) [ fo/L
X qof . » h
QQ I . . 7 — Jdkk g’(k) ]
i B B cor’ ~ — ]
_ i _
! _— .
00l ., may be : dl; k~scale height :
0.0 0.2 0.4 0.6 0.8 1.0
/L

thought-provoking reads: Germano (1992) Turbulence: the filtering approach, Hollins et al. (2018): arXiv:1809.01098
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thought-provoking reads: Germano (1992) Turbulence: the filtering approach, Hollins et al. (2018): arXiv:1809.01098




Peta-scale simulations



World’s largest compressible MHD

turbulence simulation
Beattie, Federrath, Klessen, Mocz & Cielo

1. What is the exact position of the magnetosonic
scale?

2. What is the scaling of the energy cascades in
compressible MHD turbulence?

70million core-hour project on superMUC-NG

ILES of comp. MHD turbulence
Turbulence: M~4,C,=LI2 Re ~ 10°

Magnetic fields: B =0, .. J//, ~ 2, Rm ~ 10°
Including ~ 10!! Lagrangian tracer particles

Three experiments for convergence tests:

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

e MID-RES: 5,040’ (8.0Mcore-h, 69,120cores)

e HIGH-RES: 10.080° (62.0Mcore-h, 138,240cores)

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

3.45PB in data products / 1.34PB of memory at runtime

Based on the FLASH code but extremely modified, now
only utilises 1/0, mesh and particle functionality from the
public repository.

Optimisations for running on 100,000s of compute cores:

* Interpolating low-res turbulent fields for initial
conditions in high-res experiments

* File splitting for checkpoint and plotfiles to reach
theoretical max. file 1/0 on disk

 Hybrid precision calculations, reducing memory
footprint by a factor of 2

e Gas and Alfven velocity limiters set based on the
physics of turbulent fluctuations

e Only store primitive fluid field variables

* [Inline calls to equation of state

 Optimise calls to integral flow quantities



Turbulence-regulated star-formation based on s = In(p/p,) statistics
Krumholz & McKee (2005); Federrath & Klessen (2012); Mocz & Burkhart (2018), Burkhart & Mocz (2018)
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Sonic scale -

Federrath, Klessen, Ipachio & Beattie (2021) &
Nature Astronomy '

Federrath & Klessen (2012)



Turbulence-regulated star-formation based on s = In(p/p,) statistics
Krumholz & McKee (2005); Federrath & Klessen (2012); Mocz & Burkhart (2018), Burkhart & Mocz (2018)
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Turbulence-regulated star-formation based on s = In(p/p,) statistics
Krumholz & McKee (2005); Federrath & Klessen (2012); Mocz & Burkhart (2018), Burkhart & Mocz (2018)

s ~ N(c?)

| — M=4

I X
P0o \ A sonic

- Star-forming densities
o Krumholz & McKee (2005) Ro i SuE
“turbulence”
10-4 - , | | |
—1.0 —0.5 0. 1.0 1.5

= ln(0 /po) :
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Beattie, Federrath, Klessen & Mocz (2022, in prep.) Star formation in an intermittent, magnetised ISM



Magnetosonic scale
Federrath & Klessen (2012) [
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MHD energy cascade

Magneto-supersonic

cascade

E(k) ~ k=%t
13.

maybe... Yy /-

o Magneto supersf c.

Magneto-subsonic cascade
cascade -

K41 : E(k) ~ kP \ 1@ + ﬁ
IK : E(k) ~ k™% .,
GS95 @ E(k,y, ky) ~ kIS/:skH—z “ _

Schekochihin (2021)




Sink partlcle X stellar II\/IF
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Total energy cascade
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Sub-Alfvénic turbulence is embedded inside of super-Alfvénic
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turbulent magnetic fields are intrinsically small-scale (compared to velocity)!
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Bott, et al., 2021, PNAS
The turbulent dynamo

maghnetic fields grow in the presence of turbulence
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The turbulent dynamo

Bott, et al., 2021, PNAS

magnetic fields grow in the presence of turbulence
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Soler, 2019, A&A
The turbulent dynamo

—> magnetic fields grow in the présence of ISM tyrbulence

straight, strong fields (k < B~ ol Schek |h|n+2004) penetratlm ‘;hrough Orion A
Orion A In infrared; ESA/Herschel/Planck; J. D Soler, MPIA



The turbulent dynamo

three stage growth

aE
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= 7, (non-linear stage)

3) mas 0 (saturation stage)



The turbulent dynamo

three stage growth

aE

mag

dr
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Initial conditions




Credit: NASA, ESA, S. BeckW|th( e Herltage Team (STScl/AURA)

inspired by Shukurov, 2011
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