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Fact: the galaxy that we reside inis in a
state of highly-compressible fluid turbulence
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CC-supernovae alone provide enough energy
flux to fuel a continuously driven cascade

Connor, Beattie + (2025, submitted ApdJ) Cascading from fhe w{'ﬁas,to the disk: uniifersality of supernovae-driven turbulence in different galactic ISMs

Simulation from: Goldbaum, N. J., Krumholz, M. R., & Forbes, J. C. 2016
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Turbulence
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Turbulence
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The naive (/ =~ 2) warm ionized medium spectrum
(the volume-filling spectrum)
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The naive (/ =~ 2) warm ionized medium spectrum
(the volume-filling spectrum)
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Scenario 1: nonlocal coupling to outer-scale I
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The naive (/ =~ 2) warm ionized medium spectrum
(the volume-filling spectrum)
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The naive (/ =~ 2) warm ionized medium spectrum
(the volume-filling spectrum)
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Supersonic MHD turbulence admits to two power-laws
M > 1, My > 1 /Z<1%A<1
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The simplest SNe-driven simulations possible
L =1 kpc Martizzi+2016

e — , -
i E— Supernova driven RAMSES (Teyssier 2002)
| gravito-hydro dynamical model
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' The simplest SNe-driven simulations possible
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; The simplest SNe-driven simulations possible "
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Phase fluctuations and thermal

Consider the adiabatic limit

response IS mostly adiabatic

tturb < tcool
via linearized continuity equation
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thermal response / phase fluctuations controlled by compressible modes
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Connor, Beattie + (2025, submitted ApdJ) Cascading from the winds to the disk: universality of supernovae-driven turbulence in different galactic ISMs




Universality between galactic models /SN_,SB — IOySNe,MW
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Connor, Beattie + (2025, submitted ApdJ) Cascading from the winds to the disk: universality of supernovae-driven turbulence in different galactic ISMs




Universality between galactic models /SN_,SB — IOySNe,MW

Kinetic energy spectrum
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' But to understand the turbulence we must

understand the flux rate from mode to mode!
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But to understand the turbulence we must

understand the flux rates from mode to mode!
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| But to understand the turbulence we must
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understand the flux from mode to mode!
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' But to understand the turbulence we must
| , understand the flux from mode to mode!
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Expectatlons from compressible MHD turbulence
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CompreSS|bIe modes and solenoidal modes live very different lives!
We should treat them differently!

/

,,-_—;a.\
~
|
~

VLT W W, bl P

cc(k/a km) — JdV um & ll Y X ll cascade \
transfers \\\

. — O \

‘O7§S(k,a k™) = JdV ll/” ® u Ve ll Iés . ZC = 0 %
o | V X I/tcl =0 \\

U=1u,+ u, §\

C7 S ! 7,11/ /11 Interaction N
J cs(k K ) — JdV U ® ll IV ll transfers §

/ .
// y S

\'

g7

NNV AT L Y ) A, S oot

nt pIa ma



L7 L N~ /AN | N\ NN R

Compressible modes and solenoidal modes live very different lives!
We should treat them differently!
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The incompressible turbulence (4, — u, cascade)
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The Incompress
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The entire Incompressible cascade comes and goes
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Where does the incompressible turbulence come from?

L [ L | L | L | I | I | | | I | I | I
—400 —200 0 200 400
{ /pc




Where does the incompressible turbulence come from?




Where does the incompressible turbulence come from?
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Where does the incompressible turbulence come from?

Vorticity sources

S el e PR N
\A{eak/s/t Frastlc shock ,-—-\§~ SN A T T ]
”"bamcllnlc backg /@ﬂﬁd AR i Wk N |
10_95— f J
LNQ 10—10_ i
\
N
=2
A 10—11_ i
o)
10712 :
X =—-2w(V-u)/3
X=w-S
—13 | . i
10 X =(Vpx VP)/p
0 10 20 30 40
t/t

Completed dominated by baroclinic
battery at all times.



Where does the incompressible turbulence come from?
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Where does the incompressible turbulence come from?
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Where does the incompressible turbulence come from?

Beattie (2025; submitted ApJL) Supernovae drive large-scale incompressible turbulence from small-scale instabilities

Cluster all SNR in 3D to extract local
statistics




Assuming isotropic, stationary, high-Re Where does the |nCOmpreSS|bIe
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1077 &
P k) ~ kPP (k) VNN
P, k) = szdﬂk Re {w(k) - (VPx Vplpdik)y,  KCgne/2T

Beattie (2025; submitted ApJL) Supernovae drive large-scale incompressible turbulence from small-scale instabilities




Modified schematic from Lancaster+2021
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Where does the incompressible

turbulence come from?

A Barcoclinic structure admits to a
\‘; folded field spectrum ~ k>’
= (Kazanstev, 1968)
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Modified schematic from Lancaster+2021
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incompressible turbulence generated in the layer _
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The SNe-driven warm ionized medium spectrum
(the volume-filling spectrum) Fractal ~ §Eolded geometry
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Thanks, questions?
D james.beattie@princeton. O@astro_magnetism

Baroclinic layer!

- v ! ‘

‘Come chat to me about manetized turbulence and dynamo!

Beattie+ (Nature Astronomy, 2025). The spectrum of magnetized turbulence in the
iInterstellar medium

Beattie & Bhattacharjee (submitted PRL, 2025). Scale-dependent alignment in
compressible magnetohydrodynamic turbulence

Beattie+ (MNRAS, 2025). Taking control of compressible modes: bulk viscosity and l‘
the turbulent dynamo

Kriel, Beattie+ (submitted PRL, 2025). Scale-dependent alignment in compressible
magnetohydrodynamic turbulence G

Sampson, Beattie+ (submitted ApJL, 2025). Cosmic ray and plasma coupling for
iIsothermal supersonic turbulence in the magnetized interstellar medium
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The compressible modes (#. — u. cascade)
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The incompressible turbulence (¢, — 1, cascade)
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