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- Roadmap for this seminar

1. Discuss K41 turbulence in a pedagogical manner.

2. lurbulence in our galaxy.

3. Supernova-driven turbulence — how to fit them into the cascade?
Simulations.

4. Spectra, cascade directions.

5. Where does the incompressible turbulence come from — shell instabilities
and spectra model.




Turbulence
What is it (hand wavey)?

Momentum conservation for a hydrodynamical fluid element
(first moment of Boltzmann eq. for monoatomic plasma slightly out of LTE)




Turbulence
What is it (hand wavey)?

Reynolds stress

opu l

— 4+ V- (pu®u)=—V - -Pl+20V - (pd)

ot )
UuQu =y ~ U f

Viscous stress




Turbulence

What is it (hand wavey)?
quadratic nonlinearity

/

opu
gt LV -(pu®u) =—V - Pl+20V - (pS)
u®u=uiuj~u2

Smooths out nonlinear things in the fluid



Turbulence
What is it (hand wavey)?

opu

Creating nonlinear things in the fluid

Re— |V (pu@w| UL
120V - (pd) | U

Smoothing out nonlinear things in the fluid



Credit: NASA, ESA, S. 'Beckwﬁ;( Sritage Team (STScl/AURA)

Turbulence 1~

Cascade

inspired by Shukurov, 2011

& (k)

CNM: Re ~ 1()10 Amp ~ 0.3 pe

Ferriere, 2020;

The quadratic nonlinear term

[V-(pu®u)|

dominates on large scales, £  owiocammzor . A




Turbulence
What does V - (pu ® u) want to do?

Consider two waves
u;(x) = sin(k;x)
1,(x) = sin(k,x)
The nonlinear term creates a new wave
V-(pu®u) ~ u0,u, =k, sin(k;x)cos(k,x) o sin(k;x)

ki + ky = ks (momentum conservation)



Turbulence

n
What does V - (pu ® u) want to do — cascade!

V-(pu®u)



Credit: NASA, ESA, S. 'Beckwﬁ;( Sritage Team (STScl/AURA)
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Cascade

inspired by Shukurov, 2011
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CNM: Re ~ 1()10 Amp ~ 0.3 pe

Ferriere, 2020;

The quadratic nonlinear term

[V-(pu®u)|

dominates on large scales, £  owiocammzor . A




Credit: NASA, ESA, S. Beckwith (
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Turbulence [ g —

ritage Team (STScl/AURA)

inspired by Shukurov, 2011
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The quadratic nonlinear term

[V-(pu®u)|

dominates on large scales, ¢

Creates new modes on W

i~ [V - (pu@ W] ~ O(Gyr) S

8 ad I/l() / f O The Whirlpool Galaxy, 2017 B *



Credit: NASA, ESA, S?ééck e;ge Team (STScl/AURA)

Turbulence - T—

Cascade

inspired by Shukurov, 2011

& (k)

Inside of the cascade

The Whirlpool Galaxy, 2017



Turbulence
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Turbulence
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Credit: NASA, ESA, S. 'Beckwﬁ;( Sritage Team (STScl/AURA)

Turbulence . —

Cascade

inspired by Shukurov, 2011
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deeper into
the cascade

The Whirlpool Galaxy, 2017



Turbulence

Cascade

& (k)

Reynolds number Is shrinking
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Turbulence

Cascade
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In situ/ground data

Reynolds number is shrinking
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Two great insights from Kolmogorov

* Constant energy flux between modes
* No magnetic field
* No inhomogeneities

* No density fluctuations 8 A I/l;/f A COnSt .

e [sotropic

Kolmogorov (1941)



Two great insights from Kolmogorov

* Constant energy flux between modes
* No magnetic field
* No inhomogeneities

* No density fluctuations 8 A I/l;/f A COnSt .

e [sotropic

1, ~ (8f)1/3

Kolmogorov (1941)



Two great insights from Kolmogorov

* Constant energy flux between modes
* No magnetic field

* No inhomogeneities 3/f
:No density fuowations € ~ U,[L ~ CONSL.
e [sotropic

1, ~ (8f)1/3

u, ~ (e)° = u*(k) ~ k=" dk

Kolmogorov (1941)



Two great insights from Kolmogorov

* Constant energy flux between modes
* No magnetic field

* No inhomogeneities f 1/3
* No density fluctuations I/lf A (8 )
e [sotropic

“structure function”

u(f): <‘M(X)_M(X+Lﬂ)‘bﬂ‘>vaf1/3

f picks out an eddy ® o
O5T0

Kolmogorov (1941)




Two great insights from Kolmogorov

* Constant energy flux between modes
* No magnetic field

* No inhomogeneities f 1/3
* No density fluctuations I/lf A (8 )
e [sotropic

u(f): <‘M(X)_M(X+Lﬂ)‘bﬂ‘>vaf1/3
u(t) = <‘5ML‘>XN 2113

Kolmogorov (1941)



An exact relation for turbulence
Kolmogorov’s 4/5 law A

Vf <5UL5MZ%> = — g&' e>(

Kérmén—Howarth (1938)
Kolmogor 1941
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| The (Kolmogorov, 1941-type) energy cascade
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Fact: the galaxy that we reside inis in a
state of highly-compressible fluid turbulence

Eqn. ~ 10° erg

Ysne ~ 0.01 — 0.03 yr‘l Dichl +(2016) i
i ~ ~ 1041 21 A % e
ESNe ™~ ESNeySNe ~ 10 CIZ S T T e

~ 104
E . ~ 107" erg 4
) 7
fry ~ Cof (u™) = 10 &
~ 1N3° -
Eturb R B! tury R 1_0 erg S;‘ Tl Ml T ,
b/ESNe e 10_2 e e |

tur

CC-supernovae alone provide enough energy
flux to fuel a continuously driven cascade

Connor, Beattie + (2025, ApJ) Cascading from the winds to the{f&lisk: universality of supernovae-driven turbulence in different galactic ISMs

Simulation from: Goldbaum, N. J., Krumholz, M. R., & Forbes, J. C. 2016



The naive (/ =~ 2) warm ionized medium spectrum
(the volume-filling spectrum)

i~ Col M?

£-1. ~ (25pc)”! SNe
; detonate here

SONiC

Federrath, Klessen,
lapichino, Beattie (2021)




The naive (/ =~ 2) warm ionized medium spectrum
(the volume-filling spectrum)

i~ Col M?

SONiC

~ (25 pC)_ SNe
detonate here

S()IllC

Federrath, Klessen,
lapichino, Beattie (2021)

Kinetic energy spectru

Scenario 0: Iong wavelength iInteractions from old SNR k

ko ~ 100 pc™! Keonic k ~ AU™!



The naive (/ =~ 2) warm ionized medium spectrum
(the volume-filling spectrum)

Lﬂsonic ~ fO/'%2

£-1. ~ (25pc)”! SNe
. detonate here

Federrath, Klessen,
lapichino, Beattie (2021)

Kinetic energy spectrum

Scenario 1: nonlocal: coupling to outer-scale

k
ko ~ 100 pc™! Keonic k ~ AU™!



The naive (/ =~ 2) warm ionized medium spectrum
(the volume-filling spectrum)
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Scenario 2: nonlocal:inverse pumping k

ko ~ 100 pc™! Keonic k ~ AU™!



The naive (/ =~ 2) warm ionized medium spectrum
(the volume-filling spectrum)

i~ Col M?

/\ SONIC

Federrath, Klessen,
lapichino, Beattie (2021)

Kinetic energy spectrum

Scenario 3: inverse cascade k

ko ~ 100 pc™! Keonic k ~ AU™!
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The simplest SNe-driven simulations possible

L =1 kpc Martizzi+2016
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| The simplest SNe-driven simulations possible
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Static gravitational potential

278G Ppao
P(z) = 2nGLs <\/z2 —z5— 17 | 3'0h1 -

v N e’/
stratified disk spherical halo |

Supernova driving prescription

| ~.  (following 1D evolution models for momentum and
{101, energy deposition in Martizzi + 2016)
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The simplest SNe-driven simulations possible

Theuns+(1998)
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Beattie + (2025, ApdJ) So long Kolmogorov. ||
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Phase fluctuations and thermal
response Is mostly adiabatic

Consider the adiabatic limit

tturb < tcool [
via linearized continuity equation Izzy Connor
’ (undergrad. UCSC)
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thermal response / phase fluctuations controlled by compressible modes

Connor, Beattie + (2025, ApJ) Cascading from the winds to the disk: universality of supernovae-driven turbulence in different galactic ISMs




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

Velocity spectrum
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Connor, Beattie + (2025, ApJ) 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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Connor, Beattie + (2025, ApJ) Cascading from the winds to the disk: universality of supernovae-driven turbulence in different galactic ISMs
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/ But to understand the turbulence we must W

// understand the flux rates from mode to mode!

k//(Q) g k///(K)

’
c) Shell-to-shell transfer h E (k) | ‘ ‘
wavenumber k I

Grete, O’Shea +2022a,b,23

—-—%\—k:'\

s

K41 expectation Grete+2022

' arsmsssssssssEssssssssssaas )

. constant energy flux
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x)ar+2001 Verma+2004; Mininni+2005; Alexakis+2005
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But to understand the turbulence we must

understand the flux rates from mode to mode!
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Momentum conservation:
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/ But to understand the turbulence we must

R

e —

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

S
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understand the flux from mode to mode!
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Expectations from CompreSS|bIe MHD turpbulence '

shell-to-shell transfer 70, K) [&]

|n a bOX ~1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

0 — K s e
e ~ult ~ const.(?)

S — ——
.__;\“

T e —

///7;7///7//// Wil U e s

Grete, O’shea + 2022
\\\\ NAWRN'NNRNN Y NI iV AE /AT




/’ I ity Wi ar e el =" 277 /77T WY IH/(f'

Compressible modes and solenoidal modes live very different lives! [
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/ , / We should treat them differently! Q P K
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Compressible modes and solenoidal modes live very different lives!
We ShOUld treat them d|ﬁerent|y| Beattie + (2025, ApJ) So long Kolmogorov.
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The incompressible turbulence (4, — u, cascade)
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Beattie + (2025, ApJ) So long Kolmogorov.




Uu
ble turbulence (4, — u, cascade)
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The incompressible turbulence (4, — u, cascade)
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The entire Incompressible cascade comes and goes

Beattie + (2025, ApJ) So long Kolmogorov.
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Where does the incompressible turbulence come from?

No vorticity!
dpu .
gt + V- (pu®u+ PI) = —[pV + NigNePsNe(Z, nH)
Cascade Sink
1006 - ') _[ dll, & "
S = =t Re {w() - (Vp X VPIp) ()]

Beattie (2026; submitted ApJL) Supernovae drive large-scale incompressible turbulence from small-scale instabilities




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

Vorticity sources
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Where does the incompressible turbulence come from?

Vorticity sources
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Where does the incompressible turbulence come from?

Beattie (2026; submitted ApJdL) Supernovae drive large-scale incompressible turbulence from small-scale instabilities
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Assuming isotropic, stationary, high-Re Where does the |nCOmpreSS|bIe

AT (k) turbulence come from? _
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Beattie (2026; submitted ApJL) Supernovae drive large-scale incompressible turbulence from small-scale instabilities
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Modified schematic from Lancaster+2021

Incompressible modes generated on

(o ~ SNR scale imprinted on all scales
i < (scales larger than gaseous scale height!!!)

I | | | I I 11 | _
_incompressible turbulence generated in the layer _
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Can we predict the spectrum?
Baroclinicity is born from thin shell instabilities (RT & overstability)

Linear RT
y ~/ k Vishniac (1983)




Can we predict the spectrum?
Baroclinicity is born from thin shell instabilities (RT & overstabillity)

Linear RT
y ~ k Vishniac (1983)
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Can we predict the spectrum?
Baroclinicity is born from thin shell instabilities (RT & overstabillity)

Linear RT
y ~ k Vishniac (1983)
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Modified schematic from Lancaster+2021

Shell instabilities drive and imprint
(ﬁ ;\Q themselves on the spectrum!
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The SN-driven warm ionized medium spectrum

(the volume-filling spectrum) Fraolal 1 Folded  geometry
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Inverse cascade § k

ko~ 100pc~! R k ~ AU

cool



7N

--Summary for this seminar

1. Discuss K41 turbulence in a pedagogical manner.

2. lurbulence in our galaxy.

3. Supernova-driven turbulence — how to fit them into the cascade?
Simulations.

Fit into the small wavelengths, but energies turbulence past the gaseous scale-height.
4. Spectra, cascade directions.
Non-Kolmogorov scaling in velocity, , and has flux components that are inverse cascade

5. Where does the incompressible turbulence come from — shell instabilities

and spectra model.
Strong baroclinicity in the unstable thin shell supply the vorticity, drive the turbulence,

control the spectrum
\"0"0 o -w ,//

k—3/2
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