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Bold goals for this (10min!) talk

This talk will be about magnetic dynamos in the context of visco/resistive Newtonian 
collisional MHD fluids.

2. Time permitting: new results on the dynamo saturation with 

 supersonic FLASH simulations at 10,0803 Re ∼ Rm ∼ 106

1. Comparison of the fast growth stages in supersonic and 
subsonic turbulent dynamos.



small scale, disordered magnetic fields

Credit: NASA, the SOFIA science team, A. Borlaff; NASA, ESA, S. Beckwith (STScI) and the Hubble Heritage Team (STScI/AURA)Credit: NASA, ESA, S. Beckwith (STScI) and the Hubble Heritage Team (STScI/AURA)

M82 (Cigar Galaxy) M51 (Whirlpool Galaxy)

L ∼ 𝒪(kpc)

large scale, ordered magnetic fields

Tw B = ⟨B⟩ + b

Lopez-Rodriguez + (2021)

ℰkin ∼ ℰmag

large scale dynamo theory small scale dynamo theory

Beck (2015)



Orion A in infrared; ESA/Herschel/Planck; J. D. Soler, MPIA

Soler, 2019, A&A

straight, strong fields ( ; Schekochihin+2004) penetrating through Orion A κ ∝ B−1/2

L ∼ 𝒪(pc)
Irreducible — add magnetic flux to the cascade on all scales 



•~ 20% MW ISM gas is molecular hydrogen, organised into 

MCs (low-volume filling ~ 1-2%). 

•cold, ,  is low, approximately isothermal 

• , supersonic (compressible),  

•  

• , huge density contrasts. 

•weakly bounded (not virialised) by their own self-gravity 

. 

• threaded by dynamically important B fields, Ohmic 

.

T ∼ 10 K cs

σv/cs = ℳ ∼ 10 Re ∼ 109

L ∼ 10 pc ⟹ T = L/σv ∼ "(Myr)

n ∼ 103 − 107+

αvir = 2 |Ekin | / |Egrav | > 2

Rm ∼ 1016

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).
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The cold ISM: A supersonic laboratory for interesting nonlinear 

physics



Simplest possible supersonic dynamo simulations
• 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).


• Compressible non-helical, visco/resistive MHD turbulence driven with finite 

correlation time  (OU process; Federrath2022) on  in triply periodic box.


• No net magnetic flux . Pure turbulent magnetic field. 


t0 L/2

⟨b⟩ = 0

dt(ρu) + ∇ ⋅ 𝔽 =
1

Re
∇ ⋅ σviscous + ρf

∂tρ + ∇ ⋅ (ρu) = 0

∂tb = ∇ × (u × b) +
1

Rm
∇2b

∇ ⋅ b = 0 p = csρ

~200 DNS simulations

Grids up to 10,0803

1 ≤ Pm ≤ 300

10 ≤ Re ≤ 106

500 ≤ Rm ≤ 106

0.1 ≤ ℳ ≤ 10



Simplest possible supersonic dynamo simulations

Visualisation: Salvatore Cielo (VisIt)

mag. field 

gas density

~200 DNS simulations

Grids up to 1,1523

1 ≤ Pm ≤ 300

10 ≤ Re ≤ 104

500 ≤ Rm ≤ 104

0.1 ≤ ℳ ≤ 10

ℳ ∼ 4
10,0803

Re ∼ 106

Rm ∼ 106

 compute hours108

2PB data products

Broad parameter study

One hero simulation

Beattie et al. (2024, in subm.). Supersonic, magnetised turbulence at extreme 

Reynold’s numbers

 compute cores150,000



Integral statistics

Pm =
ν

η

ℳ =
σv

cs

t/t0

Kriel, Beattie+ (2024). Fundamental 
scales II: the kinematic stage of the 
supersonic dynamo

σv/cs ≈ 5

σv/cs ≈ 0.3

k = 2 mode driving



Kriel, Beattie+ (2024). Fundamental 
scales II: the kinematic stage of the 
supersonic dynamo

σ v
/c s

≈
5

σ v
/c

s
≈

0
.3

Integral statistics

Emag = ⟨b2⟩/(2μ0)

Ekin = ⟨ρv2⟩/2

For fixed material 
properties, 
saturation and 
growth rate always 
lower and less 
efficient than in 
subsonic dynamos!

t/t0



t/t0

Kriel, Beattie+ (2024). Fundamental 
scales II: the kinematic stage of the 
supersonic dynamo

σ v
/c s

≈
5

σ v
/c

s
≈

0
.3

Integral statistics

diffusion-free phase kinematic phase

nonlinear phase

saturated phase



Turbulent dynamo
Modified from 
Rincon (2019)

Pm =
ν

η
≫ 1

kη ≫ kν

kinematic regime: dissipation scales

kη ∼ kpeak

Kazantsev (1967)

Schekochihin+ (2002)

Kulsrud & Anderson (1992)



Turbulent dynamo
Modified from 
Rincon (2019)

Pm =
ν

η
≫ 1

kη ≫ kν

Second fastest 
growing stage

Prediction from Schekochihin+ 2002,04

uν

ℓν

∼
η

ℓ2
η

ℓη ∼ ( ℓνη

uν )
1/2

∼ ( νℓν

uν )
1/2

Pm−1/2 ∼ ℓνPm−1/2

stretching at the viscous scale

dissipation at the resistive scale

another prediction… independent of cascade

kinematic regime: dissipation scales



Turbulent dynamo
Modified from 
Rincon (2019)

Pm =
ν

η
≫ 1

kη ≫ kν

Second fastest 
growing stage

Prediction from Schekochihin+ 2002,04

uν

ℓν

∼
η

ℓ2
η

stretching at the viscous scale

dissipation at the resistive scale

urms/cs

Kriel, Beattie+ (2024). Fundamental 
scales II: the kinematic stage of the 
supersonic dynamo

Neco Kriel

Grad. Student (ANU)

1. universal of super-sub-sonic  
gas motions.

2. implies the viscous scale 
eddies the engine for kinematic 
dynamo in both regimes

190 DNS FLASH code

kinematic regime: the resistive scale



Turbulent dynamo
Modified from 
Rincon (2019)

Pm =
ν

η
≫ 1

kη ≫ kν

kinematic regime: the peak scale

kη ∼ kpeak

kη ∼ kpeak

Kazantsev (1967)

Schekochihin+ (2002)
Kulsrud & Anderson (1992)

Incompressible theory



Turbulent dynamo
Modified from 
Rincon (2019)

Kriel, Beattie+ (2024). Fundamental 
scales II: the kinematic stage of the 
supersonic dynamo

Neco Kriel

Grad. Student (ANU)

kinematic regime: the peak scale

klength ∼ k0

kwidth ∼ ℳ2/Re(ℳ − 1)2

low k

high k

kwidth/klength

kwidth/klength

kp ∼ kη

Characteristic shock geometry



Turbulent dynamo
Modified from 
Rincon (2019)

Kriel, Beattie+ (2024). Fundamental 
scales II: the kinematic stage of the 
supersonic dynamo

Neco Kriel

Grad. Student (ANU)

kinematic regime: the peak scale

low k

high k

kwidth/klength

kwidth/klength

kp ∼ kη
Peak magnetic energy scale  
moves to lower k modes, 
away from resistive scales. 
 

Supersonic dynamo builds 
larger scale b fields compared 
to subsonic.

klength ∼ k0

kwidth ∼ ℳ2/Re(ℳ − 1)2

Characteristic shock geometry
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Kinematic (linear) dynamo Saturated (nonlinear) dynamo 

Induction

Induction

t−1
ν = uν/ℓν

direct 

cascade

this turns into this 

Saturated supersonic turbulent dynamo



∇ ⋅ (u ⊗ u) ∼ ω × uj × b∇ × (u × b)

Lorentz forceinduction quadratic nonlinearity

Supersonic turbulent dynamo at Re ∼ 106

Saturated regime: global alignment

v ∥ − b

v ∥ b

j = − αb

j = αb

Beattie et al. (2024, subm.). Supersonic, magnetised turbulence at extreme Reynold’s numbers

ℳ ∼ 4
Re ∼ 106

Pm ∼ 1



Supersonic turbulent dynamo at Re ∼ 106

Saturated regime: scale-dependent alignment

Beattie et al. (2024, subm.). Supersonic, magnetised turbulence at extreme Reynold’s numbers

ℳ ∼ 4
Re ∼ 106

Pm ∼ 1



Supersonic turbulent dynamo at Re ∼ 106

Saturated regime: scale-dependent alignment

Global force-free state

Inductio
n tu

rned off
 at s

mall s
cales

suppresses dynamo growth!

j = αb

Beattie et al. (2024, subm.). Supersonic, magnetised turbulence at extreme Reynold’s numbers

ℳ ∼ 4
Re ∼ 106

Pm ∼ 1



Plasma relaxation deep in the cascade

Beattie et al. (2024, subm). Supersonic, magnetised turbulence at extreme Reynold’s numbers

Relaxation 
faster than 
dynamical 
timescale of 
the turbulence

Relaxation 
slower than 
dynamical 
timescale of 
turbulence

ℳ ∼ 4
Re ∼ 106

Pm ∼ 1



v ⋅ b

v ∥ b v ∥ − b

Saturated 

dynamo creates 

patches of 

locally relaxed 

plasma



Summary

1. The viscous scale is the engine for the small-scale 

dynamo, supersonic or subsonic (universality of  
relation).


2. In kinematic supersonic dynamo magnetic energy spectrum 

deviates from Kazantsev theory ( ) and peak 

energy becomes sensitive to aspect ratio of shocks.


3. Small scale dynamos saturate through an alignment 
process due to local plasma relaxation. 

Pm1/2

kpeak ≠ kη

Thanks, questions?
james.beattie@princeton. @astro_magnetism

mailto:beattijr@mso.anu.edu.au


Extra slides



Martin-Alvarez + (2018)

Galaxy mergers in cosmological sims 
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merger begins

RAMSES

Examples of small scale dynamos

high k modes excited

9h−1Mpc box



Examples of small scale dynamos
KHI instabilities in merging NS 

FILChabanov+ (2023)

t − tmer = − 0.12 ms t − tmer = 0.52 ms

exponential growth pause

exponential growth

Modes growing 
inside KHI

LSD

ILES



Examples of small scale dynamos
There are many, across all scales (all MHD)

Steinwandel+2021

Intracluster medium

Vazza+2014

Cosmic filaments
Molecular clouds in first 

generation stars

Sharda+2021

RAMSESFLASH ENZO



Examples of small scale dynamos
and plasma regimes

Sharda+2021

Weakly collisional Braginksii MHD Collisionless plasma

(added anisotropic viscous 
Braginskii stress term into MHD)

(Hybrid-Kinetic PIC: electron fluid + 
ion PIC)

St-Onge+ (2020)

Chirakkara + (2024)

FLASHSnoopy

t/t0

∇ ⋅ (b̂ ⊗ b̂(b̂ ⊗ b̂ : ∇v))



∂tρ + ∇ ⋅ (ρu) = 0

∂t(ρu) + ∇ ⋅ (ρu⊗u + p𝕀 −
1

4π
b⊗b) = ρf + ∇ ⋅ 𝔻ν(ρu)

∂tb + ∇ ⋅ (u ⊗ b − b ⊗ u) = ∇ ⋅ 𝔻η(b)

∇ ⋅ b = 0

p = c2
s ρ +

1

8π
b ⋅ b

Stochastically forced Compressible MHD equations (ILES)

the turbulence source function



Stochastically forced Compressible MHD equations (ILES)

d ̂f(k, t) = f0(k)ℙ(k) ⋅ dW(t) − ̂f(k, t)
dt

t0
dW(t) Weiner process that draws delta correlated from   ∼ 𝒩(0,1)

ℙ = ζℙ⊥ + (1 − 2ζ)ℙ∥ = ζ𝕀 + (1 − 2ζ)
k ⊗ k

|k |
2

ζ = 1 ⟹ ∇ ⋅ f = 0

ζ = 0 ⟹ ∇ × f = 0

K space projection tensor  

t0 e-folding time of the forcing / correlation time / outer-scale turbulent turnover time



Stochastically forced Compressible MHD equations (ILES)

d ̂f(k, t) = f0(k)ℙ(k) ⋅ dW(t) − ̂f(k, t)
dt

t0
dW(t) Weiner process that draws delta correlated from   ∼ 𝒩(0,1)

ℙ = ζℙ⊥ + (1 − 2ζ)ℙ∥ = ζ𝕀 + (1 − 2ζ)
k ⊗ k

|k |
2

ζ = 1 ⟹ ∇ ⋅ f = 0

ζ = 0 ⟹ ∇ × f = 0

K space projection tensor  

t0 e-folding time of the forcing / correlation time / outer-scale turbulent turnover time

∇ ⋅ f = 0 ∇ × f = 0



Stochastically forced Compressible MHD equations (ILES)

kL/2π

k ∼ 2

k ∼ 2.5k ∼ 1.5

ℰ
k
in

(k
)

f0(k)

k0

t0 ∼ 1/(k0u0)



Stochastically forced Compressible MHD equations (ILES)

kL/2π

k ∼ 2

k ∼ 2.5k ∼ 1.5

. . .ℰ
k
in

(k
)

f0(k)

k0

t0 ∼ 1/(k0u0)

·εin = ·εout

Stationarity is reached when

⟨X(t)⟩
t
= ⟨X(t + τ)⟩

t



Turbulent dynamo

Seed magnetic 
field

Pm =
ν

η
≫ 1

kη ≫ kν

Modified from 
Rincon (2019)

M0(k)



Turbulent dynamo

Do we need to worry about 
the seed field in turbulent 

dynamos?

Pm =
ν

η
≫ 1

kη ≫ kν

Modified from 
Rincon (2019)

M0(k)

i.e., does the initial state 
influence the final state?

Seed magnetic 
field



Turbulent dynamo

Pm =
ν

η
≫ 1

kη ≫ kν

Modified from 
Rincon (2019)

k0

Seta+ (2020)
k3/2

Seed field invariance 
Invariant to structure

ℰ
m

ag
/ℰ

m
ag

,0

t/t0

DNS FLASH code



Turbulent dynamo

Pm =
ν

η
≫ 1

kη ≫ kν

Modified from 
Rincon (2019)

k0

Seed field invariance 

ℰ
m

ag
/ℰ

k
in

Invariant to amplitude

Decaying into the same 
turbulent dynamo saturation

Beattie+ (2023). Growth or Decay I: Universality of the turbulent dynamo saturation

D
N

S
 F

L
A

S
H

 c
o

d
e

k0



Turbulent dynamo

Pm =
ν

η
≫ 1

kη ≫ kν

Modified from 
Rincon (2019)

M0(k)



Dynamo in k space

Pm =
ν

η
≫ 1

kη ≫ kν

Modified from 
Rincon (2019)

First growth stage: diffusion-free regime

Kaza
ntsev (1

967)

Bhat+
 (2

014)

Delta
 in

 tim
e velocity

 field

Arb
itra

ry corre
latio

n in
 tim

e velocity
 field

k3/2

Fastest growing 
stage

kpeak ∼ eγt

Kazantsev (1967)

Schekochihin+ (2002)



Turbulent dynamo
Modified from 
Rincon (2019)

Diffusion-free regime: growing + populating 

kpeak ∼ eγt

Schekochihin+ (2002)

Diffusion-free regime

b ∝ κ−1/2

Pm = 40
Re = 150

field reversals

Diffusion-free regime

ℰ
m

ag
(k

)

k

kpeak ∼ eγt

Varma, Beattie, Kriel, Ripperda (in prep.)

Re = 150
Pm = 40

D
N

S
 F

L
A

S
H

 c
o

d
e

dt(ℰmag) ∝ (b̂ ⊗ b̂ : ∇v)ℰmag

γt0 ∼ (b̂ ⊗ b̂ : ∇v)t0 ∼ t0/tν ∼ Re1/2



Turbulent dynamo
Modified from 
Rincon (2019)

k3/2 kpeak ∼ eγt

b ∝ κ−1/2

Diffusion-free regime

κ = | b̂ ⋅ ∇b̂ |

Varma, Beattie, Kriel, Ripperda (in prep.)

dt(bκα) = (
1

2
− α) b̂ ⊗ b̂ : ∇v

+αn̂ ⊗ n̂ : ∇v

α =
1

2

special cases where 
stretching makes relation 
stationary

Schekochihin+ (2004)

Pm = 40
Re = 150

field reversals

Diffusion-free regime: onset of folding



Modified from 
Rincon (2019)

Pm =
ν

η
≫ 1

kη ≫ kν

Second growth stage: kinematic regime

kη ∼ kpeak

Turbulent dynamo



Turbulent dynamo
Modified from 
Rincon (2019)

Pm =
ν

η
≫ 1

kη ≫ kν

Second fastest 
growing stage

Second growth stage: kinematic regime

kη ∼ kpeak

the straightest fields

b ∝ κ−1/2⏞folded fields



Turbulent dynamo
kinematic regime: folded fields

b ∝ κ−1/2

folded fields

σv < cs σv > cs

b ∝
κ −1/2

b ∝
κ −1/2

Kriel, Beattie+ (2024). Fundamental scales II: the kinematic stage of the supersonic 
dynamo

Neco Kriel

Grad. Student (ANU)

field reversals field reversals



Turbulent dynamo

Kriel, Beattie+ (2024). Fundamental 
scales II: the kinematic stage of the 
supersonic dynamo

Neco Kriel

Grad. Student (ANU)

b ∝ κ−1/2

folded 

σv > cs

b ∝
κ −1/2

field reversals

Folded field 
retained 

Amplitudes 
change (flux 
compressions)

kinematic regime: folded fields

Impacts the magnetic 
energy spectrum



Turbulent dynamo
Modified from 
Rincon (2019)

Pm =
ν

η
≫ 1

kη ≫ kν

kinematic regime: the peak scale

kpeak /kη ∼ (kwidth/klength)
−1/3

kη

kpeak



Turbulent dynamo
Modified from 
Rincon (2019)

Pm =
ν

η
≫ 1

kη ≫ kν

Second fastest 
growing stage

Prediction from Schekochihin+ 2002,04

kinematic regime: viscous scale

Kriel, Beattie+ (2024). Fundamental 
scales II: the kinematic stage of the 
supersonic dynamo

190 DNS simulations!

Neco Kriel

Grad. Student (ANU)

kν ∼ Re3/4

kν ∼ Re2/3

Schober+(2015)

k ν
/k

0

190 DNS FLASH code
Kolmogorov41

Derived from  velocity spectrumk−5/3

Derived from  velocity spectrumk−2

urms/cs



Turbulent dynamo
Modified from 
Rincon (2019)

Pm =
ν

η
≫ 1

kη ≫ kν

Second fastest 
growing stage

Prediction from Schekochihin+ 2002,04

Kriel, Beattie+ (2024). Fundamental 
scales II: the kinematic stage of the 
supersonic dynamo

190 DNS simulations!

Neco Kriel

Grad. Student (ANU)

kν ∼ Re3/4

kν ∼ Re2/3

Schober+(2015)

k ν
/k

0

Kolmogorov41

Derived from  velocity spectrumk−2

urms/cs

190 DNS FLASH code

kinematic regime: viscous scales


