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als for this afternoon seminar

1. Get folks excited about the universality of turbulent dynamos

2. Grow a small-scale (kinematic + nonlinear) field in the
Dartmouth College seminar.

3. Venture into the dynamo saturation with 10,080 domain that
can resolve inertial ranges, presumably in the MHD asymptotic
\ state, focussing on the role of alignment.
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The lifecycle of a high-k mode spans across a patchwork quilt of theories
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The lifecycle of a high-k mode spans across a patchwork quilt of theories
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The lifecycle of a high-k mode spans across a patchwork quilt of theories
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= 5 dependent
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The lifecycle of a high-k mode spans across a patchwork quilt of theories
This afternoon we’re here

No net-flux  Net-flux [ No large-scale correlations, gauge
= 5 dependent
Hew, Hosking, + Beattie (2026; JPP)

. Sensitive to initial
. conditions

Decaying turbulence
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What is a turbulence, magnetic dynamo?
Starting with a seed magnetic field
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What is a turbulence, magnetic dynamo?
Starting with a seed magnetic field

- (Zhou + 2023,

Welibel instabillity,
Biermann battery, 2024, etc.

Ec.)me to IAS and discuss ;)
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What is a turbulence, magnetic dynamo?
Kinematic growth U,L

Rm~— > Rm
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What is a turbulence, magnetic dynamo?
Kinematic growth U,L

Rm ~ — > Rm_
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What is a turbulence, magnetic dynamo?
Nonlinearities and backreaction

energy flux in

energy flux out

N_

backreaction

u = f(B)
uiBjajBl-




What is a turbulence, magnetic dynamo?
Saturation
gkin ™~ gma

energy flux in

7 T\

energy flux out

N_

backreaction

u = f(B)

energy flux in == energy flux out -+ resistive decay
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Examples of turbulent dynamos
KHI instabilities in merging NS = by = — 0.12 ms
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Examples of turbulent dynamos

Milky Way-type galaxies in cosmological sims
&
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Examples of turbulent dynamos

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

and plasma regimes

Weakly collisional Braglnksu MHD
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Turbulence dynamos

Ubiquitous across multiple phenomena / regimes

Extremely simple ingredients
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Warnecke+2023. Numerical evidence for a small-scale dynamo approaching solar magnetic Prandtl numbers.

Critical Rm for small-scale dynamo

> 100 .

N

~

Pry

~
~

0125 =
S

1.00

0.10

0.01



Simulations in this talk: 100s of no net-flux boxes

* 400 or so 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).

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

correlation time OU process on L/2.

DB: EXTREME_Turb_hdf5 pl‘r cn’f 0100
Cycle 118366 Tlme ] 25 >

* No net magnetic flux. Pure turbulent magnetic fiel [ " s S50 %

dp+ V- (pu) =

- 1
dt(p ll) +V-F=—V. Oyiscous
Re 1

0B =V Xx((uxB)+—V-°B
Rm
V-B=0
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Simulations in this talk

Kriel, Beattie+ (2025). Fundamental
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Simulations in this talk

Kriel, Beattie+ (2025). Fundamental

scales II: the kinematic stage of the
stnersonic: dynamo
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Modified f
Turbulence dynamo Rincon (2019)

U
Pm=—>1

J
3

Forcing

Do we need to worry about
scales

the seed field In turbulent
dynamos?

Kinetic energy
spectrum

Spectral power

Seed magnetic

fold l.e., does the Initial state

influence the final state?
M(k)




Modified from

Turbulence dynamO Invariant to structure Rincon (2019)

Seed field invariance -
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Turbulence dynamo

: . . Invariant to amplitude
Seed field invariance nvariant to ampiude
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Turbulence dynamo Viodified from
In the beginning... y

Pm=—>1
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Turbulence dynamo

Kinematic regime: the sub-viscous range

Derived from k~>/° velocity spectrum

k, ~ Re’* 05 T
M<Kl Ry © 190 DNS FLASH code

Kolmogorov41

Derived from k2 velocity spectrum

M > 1

Schober+(2015)
Beattie+(2025)

Kriel, Beattie+ (2025). Fundamental 0 4
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Turbulence dynamo
Kinematic regime: the sub-viscous range

U/
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Turbulence dynamo Modified from

In the beginning... y Rincon (2019)
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kinematic regime
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Turbulence dynamo Modified from

First growth stage: diffusion-free Rincon (2019
kinematic regime 1/
0.01 } r
B & (k)
107° B .. (k)
Very early, fast growth
1010 In turbulent boxes.

1 10 100



Turbulence dynamo crust (TR
Local KHI dynamo simulations - .

U I | | I
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- Chabanov+ (2023) *
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Turbulence dynamo
The engine of the kinematic dynamo

Growth rate dominated by the smallest possible scales of the flow gradients
put in units of outer scale turnover time 1, = £/ u,

K41 spectrum (incompresible)

t()}/ ~ t()/tl/’ tO]/ . (f()/f )2/3 » (Re3/4

) ~ Re''~,

and to summarise,
Burgers spectrum (supersonic)

oy ~ (Lol )2 ~ (Rez/3)1/2

- Rel/3



Turbulence dynamo
Confronting y with data

log; (M) The engine of the

~15 =10 —05 0.0 . kinematic dynamo is &,

0-4:‘ ® 233° MW 576° @ 1152° oniC ’8”7 | |
_ K41 spectrum (incompressible)

f(ﬂ/ - RGI/Z, Q

Burgers spectrum (supersonic)

toy ~ Rel’” . Q




Turbulence dynamo

First growth stage: diffusion-free

kinematic regime b 7 - 1
m = —
i
1/2
’ kpeak ~ o(3/5Re!l, k,7 >k,
2 2 (4/5)Rel’“1/t,
~ Borcs rms ~ € »
g [Foremg o _(3IHRe!t
%‘ seales Kinetic energy <gmag> e 0
& spectrum kpeak
L ®
k3/2 o
Viscous scale ®
- stretching X ®
Modified from \ .
Rincon (2019) \  Foms )

ko k, ~ Re**kg Schekochihin+ (2002)



Turbulence dynamo

Local KHI dynamo simulations
An extreme challenge for

Chabanov+ (2023) | global sims
Neutrinos create a
e~ bulk viscosity
10 i ? 6+ —
| | : |
P ~ Re ~ 10 2
EIO“G | Q
|/ =
full (HR) S
1045 crust (HR)
| full (LR) - 3 i
1 B Crus i -
x oy~ 107 (ms)

0 5 10 15

(bulk viscosity can act as an effective shear viscosity for the turbulent dynamo)
Beattie+ (2025, MNRAS) Taking control of compressible modes: bulk viscosity and the turbulent dynamo




Turbulence dynamo Modified from

First growth stage: kinematic regime & Rincon (2019)
the sub-viscous range

Pm=—oc— >k

Forcing

Kinet:
<cales inetic energy

spectrum

k3/2

Spectral power

o _ ,kn ~ Kk eak
Predlctlon from Schekochihin+ 20(}32,04
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Modified f
Turbulence dynamo oo (2079

Kinematic regime: the sub-viscous range ),
Pm=—>1
2 U
£, L
dissipation at the resistive scale
p 1/2 p 1/2
| ve ~1/2 ~1/2
C /o ~ Pm™""“ ~ ¢ Pm

Uu Uu

1% 1%

another prediction... independent of cascade

\ Prediction from Schekochihin+ 2002,04

Viscous scale

\
stretching | ‘ |




Turbulence dynamo
Most of the energy is In the sub-viscous modes!

ul‘mS/CS
0.3 1.0 5.0
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- @® Re < 100
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How fast do the sub-viscous modes populate?
(Assuming My(k) = Myo(k — ky))

CNM, Re ~ 10'°, Pm ~ 10%, 7, ~ 10 pc/ 3 km s™! ~ Myr At < t,
At ~ In(Re”*Pm!?)yy ! —= Ar~20y! = Ar ~ 200 years,

~ 8 orders of mag.

HIM, Re ~ 107, Pm ~ 10%°, £, ~ 30 pc/ 10 km s™! ~ Myr
At ~ 25y = At ~ Myr, At ~ ¢,

~ 11 orders of mag.

ICM, Re ~ 10%, Pm ~ 10%°, t, ~ 100 kpc/ 200 km s~ ~ 10° Myr
At ~ 40y~ = Ar ~ 400 Myr, At ~

~ 17 orders of mag.



Turbulence dynamo Modified from

Kinematic regime: the sub-viscous range ), Rincen (2019)
Pm=—>1

4
k, > K,

\ Prediction from Schekochihin+ 2002,04

Viscous scale

\
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Turbulence dynamo

Most of the energy on the resistive scale!

The magnetic energy

IS concentrated at the
smallest scales! N
~C

kpeak ™~ kr] Q

Kriel, Beattie+ (2025). Fundamental
scales I: the kinematic stage of the
subsonic dynamo
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Turbulence dynamo Pm = = > 1
Viscosity and resistivity matter! n
peak energy (depends on Rm)
1/2
k, ~ Pm77K,

E k_5/3

2 engine (depends on Re)

g Kinetic energy V X (uy X B)

é spectrum

U2 Modified from

Rincon (2019)

Viscous scale
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The lifecycle of a high-k mode spans across a patchwork quilt of theories
This afternoon we’re here

No net-fux  Net-flux | No large-scale correlations, gauge
= 5 dependent
Hew, Hosking, + Beattie (2026; JPP)

. Sensitive to initial

- conditions
o
= : Decaying turbulence
S - Driven
2 - turbulence
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Turbulence dynamo

If the turbulence dynamo only generates small-scale fields it’s useless

but what we want! I -k useless field
i peak 0
— N
> ’ k_5/3
5
oF
§ Kinetic energy V X (u,/ X B)
é spectrum
” Modified from

Kseak ~ K, Rincon (2019)

Viscous scale
stretching

k
ko k, ~ Re**kg Schekochihin+ (2002)



Turbulence dynamo

Nonlinear regime and backreaction

1%
Pm=—>1
i
starts when . k >k
E 1.—5/3 ) ) 4 v
Q u; ~ (b”) ~ dk Cgmag
o kI/
g Kinetic energy
5 spectrum velocity eddies “feel” all scales this way
o, —
U2 Modified from

Rincon (2019)

Viscous scale
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\
k
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Turbulence dynamo

Nonlinear regime and backreaction

L
Pm=—>1
continues to move to lower kK modes... i
ES k‘_5/3 OO k;/] >> ky
= u? ~(b*y~ | dk &, Modified from
B o . S Rincon (2019)
< o
% Kinetic enrgy eq
D spectruut
Q.
N

Vistous scale
stretching A

\
k

ko k, ~ Re**kg Schekochihin+ (2002)



Turbulence dynamo

Nonlinear regime and backreaction

Spectral power

k <b2> ™~
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d
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~
~
~
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Kingtic energy
spectrum
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o0

Keq

k—(l

Viscous scale
stretching

k, ~ Re3*k,
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10~1 _qu ................................ i
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~ = exponential growth
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Schekochihin+(2002); St-Onge+(2020)

Galishnikova+(2023); Beattie+(2025)




Turbulence dynamo log;o(Re)

Nonlinear regime:
fed by flux, not velocity gradients 2.0 2.9

O L D . N 7z |
. ] 3 3 :
The engine of the @ 288" @ 1152
nonlinear dynamo is the W 576°
energy flux of the 9k 5
cascade ;E‘ ’/"
= Vo T Sis
04 Q ¥ sis
i ; 5 2 _
(E'mag) ~ €1 Q = N 2%
mag = 50
- 2l c i
g W 318 i
Kriel, Beattie+ (2026). The universal -0 £ i0 .
growth of magnetic energy during the — | — —
nonlinear phase of subsonic and —1& — ;4 —0.5 0.0 0.0 1.0
supersonic small-scale dynamos 10g ( .A/l)
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Turbulence dynamo

Nonlinear regime: how long does It last

logo(Re)
31 32 33 34 35 36 3.7
B
At ~ 201 Cha
d @ 288% W 5763 @ 11523
) i
nl 0 s
. N
universally = -
I 1
Somewhat mysterious to - & L '
us at the moment. Implies » -
efficiency is universal for super = 1.01
or subsonic nonlinear regime. = ' (2.0+£0.1)
20
Kriel, Beattie+ (2026). The universal = 0
grovv,th of magnetic ehergy during the —1.5 —1.0 —0.9 0. 0. 1.0
nonlinear phase of subsonic and
supersonic small-scale dynamos log 10 (M )



Turbulence dynamo

Nonlinear regime: what does the backreaction look like?

=1 saturate
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Turbulence dynamo

Saturation through alignment "
Induction moves to large scales Pm=—>1

Vx@u, Xb, )#0 m
/w N*\V % (uf X bf) ~ O COr COr k;/] >> ky

&

WV X (u, xb,) ~ 0
NV X (u,xb, ~0
VX, Xb, ~0

Modified from
Rincon (2019)

Spectral power

Beattie (in prep.). Dynamical saturation of the Vo
turbulent dynamo
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Turbulence dynamo
Saturation through alignment

1072
7 (k) = u(k) - b'(k)
10~7 )

g 1079 \

<

~— . ~_11 t/t ' .
10

W (/ \ ‘ Z . grows = aligned
1077 P — 20 _ ) 1 scales develop where
105 7/ =0.1 - H > &y =

induction turns off

10717




The dynamical saturation of the dynamo
Saturation through alignment

. LU, rated dynamo Eat(k) | 2.6 = u(k) - b (k)
nonlinear dynamo
107 (backreaction turning on)

P 107

&

o 10" | # . grows = aligned
1013 scales develop where
10715 znz_ ()2(1) H C > Cgtot —

induction turns off
1071 - Expanding islands

kL/2m



Patchy helicities in Earth’s magnetosheath

X Naticra Aardnautics and Space Administatan

‘Magnetospheric Multiscale MiSSion

" Unlockipg the Mysteries of Magnetic Rec’onh :

......
...........
..........
. : . -

...........
------

Typical turbulent magnetosheath

10 -05 00 05 1.0 M iy, ~ 0.2 p~ 10
cos(6)

Pecora et al. (2023) - Bandyopadhyay et al. (2025) - NASA



10,0807 magnetized supersonic
turbulence simulation

Beattie, Federrath, Klessen, Cielo &

WwWWw, mture com/ n.naslr(m August ?t)’ Vo-! )No b

———— S — e — iy ———e

nature astronomy

Bhattacharjee PR S o
1. What is the scaling of the energy cascade in Chaotic turbulence™ ,
compressible MHD turbulence with no net flux? on multiple scales .

2. How are the characteristic scales organized in the
compressible supersonic turbulence?
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Magnetic fields: B =0, ., /, ~ 2

Three experiments for convergence tests: L || 9 4 seatad dont al ‘i
OCal reiaxation anda scaie-aepenaent ailignmentcin
 LOW-RES: 2,5203 (0.3Mcore-h, 8,640cores) d )

compressible, magnetized turbulence
e MID-RES: 5,040’ (4.0Mcore-h, 34,560cores)
 HIGH-RES: 10,080°  (80.0Mcore-h, 148,240cores)
6 PB in data products Rm~Re>10° Pm~1-2

James R. Beattie and Amitava Bhattacharjee

Phys. Rev. Lett. - Accepted 10 September, 2026 Export Citation

Beattie+ 2025 (Nature Astronomy). The spectrum of magnetized turbulence in the interstellar medium
Beattie & Bhattacharjee, 2026 (PRL). Local relaxation and scale-dependent alignment in compressible, magnetized turbulence



Volume Integral
Quantities
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Interpolation to
generate ICs for
successively higher
resolution
experiments
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kL/27x ~ 100 Current density structures

kL/2m ~ 100
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Patchy helicities in simulation & magnetosheath

Pecora et al. (2023) for MMS data.

u, B B.J U, W

Strong force-free
states in both sims.

5 Great agreement : -
with no net-flux!
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Patchy helicities in simulation & magnetosheath

Pecora et al. (2023) for MMS data.

Why?... have to invite me back :)

u, B o . NN
10 Physical Review Letters
O ] Great agreement e L ST
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e s ey LOCal relaxation and scale-dependent alignment in

compressible, magnetized turbulence

James R. Beattie and Amitava Bhattacharjee

Phys. Rev. Lett. - Accepted 10 September, 2026 Export Citation



1.  Kinematic and nonlinear theory at the level of integral energy work really well, with subtle
but expected changes between the subsonic and supersonic regimes.

2. The alignment ends up playing an extremely important and generic role in saturating the
turbulent dynamo...

1. Potentially extremely universal, setting the saturation across alll of the plasmas |
introduced at the start of the talk!

Come to Muni’s plasma class to hear more about the simulation and saturation.




