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

2. Time permitting: new results on the dynamo saturation with
10,0807 supersonic FLASH simulations at Re ~ Rm ~ 10°
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s talk will be about magnetic dynamos In the context of visco/resistive Newtonian
llisional MHD fluids.
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M51 (Whirlpool Galaxy)

eck (2015)
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large scale, ordered magnetic fields

E X £y
O »

- -~ e y - 'y .V\, . - -

.. - .
: " N R ] _ ‘

5 . " r - ) )

a0t ) "? - - - 2 ”~ P
b el ‘ %,

Lopez-Rodriguez + (2021) Credit: NASA, the SOFIA science team, A. Borlaff; NASA, ESA,'S. Beckwith (STScl) and the Hubble Heritage Team (STScl/AURA)
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Irreducible — add magnetic flux to the cascade on aII scales
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Orion A in infrared; ESA/Herschel/Planck; J. D. Soler, MPIA a




The cold ISM: A supersonic laboratory for interesting nonlinear
physms\

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

scold, T ~ 10 K, c, is low, approximately isothermal
oo lc, = M ~ 10,
o[ ~10pc = T =L/o, ~ O(Myr)

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

_2‘Ek1n‘/‘ ‘>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);
Bukhart (2021); Barreto-Mota+(2021); Hopkins+(2022);
Beattie+(2022); Fielding+(2022); Sampson+ (2022); Kriel+(2022);

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
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Galishnikova+(2022); Beattie+(2023)



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 7, (OU process; Federrath2022) on L/2 in triply periodic box.

 No net magnetic flux (b) = 0. Pure turbulent magnetic field.

0p+V-(pu) =0
|
dt(p ll) + V. -F=—V-. Oyiscous
Re 1
0b =V X (uxb)+—V’b
Rm

~200 DNS simulations
Grids up to 10,080’

10 < Re < 10°
500 < Rm < 10°
\VA ' =0 p=cCp 0.1 < <10




Simplest possible supersonic dynamo simulations

/
Broad param eter stu dy g:;;tcl)elde; ilu ,fgs;‘; In subm.). Supersonic, magnetised turbulence at extreme

~200 DNS S|mUIat|OnS (D:B IEXT[f]E'B\gEéTU{b hc]ifgsp” cnt_ 0]00
. ycle: ime: PS4
Grids up to 1,152° ooz S AN e Ny
I < Pm < 300 NS U RN R A
10 < Re < 10° e
500 < Rm < 10* | el
0.1 </ <L 10 iw nag, el
B hL N AN gas density
One hero simulation 4" W -
M~ 4 A b
Re ~ 10° E b '
Rm ~ 10° :
150,000 compute cores

10° compute hours
2PB data products




= Kriel, Beattie+ (2024). Fundamental
Integ ral statistics scales Il: the kinematic stage of the

10! ——— — S querspnig dynamo
- o,/c, =S ”
1005_ k = 2 mode driving - Pm —
10~ E GV/CS ~ 0.3 ]
M0.3Re600Pm5 o
| M5Re600Pms | MM = —
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= Kriel, Beattie+ (2024). Fundamental
Integ ral statistics scales Il: the kinematic stage of the
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exponential growth

-—-=-- linear growth
------- saturated

30 o0 70

60 80 100

supersonic dynamo

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

Emag = <b2>/ (2up)
Eyin = <PV2>/ 2



= = Kriel, Beattie+ (2024). Fundamental
Integ ral statistics scales IlI: the kinematic stage of the

| supersonic dynamo
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Modified f
Turbulent dynamo Rincon (2019)

regime: dissipation scales DM — v > 1
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Modified from

Turbulent dynamo Rincon (2019)
kinematic regime: dissipation scales v
J P Pm=—>1
U, 1 |
— ~ — k, >k
C, z/”,% { g
dissipation at the resistive scale Second fastest
1/2 1/2 growing stage
L~ M ~ i Pm~"* ~ # Pm~!*
n 1 ” 1%

1% 1%

another prediction... independent of cascade

\ Prediction from Schekochihin+ 2002,04

Viscous scale

\
stretching | ‘ |




Turbulent dynamo

dissipation at the resistive scale

1. universal of super-sub-sonic N

. <2
gas motions. ~ 10

e
2. Implies the viscous scale

eddies the engine for kinematic
dynamo In both regimes

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

101

kinematic regime: the resistive scale

Neco Kriel
Grad. Student (ANU)

urms/cs
0.3 1.0 5.0
T . .
: ® Re < 100
: €® Re > 100 O
:O: O
>

" 190 DNS FLASH code
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10°
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Modified f
Turbulent dynamo Rincon (2019)
kinematic regime: the peak scale v

Pm=—>1
Incompressible theory 1
,Ic;7 ~ kpeak k, > K,
1.—5/3

Kazantsev (1967)
Kulsrud & Anderson (1992)

Schekochihin+ (2002)

Forcing

Kineti
cealos inetic energy

spectrum

k3/2

Spectral power

kn ™~ kpeak

Viscous scale

\
stretching | ‘ |

ko k, ~ Re3/4ko ky ~ Pml/zk,,



Turbulent dynamo

Characteristic shock geometry
klength ™~ kO
k idth i %2/1{6(% — 1)2

\%Y%

(up stream)

X

Kriel, Beattie+ (2024). Fundamental

scales lI: the kinematic stage of the
supersonic dynamo

kinematic regime: the peak scale

Neco Kriel
Grad. Student (ANU)
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Turbulent dynamo

Characteristic shock geometry

kinematic regime: the peak scale

Neco Kriel
Grad. Student (ANU)

high k | ’ | |
klengthNk02 , 0ol O M<K _
kWidth ~ % /Re(% — 1) <> M>1
9 S 1
Peak magnetic energy scale 53 o & "" Q '%"ﬁf"
moves to lower k modes, ~ p  "n A g
away from resistive scales. ~< : MR
: Ky
Supersonic dynamo builds ) = 4 %,I
larger scale b fields compared 10— (ki Xemetn )~ 1/3 T ‘i’? -
: width’ ™ength ;
to subsonic. N
T 0.40 + 0.06 _
Kriel, Beattie+ (2024). Fundamental | | | ' i ' |
024, 107% 107! 10* 10° 10°

scales lI: the kinematic stage of the
supersonic dynamo

kwidth/ klength '



Saturated supersonic turbulent dynamo

Kinematic (linear) dynamo

Induction
—1] e
L =ult,
| |
> n
N
2 .
Q. [
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Supersonic turbulent dynamo at Re ~ 10> #~*
Saturated regime: global alignment Pm ~ 1
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Beattie et al. (2024, subm.). Supersonic, magnetised turbulence at extreme Reynold’s numbers



Supersonic turbulent dynamo at Re ~ 10° % ~4
Saturated regime: scale-dependent alignment Pr% o1
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Beattie et al. (2024, subm.). Supersonic, magnetised turbulence at extreme Reynold’s numbers



Supersonic turbulent dynamo at Re ~ 10° % ~4
Saturated regime: scale-dependent alignment Pr% o1
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Beattie et al. (2024, subm.). Supersonic, magnetised turbulence at extreme Reynold’s numbers



Plasma relaxation deep in the cascade

10 — T — T Ba - .
x Relaxation M~ 4 -
slower than Re ~ 106
A/ dynamical Pm ~ 1
g - timescale of .
= A < turbulence =
= not relaxed
B [ o e et SEE o
= : Relaxation
+~ utj@ “r@ \v@?faster than
dynamical
b
@u (@f' u timescale of
b the turbulence
107 10" 101 107 10°
kL/2m

Beattie et al. (2024, subm). Supersonic, magnetised turbulence at extreme Reynold’s numbers
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1. Theviscousiscale is the engine for the small-scale

dynamo, supersonic or subsonic (universality of Pm!/?
relation).

2. In kinematic supersonic dynamo magnetic energy specirum
deviates from Kazantsev theoryi{k,.., #k,) and peak

energy becomes sensitive to aspect ratio of shocks.

3. Small scale' dynamos saturate.through an alignment
process due to local plasma relaxation.
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Examples of small scale dynamos

Galaxy mergers in cosmological sims

10—24 R : ' — T T T T T r 1 — T
| high k modes excited
> L A )
D
0
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@ .
.9 =
2 o s
25|

g’-lg 10 - 2=42 |
c & _,-41  mMmerger begins

Q : )
o)W z=40
= - 2=39 \
> S \ T/
g - 72=38 k /
O - z=37 ‘
0 10_26“*”l : e 1 N B 1\ |

0.05 0.10 0.50 1 5 10 50
1
9h~'Mpc box kekpe ™) Martin-Alvarez + (2018) RAMSES



Examples of small scale dynamos
KHI instabilities in merging NS  — by = — 0.12 ms

N - crust (HR)
- KHI d turbulent winding -7 - 10
Lotk § - oc 2 5
: T e -
............... i 0 /‘m’ v/
____ ) : >
------------- , Q
e —5 4t )
@1046_ ™\ ] s - ; ' |
= — 1 _10 Modes growing].
= - - inside KHI
e _ —10 =5 0 5 10
ik full (HR) z [km]
10*§ ,f' crust (HR)
E / I - fll (LR) 4  exponential growth ———— pause
----- crust (LR) - :
T S [ S 1 exponential growth LSD
t — tmer |MS]
ILES

Chabanov+ (2023) FIL



Examples of small scale dynamos

There are many, across all scales (all MHD)

Sharda+2021 Steinwandel+2021

redshift
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Molecular clouds in first
generation stars
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Examples of small scale dynamos

and plasma regimes
Weakly CO||ISIOna| Braglnksu I\/IHD Collisionless plasma

A A
| M&V\a #'W },\;' M‘\! ,/” ¥
—2 -|| = |
10 i- / ,LL_l — L — 1500 1 E _____ (rLarmor/ Lbox)i = 10° ------ ("Larmor/ Lbox)i = 10 i
[ . . 0.1 :__ """" ("Larmor/ Lbox)i = 102 """"" ("Larmor/ Lbox)i = 1 )
10—3‘[_ ,uf_gzzo 1 —tt ]ttt
0-41 A pg =100+ sk Chirakkara + (2024) = -
oY 4 0 pg =000 1 < |
—5 | / e pp~ = OO | = _eZEETT )
0= S —— (B2 =200 &
:uB — ( ) | 10% + _’a&__ég_;f_f—""‘// B
1075 | limited, L1, L1a, L1b, MHD4, leJ ol _
0 10 20 30 40 50 60 70 80 C 0 10 20 30
t/tcorr,f t/t()
(added anisotropic viscous (Hybrid-Kinetic PIC: electron fluid +
Braginskii stress term into MHD) ion PIC)

V-b®bb®Db:Vv) Snoopy FLASH



Stochastically forced Compressible MHD equations (ILES)

dtp+V-(pu) =

1
dt(pu) + V- (pu@u + pll — 4—ﬂb®b) = V-D, (pu)

ob+V - (U@®b-b®u)=V- Dn(b)

V:-b=0 the turbulence source function

2.
p=c;p+—Db-b
ST



Stochastically forced Compressible MHD equations (ILES)

. A dt

di(k, 1) = fo(K)P(k) - dW(2) — 1(k, t)t—
0

dW(t ) Weiner process that draws delta correlated from ~ //(0,1)

Spai prOJeC’ucI tensor - H B B k ® k
P =P+ —=20)P" =1+ (1 —270) k|2

(=1 = V-I=0
(=0 = VXI=0

t() e-folding time of the forcing / correlation time / outer-scale turbulent turnover time




Stochastically forced Compressible MHD equations (ILES)

1)—

§d from ~ #(0,1)
KQ® K
k|

K space projectior

P =P+ (1 =20P! =1+ (1 =2

] —= V.- =0
0 — VXxIf=0

t() e-folding time of the forcing / correlation time / outer-scale turbulent turnover time




Stochastically forced Compressible MHD equations (ILES)

gkin(k)

Jo(K)

k~151k0\k~25
kL2



Stochastically forced Compressible MHD equations (ILES)

=
-~

} Stationarity is reached when
Ein = = £

fk) Y out

Cgkin(k)

<X(t)> = (X(t + 1)),

k~151k0\k~25
kL2



Modified f
Turbulent dynamo Rincon (2019)

Pm:5>>1

J
k, > k,

Forcing

scales .
Kinetic energy

spectrum

Spectral power

Seed magnetic
field

My (k)




Modified f
Turbulent dynamo Rincon (2019)

Pm:£>>1

J
3

Forcing

Do we need to worry about
scales

the seed field Iin turbulent
dynamos®?

Kinetic energy
spectrum

Spectral power

Seed magnetic

fold l.e., does the Initial state

influence the final state?
M (k)




Modified from

Turbulent dynamo variant to structure Rincon (2019)

Seed field invariance -

1019 T T G
X o
8 (2) 7/, 7 DNSFLASH code
— =l / / Uni i
— 4 . 111
g k 5/3 =) . /./ /ol'/ 6(0.64,:: 0.03) t/tO,
3 o0 10 YA/ e (3.5 +0.5) x 1071,
o E ¢ 4 /000 I (3.0 i Oo3) X 1010
'7‘6 { lng S@ 104 = /, ,/// /°..° PIL, -
-t‘? €S . o T~ 04/ /..*: 6(0'6’5 + 0.02) t/t,
Q Kinetic energ o0 /71 2. S
QO g 102 = /'// /" (3.3 - 0.9) X 10 -
i~ spectrum o s ~==(2.9 £+ 0.5) x 10'°
100 I/ / Par, N
/1: (0-69£0.03) ¢ /tO,
. (3.3 +£0.4) x 1071,
k3 " 102¢ . Seta+ (2020) - PEE RIS [
1 1 | | 1 | | | | \ I | 1 | \ | 1
0 20 40 60 80
— t/t() - @k

ko k, ~ Re3/*kq



Turbulent dynamo

: . . Invariant to amplitude
Seed field invariance nvariant 1o ampitude

102-_'_| ' an £ Bk
1] i Rm — 2000 1
BN Pm =4 :
107 e I
1O
] O
1 O
~4 :
A SO R
= Forclng ~ N E
= |3 20 i
= scalps oL S 1 )
O Kinetic energy = .
O iZ
c%' spectrum 8@ N
Modified from _
" ml L a R Gt O W1 N T A A R
| Rincon (2019) L0 T e 108
Ko by ~ Re¥/ K, t / to

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




Modified f
Turbulent dynamo Rincon (2019)

Pm:5>>1

J
k, > k,

Forcing

scales .
Kinetic energy

Spectral power

spectrum




Modified from

Dynamo In K sSpdcCe Rincon (2019)

First growth stage: diffusion-free regime 7/

Fastest growing Pm=—>1
stage |
- k,7 >k,
% g@/\\@ ‘i\@\6
oF (\“‘i\a\ \chd
s Forcing . &6@“@0@ « (Q@*@
= ceales Kinetic energy ‘3‘(\\@@ Q)\@O\Q k N €yt
S spectrum XX Qg(@\‘b peak
) Oy Kazantsev (1967)
N‘O(& k3/ 2

Schekochihin+ (2002)

Viscous scale
stretching X

k'() k,/ ~ R€3/4k‘0



Modified f
Turbulent dynamo Rincon (2019)

Diffusioq-free regime: growing + populating

10-13 = Re = 150 ~ -% R R
» 8 (B x (B®D: VV)E,,
10-15 | 4 0 2 L - 1/2
) Byt~ (b @b : VV)iy ~ ty/t, ~ Re
) N
%0 L
),
E 10~ |- 4 £ k 4!
8@ - peak €
k3/2
l'—l!b = ol N
111(l)” 1 [ 111(1)l | I T T 111(|):3 1 1 “
k ‘\
N,

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



Turbulent dynamo

Modified from
Rincon (2019)

lefusmn-free reglme onset of foldlng

|

f lefusmn free reglme

™~

-~
~
~
~
~
- -~
-~
~
~
\\
~

Pm 40

Re = 150 -

k= |b-Vb]

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

| A A
d(bk®) = (5—0{) b&®Xb:Vy
+an®n: Vv

] special cases where

o = — stretching makes relation
2 stationary

Schekochihin+ (2004)

k3/2 k

~ el
peak €



Modified from
Turbulent dynamo Rincon (2019)
Second growth stage: kinematic regime D — v > 1
H
k, > K,
D
=
@
Q‘ .
%3 P;()cl;),(:llezg Kinetic energy
8.. spectrum 1.3/2
P,
kn ™~ kpeak
Viscous scale \\
stretching \

ko k, ~ Re3/4ko ky ~ Pml/zk,,



Modified f
Turbulent dynamo Rincon (2019)
Second growth stage: kinematic regime v

Pm=—>1
i
k, > K,
= b o k=1
folded fields Second fastest

growing stage

Spectral power

Forcing Kinet;
cealos inetic energy
spectrum
ky, ~ kpeak
Vicoons scale \\ the straightest fields
stretching \

k
ko k, ~ Re3/4k0 ky ~ Pml/zk,,



Turbulent dynamo

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

dynamo

kinematic regime: folded fields

Neco Kriel
Grad. Student (ANU)
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Modified from

Turbulent dynamo Rincon (2019)
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