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Basic plasma properties of ICM
Based on St-Onge+(2020) & Kunz, Jones & Zhuravieva (2022), +

Weakly collisional, vty ~ 102 (Ap £ () Schekochihin+(2005); Kulsrud & Zweibel (2008)

Hot plasma, 1" ~ 108 K, Utherm,i ™ 10° kms™! ¢ ~ Qyr Subramanian+(2008)

’ cluster

Turbulence stirred by thermal instabilities, AGN winds, shock-vorticity interactions,

£y ~ 100 kpc, ug ~ 200 km SLE Iy ~ 107 Myr Hitomi Collaboration (2016); Zhuravleva+(2018);
Simionescu+(2019)

Subsonic uy/ g, 3 = A ~ 0.1 (quasi incompressible)

- St-Onge+(2020);
ReH N7 ‘ V : (I/to ® l/lo) ‘/l V Y HH | 3 1()(), ky 1 = 3 kpC, ty ™ 10 Myr John ZuHone (S|aCk)

B ~ @(lth)’ ﬁ ~ 100, fcor ~ 10 kpC Carilli & Taylor (2002); Govoni+(2017)

T ! n ”
Very conductive Pm ~ 107" ( - ) ( g 3) , kn_l ~ 10* km
10° K 1072 cm~ Schekochihin & Cowley (2006)



The Saturation of the ICM dynamo, James Beattie, Slide 3

ynamo

bb: Vu [Gyr!]
-5 0 5

Inevitability of the turbulent d
B ~ O(uG)!

Very simple ingredients:
seed field + stochastic Vu

any global geometry,
extremely universal!

(1) kKinematic
(2) nonlinear
(3) saturation
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The Saturation of the ICM dynamo, James Beattie, Slide 4

Inevitability of the turbulent dynamo
B ~ @(IMG)I bb: Vu—V-u [Gyr!] ob
Very simple ingredients:

seed field + stochastic Vu

any global geometry,
extremely universal!

(1) kKinematic
(2) nonlinear
(3) saturation
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Simulations in this talk

* Highly-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), ~ 200 simulations: 72° — 10,080°

 Compressible non-helical, isothermal visco/resistive MHD turbulence driven with
finite correlation time (OU process; Federrath+(2022)) on L/2.

DB: EXTREME_Turb_hdfo_plt_cnt_0100
Cycle: 118366 __Ti_me:1.25‘/*/ P~ (¢

1279 |
|

N | | 2 #48 mag. field
df(p ll) T V . [_PM =1 R_eV ' Uviscous T P f 9t (’,' Q)?T O,I"en-?lty
ob+V - -F,=—Vb

Pm = ——

V:b=0 p=cy Re




Inevitability of the turbulent dynamo

Somewhat* universal over collisionality (or at least pressure anisotropy)

Weakly collisional Braginksii MHD
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St Onge+(2020) P -
// p,—l —n~1 = 1500
—— p,gi = 100
) /2 g, = 500
(B2)/2 Hp, =0
Hp — 20 (M)

hrmted L1, Lla. le MHD4 le
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The turbulent dynamo story

%
Pm=—>1

|

—

: k, > K,

i Modified from

o e k ~ Reﬂmko Rincon (2019)

S Kinetic energy

Q.

7 spectrum e.g., Zhou+2023

Biermann, Welbel, 10-°G
primordial (EW symmetry

breakin ~21
Mo(k) Based on slack conversation with ggjgramg}nian+2008

John ZuHone , | I
k, ~ (100 kpc)~! k ~ (3 kpc)™! k, ~ (10* km)™'

Seed magnetic
field



The turbulent dynamo story

Modified from L
Rincon (2019) Pm=—>1

4
k, > K,

Do we need to worry about
the seed field in turbulent
dynamos?

Kinetic energy
spectrum

Spectral power

Seed magnetic

fold l.e., does the Initial state

influence the final state?

f—————
k, ~ (100 kpc)~! k ~ (3 kpe)~! k, ~ (10* km)™'

My (k)



Inevitability of the turbulent dynamo

Universality over seed field

| J | .
1010 //"‘T.?T o= -
(a) /7 /7 7y = const
3 ,/ / y ’
— 10°r 4 / Uni i
D 6o ni,
z 106 - // /1 e(0-64£0.03) t/to, _
Q . KA (3.5 + 0.5) x 1071,
O, = V4 /7 : 10
= ~ AR — (3.0 £0.3) x 10
= €3 104 - V4 ./// )
= \E A / Polés - 0.02) t/t
O Kinetic energy R Ve e ) /o,
> 102 n /’// /..‘ (3 3 j: 0. 9) X 10_ —
3 spectrum s ~—— (2.9 £ 0.5) x 1010
Seed magnetic ool /2 Par, i
f|e|d /‘ 6(0 69 1+ 0.03) t/to
: Seta & Federrath CRE R IP 1()—
3/2 10—2 ".".‘. (2020) """ (2 9 :l: 0. 3) X 1010 -
k I 1 1 | I I | | I 1 I | 1 \ I | I
0 20 40 60 80
— 1/, Modified from

kg ~ (100 kpc)~! k, ~ ReWBMk() Rincon (2019)



Inevitability of the turbulent dynamo

Universality over seed field

I l lllllll I | lllllll =
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Q 102 F

Kinetic energy
spectrum

Spectral power

P B TN
10 101 10? 10°
Ut

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




Inevitability of the turbulent dynamo

Universality over seed field

102F R
TN ’ f Rm = 2000 > |

Spectral power

turbulent dynamo
maintains field in

saturated state — \
saturation highly A Y S
Important 10 10 10 10

t/t

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




The turbulent dynamo story

First growth stage for Biermann seed: diffusion-free regime /)
b & b Pm=—>1
dt(gmag> — 2y<gmag>9 / = b®b:Vu N
-, »(3/5)Re" 41/
C 1.—5/3 kpeak € ’ kn > ky
s I (4/5)Re 21/t _
8‘ HIS ~ e 1/2 g
E 3/4)Re 21/t
§ Kinetic energy <%mag> ~ € (3/4)Re 0 %
%é‘ spectrum - E
- -
t ~ 3.5 Myr K32 -3¢ G
—_—> 2
Viscous scale ® N [
stretching X ® r= 31 Myr chg

k, ~ (100 kpc)™! k ~ Re >k k ~ (10° km)~!
o ~ (100 kpc) y ~ RE€ Ky , ~ (107 km)



The Saturation of the ICM dynamo, James Beattie, Slide 13

The turbulent dynamo story

First growth stage for Biermann seed: diffusion-free regime

0.01 T T T T T T T ——
(k) (=7
106 L- Emag (k) H

Shashvat Varma
Grad. student (UofT)

N e(S/S)Remt/tO
N e(4/5)Re”2t/tO
~ oBHRe! /1,

eak

'S

L1111l L1111l A

1 10 100
kL /2w

Varma, Beattie, Kriel, Ripperda (in prep.) Schekochihin+ (2002)




Inevitability

of the turbulent dynamo

First growth stage for Biermann seed: diffusion-free regime

The Saturation of the ICM dynamo, James Beattie, Slide 14

2 e
" Diffusion-free reglme Pm = 40 Establishing the
1 e Re = 150 | curved field
§ ~ | \\\ curved fields - Shashvat Varma
P ! Sso ' Grad. student (UofT)
RS | a I A 1
~— dt(bl(‘)= 5—0{ b®Db: Vu
= b b2 AR
S +on@®@n: Vu
- = straight fields o ] I 1
o0 oL \\\\ 7 peak
S 2: ~9/2 ® o = —
| ‘ ¢ 2
-3 t/to =0.05 field reversals - ® enforces time-stationarity
——m ) of relation

K = |l;VIA9| log, I€/< >1/2

—3 —2

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

N Schekochihin+ (2004)
7 /%’ k
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Inevitability of the turbulent dynamo

First growth stage for Biermann seed: diffusion-free regime
2 r ——
'~ Diffusion-free regime Pm = 40 °
Re = 150 -

—3 ’ t/tO =0.05 field reversals —
| —3 —9 | 0 | 2 — KX
| 010 /{/ < > - Stelnwandel+(2021) \
10~2 10-1 10° 10

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

K/2r [kpc™']



The turbulent dynamo story

First growth stage for ~ Welbel seed: kinematic regime 7
Pm=—>1
< i, 1 /i
bb:Vu~ — ~—
Lﬂy Lﬂ% k’? =>> ky
dissipation at the resistive scale Second fastest
y 1/2 y 1/2 growing stage
{ o 172 172
A ~ =] Pm ¢~ 7 Pm

U,

iIndependent of cascade

\ Prediction from Schekochihin+ 2002,04

Modified from Viscous scale

Rincon (2019) stretching




The turbulent dynamo story arad. Stusern ) [

First growth stage for ~ Welbel seed: kinematic regime

- _ MI'I’IIS/CS
Derived from k>3 velocity spectrum 0.3 1.0
3/4 2 ' |
k, ~ Re”"k, 102
< . 190 DNS FLASH code
olmogorov _
Derived from k~2 velocity spectrum’\\?
2/3 S~ ]_()1 B ‘
kI/ d Re k() QQ E '@ ,,g,
Schober+(2015) Z & @/ﬁ-" """
' o ... :O-",'}';'
Kriel, Beattie+ (2024). Fundamental g E T
scales II: the kinematic stage of the 100 A A
supersonic dynamo 101 102 103



The turbulent dynamo story

First growth stage for ~ Welbel seed: kinematic regime

I llll

Neco Kriel ¥
Grad. Student (ANU)

Ml'mS/CS
1.0

0.3

2| . B ]
107 M0.3Re600PmS3 Smomama
M5Re600Pmb JE R i
. 11 190 DNS FLASH code
s o |
== ' o o —O—0
O
3 -
101 | 11 § o
C R l.:/- .‘@f
10" 107 10 10* e v
: - ilvres o o400 i ,/’
Kriel, Beattie+ (2024). Fundamental 1| SN n
scales lI: the kinematic stage of the 101 102 103

supersonic dynamo



The turbulent dynamo story eract. S ) [

First growth stage for ~ Welbel seed: kinematic regime

urms/cs
0.3 1.0 2.0
10" —
- ® Re < 100
: ‘ Re > 100 S
L ~C
1. universal of cascade A 0) ¢
~c 0 g 9
2. implies the viscous scale = 107 et
eddies fuel the kinematic =< R %
dynamo .,
Kriel, Beattie+ (2024). Fundamental - 190 DNS FLASH code  —— o Pm'/? ~
scales II: the kinematic stage of the ~ 1(—1 L C S
supersonic dynamo 10" 10° 10?

Pm



The turbulent dynamo story

Linear growth and backreaction

k_5/3

Kinetic energy V X (uy X b)

spectrum

Spectral power

Viscous scale
stretching

\
\

\

ko k, ~ Re3/ %k,

U
Pm=—>1

4
k, > K,

Modified from
Rincon (2019)

k
Schekochihin+ (2002)



The turbulent dynamo story

Linear growth and backreaction k (1/Mpe)

10 10% 103

but What We Waﬂt! IB ‘2 1 _?lll | CTTTTT] 1 .l FTTTT] 1 l_;
.- Vxmxb) ° - Govoni+(2006) *
5 o1\ A2255 cluster -
. N 0.01 & RN .
» ' k_5/3 =
= ' 10-2 & N
® . \
a ' 107 & . . E
| — -
av I . . 10-° & - =
j‘_“? l. Klnetlc energy V X (uy X b) 08 E_ \ \T\=EJ.0 _f
8 , spectrum : 0.5 ~. :
o, : 107" & 1.0 E
. : e n:i 1.5 .
! - n= 20 Mpc :
, . 107 ¢ s | N
: Viscous scale 108 102 10 1
: stretching : Alkpe)
: \\ \
B ) |
k

ko ky, ~ Re®/*k Schekochihin+ (2002)



The turbulent dynamo story

Linear growth and backreaction

U
Pm=—>1
i
starts when . k >k
: 2/ 2 ) L
: u? ~ (b*) ~ | dk &,
— kI/
g Kinetic energy
é spectrum velocity eddies “feel” all scales this way
U2 3 Modified from

Rincon (2019)

Viscous scale

stretching \

\
k

ko ky, ~ Re®/*k Schekochihin+ (2002)



The turbulent dynamo story

Linear growth and backreaction /)

Pm=—>1

continues to move to lower kK modes... i

- 0 k, > K,

”k2 ~ <b2> ~ d/ Cgmag Modified from
. Rincon (2019)
eq

Spectral power

—1 —1
tcas,HD > tcas,MHD

Vis¢ous scale
stretching 7%

\

\

k
ko ky, ~ Re®/*k Schekochihin+ (2002)



The turbulent dynamo story

Linear growth and backreaction

* Pm == I
9 o) m=-—>
q

— keq k >> ky
s | m
Z %  continues to move to lower k modes...
Q. ~
S |, Up. Up.
j-é Kingtic energy \dt< gmag> N q <%mag> N qub% ~ gy ~ £,
& spectrum 4 eq 4 eq .
A Modified from

Rincon (2019)

Viscous scale

stretching \

k
ko k, ~ Re3/ %k, Schekochihin+(2002); St-Onge+(2020)
Galishnikova+(2023); Beattie+(2024)




Kinetic cascade in saturated dynamo

Relevant to more general ICI\/I

N | | BT REE | | I | 1
— Rm~ 10" 7 101 — Rm~10'

% > 1 - Eﬁ:ig /\\ 1 =312 - ﬁﬁ:}ﬁ
>~ ﬁ : 1
= | S e ;
ol ]; ii Lﬁg =

w2t All A < 1 scales in E

Relevant close to shock in ICM : ; energy equ|part|t|0n
T T T, T R T\ 100 T07 02 D T,
kL /2w kL /2w
Beattie+(2024). Magnetized compressible « HIGH-RES: 10.080° (80.0Mcore-h, 148,240cores)
turbulence with a fluctuation dynamo and e 3.45PB of data products

Reynolas numbers over a million e _Factor of 4 higher linear grid resolution than lllustrisTNG

| L y & <4 "



Magnetlc cascade in saturated dynamo

— 25203 A
— 5040°
100803

3/2 Boldyrev (2006); dynamical alignment _

5/3 Goldreich & Shridar (1995); Alfvénic -

1é/9 Fielding + (2023); empirical
Galishnikova+ (2022); tearing

11/5 i
/ Dong+ (2022) plasm0|d instability
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k™
k™
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kL/2m

Beattie+(2024). Magnetized compressible
turbulence with a fluctuation dynamo and
Reynolds numbers over a million arXiv:2405.16626

| L ¢ - ' \

 HIGH-RES: 10,080

102 103

kL/2m
(80.0Mcore-h, 148,240cores)

101

e 3.45PB of data products
e Factor of 4 higher linear grid resolution than lllustrisTNG




J e ~
A E 8

nNe catura

Magnetic cascade in saturated dynamo

| | | IIIII| | | | IIIII| | | | IIIII| | | L k (I/MPC)
B - 25203 _ ].O 102 103
—1 - — R R | T P rTl | P rrrl | |
10 / e — 5040% : B.? [ | L ]
. /\ N 10080° - GOVOHI+(2006)
E o1E- N\ A2255 cluster -
—~ 10_3% \]{_3/2 —é 001 5 “ ,' E
<2 ; fo—o/3 : 1072 & \ E
~— 10—4 - —19/9 - - N -
o0 55 10 £ 1
Lﬂg 1075 ¢ - 105 & = E
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1070 F - ? E 05 "~ 3
: § 1077 & 1.0 =
e E 10-8 ;-— SooneE NEE: q
- i F T n=4 ~l2.0 Mpe 3
10_8? l L1 1l l L1 1 vl l L1 1 vl l l |||||—= 10 é" . | l"—a
10° 10! 10? 10° 104 108 102 10 1
wRallie 2029, Megnetized comprasgPg » HIGH-RES: 10.080°  (80.0Mcore-h, 148,240cores)

turbulence with a fluctuation dynamo and
Reynolds numbers over a million arXiv:2405.16626  3.45PB of data products

e Factor of 4 higher linear grid resolution than lllustrisTNG
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Alignment in saturated dynamo

/5

/9

0 el

Subsonic cascade

| I

| I T T ]

—

l l I

1073

102

(L

101

Beattie & Bhattacharjee (in prep.). Scale
dependent alignment in compressible
magnetohydrodynamic turbulence

—1.00 —-0.75 —=0.50 —=0.25 0.00 0.25 0.50 0.75 1.00

cos Oy.1,

We find

9(%) gL fl/S

scale-dependent alignment,
but not Boldyrev (20006).

Each structure function costs 100,000 core hours!



The turbulent dynamo story

Saturation through alignment 1

but what we want! Pm=—>1
- VX, Xb, )#0 4
. | N X @, xby)~0 k, >k,
L '
2 | VX (u,xb,) ~0
?9 V X (ubﬂ X bf) ~ 0
é Based on triad interactions: VX@u,Xb, ~0
” Modified from

Rincon (2019)

8stretching — “cascade

Beattie & Bhattacharjee (in prep.). Dynamical
saturation of the turbulent dynamo

ko k, ~ Re3/ %k,
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. Incompressible fast dynamo theories work well. Even capture some key features
of the compressible fast dynamo (not all, e.g., growth rate is suppressed).
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2. Scale-dependent alignment can turn off induction on small-scales, restricting
magnetic flux generation to the largest scales, turning the Kazanstev spectrum
iInto a more classical turbulent spectrum. Nothing needed other than transport.

§ Global simulators — help me test my model on realistic ICM!!!

G Ay S — U0 Iy
W 727 2
. "y 7 " Jame Bea‘gi/ I\;I\agnetin ecofnectionin a turbu lid. Iterative LICN
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The Saturation of the ICM dynamo, James Beattie

But even more alignment than just u and b
Searching to weaken the nonlinearities

09;1 | [T T T [ T T T [ T 1 ll: 81-_1 l L L L L ll—f _|||| L L L 11
. (a) - o+ (b i ().(5()—((3) N
0.8 F - I ] I _
- - ()'— - - -
N - 4 —~~ L i e \ B _
2 0.7F 1 2r 1 3ok .
< F TS af 1L | :
— 0.6 F 4 ~— - :% i _
Q‘ - - Q‘ E " Q40r'0-_ _—
= = _ 2 = -V
0.0 . I ] - -
()44_1 I BN A BT B A A 0— [N TN NN NN TR TN N NN NN SN N N 1'; 1 YR TR N N NN WO T (N NN TN T NN N N |
( gl T 37 ( T T 3T T T 37
) 7 ; Tm ) y ; T () 1 ; Tm
Gu,b Hb,J Hu,w
V X (uXDb) JXb V:-®u)~wXu

Induction Lorentz force Reynolds nonlinearity



The Saturation of the ICM dynamo, James Beattie

But even more alignment than just u and b
Searching to weaken the nonlinearities - -

Bowshock

Magnetosheath

Highly-aligned states
IN magneotsheath
turbulence!

—1.0 —0.5 0.0 0.5 1.0
Pecora+2023 cos(6)



Magnetic Relaxation — main idea? Hm — <a : b>

Searching to weaken the nonlinearities

Define constraint equation based on quadratic (ideal) MHD rugged invariants H C — <u * b>

cross helicity
g — /Ile — ;tzHC = Cconst.
magnetic helicity

Use variational principle on magnetic energy eq., for perturber o

5|||av (€ — 4H,,— LH,.) =0,

Minimize to find a global minimum magnetic energy state.

— ;Lz(l B /11)2 s — (1 I /11)260 Banerjee+(2023)

u= /Izb J I Pecora+2023
A A



The Saturation of the ICM dynamo, James Beattie

Competitive relaxation: turbulence versus relaxation
Can we relax faster than the turbulence can perturb us away from minimum energy?

PR |

101_ | | T 1 ||| | |3|2|||||| | | T T T 71T 1] | I —
B gkm(k) ~ gkin(k) ~ k™ / — i
I Emag (k) ~ k=95 )

~5 not relaxed
T o e N -
a - | relaxed -
E - )
R - -
10—1 | | I T T A | | I T I | | I N I | | L 1

10 10! 107 107

kL/2m
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Inevitability of the turbulent dynamo

Saturation through alignment

Alignment implies a perfect balance between dynamo and cascade energy fluxes

magnetic cascade terms

1
b///® b// : V ® u/ — b///® u// : V ® b/_l_ 5b/® b/// : (V . u//)[l
kinetic to magnetic energy transfer A
g u// ) V
éo & > "'
VS
3
:
S




