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Introduction - Galaxy Clusters

e Largest bound systems in the Universe: typical size ~ Mpc
» Filled with hot and dilute plasma: Intra-cluster medium (ICM) T < 10keV,n ~ 107 3cm—3

» Account for most of the baryonic matter in galaxy clusters

Perseus cluster: optical light Chandra: X-rays
(Blackbird Observatory)
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Introduction - The Intra-Cluster Medium

e |CM is turbulent

accreting substructures/mergers, AGN feedback

op/p ~5—10%,

Urms ~ few 100s km /s

One-component velocity amplitude (km s™)
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[Zhuravleva+2019]
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Introduction - The Intra-Cluster Medium

e |CM is turbulent

[Zhuravleva+2019]

* ICM is magnetized

Typical magnetic field strength 1 — 10uG
Coherence length ~ 10kpc S

omponent velocity amplitude (km s
)

T
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Introduction - The Intra-Cluster Medium

Hydra A iy,

1990-03-14

' Zhuravleva+2019
* |CM is turbulent [Zhuravleva ]

2
M M E o Coma
* ICM is magnetized .
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One-component velocity amplitude (km s™")

] PKS0745-191
Centaurus
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1072 107" 10°
Wavenumber times Kolmogorov microscale

* |ICM is stratified

e L Core: temperature increases / remains flat
Stable entropy stratification P

Periphery: temperature decreases

[Ghirardini+2019]
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Physics of ICM

Strongly magnetized \ Weakly collisional
- mf —3 —2
Aﬂz ~10-4 _10-12 | i < | Amfp| S H et =107 =10
mip
Q, > vy |2 Wdyn

* Heat conduction and viscosity are anisotropic with respect to local direction of B:

qe >~ —K)b- VI.+ h.o.t. K| =2 NeVth,e Amfp,e
7 7 Spitzer conductivity
I~ 32 (bb— =) (bb— = | : Vu + hoot.
Vi 3 3
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The Magneto-Thermal Instability

« Large-scale equilibrium affected by anisotropic heat conduction

Schwarzschild criterion —— MTI instability criterion

0s/OR <0 — 0T/OR <0 [Balbus2000]

(for weak, horizontal B)

Basic mechanism of MTI: : . .
Anisotropic heat conduction

can destabilize outskirts of ICM

A
I S

* Interesting parallel with Rayleigh criterion and MRI:

Ol/OR <0 — 0/OR < 0
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The Magneto-Thermal Instability

, dInT
* Maximum growth rate of MTI: wT:\/—g 1R independent of conductivity!
* Efficient heat conduction necessary for isothermality tcond_l/(xk )

« Competition between different processes: buoyancy, magnetic tension, viscosity/resistivity...

| . B B 1 gdlnpp=
timescales: tecond << min {N 1,wT1} <K (]‘C”UA) N = \/7 iR

(y
lengthscales: -4 < k1 < min{ L, &}
W \/ W \/ N

conduction length ly =V X/wr
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Linear Evolution

th=0.0 wrt = 4.0 wrt = 6.0 th=8.0

sl
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Aim of this work

*Perform extensive parameter study and look at saturation of the MTI:
how do saturated properties depend on physical parameters?

e Use a Boussinesq model to study subsonic and small scale dynamics of ICM
2
ufcs ~op/po ~ N H ~¢€ 0p/po ~ €

*Model a plasma vertically stratified in temperature and entropy

«Compare our results with real cluster observations

*Physics not included:
anisotropic viscosity (no micro-scale instabilities)

« we focus on essential features of the MTI
e anisotropic viscosity does not significantly alter MTI properties*

[Kunz+2012, Parrish+2012]
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Boussinesqg Equations

V- u=V -B=
(8, + u V)u:—vptot—e .+ (B-V)B+ vVu
PO

v — 170

9:.90_7 N2_ , W = —4go s X = K, b=B/B
Lo Y 0z 0 T\ 0z 0 \/7 Po /
temperature ’\ MTI frequency diffusivity

fluctuation Brunt-Vaisala frequency
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Numerical Methods

* Use pseudo-spectral code SNOOPY (Lesur2015) and implement anisotropic
thermal conduction

* Look at regime of moderate conduction, weak/strong stable stratification

Pe=L?wr/x>1, N?=N?/w2=10"2 -1,
Pr=v/x<1, Pm=v/n2>1

*ICM is likely* in regime of Pr ~ 0.02, Pm > 1
*Need toresolve: L 2> [, 21, 2 1, computationally hard!

* Implement a super-time stepping algorithm

 Test the code and compute linear growth rates
* Run 2D/3D simulations of MTI, with triply-periodic BC and variety of B geometries
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Phenomenology of MTI Turbulence

X
0.0 0.25

o After initial growth phase, state
of sustained turbulence

Lorenzo M. Perrone
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Phenomenology of MTI Turbulence

X
0.0 0.25 0.0 0.25

o After initial growth phase, state
of sustained turbulence

» Magnetic field encapsulates the

plumes: strong temperature
gradients across field lines
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Phenomenology of MTI Turbulence

X
0.0 0.25 0.0 0.25

o After initial growth phase, state
of sustained turbulence

> 0.20 g

=0.30

« Magnetic field encapsulates the  1og
plumes: strong temperature
gradients across field lines

/¥i<

e Convective-like behaviour: hot ~os0

(lighter) plumes rise while cold -/ :
0.25 A ' Dy A1Vl N e //%
(= | h g
. ! \

=0.10

(heavier) ones sink
0.25
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Phenomenology of MTI Turbulence

X
0.0 0.25 0.0 0.25

o After initial growth phase, state
of sustained turbulence

> 0.20 g

=0.30

« Magnetic field encapsulates the  1og
plumes: strong temperature
gradients across field lines

/¥i<

e Convective-like behaviour: hot ~os0

(lighter) plumes rise while cold el -/ .
0.25 A U AN A1V N e //%
(= '\ P
. ! \

=0.10

(heavier) ones sink
0.25

* Effective transport of heat due
to both advection and

conduction 0.00 0.02 0.04 0.00 0.02 ~0.1 0.0 0.1
v B 6/N
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Effect of entropy stratification and thermal diffusivity
*In 2D/3D N and y set the integral scale (~ “buoyancy scale”) and the strength of turbulence

integral scale becomes shorter

» Strong stratification / lower diffusivity —=| turbulence is less vigorous

* No formation of structures at the box size that dominate dynamics

Scaling Laws

(contrary to MRI, RB convection)

-FO0® K g i U x (N/wr)3? )
Kinetic Energy Spectrum - d —— slope 3/4

| UL L L L L L L L L L LI L L L L L L L) L LI LR LY L B ] 10_4: -
1074 \_ | 10 - n .
k - 3 N 2
10-6 - - - 1 L ]
_8 _ K 7

10 10_E)-Vlllllll L1 1l = L1l L1 11l

1073 3n12 1072 10-3 3n12 1072
1010 - XW3IN XW3IN
U 1T Irrn 1 LI IIIII| 10_3_I 1 1 LI | 1 ‘_
~ L O® ¢ [ o® Q; ]
10712 — %; = 88§ B | | — siope 1 i - — slope 1 .
10714 — /\”/2;0:10 = — 107°E = I i
—— N2=0.20 —— Pe =6 x 102 : 1 ¢ |
10716 —— N2 =0.40 - —— Pe=1x10° - [ 1 | ]
N2 =0.60 Pe=3x103 " -
10718} N? =1.00 -+ Pe =6 x 103 — 10, ERL) |
‘ 10 10 10 10 10 10 ‘ 1 IIII£3—3 11 ||||1|bl_2 T | L1 1 ||1|0I_3 1 =
kL kL XWF/IN? YW INI

Lorenzo M. Perrone

ICM Workshop - Copenhagen, 15-19 August 2022




MTI Turbulence - Theoretical Scalings

* Energy budget of the MTI:

d w?
= By = —v(|Vul?) —n(|VBP) = <5 (b- VO]*) — L (b.b - V)

dt .
VISCOUS resistive " | dissinati L
dissipation  dissipation thermal dissipation energy injection rate €7

*In Pr < 1,Pm 2 1regime last two terms dominate. Balancing:

< B

~ —(2 —B. not just in volume averaged
} v” 0 waz’ v” b-V sense but also scale-by-scale*
0 ar PR
>

2D: inverse cascade
e Differences between 2D and 3D:;

3D: local dissipation of energy
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MTI Turbulence - 3D | " 1
10 10 10

* In 3D injection and dissipation are local 10-4| — Ex Ee —— Em .

. k—5/3
Processes in spectral Space ) / \
10~ =

* Buoyancy force is one-directional: transfer

energy from density to kinetic 1072 7
Kl 10710 7
19516 100 10!
| 1 T rrrrrj 1 I T 1T 1T 101nl 1 | _
; — 1012 -
B 3 | "
_L")‘DV 10—14 |||1|(|)1 1 1 |||||1(|)2 t|||||,it 1
2. balance KL
1 * Nonlinear advection terms subdominant
of- Buoyancy-driven flow
-1F . . : :
* Turbulence is anisotropic with elongated
=20l 1111l L 11l ' eddies in z direction and uz >> ufU?uy
101 102 103
kL
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MTI Turbulence - Balancing the Intermediate Scales

* Look at the detailed thermal energy balance
ki,

L S (L | * MTI forcing and buoyancy force balance each
1,00 - other at large scales
0.75 - 2
3 1/2
XWr (xwr)"/ Re. ~ XUT
0.50 4 K~== [~ 0 5
N2 N vIN
0.25F - )
Re; vs Prx N?
0.00f—— 7 =T TTTT] |I| TTTI T T TTT]
~0.25} 7 102
—0.50} -
—0.75F -
1111l 1 L1 111l 1 L1 111l 1

T 2 3 —_
10 10 10 ) 101

—— XW3F XD, —T} N2Q - balance

0
« very different saturation mechanism, but 10

same scalings as 2D!
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Strongly stratified MTI k-

* Effect of strong entropy stratification evident from directional spectra

* Divide the spherical shell of radius k in latitudinal bands

>
m = 1 near equatorial: "vertical pancakes" : ky
m = 6 near polar: "horizontal pancakes" X
« small scales largely unaffected by increased N
. . . L — (N3 1/2
* large scales tend to get isotropized near the Ozmidov scale Oz — €y
1076 107 F— m=1 m=4 _ —
— m=2—— m=5 N2 =1.00
— m=6

10-8 107°

10-10 10710

1012 107%

10714

10—14
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MTI-driven dynamo U —K —M

1073

* MTI turbulence can sustain a fluctuation dynamo L4 /\ o
107>
e The dynamo acts back on the turbulent flow
-> pbecomes more biased in vertical direction 107° . . |
-> increase in potential energy 10-7 R
Kh ................. //,/’_—
10-8 /‘/,/ ...............................
le-5 “92') vs 1/ (le)z 107 )
N - ] ] I I I I
5.0F linear ~{| [200 0 e — 25 50 75 100 125 150 175
t
150 2\ \ 1/2
_ AT 3} 1.0 (W"VH\ )
) ~ [— (62)
4.0 {100
« parallel correlation of density fluctuations increases:
3.5F Il °° potential energy increases
l l l
0.00035 0.00040 0.00045
1/(k9)?
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Criterion for small-scale dynamo

* Perform large suite of simulations with no-net flux

Dynamo Growth Rate - y vs Pm Dynamo Growth Rate - y vs Rm
012_I IIII! 1 1 1 gllél!_ | | 1 1 1 I 1 ||
O —— 0.1log(Rm/Rm¢
0.10} o proele: 60 010 o] ) @ | 60
0-087 / 7 o | a0 40
/
0.06 ‘I/ /,’ S — 005 |
3 o0.04F > o 1 e 3 30 g
= g = .
0.02F ® p - i
)/ / 20 0.00 - | 120
0.00 ; 5}
~0.02 —;’V VN -
—0.04}+ v AV \% - —0.05 -
: |||||V 1 1 L1 1 raal 10 | | | ' | 10
100 10? 20 30 40 60 100
Pm Rm

 Growth is possible if Rm > Rm°® =~ 35

« At fixed Pm criterion for small-scale dynamo: li > [,
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Application of MTI to Galaxy Clusters [using data from Ghirardini+ 20191

— N/wr
—— I /Hy, f=1.
* Main source of uncertainty is limited , ok /ZZ; o (1)_(1) |
understanding of the ICM's microphysics ' /
* kinetic micro-instabilities can modify viscosity and -3 i
thermal conductivity
introduce a suppression factor: X = fXs 1.0F
0.5 -
* Use MTI scaling laws to obtain:
T e | I ] ] I T |
Urms ~ 400 *kms™!, B~ 10— 20f"
* Key MTl scales: [, ~ 100 1/2kpc lox 2 1y I, ~ 10 f1/2kpc
* Observational estimates:
Urms ~ 100 — 500km s~ 1 MTI levels consistent with  f ~ (.1
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MTI in Galaxy Clusters - Challenges

 Large-scale challenges:

* MTI only one of several competing sources of turbulence
* these can actively suppress the action of the MTI: unlikely to happen at all scales!

« not much evidence of MTI in the outskirts of galaxy clusters from cosmological simulations
with anisotropic conduction

- are key MTI scales resolved?
e numerical diffusion is not well quantified
« the usual diagnostics (i.e. radial bias etc) not appropriate on large scales
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MTI in Galaxy Clusters - Challenges

 Large-scale challenges:

* MTI only one of several competing sources of turbulence
* these can actively suppress the action of the MTI: unlikely to happen at all scales!

« not much evidence of MTI in the outskirts of galaxy clusters from cosmological simulations
with anisotropic conduction

- are key MTI scales resolved?
e numerical diffusion is not well quantified
« the usual diagnostics (i.e. radial bias etc) not appropriate on large scales

* Small-scale challenges:

*In the ICM thermal conduction may be partially suppressed

 tangled magnetic fields
* kinetic micro-instabilities, e.g. mirror, firehose, whistler, gyrothermal, eMTI?
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Summary and Future Work

* MTl interesting convective/diffusive instability!
* Scale and strength of turbulence set by N, X
* MTI can be a player to explain turbulence in ICM

« MTI effective at transporting heat: efficiency z 1/3 of Spitzer flux

* To study impact of microinstabilities on MTI we need more sophisticated
models

e inclusion of anisotropic viscosity
« suppression of heat conduction by whistler
 other kinetic closures, FLR-Landau?

« With Boussinesq approximation cannot capture dynamics on scales ~ H

 need global simulations in spherical geometry with anelastic or
fully compressible
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Summary and Future Work

* MTl interesting convective/diffusive instability!
* Scale and strength of turbulence set by N, X
* MTI can be a player to explain turbulence in ICM

« MTI effective at transporting heat: efficiency z 1/3 of Spitzer flux

* To study impact of microinstabilities on MTI we need more sophisticated
models

e inclusion of anisotropic viscosity
« suppression of heat conduction by whistler
 other kinetic closures, FLR-Landau?

« With Boussinesq approximation cannot capture dynamics on scales ~ H

» need global simulations in spherical geometry with anelastic or
fully compressible

Thank you for your attention!

You HAVE A |\ MORE OF A
QUESTION, | STATEMENT,
CAWNIN? REALLY.
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I_I Nnear Th eo ry MTI Dispersion Relation

Pe =102, N2 =0.1,¢g = Pr = 0.001,A =107

1.0 | | [ ] ULILLLLL LILILLLLLL
«Instability criterion: / N
k20 o a0 S 4 2 T
k—C%;N + vak +k—%77uk < wi i
* Fast growth over wide range of k 0.4
N =
|| — O/wT
* Oscillatory solutions at large scales (hybrid g-modes) > . %ﬂﬁé‘;ﬁ
0.0 0 é 110 115 ZIO lllllllO2
(klx)?
e In the limit of Pr ~ q ~ A <« 1 asymptotic solution:
Iy =V X/wr
Omax . 2 1/2 79 2 2
=1 (1+N*)(Pr+q+A) N* = N*/w7
T
. 1/4 Pr=v
. (1+ N?) /X
xtmaz = B A) qg=n/x
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MTI Turbulence - Theoretical Scalings 2D

» 2D dynamics characterized by inverse cascade:

* MTl injects energy at small scales, then At large scales, g-modes are excited and act
carried to large scales as a sink of kinetic energy

Flux-loop mechanism

ki
le—g 1071 10° g 10! 102 1e—6 Kinetic Energy and Enstrophy Fluxes
1.5l—|ll| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII-|-
— Ty 6 _
©
L0 —— vév 4 —
\ ------ balance
0.5 - 2 _
0 .
0.0 b XA T |
-2 .
—-0.5F y _
' _4 _
_ - _ — — M -
L0 —>»advected to small scales 6 K—S
Ll L1 11l L 1 il L1 1 1111 _8|||||I L v el L vl Lol
107 102 103 101 102 103
kL KL
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Ky

MTI Turbulence - Theoretical Scalings 2D L

104} —

* Model energy removal at large scales 1076

via “Epstein drag” on timescale of ~ 1/wr o
10-10

o |f we do so, we obtain; 1074
10—14

1/2 2 3 2 I [
lp ~ (xwr)/*/N, wui, .~ xwy/N 107161 — EK i
1018 T Emlk) i
IIII]_I(I)1 1 1 IIIII1I|02 1 1 IIIII]_I'03 1 L1 1111
ki KL
le—7 10_1 100 101 102 _ 101 100 X 101 102
4Hl I27_Ai IIIIHI ! ! IIIIHI ! ! Illlll-r 1e]_56 LILI | 1 rrrrrinj 1 rrrrrinj 1 IAIIIIII-f-
X, injection — T
3r ~XDx 7 é
— T5 | 1.0f Y i
2 Q’;gnce i \ ------ balance
1 Flux-loop 05f I :
............. o mechanism 0.0 i\'“\‘\i/ i
i ~0.5} -
_2_ -
) ) . —-1.0fF [ 5 —
_al dISSIpatlon- advected to small scales
Ll L1 111l L1 11l L1 11111 prrnl L1 1l L1 1l I 1 1111
101 102 103 101 102 103
kL kL
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Ky

MTI Turbulence - Theoretical Scalings 2D L

104} -

* Model energy removal at large scales 1076

via “Epstein drag” on timescale of ~ 1/wr o
10-10

o |f we do so, we obtain; 10712

lB Y (XCUT)]-/2/N, @N XW@ 10-16 |

10-18}- -
0.37/ 1.08
In ZD ZB NX N ||||1|(|)1 ] ||||||1|(I)2 1 ||||||1|(I)3 L1 11111
ki
le—7 10! 100 * 101! 102 le—6 101 100 55 101 102
4Hl (1)27_,\: LA LA . I. ' '.'””T 1.5FTT T T T TTTTT] T T TTTTT] T |A||||||+
L D5 injection _ — T
X
— T 1.0F © -
2F Nzé - \ — D,
...... balance == balance
1 Flux-loop 051 I -
............. . mechanism 0.0 i\'“\‘\i/ i
) ~0.5f -
_2— —
-1.0F =
_3k dissipation- —>advected to small scales
L1l L1l L1l L1 11111 L1l L1 0ol L1 0ol L1 11111
101! 102 103 101! 102 103
kL kL
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MTI Turbulence - g-modes excitation

* g-modes impact on 2D turbulence in a fundamental way

*They arrest the inverse cascade of energy to large scales

*The excitation of g-modes isotropizes turbulence
between vertical and horizontal directions

| | | | ! !
N
1.0 R{vz
P N
I’\\ A ‘\‘ A SV}
I
a R o\ p—— w=0.23
;o o) o
0.5F 4 1 o fA i
S L Y A Y A Y B
(A [ o £l
! i i ! I 1 I A
I i H 1 ] 1 I )
| 1 I \ | ! I \
] 1 [ 1 1 I 1
0.0/ i i S Vo [
\ I \ ] \ /
L i I \ [ \ ] '
) \ 1 1 ] \ I |‘ 1
[ | VM7 1 [ W A
1 I 1 L 1 f \ I
~0.5f b . v W/
\ 1 g \ ! VA
) 1 \ 1 1 h
N \ ! v \ !
~ 2 o \II N/ \ll
-1o- N4 = 0.1
] ] ] ] ] ]
440 460 480 500 520 540
t
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MTI Turbulence - Balancing the Small Scales

» Look at the detailed thermal energy balance
ki,

1PsL 109 10! . . . . . .
e MTI forcing and anisotropic dissipation balance each
LooF 71  other at small scales:
0.75F - )
0.50 _ VHH ~ —waZ
0.25F - ,
0.00 1 Scatter plotof V|6 and wi.b,
—025_ - ‘ B<Brm5/2
—0.50 - 1.0]
—-0.75F -
||||1|E)1 1 1 |||||1|E)2 1 1 |||||1|E)3 1 0.5
kL 2 0.0
R n n R >
—— XWHF xD, —T34 N2@ - balance _OE BB
+highpass
« gradient of temperature fluctuations arranges —1.01 e lowpass
itself to counterbalance background gradient — - -
« isothermality at small scales wib,
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Strongly stratified MTI k-

* Effect of strong entropy stratification evident from directional spectra

» Divide the spherical shell of radius k in latitudinal bands

m = 1 near equatorial: "vertical pancakes" \ ky
m = 6 near polar: "horizontal pancakes" X
« small scales largely unaffected by increased [\
: : : _ 3 1/2
* large scales tend to get isotropized near the Ozmidov scale ka — (N /Gy) /
Directional Kinetic Energy Spectra Directional Kinetic Energy Spectra 2D
1076 — m=1 m=4
-5 — mM=2 = m=5 ]
10 m=3—— m=6
108 107} -
1010 1070 |
10-11 -
10—12
10-13| _
10-14 10-15 ||I1 1 L1 1 11l L1 1111

102 103

Lorenzo M. Perrone ICM Workshop - Copenhagen, 15-19 August 2022



