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Prerequisites:

* Double adiabats and pressure anisotropy

e Acoustic-Alfvén wave interactions (high /) *New to this talk*

Turbulence (k < p'):

e low-moderate beta

All simulations: 7, = 0
* Magneto-immutability €

e High beta (10-100)
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Cosmic ray transport by turbulent
B fields (Kempskii et al '23)




MRI turbulence in accretion
disks (Kunz et al '16)

Cosmic ray transport by turbulent
B fields (Kempskii et al '23)
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Double adiabats:

.. . my?
Individual particles: — F = Qvyds
H |
2B
2
Bulk plasma: dipL)_ 0 d/ps — 0
dr \ nB dr \ n?3
® ® ® e
@ -@=lg L v

(Swiped from Matt Kunz)




Double adiabats:

>
Individual particles: § = st I = ﬂgv||ds
2B
:
Bulk plasma: i(p_l) — 0 i(p”B ) _0
dr \ nB dz n3
A=LL_y




Double adiabats:

>
Individual particles: § = st I = <ng||ds
2B
>
Bulk plasma: i(p_l) — 0 i(p”B ) _0
dt \ nB dz n3
Ao Pi_
P)

—> Requires well magnetized, weakly collisional plasmas (with no p, or Q. scale variation)

Ny



Double adiabats:

>
Individual particles: 0= sl F = ﬂgv”ds

2B

2

Bulk plasma: a p_l> d (pB

P dt(nB 70 dt( 73 # 0
A=t
l

Realistically (heat fluxes, scattering from Coulomb...) — |CGL-MHD
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Acoustic wave:
Linear A and damping

VA,eff — VA,O\/I + Aﬁ/z

Alfvén wave:
Nonlinear A, damping
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Consider a high f interaction of waves where OBy 14 = 6B 4w




Consider a high f interaction of waves where OBy 14 = 6B 4w

AB ~ 1

(Sets IA amplitude)




Consider a high f interaction of waves where 6B, ;4 ~ 6B, ,y

B 6B, 1 op ug Wy

N m=—N N—N—N—N€

B By p Po Va4 Vy

(considering the waves as linear)

Af~1 —>
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B 6B, 1 op ug Wy
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Ordering 1D CGL-MHD... l Zm=u 5Bi/\/,00




Consider a high f interaction of waves where 6B, ;4 ~ 6B, ,y

B 6B, 1 op ug Wy

N —— N N — — N — Y €

Ap~1 —>
B By p Po Va4 Vy

Ordering 1D CGL-MHD... l

0z™ 0™ p . _I_ : : :
- v =y, —|(zt = 72D)A Linear ion acoustic waves
o Ty = g el )A|
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— AWSs propagate linearly, except
for modification by A
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— AWSs propagate linearly, except
for modification by A

— Nonlinearity is not limited to just

changing v, . = vag\/ 1 + AS/2

0™ 0™ p .\ _I_ : : :
— v =y, ——|(zt = z7)A Linear ion acoustic waves
o Ty = g el )A|




— AWs propagate linearly, except — |As propagate linearly at
for modification by A Vg >V,

— Nonlinearity is not limited to just

changing v, . = vao\/ 1 + AS/2

0z™ 0™ p . | . . .
- v — v ——|(zt = 77)A Linear ion acoustic waves
o T = g el )A|




— AWSs propagate linearly, except
for modification by A

— Nonlinearity is not limited to just

changing v, . = vao\/ 1 + AS/2

— |As propagate linearly at
Vi, 2> Vy

— AWSs do not affect |As (without
going 3~ further down in order)

—I— Linear ion acoustic waves
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|As propagate linearly at v, > v,, so how do they interact without averaging out?
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|As propagate linearly at v, > v,, so how do they interact without averaging out?

— Frequency matching w;, ~ Ky 4V, ~ Ky awva = @y
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Predicted by solution of a single IA interacting with a single AW.

a . .
- =y, — [(Z+ _ Z_)A] _I_ A — AoelkIAxﬂa),At
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Predicted by solution of a single IA interacting with a single AW.

0 . .
+ = Yy [(Z+ — z‘)A] -+ A — AoelkIAxﬂa),At

° : k 2 4+ i
Max interaction (1D): n _ 20aw@aw + o) 2

2 2 2 ™~
kaw — O, + Op ; — Ogy \/B
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Predicted by solution of a single IA interacting with a single AW.

kiyn  20ap(@4y + @py ) 2

> > o2
kaw O+ OR; — Ofy \/,B

Max interaction (1D):
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— As k;, < k,y, resultant AWs have wavenumber k,y, + k4 = ky
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Some important things to note:

— As k;, < k,y, resultant AWs have wavenumber k,y, + k4 = ky
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Some important things to note:
— As k;, < k,y, resultant AWs have wavenumber k,y, + k4 = ky

— Initial z™ generates z~, and initial z~ generates z™ (regardless of 1A)
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Some important things to note:
— As k;, < k,y, resultant AWs have wavenumber k,y, + k4 = ky

— Initial z™ generates z~, and initial z~ generates z™ (regardless of 1A)

— Even if uy ;4 ~ u; 4y, |As likely too fast to be modified by AW:s

MHD:
AW:s are unaffected by slow modes

Slow modes mixed by 6B, while propagating otherwise linearly




Turbulence
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Alexandrova et al ‘09

107}

1074 F

P(k)/P, [nT® km]

107 F

1078 F . k?\e -

107> 107 107° 107® 107! 10° 10!
k=2nf/V [km™']

@ k < p;!, turbulence is quite MHD-like




10*

™ ™TrTeT

—> Compressive fluctuations passively mixed
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Khotyaintsev et al ‘21
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Frequency [Hz]

@ k < p;!, turbulence is quite MHD-like
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@ k < p;!, turbulence is quite MHD-like

—> Compressive fluctuations passively mixed

—> Critically balanced spatial anisotropy
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Low-Moderate S, Coll’less:

—> Compressive fluctuations passively mixed
—>  Critically balanced spatial anisotropy

— Depending on forcing, A < 1 so

Vaeff ~ VA0

@ k < p;!, turbulence is quite MHD-like
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Might expect that as  ~ 10, viscous stress, Af, Landau damping interfere. But...
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1 (Squire et al 23)
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—> Spectra, spatial anisotropy resemble “passive”

Ap MHD simulations (even though should have
| Ap| > 2 @ outer scale)

——
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Magneto-immutability: self organizing to minimize bb : Vii, 5B
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Magneto-immutability: self organizing to minimize bb : Vii, 5B

V - (bbAp) suppresses coll’lessly damped motions

E ' ©1/3
i ]‘?_L _________
10° /\;\ﬁ T
7, =
! ~1/3
_\ —_— Tt tee e k_l_
S o= T
W P~ — S — —
2| 1 o
50 — 107 Ve =
| | l
101 102 10°

(Squire et al '23)




P

Magneto-immutability: self organizing to minimize bb : Vii, 5B

V - (bbAp) suppresses coll’lessly damped motions

v

Drives plasma away from instability thresholds

loglo(Tﬁ/T\O

—0.5 0 0.5 1 1.5 2

(Squire et al 23)
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Magneto-immutability: self organizing to minimize bb : Vii, 5B

V - (bbAp) suppresses coll’lessly damped motions

v

Drives plasma away from instability thresholds

v

Limits viscous heating

loglo(Tﬁ/T\O

—0.5 0 0.5 1 1.5 2

(Squire et al 23)
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Magneto-immutability: self organizing to minimize bb : Vii, 5B

V - (bbAp) suppresses coll’lessly damped motions

v

Drives plasma away from instability thresholds

MHD-like conservative cascade

* 1 1 | | I I ' I 1 | 1 | | | I | I 1 1 I | 1 1
1 e s s s R s aeEneees s Tot‘dl HUI : (_u . Vu_) HBB : (—.u . VB) —
. . . . 14V (V. (bbAp)) 18U (B.VB) 8. (B.Vu)
Limits viscous heating ‘ - -
! -l-- L
101 103 103

k (Squire et al 23)
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Only incompressible driving so far..




Only incompressible driving so far..

Could compressive driving be different?

Predicted by solution of a single IA interacting with a single AW.

ke 20a(@aw + Opacy) 2

2 > _ .2
kaw — @Opcrt+ Opci— 0w /P

Max interaction (1D):

0.0.M. Theory
+ Simulation
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Only incompressible driving so far..

Could compressive driving be different?

Predicted by solution of a single IA interacting with a single AW.

* Compressive fluctuations not exclusively
kuc _ 204w @aw + Oppc) 2 slow

2 > _ .2
kaw — @Opcrt+ Opci— 0w /P

Max interaction (1D):

0.0.M. Theory
+ Simulation
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Only incompressible driving so far..

Could compressive driving be different?

Predicted by solution of a single IA interacting with a single AW.

kine _ 204w @aw + Opacy)

2

Max interaction (1D):

2 > _ 2
kaw — Ofacy+ Ofaci — Oiw

VB

+

0.0.M. Theory

Simulation

* Compressive fluctuations not exclusively
slow

* AWs may be limited in their ability to
mix certain compressive modes
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Only incompressible driving so far..

Could compressive driving be different?

Predicted by solution of a single IA interacting with a single AW.

Max interaction (1D):

kine _ 204w @aw + Opacy)

2

2 > _ 2
kaw — Ofacy+ Ofaci — Oiw

VB

+

0.0.M. Theory

Simulation

* Compressive fluctuations not exclusively
slow

* AWs may be limited in their ability to
mix certain compressive modes

* |As are linearly collisionlessly damped
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Questions to ask:

How do strength of forcing and / affect immutability, dissipation?
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With high  compressive driving, can immutability keep Af away from microinstability
thresholds, or will the turbulence become “collisional”?
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With high  compressive driving, can immutability keep Af away from microinstability
thresholds, or will the turbulence become “collisional”?

Heat fluxes diffuse Ap on (k”vth)_1 timescales — can immutability influence the flow before a

causal connection is lost®
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Questions to ask:

How do strength of forcing and / affect immutability, dissipation?

With high  compressive driving, can immutability keep Af away from microinstability
thresholds, or will the turbulence become “collisional”?

Heat fluxes diffuse Ap on (k”vth)_1 timescales — can immutability influence the flow before a

causal connection is lost®

Do compressive fluctuations, their larger anisotropy, and their own possible immutability,
interfere with the evolution and immutability of the Alfvénic cascade?
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Simulation parameters: Landau-fluid CGL-MHD

Governing equations

Bz) o [ ( 32)]’ ® Riemann solver based on

p(Ou+u-Vu)=-V (Tep+m Ll F|ob{ A+ Athena MHD code (Squire et al '23)

A A A A 1
Op1 +V-(pru)+p1V-u+V-(q1b)+q V-b=p,bb: Vu — chAP,

A A A 2
O+ V- (pju) + V- (qb) —2¢.V-b= —2pbb: Vu + chAp.

Heat fluxes

2

. C
s||

; 2
—V:(q1 b))~ -b-Vq, ~ \/;V”

VipL|,

<V +avve

. . ] - ]
—V-(qb)~ -b- Vg = \[;Vu Vip|

(Squire et al 23)
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Simulation parameters: Landau-fluid CGL-MHD

Governing equations

BZ) o [ ( Bz>]’ ® Riemann solver based on

p(Ou+u-Vu)=-V (Tep+m Ll F|ob{ A+ Athena MHD code (Squire et al '23)

A A A A 1
Op1 +V-(pru)+p.V-u+V-(q.b)+q  V-b=p,bb:Vu— gVCAp,

e Landau fluid k;, = |V, | is set
to parallel box length

A A A 2
O+ V- (pju) + V- (qb) —2¢.V-b= —2pbb: Vu + gI/CAp.

Heat fluxes
V. (gub)~ bV~ 2V A g
q10)~ ql ~ - I _Cs|||v|||+a'J_Vc I1PL|
: ; s | a _
V- (qb) ~ —b-Vg ~ 1/ 2V : Vol
(g)b) UNN VI eVl +awe wI

(Squire et al 23)
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Simulation parameters: Landau-fluid CGL-MHD

Governing equations

) Bz)] ® Riemann solver based on

B .
PSSV =V (Te“m " 87:) v [bb (Ap+ am Athena MHD code (Squire et al 23)

A A A A 1
Op1 +V-(pru)+p.V-u+V-(q.b)+q  V-b=p,bb:Vu— gVCAp,

e Landau fluid k;, = |V, | is set
to parallel box length

A A A 2
Owp +V-(pju) + V- (qb) —2¢,. V-b= —2pbb: Vu + gI/CAp.

Heat fluxes
* When A >1o0or A< -2,
_ : _
. A 2 Cs —
V(g1 b))~ —b-Va, ~ \ﬁv VoL v = 1el0 locadll
(qJ_ ) 4L Tt l _CS|||V|||+CLJ_I/C IPL X
- . 8_ | | -
—V-(qb)~—-b-V z\ﬁv > \V, ,
(g)b) W\ 7V ooy + age V121

(Squire et al 23)
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Simulation parameters: Landau-fluid CGL-MHD

f 1 10 100

Grid | 384x1922 768x3842 768 x 3842 Each setup has been run with
e e compressive (completely
random) forcing and Alfvénic

"""""" Nofw? | 4 4 x (incompressible, L B)

............................................................................................................................................................................................................

Passive? X J J

Ny
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Simulation parameters: Landau-fluid CGL-MHD

S 1 10 100
Grid | 384x1922 768x3842 768 x 3842 Each setup has been run with
e compressive (completely
3 . ’r o

dE/dt (vi/L.) 016 016 | 016 random) forcing and Alfvénic
S . . g—

No flux? J J X (incompressible, 1 B )

Passive? X .

| / / Ornstein-Uhlenbeck correlated
Wii'h TCOW‘ = 2LJ_/VA — L”/VA
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Simulation parameters: Landau-fluid CGL-MHD

S 1 10 100
Grid | 384x1922 768x3842 768 x 3842 Each setup has been run with
e e compressive (completely
3 . ’r o

dE/dt (vi/L.) 016 016 | 016 random) forcing and Alfvénic
S . . g—

No flux? J J X (incompressible, 1 B )

Passive? X .

J / Ornstein-Uhlenbeck correlated
Wii'h TCOW’ = 2LJ_/VA — L”/VA

*Quite fresh! What is shown represents patterns identified over the last ~week™
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Alfvénic vs Compressive driving: u* Spectra

Alfvenic
Compressible

Alfvenic

Alfvenic
Compressible

AN
Oa
\\‘
\\’\
N,
W
B,
R

Compressible

101 102 10° 101 10° 10° 101

— Largely similar, with spectrum growing steeper as 1

— For =1 - 10, Ex ~ k7™, while = 100 exhibits £ ~ k|




Alfvénic vs Compressive driving: B* Spectra

Alfvenic Alfvenic Alfvenic
Compressible Compressible Compressible

101 102 10° 101 102 10° 101 102 10°
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Alfvénic vs Compressive driving: B Spectra

— Compressive spectrum appears to be less steep ( ~ k7°'?) than Alfvenic ( ~ k~>3)

— Relatively consistent with increasing /3

Alfvenic
Compressible

Alfvenic
Compressible

Alfvenic
Compressible

101 102 10° 101 102




Alfvénic vs Compressive driving: Immutability
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Alfvénic vs Compressive driving: Immutability

8 = 100, compressively driven

0.7
0.6
0.5 . ]
()
o M\ passive
O
204t JWM\
5
C
2 0.3
S
0.2 ]
/J\
) /\M |
0 | | | N\
0 2 4 6 8 10

time (L/vA)
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Alfvénic vs Compressive driving: Immutability

B = 100, compressively driven 10° ]
0.7 ' ' ' ' I Compressive, =10 | |
i Compressive, =100 -
[ Alfvenic, /=10 |
0.6 r i Alfvenic, 3=100 1
0.5 . . ”
q) —
3 A\ passive .
5 0.4 1 M\ -
- >
- S V '
2 0.3 B ‘
o ©
o - _
0.2 i
01 ;- 1072 [
. /\‘M j active
O ! I L f\/A"‘ — | L |
0 2 4 6 8 10 0 1 2 3 4 5 §) 7 8 9

time (L/vA) time (L/vA)

— Quite collisionless!
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Alfvénic vs Compressive driving: Immutability (rates of strain)

— V,uy suppressed, but Vi, spectra changing

10t T
.~ — active, -- passive

I T T T T T T T T I ]

/ Alfvénic, g = 100
1074 ——— — B —
101 10° 10°
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Alfvénic vs Compressive driving: Immutability (rates of strain)

\\\\\\
lllllllllllllll

— V,uy suppressed, but Vi, spectra changing

I T T T T T T T T I ]

v,y

V,u

10t T
.~ — active, -- passive

10'4E L
- Compressive, ff = 100 Vir Y
10-5 L . . . . 1 . . . ]
10* 107 10°
; T ] kL
/ Alfvénic, =100 — New, essentially flipped Vi scalings
10'4-1' - - T - ' T o o .
Lol 102 103 support more dissipation
K




— V,uy suppressed, b _:
10" N
10° _ ] 4//

VU o
10" / Vi

S Vi s
b Vi Yy

| 10°

|
10-3 B

Vu, scalings
1074 ' — | support more dissipation
k




Alfvénic vs Compressive driving: Fluxes

I, ~—v-(v-Vo)

), ~ v - (B- VB)

be ~ —b- (’U . Vb)

M, ~b-(b- Vo)

HApv ~U: (b ’ V(bAp/B2)
Ip, ~—v- Vp

Il,, ~—v-(v-Vv)

Hbv ~U: (B . VB)

be ~ —b- (’U . Vb)

HvbN b- (bV’U)

HAp'v ~U: (b ' V(bAp/B2)

Ip, ~—v- VP
.............. P HF’U ~v-F
Total

Compressive, f = 100

\_ g

/(/Ml

B | | | | | | | | |
10t
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Alfvénic vs Compressive driving: Fluxes

H‘U’U ~ =V (’U ’ V’U)
[, ~ v - (B- VB) i
be ~ —b- (’U . Vb)
H'vb ~b- (b . V’U)

0.6 | . NN/ AN Dominant mechanisms for

Ilp, ~ —v- VP

E 04l i ' T~ | — lrj-j[géai\,vp — CCISCGde si.i” appear -I-o be

I, ~ —v-(v-Vv)

I, ~v-(B-VB) —
be ~ —b- (’U . Vb)
IL,~b-(b-Vv) -
HAp'u ~U- (b ) V(bAp/BQ)
p, ~—v-Vp _

.............. N— T o
Total ]
—— I o 5 ° B ——
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Alfvénic vs Compressive driving: Fluxes

I, ~—v-(v-Vo)
0.8 - Iy, ~v-(B-VB) -
Ty, ~ —b- (v - V)
II,, ~b-(b-Vv ° °
06 - o~ o0 (080/5°) | Dominant mechanisms for
. . IIp, ~—v-Vp
Bl N i T ] cascade still appear to be
= 0.2 = B - 7 e
W
02— | [ Alfvénic, f =100 -
10* 107
k
1 —
/\ I, ~ —v-(v-Vv)
0.8 I, ~v-(B-VB) -
N b I " k 0.6 | n ('b(jvwv)b) |
O ODVIOUS energy sink among - R
o | ) IIp, ~—v-V _
terms considered w 04 ; | R N o
[;Lg 0.2 - : . | - : | Total B
0 A— ° —“:;i = 5 - -—_- —
— Heat fluxes possibly responsible 0z i
Compressive, f = 100
0.4 | .
10" 10°
k
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Compressive driving: Scale of Ap

1015'-'
1005"

1071 3

| Compressive, f = 10 v, Ap| -

1072 ! ' — —
101 10? 10°
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| Compressive, f = 10

1072 ———
10!

103 /

107" ]

Compressive, f = 100

; 10" F—— | | /
ViAp ! /—/"A/\/_\MW _

V”Ap
V_J_Ap y

1072 ———
10!

10?
ki

10°
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Compressive driving: Scale of Ap

10!

10°

| Compressive, f = 10

1072 ——— E— ' —
10! 107 10°

— AWs cannot maintain large V,Ap

against heat fluxes

10 ¢

Compressive, f = 100

V”Ap

VLAP y

1072 -

103
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Compressive driving: Spatial anisotropy

f = 100, compressive

— AW:s obey critically balanced

Ly~ [“" scaling very well
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Compressive driving: Spatial anisotropy

— py and u structures (associated w/

|As) appear to also follow AW CB
scaling very well

f =100, compressive

1071
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Compressive driving: Spatial anisotropy

f =100, compressive

1071
L1

— py and u structures (associated w/

|As) appear to also follow AW CB
scaling very well

— p, and By spectra follow each

other, but don’t quite agree with any
Alfvénic scalings
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Summary/To-Do

Both compressively driven and high f turbulence are well regulated by magneto-
immutability, suggesting immutability can compete with heat fluxes.

Immutability does not appear to interfere with heat flux driven damping.

Surprisingly, IA-dominated quantities follow [, [, scalings of critical balance.

Source of resilience of the magnetic spectrum not yet clear. (Fast, NP modes?)

—> Eigenmode decomposition: understand which modes appear to be dominating
the energy partition at each f, forcing

—> |nvestigate role of heat fluxes by comparing contribution with other transfer
functions.



. —

Alfvénic driving: Spatial anisotropy (bonus)

— p, and By spectra approach CB
scaling, with p, and 1 only slightly

differing from compressive driving

— Spatial anisotropy does not appear
to be very sensitive to beta (explains
magnetic spectrum?)
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I, ~ —v-(v-Vv)
I, ~v-(B-VB)
be ~ —b- (’U . Vb)
My, ~b-(b- Vo)

M ~ v - (b- V(bAp/B?)

Hint of dissipation in
compressive ff = 10 run?
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T, ~b- (b- Vo)
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———IIp, ~—v-Vp

CompresSive, ﬁ = 10
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Alfvénic vs Compressive driving: Transfer functions (bonus)

ey K

Compressive, =100
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Compressive driving: 1 vs u, spectra (bonus)

— Spectrum of i is steeper than u;
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— Difference between spectra appears

insensitive to f
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AV interaction: Pressure anisotropy (bonus)

t=0.000
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AV interaction: Kinetic + magnetic energy (bonus)
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