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Solar-wind acceleration and heating
Figure due to B. Chandran

▶ Numerous processes are responsible for the acceleration and heating of the
solar wind: reconnection, reflection, Alvénic heating, ...

▶ Models have typically assumed locally symmetric flux-tube geometries or
added additional effects in ad-hoc ways

▶ Can we capture (some of) these processes within a single framework?
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Our starting point

▶ Compressible MHD in a (slowly) rotating frame:

∂ρ

∂t
+∇ · (ρu) = Sρ,

ρ

(
∂u

∂t
+ u ·∇u+ 2Ω× u

)
+∇

(
p+

B2

8π

)
− B ·∇B

4π

= −ρ∇Φtot +∇ ·Π+ SρU − uSρ,

∂B

∂t
= ∇× (u×B)−∇× (η∇×B),

∂Eth

∂t
+∇·(uEth) = −p∇ · u−∇ · q −Π : ∇u+

η

4π
|∇×B|2 + Sth,

where ρ, u, B, p, Π, q, η have their usual meaning, and

– rotation rate: Ω

– thermal energy: Eth = p/(γ − 1)

– total potential: Φtot = Φgrav +Φrot, Φrot = −|Ω× r|2/2.
– sources: Sρ,SρU , Sρ

– entropy: s− s0 = cv log p/ρ
γ , cv = R/(γ − 1)
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Another multiscale expansion...

▶ Inspired by fusion gyrokinetics (Frieman & Chen, 1982; Sugama & Horton,
1998; Abel et al., 2013), perform an asymptotic expansion in ϵ = k∥/k⊥ ≪ 1:

g =
∑
n⩾0

ϵng(n), g(n) =
〈
g(n)

〉
turb

+ δg(n),
〈
δg(n)

〉
turb

= 0.
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ϵng(n), g(n) =
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g(n)

〉
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+ δg(n),
〈
δg(n)

〉
turb

= 0.

Turbulence average

⟨. . .⟩turb =
〈
⟨. . .⟩⊥

〉
t
,

over intermediate timescales

ω−1 ≪ T ≪ τ,

and large spatial scales

ℓ⊥ ≪ L ≲ ℓ∥.
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▶ Ordering:

δρ

ρ
∼ δp

p
∼ δs

s
∼ |δB|

B
∼ |δu|

vA
∼ |κ|

k⊥
∼ ω

k⊥vA
∼

k∥
k⊥
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▶ Multiple time scales analysis:

∂

∂t
→ ϵ

∂
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+ ϵ3

∂

∂τ
.

▶ Field-aligned mean flow: 〈
u(0)

〉
turb

≡ U = Ub.
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First order: equilibrium and constraints

▶ Continuity:

Equilibrium :
∂ log ρ

∂ℓ
+

∂ logU

∂ℓ
− ∂ logB

∂ℓ
= (ρU)−1Sρ.

Fluctuations : ∇ · δu⊥ = 0.

▶ Momentum:

Equilibrium : v2A(κ−∇⊥ logB)− c2s
γ
∇⊥ log p = U2κ+∇⊥Φgrav,

− c2

γ

∂ log p

∂ℓ
+ b · SρU − USρ = U2 ∂U

∂ℓ
+ b ·∇Φgrav.

Fluctuations :
δp

p
= −γ

v2A
c2s

δB∥

B
.

▶ Induction:

Equilibrium : no constraint due to U being parallel to b.

Fluctuations : ∇ · δB⊥ = 0.
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+ b · SρU − USρ = U2 ∂U

∂ℓ
+ b ·∇Φgrav.

Fluctuations :
δp

p
= −γ

v2A
c2s

δB∥

B
.

▶ Entropy/energy:

Equilibrium :
pU

γ − 1

∂s

∂ℓ
= Sth − γcvTSρ −∇ · q.

Fluctuations :
δs

cv
=

δp

p
− γ

δρ

ρ
.
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Second order: generalised RMHD

▶ The averaged equations at second order are homogenous in
〈
g(1)

〉
turb

= 0.

▶ In addition to one for the entropy δs, one obtains fluctuating equations for the
Elsässer fields

z± = δu⊥ ∓ δB⊥√
4πρ

,

and the slow-mode variables

z±∥ = δu∥ ∓ δV∥, δV∥ =
v2A
vS

δB∥

B
, vS =

vA√
1 + v2A/v

2
S

.

▶ The total fluctuating energy

Wtot =
1

4
ρ
〈
|z+|2 + |z−|2 + |z+∥ |2 + |z−∥ |2

〉
⊥
+

1

2

p

γ(γ − 1)

〈(
δs

cv

)2
〉

⊥

,

obeys a conservation law similar to that seen in gyrokinetics: injected by
equilibrium gradients, and dissipated by non-ideal effects (e.g., resistivity).
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Third order: transport equations

▶ Transport-timescale induction equation:

∂B

∂τ
= ∇× [(U⊥2 + Vψ)×B] = ∇×

(
Ṽψ ×B

)
,

where

Vψ =

〈
δu⊥

δB∥

B
− δB⊥

B
δu∥

〉
turb

.

▶ U⊥2 =
〈
u(2)

〉
turb

is the second-order perpendicular mean flow that is set up

by the fluctuations in order to maintain perpendicular force balance. It is
required to ensure that the equilibrium remains stationary on ∼ ω−1.
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B
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〉
turb

.

▶ U⊥2 =
〈
u(2)

〉
turb

is the second-order perpendicular mean flow that is set up

by the fluctuations in order to maintain perpendicular force balance. It is
required to ensure that the equilibrium remains stationary on ∼ ω−1.

▶ Magnetic energy evolution:

∂

∂τ

(
B2

8π

)
= −B2

4π
Ṽψ ·

(
κ− ∇⊥B

B

)
−∇ ·

(
B2

4π
Ṽψ

)
.

A force free field (κ = ∇⊥B/B) provides no source of free-energy ⇒
equivalent to the statement that there is no drive purely from magnetic field
gradients (Abel et al., 2013).
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Third order: transport equations

▶ Transport equations

d

dτ

∣∣∣∣
ψ

G+∇ · ΓG = SG,

where G = (ρ, ρU,Eth), and d/dτ |ψ is the time-derivative in the magnetic-field

frame (following a control volume whose boundary moves with Ṽψ).

▶ Turbulent fluxes:

Γρ = ρ (Vρ − Vψ)

ΓρU = ρU (VU + Vρ − Vψ)

Γth = Eth (Vp − γVψ)

▶ Turbulent velocities:

Vρ =

〈
δρ

ρ
δu⊥

〉
turb

, Vψ =

〈
δu⊥

δB∥

B
− δB⊥

B
δu∥

〉
turb

,

Vp =

〈
δp

p
δu⊥

〉
turb

, VU =

〈
δu∥δu⊥

U
−

δB∥δB⊥

4πρU

〉
turb

.
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Alfvénic dynamics

∂z±

∂t
+ (U ± vA) (b ·∇

+ b κ ·

)z± + z∓ ·∇z± +
∇⊥p̃

ρ
= 0

= − (U ∓ vA)

[

z∓ ·∇b

− 1

4

(
z±

− z∓

) ∂ log ρ

∂ℓ

]
− 2κ

(
Uδu∥ −

BδB∥

4πρ
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Alfvénic dynamics

∂z±

∂t
+ (U ± vA) (b ·∇+ b κ · )z± + z∓ ·∇z± +

∇⊥p̃

ρ

= − (U ∓ vA)

[

z∓ ·∇b

− 1

4

(
z±

− z∓

) ∂ log ρ

∂ℓ

]

− 2κ

(
Uδu∥ −

BδB∥

4πρ

)
+

δρ

ρ
g⊥
eff

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity
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ρ
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eff

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity
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Alfvénic dynamics

∂z±

∂t
+ (U ± vA) (b ·∇+ b κ · )z± + z∓ ·∇z± +

∇⊥p̃

ρ

= − (U ∓ vA)

[

z∓ ·∇b

− 1

4

(
z±

− z∓

) ∂ log ρ

∂ℓ

]
− 2κ

(
Uδu∥ −

BδB∥

4πρ

)
+

δρ

ρ
g⊥
eff

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity
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Alfvénic dynamics

∂z±

∂t
+ (U ± vA) (b ·∇+ b κ · )z± + z∓ ·∇z± +

∇⊥p̃

ρ

= − (U ∓ vA)

[
z∓ ·∇b− 1

4

(
z± − z∓) ∂ log ρ

∂ℓ

]
− 2κ

(
Uδu∥ −

BδB∥

4πρ

)
+

δρ

ρ
g⊥
eff

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity

b̂

\partial_t z^\pm_\| \propto \boldsymbol{\mathcal{K}}^\perp \cdot \boldsymbol{z}^+

\partial_t \boldsymbol{z}^\pm \propto\boldsymbol{\kappa}\, z^\pm_\|

\partial_t \boldsymbol{z}^\pm \propto \frac{\delta \rho}{\rho}{\boldsymbol{g}}_{\rm eff}^\perp 

<latexit sha1_base64="BhHmQHBOZAPKAnmlt1FKulso3AA=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATh0ymbQNzSQhyQh17B+58Ve6EVHErX9hpu1CWy+EHM65l3vuCSWj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS0ShUkdCyZUK0SaMMpJ3VDDSEsqguKQkWY4uMz05gNRmgp+Z4aSdGLU47RLMTKWCopXvkTKUMQCA/1QsEgPY/ulj6N7X8bQl0pII6AfI9PHiKU3ln9abAyKJbfsTgouAm8GSmBWtaA49iOBk5hwgxnSuu250nTSzAtmZFTwE00kwgPUI20LOYqJ7qSTe0fwyDIR7AplHzdwwv6eSFGsM3u2M/Ot57WM/E9rJ6Z73kkpl4khHE8XdRMGbQJZeDCiimDDhhYgrKj1CnEfKYSNjbhgQ/DmT14EjZOyVylXbk9L1YtZHHlwAA7BMfDAGaiCa1ADdYDBMxiDd/DhvDivzqfzNW3NObOZffCnnO8fhyCr1Q==</latexit>

ωtz
± → K→z±

<latexit sha1_base64="UEw7nKgmjsxYZfjVTf/3KLTK8ZY=">AAACH3icbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF8FLBdsKTQ2b7aZdutksuxuhpv0nXvwrXjwoIt76b9y0AbX1wcDjvRlm5gWCUaUdZ2IVlpZXVteK66WNza3tHXt3r6niRGLSwDGL5V2AFGGUk4ammpE7IQmKAkZaweAy81sPRCoa81s9FKQToR6nIcVIG8m3q55AUlPEfA3Tx/G9JyLfG0FPyFjoGHoR0n2MWHptrNFPg2+XnYozBVwkbk7KIEfdt7+8boyTiHCNGVKq7TpCd9JsN2ZkXPISRQTCA9QjbUM5iojqpNP/xvDIKF0YxtIU13Cq/p5IUaTUMApMZ3avmvcy8T+vnejwvJNSLhJNOJ4tChMGzedZWLBLJcGaDQ1BWFJzK8R9JBHWJtKSCcGdf3mRNE8qbrVSvTkt1y7yOIrgAByCY+CCM1ADV6AOGgCDJ/AC3sC79Wy9Wh/W56y1YOUz++APrMk3cESkfQ==</latexit>

ωtz
±
→ → K→z±

→

z±
∥ ⟶ z±⟶ z±

∥z+ δρ ⟶ z±,

<latexit sha1_base64="tAKKI+U6As/YNERi1USeXUSTGNk="></latexit>

ωtz
±
→ → εϑ

ϑ
g→

e!

\partial_t z^\pm_\| \propto\boldsymbol{\kappa}\cdot \boldsymbol{z}^\pm

<latexit sha1_base64="KvYdKqT9K8aHGUG+vCkbvEQ6APM=">AAACLHicbVBNSwMxEM36bf2qevQSLIIHKbsi1aPoxaOCVaGpy2yaamh2E5JZoa79QV78K4J4UMSrv8Ns7cGvgZDHezPMm5cYJR2G4WswNj4xOTU9M1uZm19YXKour5w5nVsumlwrbS8ScELJTDRRohIXxgpIEyXOk95hqZ/fCOukzk6xb0Q7hatMdiUH9FRcPWQGLEpQMVKWaNVx/dR/xe3gkpmUMmO1Qf1dYT0wBgZsi96WLTG7i6u1sB4Oi/4F0QjUyKiO4+oT62iepyJDrsC5VhQabBelEa7EoMJyJwzwHlyJlocZpMK1i+GxA7rhmQ7tautfhnTIfp8oIHWlVd+ZAl6731pJ/qe1cuzutQuZmRxFxr8WdXNFUdMyOdqRVnBUfQ+AW+m9Un4NFjj6fCs+hOj3yX/B2XY9atQbJzu1/YNRHDNkjayTTRKRXbJPjsgxaRJO7skjeSGvwUPwHLwF71+tY8FoZpX8qODjE3nbqjA=</latexit>

ωtz
± → ω z±

→
<latexit sha1_base64="CxGM9NJGtE5wjA7qtJh2fGFYLHY=">AAACL3icbVBNSwMxEM36bf2qevQSLIKnsitSPYqCeFSwKjS1zGZTDc1uQjIr1LX/yIt/xYuIIl79F2ZrD34NhDzem8fMvNgo6TAMn4Ox8YnJqemZ2crc/MLiUnV55czp3HLR5FppexGDE0pmookSlbgwVkAaK3Ee9w5K/fxGWCd1dop9I9opXGWyKzmgpzrVQ2bAogTVQXp7yUzaYXeUGasNahZrlbh+6r+C9cAYGDCeaKTfhdvB0FWthfVwWPQviEagRkZ13Kk+skTzPBUZcgXOtaLQYLsod+FKDCosd8IA78GVaHmYQSpcuxjeO6AbnkloV1v/MqRD9rujgNSV6/nOFPDa/dZK8j+tlWN3t13IzOQoMv41qJsripqW4dFEWsFR9T0AbqXflfJrsMDRR1zxIUS/T/4LzrbqUaPeONmu7e2P4pgha2SdbJKI7JA9ckSOSZNwck8eyQt5DR6Cp+AteP9qHQtGnlXyo4KPT3bhq8w=</latexit>

ωtz
±
→ → ω · z±

<latexit sha1_base64="TjgKFPFM2sYzaF9Z3UJXGMwQbPg="></latexit>

ωtz
± → εϑ

ϑ
g→

e!

z±
∥⟶ z±

∥z+

<latexit sha1_base64="b3Q+HxJneOCTM2upOIqvYe9dQr8="></latexit>

ωtz
±
→ → K↑ · z+

<latexit sha1_base64="xthpe57UsyAa6YlWp2GspsjS5eo=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUSkuiy6UHBTwT6giWEymbRDJ5MwMxFKyN6Nv+LGhSJu/QF3/o2TNgttvTDM4Zx7ueceP2FUKsv6NpaWV1bX1isb1c2t7Z1dc2+/K+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fFnovQciJI35nZokxI3QkNOQYqQ05Zk16PgxC+Qk0l/mREiNMGLZTZ7fOwkRiXcFPbNuNaxpwUVgl6AOymp75pcTxDiNCFeYISkHtpUoN0NCUcxIXnVSSRKEx2hIBhpyFBHpZtNbcnikmQCGsdCPKzhlf09kKJKFW91ZmJXzWkH+pw1SFZ67GeVJqgjHs0VhyqCKYREMDKggWLGJBggLqr1CPEICYaXjq+oQ7PmTF0H3pGE3G83b03rrooyjAg5BDRwDG5yBFrgGbdABGDyCZ/AK3own48V4Nz5mrUtGOXMA/pTx+QOReZtl</latexit>

K→
G

(i) WKB Growth

\partial_t \boldsymbol{z}^\pm \propto \mathcal{K}^\|\boldsymbol{z}^\pm
\partial_t {z}^\mp_\| \propto \mathcal{K}^\|{z}^\pm_\|

<latexit sha1_base64="70tHPE2EBSgZAyHYxlTKsiEX8SE=">AAACL3icbVDLSgMxFM3UV62vqks3wSK4KjMi1WVREMFNBfuATi2ZNNOGJpOQZIQ69o/c+CvdiCji1r8w085CWy+EHM65l3vuCSSj2rjum5NbWl5ZXcuvFzY2t7Z3irt7DS1ihUkdCyZUK0CaMBqRuqGGkZZUBPGAkWYwvEz15gNRmorozowk6XDUj2hIMTKW6havfImUoYh1DfQDwXp6xO2XPI7vfS6hL5WQRkCfIzPAiCU3ln+ab5S8Wyy5ZXdacBF4GSiBrGrd4sTvCRxzEhnMkNZtz5Wmk6ReMCPjgh9rIhEeoj5pWxghTnQnmd47hkeW6cFQKPsiA6fs74kEcZ3as52pbz2vpeR/Wjs24XknoZGMDYnwbFEYM2gTSMODPaoINmxkAcKKWq8QD5BC2NiICzYEb/7kRdA4KXuVcuX2tFS9yOLIgwNwCI6BB85AFVyDGqgDDJ7BBLyDD+fFeXU+na9Za87JZvbBn3K+fwCHHavV</latexit>

ωtz
→ → K↑z±

<latexit sha1_base64="PWu/ijzt2rshoBU/fPkrCPu+Ugo=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoRnBTwT6giWEynbZDZ5JhZiLUtH/ixl9x40IRcde/cZJ2oa0XLhzOOZd77wkFo0o7ztQqrKyurW8UN0tb2zu7e/b+QVPFicSkgWMWy3aIFGE0Ig1NNSNtIQniISOtcHid6a1HIhWNo3s9EsTnqB/RHsVIGyqwq55AUlPEAg3Tp8mDx0XgjaEnZCx0DD2O9AAjlt4aaZwbBDeGwC47FScvuAzcOSiDedUD+9vrxjjhJNKYIaU6riO0n2a7MSOTkpcoIhAeoj7pGBghTpSf5v9N4IlhurAXS9ORhjn7eyJFXKkRD40zu1ctahn5n9ZJdO/ST2kkEk0iPFvUSxg0n2dhwS6VBGs2MgBhSc2tEA+QRFibSEsmBHfx5WXQPKu41Ur17rxcu5rHUQRH4BicAhdcgBq4AXXQABg8g1fwDj6sF+vN+rS+ZtaCNZ85BH/Kmv4AcEGkfQ==</latexit>

ωtz
→
↑ → K↑z±

↑

(ii) Reflection (iii) Perp. shearing (iv) Curvature 1 (v) Curvature 2 (vi) Gravity
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Reflection due to field line ‘squashing’

∂z±

∂t
= · · · − (U ∓ vA)

(
∇b+

1

4

∂ log ρ

∂ℓ
I

)
· z∓.

▶ Consider the perpendicular part:

(∇b)⊥ =
1

2
(∇ · b) I⊥ + S+ A.

– First term gives the familiar reflection term.

– The antisymmetric part A can be shown to vanish (cancelled by the part
of the pressure that enforces ∇ · z± = 0).

– The symmetric, traceless tensor S represents reflection caused by
area-preserving elliptical deformations of the flux surface:

z∓ · S = |S|
(
z∓l el − z∓s es

)
, |S| =

(
1

2
SijSij

)1/2

.
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∂ log ρ
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Expansion reflection:

Q-reflection (squashing):

Twist:
No contribution in RMHD

(x, y) (X, Y )

\partial_t \boldsymbol{z}^- = \tfrac12(U+v_{\rm A})\mathcal{K}_{v_{\rm A}}^\|\boldsymbol{z}^+ + \dots
\partial_t \boldsymbol{z}^- = -(U+v_{\rm A})\mathsf{S}\cdot\boldsymbol{z}^+ + \dots

<latexit sha1_base64="RB7tfDxHWpTubi0/pweku/DOCl0=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQi1WXRjbiqYB/QhjKZTtqxk0mYmQg15EvcuFDErZ/izr9xmmahrQcGDufcyz1z/JgzpR3n21pZXVvf2Cxtlbd3dvcq9v5BW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5Hrmdx6pVCwS93oaUy/EI8ECRrA20sCu9EOsxypIb7NByh6ygV11ak4OtEzcglShQHNgf/WHEUlCKjThWKme68TaS7HUjHCalfuJojEmEzyiPUMFDqny0jx4hk6MMkRBJM0TGuXq740Uh0pNQ99M5jEXvZn4n9dLdHDppUzEiaaCzA8FCUc6QrMW0JBJSjSfGoKJZCYrImMsMdGmq7IpwV388jJpn9Xceq1+d15tXBV1lOAIjuEUXLiABtxAE1pAIIFneIU368l6sd6tj/noilXsHMIfWJ8/ZkWTlw==</latexit>

Jij

+ <latexit sha1_base64="tKFC9uQW4majkGeTWfZ2Krz2G1M=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJVEpLosuhFXFewDmhAmk0k7dvJg5kYoIRt/xY0LRdz6Ge78G6dpF9p64MLhnHu59x4/FVyBZX0bS8srq2vrlY3q5tb2zq65t99RSSYpa9NEJLLnE8UEj1kbOAjWSyUjkS9Y1x9dT/zuI5OKJ/E9jFPmRmQQ85BTAlryzEMHuAhY7kQEhirMb4vCy/lD4Zk1q26VwIvEnpEamqHlmV9OkNAsYjFQQZTq21YKbk4kcCpYUXUyxVJCR2TA+prGJGLKzcsHCnyilQCHidQVAy7V3xM5iZQaR77uLO+c9ybif14/g/DSzXmcZsBiOl0UZgJDgidp4IBLRkGMNSFUcn0rpkMiCQWdWVWHYM+/vEg6Z3W7UW/cndeaV7M4KugIHaNTZKML1EQ3qIXaiKICPaNX9GY8GS/Gu/ExbV0yZjMH6A+Mzx/0CpdN</latexit>

J̃ij

+

<latexit sha1_base64="WjDOdY3ziaTUr49su94PcubZT3g=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5IUqW6EohtxVcE+oIllMr1ph04ezEyEGoq/4saFIm79D3f+jdM0C209MHA4517umePFnEllWd9GYWl5ZXWtuF7a2Nza3jF391oySgSFJo14JDoekcBZCE3FFIdOLIAEHoe2N7qa+u0HEJJF4Z0ax+AGZBAyn1GitNQzD8h9FV9gpw/KCYgaSj+9mfTMslWxMuBFYuekjHI0euaX049oEkCoKCdSdm0rVm5KhGKUw6TkJBJiQkdkAF1NQxKAdNMs/QQfa6WP/UjoFyqcqb83UhJIOQ48PZklnPem4n9eN1H+uZuyME4UhHR2yE84VhGeVoH7TABVfKwJoYLprJgOiSBU6cJKugR7/suLpFWt2LVK7fa0XL/M6yiiQ3SETpCNzlAdXaMGaiKKHtEzekVvxpPxYrwbH7PRgpHv7KM/MD5/AIDnlKY=</latexit>

a2 = det J

<latexit sha1_base64="ZuPvwFCPEAOc1yb4O4rp/2LDLkA=">AAAB8HicdVDLSgMxFM3UV62vqks3wSIIwjDTlj52RTcuK9iHtGPJpJk2NMkMSUaow3yFGxeKuPVz3Pk3pg9BRQ9cOJxzL/fe40eMKu04H1ZmZXVtfSO7mdva3tndy+8ftFUYS0xaOGSh7PpIEUYFaWmqGelGkiDuM9LxJxczv3NHpKKhuNbTiHgcjQQNKEbaSDf3t8lZOkhYOsgXHNspVatFBzq2W68Xa2VDSrV6uVSBru3MUQBLNAf59/4wxDEnQmOGlOq5TqS9BElNMSNprh8rEiE8QSPSM1QgTpSXzA9O4YlRhjAIpSmh4Vz9PpEgrtSU+6aTIz1Wv72Z+JfXi3VQ8xIqolgTgReLgphBHcLZ93BIJcGaTQ1BWFJzK8RjJBHWJqOcCeHrU/g/aRdtt2JXrsqFxvkyjiw4AsfgFLigChrgEjRBC2DAwQN4As+WtB6tF+t10ZqxljOH4Aest0+QupDy</latexit>

z+
l

<latexit sha1_base64="I3CnTY2fQSVXVHXd4ZykDkO/s3I=">AAAB8HicdVDLSgMxFM3UV62vqks3wSIIwjDTlj52RTcuK9iHtGPJpJk2NMkMSUaow3yFGxeKuPVz3Pk3pg9BRQ9cOJxzL/fe40eMKu04H1ZmZXVtfSO7mdva3tndy+8ftFUYS0xaOGSh7PpIEUYFaWmqGelGkiDuM9LxJxczv3NHpKKhuNbTiHgcjQQNKEbaSDf3t8lZOkhUOsgXHNspVatFBzq2W68Xa2VDSrV6uVSBru3MUQBLNAf59/4wxDEnQmOGlOq5TqS9BElNMSNprh8rEiE8QSPSM1QgTpSXzA9O4YlRhjAIpSmh4Vz9PpEgrtSU+6aTIz1Wv72Z+JfXi3VQ8xIqolgTgReLgphBHcLZ93BIJcGaTQ1BWFJzK8RjJBHWJqOcCeHrU/g/aRdtt2JXrsqFxvkyjiw4AsfgFLigChrgEjRBC2DAwQN4As+WtB6tF+t10ZqxljOH4Aest0+bXZD5</latexit>

z+
s

\propto -|\mathsf{S}|{z}^+_l \hat{\boldsymbol{e}}_l+|\mathsf{S}|{z}^+_s \hat{\boldsymbol{e}}_l

<latexit sha1_base64="jbstkhP61bYvU4Jfqs5s5Au/0s4="></latexit>

ωtz
→ = →(U + vA)S · z+ + . . .

<latexit sha1_base64="HBF5djTqul4TLxl+TygaAMCC/O4="></latexit>

ωtz
→ = 1

2 (U + vA)K↑
vA

z+ + . . .

<latexit sha1_base64="B4X76rn8vOwBGjJJmpQz8XKSjG0=">AAAB+nicdVBLSwMxGMz6rPXV6tFLsAheXLKt2+qt6MVjBfuAdi3ZbLYNzT5Iskpd+1O8eFDEq7/Em//GbFtBRQdChpnvI5NxY86kQujDWFhcWl5Zza3l1zc2t7YLxZ2WjBJBaJNEPBIdF0vKWUibiilOO7GgOHA5bbuj88xv31AhWRReqXFMnQAPQuYzgpWW+oViz424J8eBvtK7yfUR7BdKyETV01q5ApFpI1SpWZqUbVSzbWiZaIoSmKPRL7z3vIgkAQ0V4VjKroVi5aRYKEY4neR7iaQxJiM8oF1NQxxQ6aTT6BN4oBUP+pHQJ1Rwqn7fSHEgs3R6MsBqKH97mfiX102Uf+KkLIwTRUMye8hPOFQRzHqAHhOUKD7WBBPBdFZIhlhgonRbeV3C10/h/6RVNq2qWb08LtXP5nXkwB7YB4fAAjVQBxegAZqAgFvwAJ7As3FvPBovxutsdMGY7+yCHzDePgG4IpRT</latexit>

z→

<latexit sha1_base64="B4X76rn8vOwBGjJJmpQz8XKSjG0=">AAAB+nicdVBLSwMxGMz6rPXV6tFLsAheXLKt2+qt6MVjBfuAdi3ZbLYNzT5Iskpd+1O8eFDEq7/Em//GbFtBRQdChpnvI5NxY86kQujDWFhcWl5Zza3l1zc2t7YLxZ2WjBJBaJNEPBIdF0vKWUibiilOO7GgOHA5bbuj88xv31AhWRReqXFMnQAPQuYzgpWW+oViz424J8eBvtK7yfUR7BdKyETV01q5ApFpI1SpWZqUbVSzbWiZaIoSmKPRL7z3vIgkAQ0V4VjKroVi5aRYKEY4neR7iaQxJiM8oF1NQxxQ6aTT6BN4oBUP+pHQJ1Rwqn7fSHEgs3R6MsBqKH97mfiX102Uf+KkLIwTRUMye8hPOFQRzHqAHhOUKD7WBBPBdFZIhlhgonRbeV3C10/h/6RVNq2qWb08LtXP5nXkwB7YB4fAAjVQBxegAZqAgFvwAJ7As3FvPBovxutsdMGY7+yCHzDePgG4IpRT</latexit>

z→

<latexit sha1_base64="Ue8iUadbBhWM3k/zdhCLgcT69b4=">AAAB+XicdVBLSwMxGMzWV62vVY9egkUQhCW7fXorevFYwbZCu5ZsNm1Dsw+SbKEu/SdePCji1X/izX9jtq2gogMhw8z3kcl4MWdSIfRh5FZW19Y38puFre2d3T1z/6Ato0QQ2iIRj8SthyXlLKQtxRSnt7GgOPA47Xjjy8zvTKiQLApv1DSmboCHIRswgpWW+qbZ8yLuy2mgr/R+dnfWN4vIQo5TsWsQWU75vFQvaVJBDqpXoG2hOYpgiWbffO/5EUkCGirCsZRdG8XKTbFQjHA6K/QSSWNMxnhIu5qGOKDSTefJZ/BEKz4cREKfUMG5+n0jxYHMwunJAKuR/O1l4l9eN1GDupuyME4UDcnioUHCoYpgVgP0maBE8akmmAims0IywgITpcsq6BK+fgr/J23HsqtW9bpcbFws68iDI3AMToENaqABrkATtAABE/AAnsCzkRqPxovxuhjNGcudQ/ADxtsnVyyUJg==</latexit>

z+

<latexit sha1_base64="BnLgaSVd3Na5MEopN5JeizWvQTU="></latexit>

→ ↑|S|z+
l êl + |S|z+

s ês

<latexit sha1_base64="0fOrTUJx6Ae0X6/0PcAhuOrL/1M=">AAAB/3icbVDNS8MwHE3n15xfVcGLl+AQPI1WZHocevE4wX3AWkqaZltYmpQkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8sKEUaUd59uqrKyurW9UN2tb2zu7e/b+QVeJVGLSwYIJ2Q+RIoxy0tFUM9JPJEFxyEgvnNwUfu+BSEUFv9fThPgxGnE6pBhpIwX2kTdGOvNCwSI1jc2VkTwPWGDXnYYzA1wmbknqoEQ7sL+8SOA0JlxjhpQauE6i/QxJTTEjec1LFUkQnqARGRjKUUyUn83y5/DUKBEcCmkO13Cm/t7IUKyKdGYyRnqsFr1C/M8bpHp45WeUJ6kmHM8fGqYMagGLMmBEJcGaTQ1BWFKTFeIxkghrU1nNlOAufnmZdM8bbrPRvLuot67LOqrgGJyAM+CCS9ACt6ANOgCDR/AMXsGb9WS9WO/Wx3y0YpU7h+APrM8fLOmW3g==</latexit>

êl <latexit sha1_base64="bDKwKmrlBlFxoBZ9fAjJCILgdo0=">AAAB/3icbVDNS8MwHE3n15xfVcGLl+AQPI1WZHocevE4wX3AWkqaZltYmpQkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8sKEUaUd59uqrKyurW9UN2tb2zu7e/b+QVeJVGLSwYIJ2Q+RIoxy0tFUM9JPJEFxyEgvnNwUfu+BSEUFv9fThPgxGnE6pBhpIwX2kTdGOvNCwSI1jc2VkTwPVGDXnYYzA1wmbknqoEQ7sL+8SOA0JlxjhpQauE6i/QxJTTEjec1LFUkQnqARGRjKUUyUn83y5/DUKBEcCmkO13Cm/t7IUKyKdGYyRnqsFr1C/M8bpHp45WeUJ6kmHM8fGqYMagGLMmBEJcGaTQ1BWFKTFeIxkghrU1nNlOAufnmZdM8bbrPRvLuot67LOqrgGJyAM+CCS9ACt6ANOgCDR/AMXsGb9WS9WO/Wx3y0YpU7h+APrM8fN4WW5Q==</latexit>
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Reflection due to field line ‘squashing’

∂z±

∂t
= · · · − (U ∓ vA)

(
∇b+

1

4

∂ log ρ

∂ℓ
I

)
· z∓.

▶ Consider the perpendicular part:

(∇b)⊥ = −
(
1

2

∂ log vA
∂ℓ

+
1

4

∂ log ρ

∂ℓ

)
I⊥ + S+ A.

– First term gives the familiar reflection term.

– The antisymmetric part A can be shown to vanish (cancelled by the part
of the pressure that enforces ∇ · z± = 0).

– The symmetric, traceless tensor S represents reflection caused by
area-preserving elliptical deformations of the flux surface:

z∓ · S = |S|
(
z∓l el − z∓s es

)
, |S| =

(
1

2
SijSij

)1/2

.
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A geometry-dependent competition

▶ Assume z+ is energetically dominant, z+ ≫ z−, where z± ∼
〈
|z±|2

〉1/2
turb

.

▶ Rate of heating due to reflection:

Qexp ∼
W+

⊥

t+nl
∼

(
ko
⊥z

−)W+
⊥ .
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▶ Compare to an equivalent mass flux due to transport along the tube:

Ṁbase = ρ(ℓ)U(ℓ)L⊥,ρ(ℓ).
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Summary

▶ We have derived a geometry-complete, multiscale transport theory for RMHD
turbulence in the sub-Alfvénic solar corona, including:

– ‘Squashing’ factors, transverse gradients, curvature, and gravity

– Fast anisotropic fluctuations coupled to a slowly-evolving background

– Coupling of Alfvénic and compressive sectors through gradients

– and much more...
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A potentially useful tool

Adkins & Ivanov (in prep.)

Centralised solver Ivanov et al. (2020)

Adkins et al. (2023) Adkins et al. (2024)
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