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Large-scale motions

▶ Many astrophysical plasma systems have significant energy content in
large-scale motions on scales comparable to the size of the system ∼ L.

▶ Problem: since such motions do not dissipate, how is this energy thermalised?
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Large-scale motions

▶ Many astrophysical plasma systems have significant energy content in
large-scale motions on scales comparable to the size of the system ∼ L.

▶ Problem: since such motions do not dissipate, how is this energy thermalised?

▶ An answer: turbulent heating!
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Turbulent cascade [à la Kolmogorov (1941)]
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Weakly collisional plasmas

▶ Such plasmas are often weakly collisional, having characteristic dynamical
timescales approaching those of the inter-particle collisions.
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Weakly collisional plasmas

λmfp ∼ 105ρi ∼ 1 AU
λmfp ≫ 2GM

c2
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Turbulent cascade (weakly collisional plasmas)
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Turbulent cascade (weakly collisional plasmas)
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Some foreshadowing...

▶ The turbulence, and resultant heating, is fundamentally different
depending on the value of βe. Above shows two otherwise identical
simulations with de = ρi (left) and de = ρi/2 (right).

▶ A direct consequence of the role of finite electron inertia on the helicity
barrier (see also Meyrand et al., 2021; Squire et al., 2022, 2023, for more on
the helicity barrier).
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Model equations

▶ Anisotropy of fluctuations k∥ ≪ k⊥ appears to be well-satisfied at small scales
in the solar wind (Chen et al., 2013; Chen, 2016) ⇒ gyrokinetics
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Model equations

▶ Anisotropy of fluctuations k∥ ≪ k⊥ appears to be well-satisfied at small scales
in the solar wind (Chen et al., 2013; Chen, 2016) ⇒ gyrokinetics

▶ Two more simplifications:
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A brief aside on reduced-magnetohydrodynamics (RMHD)

▶ For k⊥ ≪ ρ−1
i , d−1

e , we recover the equations of RMHD:

∂z±

∂t
± vA

∂z±

∂z
+ z∓ ·∇⊥z

± = 0,

where

z± = u⊥ ± δB⊥√
4πn0imi

.

▶ Describes nonlinear dynamics of backwards/forwards propagating Alfvén
waves (ω = ±k∥vA).
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▶ For k⊥ ≪ ρ−1
i , d−1

e , we recover the equations of RMHD:

∂z±

∂t
± vA

∂z±

∂z
+ z∓ ·∇⊥z

± = 0,

where

z± = u⊥ ± δB⊥√
4πn0imi

.

▶ Describes nonlinear dynamics of backwards/forwards propagating Alfvén
waves (ω = ±k∥vA).

▶ Conserves the sum and difference of the z± energies:

W =
n0imi

4

∫
d3r

V

(∣∣z+
∣∣2 + ∣∣z−∣∣2) ,

H =
n0imi

4

∫
d3r

V

(∣∣z+
∣∣2 − ∣∣z−∣∣2) .

▶ Turbulence requires there to be some non-zero cross-helicity H ⇒ non-zero
imbalance.
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Phase velocity (isothermal KREHM)

▶ Forward and backwards propagating waves:

ω = ±k∥vph(k⊥), vph(k⊥) = k⊥ρi

(
1 + τ̄

1 + k2
⊥d

2
e

)1/2

vA.
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Nonlinear invariants (isothermal KREHM)

▶ Generalised Elsässer potentials:

z± = lim
k⊥→0

b0 ×∇⊥Θ
±.
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▶ Existence of two nonlinear invariants constrains the dynamical states
accessible to the system. What are these states, and how do they
arise? What are the consequences for turbulent heating?
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Constant-flux cascade

▶ Free energy and generalised helicity are injected at the constant rates εW and
εH , respectively, with injection imbalance σε = |εH |/εW .
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Effect of helicity conservation

▶ Free energy and generalised helicity are injected at the constant rates εW
and εH , respectively.

▶ Then, estimate

dW

dt
∝ t−1

nl (ϕk⊥)2 ∼ εW ,

and

dH

dt
∝ t−1

nl (ϕk⊥)
(
A∥k⊥

)
cosαk⊥ ∼ εH ,

where

cosαk⊥ =
Re

〈
ϕk(A∥k)∗

〉(
⟨|ϕk|2⟩

)1/2 (〈
|A∥k|2

〉)1/2
.

▶ Using equipartition to relate the amplitudes of ϕ and A∥, we find...
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Effect of helicity conservation

▶ ... a condition for the existence of a constant-flux cascade! (εH ⩽ εW )

εH ∼ εW

(
vph
vA

)−1

cosαk⊥ ⇒ σε
vph(k⊥)

vA
≲ 1.
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Dynamic phase
aligment

Loureiro & Boldyrev (2018)

Milanese et al. (2020)
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Features of the helicity barrier

▶ Compare two otherwise identical simulations with σε = 0.8:

• Constant flux: de = ρi, βe/β
crit
e = 0.64

• Helicity barrier: de = ρi/2, βe/β
crit
e = 2.56
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Features of the helicity barrier
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2.
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Features of the helicity barrier

1. Nonlinear fluxes: the helicity barrier only allows ≈ 2ε− of the free energy to
cascade to small scales [ε± = (1± σε)εW /2].

2.

3.

This behaviour is shared
by more realistic
hybrid-kinetic
simulations conducted
with PEGASUS++
(Squire et al., 2022)
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Features of the helicity barrier

1. Nonlinear fluxes: the helicity barrier only allows ≈ 2ε− of the free energy to
cascade to small scales [ε± = (1± σε)εW /2].

2. Parallel dissipation: energy trapped at large perpendicular scales
(small k⊥) dissipates on small parallel ones (large k∥).

3.

Outside of the GK
approximation, these
small scales will cause
parallel ion heating by
exciting (resonant)
ICWs (Squire et al.,
2022)
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Verifying βcrit
e prediction

βcrit
e =

2Z

1 + τ/Z

me

mi

1

σ2
ε

▶ Test using the fact that Rdiss = D∥/(D⊥ +D∥) is an increasing function of
time in the presence of a helicity barrier.
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Turbulent cascade revisited (constant flux)
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Turbulent cascade revisited (helicity barrier)
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Helicity barrier “in situ”

▶ The (fast) solar wind generally has βe ≫ βcrit
e , and so we would expect to see

observational signatures of the helicity barrier.

Bowen et al. (2022)

PSP
ρi

Bowen et al. (2024)

Cranmer et al. (2009)

Bandyopadhyay et al. (2023)
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Summary

▶ In imbalanced isothermal KREHM, nonlinear conservation laws imply the
existence of a critical electron beta

βcrit
e =

2Z

1 + τ/Z

me

mi

1

σ2
ε

.

▶ A “switch” between two fundamentally different types of turbulence and
resultant heating:

βe ≲ βcrit
e ,

constant flux,
Qe ≫ Qi

βe ≳ βcrit
e , helicity barrier,

Qe ≪ Qi

▶ Recent work: re-introducing electron kinetics (Landau damping) ⇒ appears
to act as a linear damping on the energy
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