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Turbulence arises from the nonlinear terms in the
dynamical equations describing the plasma

Magnetohvdrodvynamic Equations

Linear Terms (Waves-like)

d:6p = =V (p,6u)

d:0p = —yP,V-du

6t5b = V X (511 X BO) . Franlc\i;vStawarz+ (2620)/;\le
d.0u

1 Véd
= (V x 6b) X B, P
HoPo Po

In the fully nonlinear state, both the linear and nonlinear terms are coupled together
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Turbulence arises from the nonlinear terms in the
dynamical equations describing the plasma

Magnetohvdrodvynamic Equations

What is Turbulence?

Solar Wind Turbulence Spectrum
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— [du X 8b], = f 6uk1 X 5bk25(k1 + k, — k)d3k1d3k2

In Fourier space, nonlinear terms become convolutions that couple

evolution of every scale to every other scale
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Solar Wind Turbulence Spectrum
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* Foot point motions at Sun launch fluctuations into
interplanetary space - reflections in non-uniform
background drive nonlinear interactions

« May also excite fluctuations through stream
interactions and transient structures (CME'’s, etc.)
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Magnetopause
« Kelvin-Helmholtz in stability can develop due to
velocity shear with the magnetosheath on flanks
of Earth’s magnetosphere

« Secondary instabilities and magnetic
reconnection within the vortices lead to
development of turbulent boundary layer B A S
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Four identical Earth-orbiting spacecraft launched in 2015  NASA's Magnetospheric Multiscale
in a small-scale (=5 km) formation

- 3D Magnetic Fields
—> 3D Electric Fields
-> High-resolutions particle data

Multi-Spacecraft - Allows calculation of
Measurements gradients in the plasma
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<= full magnetosheath encounter ===

Field
[nT]

Often spacecraft motion
much less than plasma
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In collisionless plasmas, E is governed by a generalised Ohm’s Law in which the different

terms correspond to different dynamical processes

Magnetic Field
“Frozen-In”  Correction due to
to electron electron thermal
fluid motions corrections

Finite electron mass

E <B4~ jxB lvp+m ( — ”) meaj+i( me)eM
= —u — —— u —_— _——
Ohm en] en e2n J +Ju en 2n ot L\ m
Ean Ep, Esm.
2 1 J
Mg=E]XB—aV'(Pe + P; (u]+]u—(1+2{’)—) a
Eonm = —Uy X (Bg + 6b) —5u><5b+—5j><5b—|—
Frame transformation 2L
to plasma frame Nonlinear Terms
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Measuring Generalized

Ohm’s Law

MMS1: Measurements

Combined Ohm’s Law Terms
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Combined Ohm’s Law Terms
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MMS1: Measurements
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Adapted from Stawarz+ (2009) ApJ

What is the net amount of energy dissipated by turbulence? otopic Tubulonce.
One way to address this is with the Politano-Pouquet relation A
and related methods
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How is that energy partitioned between different particle populations?
We can try to measure energy conversion terms directly, either in a fluid [j - E, (P - V) - u] or kinetic
sense [see presentation by Jack Parker this week]

We can also try to identify dissipative processes of interest and estimate how they are contributing
to dissipation

julia.stawarz@northumbria.ac.uk



i5 56 Ugir:g:-srir;gria Identifying Turbulence-Driven
@ NEWCASTLE Reconnection
MMS @ IR :
Q9 ‘.‘4:/3‘5* Q

With MMS we can
systematically identify — L
reconnection events S

Un

embedded in turbulent
plasmas!
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julia.stawarz@northumbria.ac.uk



Northumbria

University Estimating Energy Dissipation
NEWCASTLE Associated with Reconnection

[Stawarz+ (2022) Phys. Plasmas; Shay+ (2018) Phys. Plasmas; Stawarz+ (2024) Space Sci. Rev.]

By considering energy budget of each turbulence-driven reconnection event, we can develop an
expression for the energy dissipation rate associated with the ensemble of reconnection events

Dissipated energy Available reconnected Inverse timescale
per unit time — magnetic energy over which
per unit mass per unit mass reconnection occurs

“Cascade Rate”

Vainflow,

ET‘BC B

2
VA,inflow,j 1 Rj
inflow,j
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[Stawarz+ (2022) Phys. Plasmas; Shay+ (2018) Phys. Plasmas; Stawarz+ (2024) Space Sci. Rev.]

Reminiscent of e~6u3/L but
Dimensionless factors parameterizing based on local §b; at
turbulence-driven reconnection reconnecting current sheets
A v
| N \ V3
(Tdisrupt\ (Minflow) , | AL,inflow
€Erec ™~ | — o i \a; ™ dy) R 2
0 ‘[ CcL
=
Normalized Relative time Local density Parameterization Turbulent
prevalence of for turbulence enhancements or of “heating” urbuient
reconnection in to destroy a depletions at enabled by reconnection
turbulent volume reconnection reconnection sites reconnection rate
event
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Sawarz+ (in prep) Many terms can be observationally constrained
von Karman Decay with MMS and compared with estimates of the
Politano-Pouquet Expression turbulent cascade rate
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Key Assumptions

R nominal values [e.g., Burch+ 2020] or analytical
expressions for ion coupled and electron-only
reconnection [e.g. Liu+ 2022, 2025]
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Time[s] = 0.00
- ‘ Many of the key assumptions related to spatial
. F distribution and lifetime of dissipative structures in 3D

These assumptions are not possible to fully constrain
with current numerical simulations or theory

Distributed multiscale measurements of
turbulent plasmas are needed to enable new

advancements
- : ?\LASM4
i OB SERyATOT
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Summary

A wide variety of different turbulent environments with different plasma properties and
dynamics are present in near-Earth space that are directly accessible with in situ satellite
measurements offering an excellent laboratory for studying turbulence in natural plasmas

The most recent generation of multi-point measurements, particularly from NASA's
Magnetospheric Multiscale, have provided us with some of the best observational
datasets currently available for studying these complex systems

A new generation of multiscale measurements is on the verge of enabling new

advancements by allowing us to directly measure the 3D multi-scale structure of the
plasma

julia.stawarz@northumbria.ac.uk



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25

