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Key Points
High-resolution, multi-spacecraft measurements from Magnetospheric Multiscale (MMS) in Earth’s 
magnetosheath provide a unique opportunity to explore the role of generalized Ohm’s law in shaping the 
electric field spectrum of turbulent plasmas

à Nearly all of the terms in generalized Ohm’s law are measurable with MMS well into the sub-ion scales
jump to slide

à 𝑬𝑀𝐻𝐷 provides the main contribution at large scales and a combination of 𝑬𝐻𝑎𝑙𝑙 and 𝑬𝑃𝑒 dominate at 
scales smaller than the ion inertial length
jump to slide

à 𝑬𝑃𝑒 is larger than expected from Alfvén waves and partially anti-aligns with 𝑬𝐻𝑎𝑙𝑙 at sub-ion scales 
jump to slide

à Ratio of nonlinear to linear terms in 𝑬𝑀𝐻𝐷 and 𝑬𝐻𝑎𝑙𝑙 are dictated by 𝛿𝑏𝑟𝑚𝑠/𝐵0 and nonlinear contribution 
to 𝑬𝑀𝐻𝐷 becomes increasingly important at sub-ion scales due to changes in alignment of 𝛿𝒖 and 𝛿𝒃
jump to slide



Electric fields are required to exchange energy between the magnetic field and particles in a plasma

In collisionless plasmas, 𝑬 is governed by a generalised Ohm’s law in which the different terms 
correspond to different dynamical effects (Fig. 1)

These terms can provide insight into both nonlinear and dissipative dynamics of a turbulent system

Almost all of the terms in Ohm’s law can be directly measured with MMS observations from 
Earth’s magnetosheath
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Examining Turbulent Electric Fields
Fig. 1
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Measuring Ohm’s Law 
with MMS

With MMS, the terms in Ohm’s law can be measured using a combination 
of single and multi-spacecraft techniques

à 𝑬𝑀𝐻𝐷 and 𝑬𝐻𝑎𝑙𝑙 with single-spacecraft measurements
à 𝑬𝑃𝑒 , 𝑬𝑖𝑛𝑒𝑟𝑡𝑖𝑎, and 𝑬𝛿𝑚𝑒 with multi-spacecraft gradients

Single-spacecraft measurements are averaged to barycenter of the MMS 
formation in order to combine with multi-spacecraft measurements

à Several averaging methods are attempted and 𝑬𝐻𝑎𝑙𝑙 is also 
computed using curlometer technique, all giving similar results

Explicit time derivative term in 𝑬𝑖𝑛𝑒𝑟𝑡𝑖𝑎 is omitted since timeseries appears 
consistent with advected spatial structures

𝑬 is examined in the frame of the background plasma flow
𝑬𝑝𝑙𝑎𝑠𝑚𝑎 = 𝑬𝑠𝑐 + 𝑼0×𝑩

Results from one magnetosheath interval are presented here (Fig. 2),
but in the paper several additional intervals are examined

Fig. 2

Stawarz+ (2021) JGR

https://doi.org/10.1029/2020JA028447
https://doi.org/10.1029/2020JA028447


Stawarz+ (2021) JGR

Time series of each Ohm’s law term computed 
and then power spectra are compared to 
spectrum of directly measured 𝑬 (Fig. 3)

Frequencies converted to wavenumbers using 
average flow velocity à 𝑘 = 2𝜋𝑓/𝑈0

Results
𝑬𝑀𝐻𝐷 provides the dominant contribution at 
large-scales as expected

At sub-proton scales, both 𝑬𝐻𝑎𝑙𝑙 and 𝑬𝑃𝑒
contribute to the electric field

𝑬𝑖𝑛𝑒𝑟𝑡𝑖𝑎 and 𝑬𝛿𝑚𝑒 are negligible across 
observable scales
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Examining Turbulent Electric Fields
Fig. 3

𝜌!/#à ion/electron gyroradius
𝑑!/#à ion/electron inertial length
MMS sep. à spacecraft separation

Multi-s/c gradient computation 
not reliable at scales smaller 
than MMS sep.
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Comparing the the relative amplitudes and alignments of 
𝑬𝐻𝑎𝑙𝑙 and 𝑬𝑃𝑒 provides insight into the underlying dynamics

𝑬𝐻𝑎𝑙𝑙 dominates over 𝑬𝑃𝑒 , but 𝑬𝑃𝑒 is stronger than expected 
from linear kinetic Alfvén waves (Fig. 4 top) [Boldyrev+ (2013) ApJ]

à Excess 𝑬𝑃𝑒 could be associated with reconnection 
events [Phan+ (2018) Nature; Stawarz+ (2019) ApJL], compressive 
fluctuations, and nonlinear effects

Partial anti-alignment between 𝑬𝐻𝑎𝑙𝑙 and 𝑬𝑃𝑒 fluctuations at 
sub-ion scales observed (Fig. 4 bottom)
à Perfect anti-alignment expected if currents entirely 

associated with electron diamagnetic drift
à Partial anti-alignment can be caused by additional

influence of ion dynamics and 𝐸|| at sub-ion scales

Kinetic Alfvén 
wave prediction

Observed
𝛿𝑝#/𝛿𝑏
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Interaction between Hall and Electron 
Pressure Terms 

Fig. 4
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𝑬𝑀𝐻𝐷 = −𝛿𝒖×𝑩0 − 𝛿𝒖×𝛿𝒃 𝑬𝐻𝑎𝑙𝑙 = 𝛿𝒋×𝑩0/𝑒𝑛 + 𝛿𝒋×𝛿𝒃/𝑒𝑛
𝛿𝑏$%&/𝐵'

In 𝑬𝑀𝐻𝐷 (Fig. 5 top)
à Ratio of nonlinear to linear terms ∼ 𝛿𝑏𝑟𝑚𝑠/𝐵0 at large scales 
à Nonlinear term becomes increasingly important at sub-ion 

scales due to decrease in alignment between 𝛿𝒖 and 𝛿𝒃
[see also Parashar+ (2018) PRL]

In 𝑬𝐻𝑎𝑙𝑙 (Fig. 5 bottom)
à Ratio of nonlinear to linear terms is ∼ 𝛿𝑏𝑟𝑚𝑠/𝐵0 across all scales
à Results may suggest a balance between linear and nonlinear 

timescales
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Linear and Nonlinear Terms
Fig. 5
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