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Partially ionized gases (and coupled systems of ionized and neutral gases) are ubiquitous and universally important 
for understanding flows of energy, momentum, and mass. For example, every body with an atmosphere undergoes 
complex ion-neutral coupling, in response to internal processes and driving from stellar winds and radiation 
[Garcia-Sage et al., 2017]. In our solar sytem, this includes Venus, Mars, the giant planets, as well as the solar 
atmosphere (e.g. prominences, see, e.g. Leake et al., 2014]) and the interaction of the solar wind with the interstellar 
medium (e.g., pick-up ions). Geospace, which extends from Earth’s  middle atmosphere through the upper 
atmosphere, ionosphere, and magnetosphere, serves as a “natural laboratory” that is readily accessible and that can 
be used to explore how ionized and neutral gases, under a variety of drivers, interact to produce complex, multiscale 
(see, e.g.,  Helio 2050 white paper from Kepko et al. “Mesoscale dynamics - the key to unlocking the universal 
physics of multiscale feedback”), and nonlinear feedback that is bidirectional, and which modifies both the ionized 
and neutral populations. There are many examples of this bi-directional feedback which are poorly understood. 
These include: 
Conductivity variation-mediated feedback: Field-aligned currents driven by magnetic shear or particle pressure 
gradients in the magnetosphere close their circuits by flowing through the collisional plasma of the ionosphere. In so 
doing, they heat, convect, and ionize the upper atmosphere, modifying its conductivity and the closure paths of these 
current systems. In parallel, these conductivity changes modify the particle convection in the magnetosphere and 
ultimately the magnetic shears and particle pressure gradients that give rise to them.. In addition to being a great 
example of bi-directional feedback, these processes are inherently nonlinear and multiscale, likely exhibiting strong 
cross-scale coupling. Observations have shown incredibly fine filamentary current structures that may produce 
significant local heating and ionization, embedded in regional- and global-scale flow fields that can convect newly 
ionized or heated gas from these heating regions into undisturbed regions, modifying the global conductivity. 
Neutral wind mediated feedback: Ion-neutral interactions that can drive neutral winds to carry momentum and 
energy across field-line boundaries and drive electric dynamos that can modify convection of plasma or drive 
instability generation. Depending on the forcing mechanism, the ionized or neutral gases may dominate the system 
physics. In Geospace, both examples, occur, with high latitude forcing being predominantly ion-driven, and electric 
fields at low and mid-latitudes being strongly driven by neutral winds forced by solar and lower atmosphere forcing 
[Pfaff et al., 2020]. The neutral winds have historically proved difficult to measure, but are responsible for 
determining heating and transport, modification of chemical species (by horizontal transport or by vertical uplift). 
An example of this that is as yet only poorly understood is the “disturbance dynamo” mechanism by which high 
latitude electrodynamic heating drives neutral winds across the magnetic field boundaries to low and mid-latitudes, 
where it then drives an electric dynamo that can strongly drive plasma motions and lead to strong shears and 
irregularity formation. In addition, electric fields generated by atmospheric dynamos can map to the magnetosphere, 
where they modify convection patterns there, particularly in the inner magnetosphere. 
Atmospheric escape-mediated feedback: One of the most critical areas of magnetosphere-atmosphere coupling is 
the driving of atmospheric escape / ion outflow. This atmospheric escape is driven by magnetospheric energy inputs, 
and then produces or strongly modifies a wide range of phenomena in the magnetosphere that modify those original 
energy inputs. These phenomena represent a complex multi-step feedback chain [Moore et al., 2014; Moore et al., 
2016], and which can lead to the magnetosphere being dominated by plasma of ionospheric origin [Glocer et al., 
2018, Chappell et al., 2008]. The ionospheric plasma can be richer in heavier species like O+, which drives 
reconnection rates, wave growth rates (and thus energetic particle energy and pitch angle diffusion) [Khazanov, 
2010; Denton et al., 2019], magnetic tail stability [Garcia-Sage et al., 2010], etc. These atmospheric escape  
processes are universal, and have been observed at Mars, Venus, Jupiter, and Saturn within our solar system (as well 
as valuable analogs to understanding some aspects of solar wind acceleration), and are theorized to have strong 
impacts on atmospheric evolution for exoplanets as well. These processes are inherently multi-scale, with physics on 
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the global-scale setting up the medium and small-scale features that drive the ion energization (cusp, auroral arcs, 
Alfvenic activity), and ultimately even ion-gyroradius scale features (tens of meters) implicated in the ion 
energization processes. Open questions about these fundamental modes of ion-neutral interaction and feedback, 
include: 
Conductivity variation-mediated feedback 
● What are the energy inputs to the upper atmosphere, and how do they vary as a function of scale size and 
persistence time? How important are small-scale (sub-100 km) features? 
● How do different energy inputs (solar EUV, Joule heating, soft precipitation, hard precipitation) drive 
different atmospheric responses and what are the relative impacts of these on conductivity changes? 
● How do transport effects modify ionospheric conductivity patterns? 
● How do these varying conductivity patterns modify current systems and convection in the magnetosphere? 
● What is the role of cross-scale (global to auroral arc scale) coupling in determining the equilibrium state? 
● How do conductivity variations, especially on short scales and fast time scales self-consistently interact 
with time-varying field aligned currents on Alfvenic timescales? 
Neutral wind-mediated feedback 
● What are the relative roles of pressure gradients, ion drag, viscous, and Coriolis forces in driving neutral 
winds at high latitude? How do these winds transport energy and momentum across magnetic boundaries? 
● How do neutral wind changes modify frictional heating and cooling rates, driving chemical changes that 
can modify the conductivity and  radiative cooling rates? 
● How is energy and momentum stored in the neutral wind re-transmitted to the plasma to modify the 
ionospheric and magnetospheric convection following a period of intense driving? How do low-latitude wind 
variations drive the Sq and disturbance dynamo? How is lower-atmosphere forcing modifying these winds and 
creating variations in the electric fields and plasma motion? 
● How do wind shears drive or modulate  plasma instabilities? 
Atmospheric escape-mediated feedback 
● Under quiet conditions, how much of the magnetospheric H+/He+ has an ionospheric source? 
● Under disturbed conditions, how does the relative importance of the ionospheric source for H+,He+,O+ etc 
become in populating the magnetospheric plasma? 
● What processes control the low-altitude “gate” that gets the ions to escape velocity and sets the mass flux 
for the escaping atmosphere? What is the role of the ambipolar potential and what causes it to vary? How important 
are pick-up ions / ring distributions? When and where do wave-particle interactions (Alfven, ELF, VLF) contribute 
to ion heating/acceleration? What drives the occasional escape of very heavy molecular species (N2+, NO+, O2+), 
which must have traversed many mean free paths of the collisional ionosphere at lower altitudes? How much do 
thermospheric and ionospheric variations (density, temperature, wind/drift) modify the outflow rates? What is the 
role of electromagnetic energy input vs. kinetic energy input? What role do precipitating electrons play as a function 
of their energy? 
● What higher-altitude processes are responsible for further accelerating the ions to plasma sheet and ring 
current energies? What are the transport paths by which these ions circulate through the magnetosphere? 
● What is the role of ionospheric plasma in modulating: Dayside reconnection rates? Nightside reconnection 
and tail stability? Wave-particle interactions that drive energetic particle acceleration, transport, and loss? 
These questions can best be answered by a series of linked investigations, as follows. These investigations are best 
performed in the following order: #1, #4, #3, #2, #5. 
1) A) Observations of the F-peak / topside thermal ionosphere / thermosphere and its responses to energy 
inputs as a function of scale size and persistence time, including detailed characterization of these spatiotemoral 
scales and how conductivity and neutral winds may change in response to these inputs (fulfilled in the topside 
ionosphere/thermosphere by GDC) 
B) Observations of the lower ionosphere/thermosphere (below 300 km) and its response to energy inputs -- a 
combination of remote sensing and in situ measurements will be needed. This region has dramatically different 
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behavior from the upper altitudes, with longer time constants, strong composition variations, and strong impacts 
from lower atmosphere forcing.  
2) Measurements of current closure in the small scale and rapid time domain.  Much work is needed to better 
understand the details of Alfven wave propagation, reflection, and absorption, using multipoint measurements that 
can track these waves from cradle to grave. Much of the critical behavior here will be determined  at and above the 
auroral acceleration region. 
Together, the results from these first two  investigations would be used to greatly improve our model 
parameterizations of the response of the upper atmosphere to magnetospheric forcing, and this improved 
understanding could be used in combination with investigation #4,  below, to improve our understanding of what 
determines the dynamics of systems of currents and the feedback mechanism 
3) Global scale observations of ionospheric conductivity and field-aligned current system, as well as 
horizontal ionospheric current systems at high spatial and temporal resolution. This investigation would rely on 
widely distributed multipoint and/or remote sensing  measurements and data assimilative models that can examine 
the M-I coupling current systems (plasma density/conductivity,  field-aligned current) as a whole, at high spatial and 
temporal resolution. 
4) Observations of the drivers of atmospheric escape -- typically with multipoint in situ  measurements that 
can examine and discriminate the various types of mechanisms implicated in ion acceleration. These measurements 
must be made across the exobase transition region (ETR) where the “mass flux” of escaping ions is set, and they 
must track the altitudinal changes in the core and superthermal ion distributions as well as the mechanisms (kinetic 
and electromagnetic energy inputs) that drive these changes. 
5) Multipoint magnetospheric convection and particle distribution measurements to address how  
magnetospheric convection evolves in response to changing ionospheric conductivity and ion outflow, over the full 
range of spatial and temporal scales from thousand-kilometer to multi-earth radii scales, and timescales from 
minutes to hours. These measurements would include measurements of magnetospheric plasma of ionospheric 
origin, with detailed velocity distribution and species distribution, possibly even measurements of isotopic 
distributions to identify light ions of ionospheric origin. Together, these could be used to assess the response of 
magnetospheric convection and current systems separately to ionospheric conductivity changes and ionospheric 
outflow changes. 
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