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Abstract
The payload of the Interstellar Mapping and Acceleration Probe (IMAP) includes sophis-
ticated in situ instruments to measure solar wind plasma and magnetic fields, suprathermal
and energetic particles at 1 au as well as unprecedented remote sensing instruments to ob-
serve the energetic neutral atoms (ENAs) in the outer heliosphere and the ultraviolet glow
of the interstellar neutral H interacting with the three-dimensional solar wind. This unique
combination of sensors on a single platform allows connections to be made between the
inner and outer heliosphere to an extent never before possible. This article focuses on the
scientific theme of connecting the physics of particle acceleration and transport throughout
the heliosphere. Such studies enabled by IMAP are organized into three broad categories:
i) fundamental particle acceleration and transport processes, ii) heliospheric variability that
affects those processes, and iii) inner heliospheric science.

Keywords Heliosphere · Interstellar medium · ENAs · Space weather · Energetic particles ·
Solar wind · Plasma · Magnetic fields · IMAP

1 Introduction

The heliosphere is a vast and complex ‘system of systems’ and fully understanding its struc-
ture and interaction with interstellar space, as well as the variability of both aspects, remains
an important goal of heliophysics. The Interstellar Mapping and Acceleration Probe (IMAP)
mission (McComas et al. 2025b) has a suite of 10 instruments, for both remote sensing and
in situ observations, to make significant advances on this goal. Four science objectives were
defined previously for the mission (McComas et al. 2018a):

1. Improve understanding of the composition and properties of the LISM.
2. Advance understanding of the temporal and spatial evolution of the boundary region in

which the solar wind and the interstellar medium interact.

Extended author information available on the last page of the article
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3. Identify and advance understanding of processes related to the interactions of the mag-
netic field of the Sun and the LISM.

4. Identify and advance understanding of particle injection and acceleration processes near
the Sun, in the heliosphere and heliosheath.

This article focuses primarily on the particular challenge of the fourth objective.
The last three decades of heliophysics observations and research have revolutionized our

understanding of the space environment near Earth, with a primary focus on connections
between the Sun and measurements of ionizing photons, particles and fields at 1 au. How-
ever, the same missions needed to interpret the near-Earth conditions (e.g., SOHO, Ulysses,
ACE, and STEREO) also led to the development of a global conceptual framework for un-
derstanding the 3D spatial and temporal structure of the global inner heliosphere – with the
Sun as its inner boundary (see e.g., Riley et al. 2001; Odstrcil 2023; Pomoell and Poedts
2018).

This inner heliospheric perspective, with its emphasis on solar drivers, has taught us a
great deal about the quasi-steady and transient corona and solar wind, over both quiet and
active phases of the solar cycle (e.g. Riley et al. 2022; Zhang et al. 2023). Concurrently,
research with a more ‘outer’ heliospheric perspective has steadily advanced. For example,
measurements of both galactic and ‘anomalous’ cosmic rays, the former of which had been
monitored from the ground for decades, are both better interpreted and have led to new
insights as a result of better understanding global heliospheric structure (see, e.g., reviews
by Rankin et al. 2022 and Giacalone et al. 2022). At the same time, interest has grown
in what happens beyond the inner heliosphere, and how it affects our own environment.
The establishment of the prevailing explanation for the anomalous cosmic rays, with their
distinctive composition, charge states, and energy distributions, as accelerated ‘pickup ion’
messengers from the edge of interstellar space, inspired a new generation of theoretical and
modeling work to extend inner heliosphere models to the outermost reaches of solar wind
influence (see, e.g., Pogorelov et al. 2013; Kleinmann et al. 2022). A new methodology that
in part grew out of this interest has been the use of measurements of energetic neutral atoms
(ENAs) produced in charge exchange reactions between solar wind protons and penetrating
interstellar gas to probe the outer heliosphere (Galli et al. 2014; McComas et al. 2024).

The IBEX (Interstellar Boundary Explorer) mission (McComas 2009a) applied new re-
mote sensing techniques of ENAs to demonstrate the unique value of ENA maps to study
the outer boundaries of the heliosphere. In effect, IBEX’s images of the outer heliospheric
boundary are a counterpart to the imaging of solar drivers at the heart of the system, provid-
ing constraints on the spatial and temporal conditions that both dictate, and reflect, the inner
heliospheric conditions. IMAP builds upon this by uniquely combining advanced neutral
imaging with the critical in situ measurements that provide a ‘ground truth’ for the inferred
properties of the larger heliospheric models to which IMAP data must be compared. Ev-
ery extrapolation of the heliospheric structure and physics inferred from the remote sensing
with ENAs should be consistent with the in situ IMAP measurements of the galactic and
anomalous cosmic ray (GCR and ACR), solar energetic particle (SEP), solar wind, and lo-
cal pickup ion (PUI) responses to the more global heliospheric conditions. With its in situ
suite of particle and magnetic field instruments, IMAP investigates the nature of particle ac-
celeration in the inner heliosphere, revealing new details that further illuminate the physics
of the more distant heliosphere and astrospheres across the cosmos.

The following sections highlight a few of the key scientific studies that the IMAP mis-
sion (McComas et al. 2025b) enables, organized into three broad sub-themes: i) fundamental
particle acceleration and transport processes, ii) heliospheric variability, and iii) inner helio-
spheric science. However, before turning to these, we first introduce a few concepts that
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the later sections have in common, including the critical role of interstellar PUIs, the struc-
ture of the solar wind and associated transients, and the need to leverage the limited in situ
observations available beyond 1 au in order to achieve IMAP science.

1.1 The Role of Pickup Ions in the Heliosphere

Heliospheric PUIs are created when incoming neutrals from the local interstellar cloud
become ionized by charge exchange with the outflowing solar wind, by solar UV, or by
suprathermal electrons (e.g., Vasyliunas and Siscoe 1976; Möbius et al. 1985; Sokół et al.
2022; Zirnstein et al. 2022a, and references therein) at energies ≥ ∼1 keV/nuc. Such ioniza-
tion and PUI generation occurs throughout the heliosphere. The PUI to solar wind density
ratio increases with increasing heliocentric distance, until the PUI pressure rapidly domi-
nates that of the solar wind. Beyond that point, PUIs substantially modify and even dominate
the plasma physics in the outer heliosphere, especially between the termination shock and
the heliopause (for more detailed discussions with specific connections to IMAP see, e.g.,
Reisenfeld et al. 2026 and Szalay et al. 2026).

As noted above, PUIs have long been recognized as the likely origin of ACRs - the un-
expected enhanced populations of protons, helium, nitrogen, oxygen, and neon at 10 s to
∼100 MeV/nucleon - which were first discovered by Pioneer 10 (McDonald et al. 1974;
Fisk et al. 1974). While the source of these ACRs was initially unknown, the connection
to PUIs was evidenced by observations that ACRs are predominantly singly ionized (Os-
chlies et al. 1989; Singh et al. 1991; Dutta et al. 1993; Klecker 1995), although occasionally
doubly-ionized ACRs have been observed (Mewaldt et al. 1996). PUIs are also created from
solar wind-grain interactions in the solar wind (Gloeckler et al. 2000; Schwadron et al.
2000) with abundances that resemble the solar wind. Interstellar PUIs are dominated by
high FIP species (e.g., He and Ne) but are depleted in low FIP species. The PUIs from the
solar wind-grain interactions supplies the ACR species (Schwadron and Gloeckler 2007)
with lower first ionization potentials (e.g., C, Si, Mg, Fe), particularly from PUI sources
in the Kuiper Belt (Schwadron et al. 2002). Today, a leading theory is that ACRs result
from shock drift acceleration of PUIs at the termination shock inside of which the pressure
of the solar wind outflow is effectively stopped as it meets its local interstellar equivalent
(e.g., Axford et al. 1977; Krymsky 1977; Bell 1978; Blandford and Ostriker 1978; Arm-
strong et al. 1985; Jokipii 1986; Klecker 1995; Giacalone et al. 2022). Further, McComas
and Schwadron (2006) proposed that the shape of the shock was important, with it being
blunt on the nose and extending much farther from the Sun in the flanks and tail, which
allows acceleration up to the observed ACR energies (Schwadron et al. 2008; Cummings
et al. 2024). However, the exact steps of the energization process necessary to bring these
particles from ∼1 keV up to ∼100 MeV energies remains to be understood.

PUIs also play a critical role in the generation of the ENAs imaged by IMAP. In particu-
lar, the combination of in situ observations by Voyager 2 and New Horizons, remote sensing
from IBEX, and theory, simulations, and modeling, has provided a compelling scenario for
the origin of ENAs with energies in the range of a few keV (Gruntman et al. 2001). PUIs are
heated and accelerated at the solar wind termination shock and are advected from there into
the heliosheath, along with the solar wind. The PUIs may experience charge exchange with
inflowing interstellar neutral hydrogen to create ENAs at that location with energies of ∼1
to ∼5 keV. The ENAs created in the heliosheath appear in both the supersonic solar wind
and very local interstellar medium (VLISM) to form an ENA population in both regions.
The component in the supersonic solar wind is measured as the direct (non-ribbon) ENA
population by the IBEX-Hi instrument (McComas et al. 2009b; Zank et al. 2010; Zirnstein
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et al. 2014; Zank 2015). By contrast, the ENA population in the VLISM can experience a
first charge-exchange event to produce an energetic PUI there, followed by a second charge-
exchange to produce a secondary ENA (McComas et al. 2009b; Heerikhuisen et al. 2010b).
There are competing views for the source of ENAs from the ribbon either involving a ring
distribution from cyclotron motion about the VLISM magnetic field (Heerikhuisen et al.
2010b), or PUIs being spatially retained in regions where cyclotron wave generation is en-
hanced due to the neutral solar wind flowing almost perpendicular to the VLISM magnetic
field (Schwadron and McComas 2013). The former is referred to as the weak scattering
mechanism because it requires the ring distribution to persist without scattering on a time
scale comparable to or longer than the ENA production time. The latter provides a spatial
region, the Spatial Retention Region, in the VLISM where flux enhancements in PUIs are
expected due to a range of possible plasma interactions. The secondary ENA reflects the
physical conditions in the VLISM, such as the orientation and strength of the local interstel-
lar medium (LISM) magnetic field, that gives rise to the IBEX ribbon.

Finally, PUIs have a significant role in the thermodynamics of solar wind plasma protons,
primarily through energy and entropy transfer. The energy transfer occurs through dissipa-
tion of turbulence created by the PUI-excited, low-frequency plasma waves, which heats the
solar wind protons and leads to a nonadiabatic polytropic process as they expand in the helio-
sphere. The resulting temperature profile can be used to determine the polytropic index that
characterizes the nonadiabatic process, where the deviation of this index from its adiabatic
value provides the turbulent energy (Livadiotis 2018; Zank et al. 2018; Livadiotis and Mc-
Comas 2023a). The long-range correlations among particles, introduced by PUIs, reduces
the system’s entropy. The newly generated PUI protons are highly organized and through
their interactions with the solar wind plasma protons, affect the nominal kappa-distribution,
resulting in a decrease in solar wind flow’s entropy. This reduction is quantified by the en-
tropy defect, which is directly related to the value of thermodynamic kappa (Livadiotis and
McComas 2023b,c). The derived profile of thermodynamic kappa in the heliosphere was
found to match observations from various missions, especially the detailed IBEX skymaps.

PUIs are critical populations in the heliosphere given their contributions to total pres-
sure (McComas et al. 2025a,b) plus the generation of both ENAs and ACRs in the outer
heliosphere along with their impact on the thermodynamics of the system. Measuring the in
situ velocity distribution functions and isotopic abundances of PUIs at 1 au, together with
both the energy, angular, and mass distribution of ACRs and spectrally-resolved maps of
outer heliospheric ENAs at PUI energies, enables IMAP to trace the evolution of PUIs at
1 au. Their subsequent influence in regulating the structure and variability of outer helio-
spheric plasma and energetic particle populations can then be inferred. Additionally, IMAP
will enable even more precise and higher resolution determination of the kappa values in the
heliosphere.

1.2 Solar Wind Structures

The solar wind plasma that escapes from the Sun carries with it the solar magnetic field
creating the interplanetary magnetic field (IMF). The properties of a given solar wind parcel
depend on the region from which it was emitted from the solar chromosphere. Coronal
holes, which appear as dark regions in extreme ultraviolet (EUV) images of the Sun, emit
fast, hot, and low-density solar wind. The slow solar wind associated with coronal streamers,
which are bright in coronagraph and eclipse images, is slower, cooler, and higher in density
compared to the fast wind.

As the solar wind moves radially away, the Sun’s rotation causes the IMF to form the
well-known Parker spiral. Deviations from the Parker Spiral occur often in rarefaction and
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Fig. 1 When fast solar wind runs into slower wind, a compression forms and the density (n), temperature (T ),
and magnetic field strength (|B|) are enhanced. The plot shows a superposed epoch analysis of compressions
of solar wind parameters for 27 Corotating Interaction Regions (CIRs), where the x-axis is in days and the
events are aligned such that zero is where the solar wind speed (V ) for each CIR rose most steeply. Each
curve shows the average over all 27 events (Adapted from Borovsky and Denton 2010)

compression regions where the Sub- and Super-Parker Spirals (associated with switchbacks)
form due to solar wind speed gradients along field-structures that were connected through
magnetic interchange reconnection and footpoint motion back at the Sun (e.g., Schwadron
and McComas 2005, 2021). The Sun’s rotation can also result in solar wind of differing
speeds to be sequentially emitted along a common radial direction. In the case of fast wind
following slower wind, the faster wind can push into the slower wind forming a compression
region in which the solar wind temperature, density and field strength are elevated (Fig. 1).
These compressions are referred to as stream interaction regions (SIRs) or, if surviving over
more than one full solar rotation, corotating interaction regions (CIRs). Often once they are
somewhat beyond 1 au, the compression regions of SIRs and CIRs turn into fast magne-
tosonic shocks, which then continue to propagate into the outer heliosphere, driven by the
fast solar wind sunward of them.

Coronal mass ejections (CMEs) leaving the Sun also carry with them their own plasma
and field characteristics, evident as transient structures in the in situ solar wind measure-
ments. If traveling fast enough, these CMEs can also drive interplanetary (IP) shocks. As the
solar wind continues to expand away from the Sun, these solar wind structures (SIRs/CIRs,
CMEs, shocks, fast and slow wind) dynamically interact and merge. In this merging process,
higher speed solar wind features are worn down and form larger structures with smaller am-
plitudes. Such merged features are referred to as merged interaction regions (MIRs), or if
very large, globally merged interaction regions (GMIRs), which may form a shell extending
around the entirety of the heliosphere, at least at lower ecliptic latitudes (< ∼30°) (Burlaga
et al. 1993). As the Voyagers have shown, these structures are even capable of surviving all
the way out to the heliopause and influencing the local environment of the VLISM (e.g.,
Burlaga and Ness 2016; Rankin et al. 2019b; Zirnstein et al. 2024). This results in the vari-
ability of the solar wind parameters to rapidly decrease with increasing heliocentric distance
out to ∼20 au (Fig. 2). Beyond this, particularly beyond ∼30 au, the solar wind gradually
slows and heats as it encounters an increasing density of interstellar neutral (ISN) material,
which is ionized and picked up by the solar wind (Richardson et al. 1995; Richardson and
Smith 2003; Elliott et al. 2016, 2019; Wang et al. 2000; Posner et al. 2001; Kim et al. 2016).



    6 Page 6 of 56 C.M.S. Cohen et al.

Fig. 2 The variability of the solar
wind parameters rapidly
decreases with distance inside of
20 au as solar wind structures are
worn down and merge with one
another through dynamic
interaction. This figure shows
radial profiles of the Voyager 2
solar wind speed, density, and
temperature for solar rotation
averaged bins (25.38 days). It
shows the mean (red), median
(blue), 25-75 percentiles (dark
grey), and 5 to 95 percentiles
(light grey)

1.3 Leveraging in Situ Observations by Other Missions

As with connecting the remote observations of the Sun with in situ data near Earth, the con-
nection between the heliospheric ENA imaging and in situ measurements from IMAP needs
to leverage all available resources. Modeling efforts are critical, but any ‘ground truth’ ob-
servations that are available are also necessary. Given the vast size, time-dependent nature,
and constitution of the heliosphere, in situ measurements are few and far between, taken
at different distances, during different solar cycle phases, and via different instrumentation.
However, they can be used as ‘stepping stones’ to connect different regions of the helio-
sphere towards a global understanding of the physical processes and conditions at work.
While not all measurements of fields and particles (or energy ranges) are available from
each spacecraft, any contributions that can constrain the heliospheric models are valuable.

For example, comparing New Horizons solar wind speeds with propagated speeds at 1
au has proven useful for distinguishing reductions in speeds owing to changes in the sources
of solar wind at the Sun or to the interaction with and pickup of ISN material. Several outer
heliosphere models have already been adapted to have inner boundaries driven with 1 au
observations and had success at reproducing these large-scale changes in speed as well as
being able to reproduce the gradual slowing trend related to the presence of ISN material
(Kim et al. 2016; Keebler et al. 2022).

While the inner heliosphere is better monitored than the outer heliosphere, there is still
a dearth of measurements needed to understand the acceleration and transport of particles
at and inside of 1 au. IMAP takes advantage of the existing NASA Heliophysics System
Observatory (HSO) for context, while augmenting other in situ measurements at L1 with
its complete set of instrumentation. In particular, IMAP will join several other missions al-
ready positioned at L1 creating an unprecedented spacecraft constellation which will enable
unique studies of solar wind mesoscale structures and potentially improving space weather
predictive capabilities. Observations from MAG (Horbury et al. 2026), SWE (Skoug et al.
2026), and SWAPI (Rankin et al. 2025) characterize the solar wind plasma and magnetic
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field addressing solar wind structures, shocks and turbulence, with GLOWS (Bzowski et al.
2025) contributing to obtaining the solar wind latitudinal structure. SWAPI, along with
CoDICE (Livi et al. 2026), also provides critical PUI observations. Suprathermal ions and
their charge states are measured by CoDICE which connect to the energetic particle obser-
vations of HIT (Christian et al. 2026) with contributions from SEPs, ACRs, and GCRs. As
illustrated in Fig. 3, there are a multitude of processes, particle populations, and solar wind
structures that make up the global heliosphere. Ubiquitous processes such as shock acceler-
ation can be studied both inside 1 au and in the outer heliosphere through the combination of
in situ suprathermal and energetic particle and magnetic field observations, solar and ENA
imaging, and theory and modeling that is possible with IMAP.

2 Linking Particle Acceleration and Transport Across the Heliosphere

The physics of heliospheric energetic particles involves two important and interrelated pro-
cesses: acceleration and transport. Acceleration is the process by which particles gain energy
within a collisionless plasma; acceleration is distinct from heating, which only affects the
thermal core of the plasma and ultimately results in an increase in the temperature. Two
important examples of acceleration associated with collisionless shocks that IMAP studies
extensively include IP shocks, which pass by Earth’s orbit frequently, and the solar wind
termination shock. Other forms of acceleration involve processes related to adiabatic com-
pressions; magnetic reconnection, which is known to occur in the solar atmosphere, solar
wind, and possibly in the outer heliosphere as well; and/or energy diffusion (i.e., stochastic
acceleration), which typically happens relatively slowly compared to the other processes.
With its mass and charge-state resolved observations of particle distributions, IMAP makes
critical advances in disentangling the relative importance of these different processes ac-
tive within the inner heliosphere. Furthermore, by comparing the ENA observations from
the outer heliosphere and VLISM with solar and solar wind conditions in the inner he-
liosphere, IMAP establishes which of those acceleration processes may be active in those
distant plasma regimes along the outermost extents of the heliosphere.

The transport of energetic particles is the process by which particles are dispersed in
space from their initial acceleration sites. Particle transport involves knowledge of so-called
‘transport parameters’, such as diffusion and drift coefficients, which are related to the mag-
netic and electric fields and their fluctuations (i.e., waves and turbulence). Nondiffusive
transport, such as that associated with confinement in structures and rapid, advective trans-
port may also contribute to the dispersal of energetic particles, possibly leading to phe-
nomena such as observed particle ‘dropouts’ (e.g., Mazur et al. 2000). The magnetic fields
controlling transport are fundamentally multi-scale, though organized by large-scale solar
wind features, they also possess a broadband turbulent component.

In this section, we describe a number of key aspects of this problem for which IMAP
makes critical new measurements.

2.1 Solar Wind Structures and Particle Acceleration

The solar wind structures described in Sect. 1.2 occupy a broad range of scales (Bruno and
Carbone 2013). The potential for such structures to influence processes at the termination
shock depends on at least several effects that vary over such scales. Turbulence at magneto-
hydrodynamic (MHD) scales, up to around the correlation scale (typically 0.01 au at 1 au),
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is expected to be dynamically processed many times over in transition to ∼100 au. This fol-
lows from the fact that the nonlinear time, i.e., Tnl = Lc/u, at 1 au is roughly of order of the
correlation scale (Lc, the distance over which fluctuations become statistically independent)
divided by the turbulence speed (u). Meanwhile the convection time is R/V for heliocen-
tric distance R and solar wind speed V . Therefore, the structures at the correlation scale
or smaller have experienced at least one nonlinear processing time per au of wind motion
(Matthaeus et al. 1998). In taking into account the expected increase of correlation scale
with distance (i.e., Lc ∼ R1/2), it is clear that inertial range turbulence structures at < Lc

will not survive to reach the termination shock (see, e.g., Cuesta et al. 2022).
On the other hand, structures much larger than the correlation scale may survive partially

or wholly intact, in the sense that such structures may follow the large scale flow charac-
teristics over large distances without ‘internal’ nonlinear distortion due to MHD turbulence
processes. This may be roughly quantified by noting that the largest distance an MHD sig-
nal at the turbulence speed u can propagate in the convection time R/V in effect defines
a “range of influence” L0 ∼ (u/V )R. For V ∼ 10u, the angular opening of influence by
MHD processes is θ0 ∼ L0/R ∼ 0.1 radians (∼6°). Structures larger than L0 at heliocentric
distance R will mainly move along large scale flow characteristics, meaning that objects
larger than 6° or so are relatively undisturbed by MHD turbulence. This simple calculation
suggests that high resolution MHD models (e.g., Usmanov et al. 2025) may contribute to
interpretation of IMAP ENA maps, which have similar resolution at most energies.

The above estimates are based on constant speed radial expansion. In reality, the myriad
solar wind structures and their variability will distort the large-scale flow characteristics,
causing considerable complexity at these mesoscales in the inner heliosphere (r < 20 au).
Even in the outer heliosphere, structures such as MIRs have the potential for great influence
at mesoscales.

Assessing the impact of various structures on the termination shock environment re-
quires dealing with varying scales differently. One technique for addressing this multi-scale
problem is linking a global MHD model at large scales to the photospheric conditions as
represented by, for example, data from high-resolution magnetograms. The large-scale mod-
els may be single-fluid or multifluid to accommodate additional effects such as differential
proton-electron heating as well as parameterized kinetic effects and multiple ion species.
Large-scale MHD models are well developed and routinely applied to problems such as
space weather.

One may add to such models a statistical representation of the turbulence, which is ex-
pected to influence heating and particle scattering and transport, even if it is not treated
explicitly. Typically, turbulence in such approaches is described by just a few parameters,
including turbulence energy density, cross helicity (i.e., Alfvénicity), ratio of flow kinetic
energy to magnetic fluctuation energy, and a correlation length. Some models include sev-
eral turbulence types, such as quasi-2D fluctuations and slab fluctuations, distinguished by
the orientation of the underlying wave vectors. The use of this class of models has increased
greatly in the last decade and shows promise in their increasing ability to account for ob-
servations by a variety of spacecraft at positions across the heliosphere. These are often
called ‘turbulence transport models’ as they represent significant generalization of Wentzel–
Kramers–Brillouin (WKB) theory and include the capability to account for heating through
the addition of a temperature transport equation that includes models of turbulence dissipa-
tion.

When large-scale models and turbulence transport models are combined into a self-
consistent solar wind model, a powerful tool emerges that shows promise to help understand
how conditions at 1 au, as monitored by IMAP, can influence conditions in the outer helio-
sphere. In principle, these kinds of models can propagate shocks, pressure pulses and other
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mesoscale structures as well as turbulence properties that determine scattering mean free
paths needed for acceleration models. With great improvement in recent years, these models
are evolving toward higher fidelity and improved self-consistency, thus becoming an asset
in interpreting IMAP’s groundbreaking observations. In particular, IMAP in situ observa-
tions at 1au provide explicit constraints on MHD modeling, which then, through numerical
propagation to the outer heliosphere, will inform interpretation of IMAP remote sensing
data.

Most individual ‘events’ seen at 1 au by IMAP, except perhaps the largest and most dra-
matic events, will be fully assimilated into the solar wind turbulence and large-scale struc-
tures prior to encountering the termination shock (see, e.g., Fig. 2). Even with improved
large-scale and turbulence transport modeling, most of the useful information at 1 au will
not map directly to the outer heliosphere, but rather will be of a statistical nature. In this re-
gard, at least several crucial parameters at 1 au are known to be characterized by lognormal
statistical distributions. Observed variables displaying (at least, approximate) lognormality
include the magnetic field magnitude, the turbulence correlation scales, and the turbulence
energy density (Burlaga and Ness 1998; Padhye et al. 2001; Ruiz et al. 2014). This set of
parameters encompasses much of what is needed to evaluate charged particle diffusion co-
efficients. The implication is that these quantities exhibit the same kind of burstiness that is
seen in upper atmospheric wind speed, a property that was modeled as lognormal (Obukhov
1962) and inspired the development of intermittency theory (Kolmogorov 1962). Consid-
ering just one of these, e.g., a lognormal distribution of correlation scales, it is possible to
show that in broad circumstances the resulting composite (or superposed) signal will give
rise to a 1/f or ‘flicker-noise’ spectrum (Montroll and Shlesinger 1982). Applying the ideas
to IMAP in situ observations, it seems quite likely that interplanetary dynamics in transit
to the termination shock will superpose and low-pass filter the inputs at 1 au, resulting in
lognormal distributions and 1/f noise at very low frequencies (Burlaga et al. 2003; Wang
et al. 2024). Such signals are notoriously difficult to predict, as they have equal power per
decade, thus delaying convergence of any averaging process. However, by adopting an ap-
propriate statistical approach it may be feasible to interpret the impacts on the termination
shock of low-frequency IMAP observations, using large-scale transport models. There is po-
tential in this approach to develop an understanding of the associated response in the form
of energization of charged particles.

2.2 PUI Heating and Acceleration

Interstellar PUIs are thought to be the population of particles in the heliosheath with the
largest energy density, where most ENAs in the globally distributed flux (GDF) originate.
We have a reasonable understanding of the distribution of PUIs in the solar wind through in
situ measurements by Ulysses and New Horizons (e.g., McComas et al. 2021, 2025a; Zirn-
stein et al. 2022a, and references therein). However, we do not have in situ measurements
of PUIs in the heliosheath because neither Voyager spacecraft have the instrumentation to
measure particles with energies less than about 30 keV. The PLS instrument on Voyager 2
measures ion energies up to 6 keV, which does not cover the hot PUI range, and the lower-
energy PUI fluxes are too small to be observed. Thus, we must infer their distribution from
the remote observations of ENAs, which only provide a distribution along a particular line
of sight over the entire heliosheath, or with numerical modeling which includes the physics
of heating and acceleration across the termination shock. These simulations are only limited
to the region near the shock and do not provide distributions throughout the heliosheath;
however, both Voyager 1 and 2, separated spatially by over 100 AU, have revealed remark-
ably similar intensities of ∼0.03-1 MeV ions suggesting a certain amount of homogeneity.
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Thus, the complete distribution of PUIs at the termination shock, currently only available
through simulations, might be a reasonable estimate of that deeper in the heliosheath.

IMAP makes in situ, high-time resolution measurements of select PUI species at 1 au, and
determines how their distribution is modified across IP shocks. There are many IP shocks
at 1 au, with a variety of parameters, such as speed, Mach numbers, plasma beta, and mag-
netic field orientation. One important difference between shocks at 1 au and the termination
shock is that PUIs dominate the internal plasma pressure in the outer heliosphere, unlike
at 1 au (McComas et al. 2017, 2021, 2025a,b). Several authors have shown that interstellar
PUIs can modify IP shocks in the outer heliosphere (Zirnstein et al. 2018e; McComas et al.
2021, 2022, 2025a,b; Shrestha et al. 2025). Additionally, at the termination shock, the effec-
tive plasma beta (the ratio of the thermal pressure to the magnetic pressure), including the
PUI pressure, is very high. As such, those IP shocks for which the ambient plasma beta is
large are reasonable analogs to the termination shock. In addition, the inner heliosphere is
abundant in pre-existing suprathermal ions with energies from ∼1 keV and higher. In some
cases, these particles are of sufficient intensity to contribute to the plasma pressure, thereby
resembling conditions at the termination shock in which a suprathermal population domi-
nates the plasma pressure. Therefore, we expect there to be IP shocks with plasma conditions
analogous to that at the termination shock. This provides important in situ measurements of
the evolution of PUIs across shocks with which to compare with distributions inferred from
ENAs coming from the heliosheath.

As previously discussed, interstellar PUIs are also the most likely source population for
ACRs (e.g., Fisk et al. 1974). Although the specific acceleration mechanism involved re-
mains a topic of some debate (e.g., Giacalone et al. 2012), it is widely thought that acceler-
ation at the termination shock is the primary mechanism (Pesses et al. 1981; Jokipii 1986;
Jokipii et al. 2004; McComas and Schwadron 2006; Giacalone et al. 2022). Self-consistent
plasma simulations have revealed that as PUIs are heated across the termination shock, a
fraction of them are accelerated to higher energies with an intensity that is consistent with
in situ Voyager 2 observations (Giacalone and Decker 2010; Giacalone et al. 2021). This
is shown in the left panel of Fig. 4. The solid curves are simulated distributions of PUIs
just downstream of the termination shock. The blue curve corresponds to the location where
Voyager 2 crossed. The black symbols are Voyager 2/LECP data.

A comparison of ENA observations from IBEX and the expected ENA fluxes from the
distribution of shock-heated and accelerated PUIs at the termination shock have revealed a
discrepancy in the ∼3-10 keV energy range (Gkioulidou et al. 2022), which is about the
place in phase space where the heated PUI distribution connects with the high-energy tail. A
possible solution to this discrepancy was addressed by Giacalone et al. (2025) and is shown
in the right panel of Fig. 4. Through a combination of in situ IMAP observations of the
evolution of PUI distributions across IP shocks that are analogs to the termination shock,
hybrid simulations of the IP shocks with well-determined initial conditions, and new IMAP
observations of ENAs in this critical energy range, IMAP helps determine the cause of the
discrepancy noted above.

2.3 The Coupling of PUIs to the Solar Wind

It is generally thought that after being ionized, either through charge exchange with the
solar wind or by interaction with solar UV, PUIs then scatter rapidly in pitch angle to form
a shell-like distribution in phase space. As they are carried outward by the solar wind to the
outer heliosphere, they also undergo energy change via interaction with fluctuating electric
and magnetic fields, some of which are of their own making due to their distribution being
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Fig. 4 (left) Energy spectra of solar wind (dashed curves) and pickup protons (solid curves) just downstream
of the solar wind termination shock at three different places along the shock: (blue) the Voyager 2 crossing
location, (green) at one flank of the heliosphere, and (purple) the tailward direction. The black symbols are
data from the Voyager 2 LECP instrument. From Giacalone et al. (2021). (right) The flux of energetic neutral
atoms as a function of energy at 1 au based on an estimate using the charged particle distribution obtained
from hybrid simulations of the heating and acceleration of pickup protons across the termination shock. The
solid and dashed curves are from two different simulations using somewhat different initial pickup proton
distributions. The colored boxes from ENA observations from IBEX and Cassini. From Giacalone et al.
(2025)

unstable, and through adiabatic cooling. As a result, the quasi-spherical shell distribution
becomes filled in the frame co-moving with the solar wind (Fig. 5). In this picture, the PUIs
are reasonably ‘coupled’ to the solar wind in the sense that they have the same bulk velocity
as the solar wind, despite having considerably different density and thermal pressure. PUIs
respond directly to structures within the solar wind since the PUI sources are generated
along the entire streamline. Compressions and rarefactions cause decreased or increased
adiabatic cooling, respectively, which increases or decreases PUI densities and pressures
(Schwadron et al. 1999). If the scattering is weak, then the PUIs may move along the local
magnetic field leading to, for example, a different temperature along the field compared to
that across it. In the heliosheath, most models generally assume that the PUI pressure is
isotropic and that the PUIs move with the same velocity vector as the solar wind. The two
species are assumed to be coupled in this sense and can be characterized in a thermodynamic
manner, as the PUI expansive cooling is connected to thermodynamic polytropic processes
and the thermodynamic kappa parameter (Livadiotis et al. 2024). Because of the importance
of large-scale modeling for our understanding of the global heliosphere, and to aid in the
interpretation of ENA GDF observations, it is important that the models include all the
essential physics. If the PUIs and solar wind are not coupled in the models, and move as
separate populations, this could potentially have important effects on the resulting structure
obtained from the models.

IMAP makes in situ observations at 1 au of the full 3D velocity distribution of PUIs from
which bulk properties, such as speed, pressure tensor, and density, are determined over a
wide variety of plasma conditions. Thus, IMAP studies the coupling of PUIs to the solar
wind at 1 au that provides important information that can be related to the physics occur-
ring in the heliosheath, and to guide the physics of large-scale modeling of the heliosphere
important for interpreting IMAP observations of ENAs.
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Fig. 5 Diagram illustrating the interstellar pickup ion distribution as the ions are first picked up at α (the
angle between the bulk solar wind flow and the interplanetary magnetic field) (a), the shell with radius VSW

(i.e. the solar wind speed) formed as the ions are pitch angle scattered (b), and the shelled filled in response
to adiabatic cooling that occurs as the plasma expands (From Fig. 1 in Zirnstein et al. 2022a,b)

2.4 Contributions from Suprathermal Particles

Suprathermal ions in the heliosphere - with energies above the local thermal distribution but
below those of energetic particles (typically ∼0.1-100 keV/nucleon for ions, though bound-
aries vary by context) - come from various sources, such as heated solar wind, interstellar
PUIs, and remnants of solar transients (e.g., Mason 2000). This population persists in the
heliosphere, forming tails visible in solar wind and energetic particle distributions. These
tails can act as the source of seed particles that get selectively injected and accelerated at
IP shocks. While the generation process of suprathermal particles remains uncertain, their
role in shaping particle dynamics at the termination shock is clear. Voyager observations
showed a prevalent cold plasma downstream of the termination shock in the heliosheath,
indicating that the primary energy dissipation by the shock is driven by the local energiza-
tion of suprathermal PUIs, rather than the heating of the thermal solar wind (Zank et al.
1996; Richardson et al. 2008). This observation highlights the strong influence of a locally-
energized population of PUIs on the dynamics of the termination shock (e.g., Burrows et al.
2010) and the presence of structures across various spatial scales and regions with diverse
plasma turbulence levels (e.g., Richardson et al. 2008 and references there in).

The direct connection between the solar wind structure and ENAs created in the he-
liosheath (i.e., GDF) and outside the heliopause (i.e., ribbon) has been shown using IBEX
ENA observations and solar wind measurements from ACE, Ulysses, and interplanetary
scintillation observations (e.g., McComas et al. 2012; Dayeh et al. 2011; Zirnstein et al.
2017). Low-energy ENAs (< few keV) created in the heliosheath thus enable direct obser-
vational linkage to 1 au measurements, and provide constraints to validate models aimed
at understanding the physical processes at and beyond the termination shock. For instance,
IMAP observations enable comparing integrated energy spectra of suprathermal-to-high en-
ergy ions observed at 1 au during different phases of solar activity, with the ENA spectra
derived from heliospheric ENA maps measured later in time (Zirnstein et al. 2020a) and
in different directions of the sky. This in turn quantifies the correlation between ‘reservoir’
energetic particles present in the inner heliosphere during different solar cycle phases, with
those in the heliosheath and near the termination shock, along with their time and solar cycle
dependence.
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2.5 Interaction of PUIs with Magnetic Field Fluctuations

Interstellar He+ PUIs were first observed by the AMPTE-IRM spacecraft (Möbius et al.
1985) owing to their distinctly broader and continuous velocity distribution functions
(VDFs) extending up to twice the solar wind speed (Vasyliunas and Siscoe 1976). These
unique VDFs are formed as a result of continuous ionization of ISN He followed by effec-
tive pitch-angle scattering in IMF fluctuations and adiabatic cooling in the expanding solar
wind (Isenberg 1986, 1987; Möbius et al. 1988; Zirnstein et al. 2022a). The Sun’s gravity
focuses the incoming ISNs on the downwind side relative to the interstellar inflow direc-
tion thus resulting in a longitudinal asymmetry in the ecliptic plane and an increased PUI
He+ density within the so-called ‘ISN He focusing cone’ (Möbius et al. 1985). Since the
freshly ionized PUIs form ring-type pitch-angle distributions and achieve speeds that are
vector sums of the local ISN flow and solar wind velocities, the cut-off speeds in the solar
wind frame are higher on the upwind side (Möbius et al. 1985). The increased density in the
ISN He focusing cone (Möbius et al. 1985) along with the cutoff speed enables determina-
tion of the symmetry in the PUI cut-off shift and the precise direction of the ISN He inflow
longitude (Drews et al. 2012, 2015; Sokół et al. 2016; Möbius et al. 2015; Taut et al. 2018;
Bower et al. 2019). However, transport and pitch-angle scattering can produce substantial
asymmetries in the observed PUI distributions, e.g., the initial ring distribution can be scat-
tered to form a torus or shell-type distribution, the expected cut-offs at 2Vsw can broaden,
and the energy range where the PUI fluxes are expected to be largest can decrease to just
above the solar wind energy (Gloeckler et al. 1994; Möbius et al. 1996, 1998; Chalov and
Fahr 2006; Quinn et al. 2016). Additionally, large-scale solar wind structures can influence
or even accelerate the PUIs preferentially (Möbius et al. 2019; Gloeckler and Geiss 2001),
further modifying their VDFs compared to the freshly ionized population (Lee et al. 2012).

IMAP provides accurate measurements of the 3D VDFs of PUI He+ at sufficient tempo-
ral resolution to enable tracking of their evolution after initial injection into the solar wind
(e.g., Galvin et al. 2008; Drews et al. 2015). These measurements are used to diagnose the
projection of the interstellar flow direction onto the ecliptic plane. In particular, the symme-
try in the PUI cut-off shift in the flow axis can be used to determine the ISN flow longitude
in the VLISM precisely and complement the ISN flow and gas parameters in the VLISM as
inferred from direct measurements of ISNs (Witte et al. 1996; Möbius et al. 2009). Improved
temporal resolution of these in situ PUI measurements also unravels details of the acceler-
ation processes at strong IP shocks (e.g., Starkey et al. 2021), and this new information, in
combination with state-of-the-art modeling efforts, furthers our understanding of the physics
of injection and acceleration of PUIs at the heliospheric termination shock. Finally, tracing
the evolution of the He+ VDFs and coordinating with the in situ IMF fluctuations help us
understand the transport of PUIs in the heliosheath and how freshly created populations of
new PUIs interact with the LISM magnetic field. These observations shed new light into the
dynamics of the heliosheath and the topology of the global heliosphere (Izmodenov et al.
2005; Lallement et al. 2005; Pogorelov et al. 2009; Opher et al. 2009), and help constrain
models of the origin of the ENA ribbon (McComas 2009a; Schwadron and McComas 2010;
Heerikhuisen et al. 2010a; McComas et al. 2014).

Moreover, IMAP provides compositional measurements of inner source PUIs, a popu-
lation produced close to the Sun that is distinct from interstellar PUIs (Geiss et al. 1995;
Gloeckler et al. 2000). Their low ionization potentials suggest their origin is not coronal, but
rather from interactions between the solar wind and interplanetary dust grains (Gruntman
1996; Schwadron et al. 2000; Allegrini et al. 2005; Szalay et al. 2021). IMAP’s observa-
tions of this population will advance our understanding of dust–plasma interactions close to
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the Sun and help constrain the composition, size distribution, and spatial extent of near-Sun
dust.

2.6 The Effect of Energetic Particles on Shocks

Energetic particles accelerated at collisionless shocks affect the upstream plasma resulting
in feedback onto and modification of the shock itself. For example, ion foreshock regions
are observed routinely at supercritical planetary bow shocks (e.g., Eastwood et al. 2005);
these regions are characterized by suprathermal ions back-streaming from the shock into the
incident solar wind. This additional beam of suprathermal ions, accelerated and reflected
along the shock, interacts with the solar wind, resulting in a variety of waves and nonlin-
ear feedback mechanisms that ultimately contribute to the energy budget and dissipation at
quasi-parallel shocks (e.g., Trotta et al. 2021 and references therein). Foreshock ions only
manifest upstream of quasi-parallel shocks, since it is only there that they are able to outrun
the shock in its own rest frame, while electron foreshocks extend much further into the quasi-
perpendicular regime since, at typical suprathermal energies in the solar wind, electrons are
moving substantially faster relative to the shock itself. The dynamics of the foreshock mod-
ify the structure of the shock itself, with transient, large-amplitude magnetic structures (e.g.,
Schwartz et al. 1992; Caprioli and Spitkovsky 2014) and other, explosive foreshock phe-
nomena (e.g., Schwartz et al. 2018; Turner et al. 2020) that form in the upstream and impact
the local shock, often resulting in very effective enhancements in energetic particle accel-
eration (e.g., Liu et al. 2018; Turner et al. 2018; Raptis et al. 2024). IMAP will measure
numerous interplanetary shocks and observe such phenomena.

Recent simulations (e.g., Caprioli and Spitkovsky 2014; Haggerty and Caprioli 2020)
have demonstrated how the kinetic physics of the ion foreshock results in the formation
of nonlinear magnetic field amplifications and distinct deviations of the shock pressure bal-
ance and energy budget compared to that expected from pure MHD. For continuously driven
shocks, like the heliospheric termination shock or the planetary bow shocks, the ion fore-
shock is always present upstream of the quasi-parallel shock. However, for transient shocks,
like those associated with CMEs, the shock must slow down as it dissipates energy over
time through sheath formation and energetic particle acceleration. Thus, the Mach number
of CME shocks decreases as they propagate further in heliocentric distance (e.g., Cuesta et
al. 2024 and references therein). As mentioned earlier, the frequency and variety of CME
shocks at 1 au may result in some that are suitably analogous to the termination shock,
providing an opportunity to examine how energetic particles may affect shocks in the outer
heliosphere.

In fact, Voyager 2 termination shock observations provide evidence of energetic particles
mediating the shock. Plasma measurements prior to the Voyager 2 termination shock cross-
ing showed a clear decrease in the solar wind speed (Fig. 6). Florinski et al. (2009) show
that the inward ACR pressure gradient is large enough to cause the solar wind deceleration
that occurred 40 days prior to the termination shock crossing. With its comprehensive suite
of in situ particle and plasma instruments, IMAP contributes to our understanding of how
SEPs modify the structure and energy budgets at CME shocks and provide a more complete
basis for interpreting the plasma observations at the termination shock.

2.7 Connecting in Situ Observations with the Physics of PUIs in the Ribbon

IBEX observations (McComas et al. 2009b) support a class of ribbon models based on the
creation of plasma in the VLISM from neutral (secondary) solar wind. This secondary rib-
bon source was modeled in numerous studies (Chalov et al. 2010; Heerikhuisen et al. 2010b;
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Fig. 6 Prior to the Voyager 2
termination shock crossing there
was a precursor to the
termination shock where the
solar wind speed began to
steadily decrease as the energetic
Anomalous Cosmic Ray (ACR)
ions increased. This figure shows
the solar wind speed, density and
the partial pressure determined
from the measured distributions
from the LECP instrument for the
2007 Voyager 2 termination
shock crossing. The vertical
dotted lines mark the end of the
merged interaction region
(MIR2) and the crossing of the
termination shock (TS). Red lines
show fits based on two-fluid
gas-dynamic conservation laws
(for more details see Florinski
et al. 2009)

Möbius et al. 2013; Zirnstein et al. 2018a). Secondary ribbon models have two major vari-
ants: ring-beam (weak scattering) models (e.g., McComas et al. 2009b; Chalov et al. 2010;
Florinski et al. 2010; Gamayunov et al. 2010; Heerikhuisen et al. 2010b; Liu et al. 2012;
Möbius et al. 2013; Zirnstein et al. 2018a,b,c,d) and models involving the spatial retention
of protons in the VLISM (Schwadron and McComas 2013; Isenberg 2014; Giacalone and
Jokipii 2015).

The first variant of secondary ribbon models relies on ring-beam distributions created in
the VLISM from solar wind neutrals that move out roughly perpendicular to the VLISM
magnetic field. Once ionized, the PUI ions gyrate about the magnetic field, and when reneu-
tralized, some fraction of the particles in the ring-beam move back toward IBEX and IMAP,
where they are observed. This produces a ribbon that is aligned in directions where the neu-
tral solar wind directed radially outward (r) is almost perpendicular to the VLISM magnetic
field (B), where B·r∼0. There are few measurements with sufficiently tight energy and an-
gular resolutions to measure the ring-beam distribution directly (Drews et al. 2015; Oka et al.
2002). IMAP can identify the PUI ring-beam using in situ measurements, and determine the
rate of PUI pitch-angle scattering based on the intensity of the PUI ring. These observations
will be used to better understand the plasma physics associated with PUI scattering, which
has direct applications for the plasma, turbulent, and wave-particle instabilities at work in
the ring-beams that form the ribbon beyond the heliopause.

The second variant of ribbon models relies on pickup-wave instabilities or other larger-
scale magnetic field variations that retain pickup ions in the spatial region near the B·r∼0
surface in the VLISM (Schwadron and McComas 2013). Newly ionized atoms can be
retained through increased rates of scattering by locally generated hydromagnetic waves
through a well-known PUI instability (Lee and Ip 1987). The 1 au in situ PUI observations
on IMAP provide the opportunity to resolve the relationship between PUI streaming, the
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PUI hydromagnetic instability, and the turbulent state of the solar wind. Isenberg (2014)
took a step in this direction by describing turbulence beyond the heliopause based on a
model for turbulent heating driven by the slow pickup of protons in the solar wind 10’s of
au from the Sun. Application of a simple model of this process yielded a ribbon structure
that is qualitatively similar to the IBEX ribbon.

3 Heliospheric Variability

Structures such as those described in Sect. 1.2 lead to variability in the heliosphere which in
turn affects the global structure of the solar wind, the acceleration and transport of energetic
particles and ultimately the characteristics of the created GDF and ribbon ENA populations.
Combining IMAP ENA and in situ data with in situ measurements from missions, such as
New Horizons, well beyond Earth’s orbit (as well as sophisticated modeling efforts) enables
studies that significantly advance our understanding of the global heliospheric system. Some
examples of these studies are described below.

3.1 Evolution of the Solar Wind

3.1.1 Radial Evolution of the Solar Wind

Beyond the orbit of Earth, the expansion of the solar wind causes the density and both the
dynamic and thermal pressures to decrease with distance (Fig. 7). However, New Horizons’
SWAP instrument (McComas et al. 2008b) has shown that beyond 20 au, interstellar PUIs
dominate the thermal energy of the solar wind, keeping the SW+PUI plasma mixture rela-
tively hot (McComas et al. 2021, 2025a). The supersonic solar wind ends when it crosses the
termination shock that forms sunward of the heliopause. At the termination shock, the solar
wind is forced to slow, is compressed and heated, and starts to divert in direction around
the inside of the heliopause and flow down the heliotail (McComas et al. 2013). Voyager
2 termination shock observations showed that the solar wind speed sharply decreased from
300 to 120 km/s and the density rose by the same factor, but the thermal plasma downstream
of the termination shock was only heated to ∼105 K (Fig. 2). While the solar wind thermal
ions experienced slowing and compression at the termination shock, only 20% of the solar
wind flow energy heated the thermal solar wind plasma, while the remaining 80% went into
heating non-thermal particles. About 15% went into heating energetic particles, and the rest
heated the interstellar PUIs (Richardson et al. 2008). This led to the solar wind remaining
supersonic in the heliosheath with respect to the thermal plasma because the interstellar
PUIs determine the sound speed.

New Horizons, which is currently at ∼60 au, can measure the PUIs directly and has
enough power to reach the termination shock (Stern et al. 2019). New Horizons’ SWAP
instrument will be the first to quantify the interstellar PUI’s dominant thermal pressure be-
yond the termination shock, since the Voyager spacecraft could not measure the interstellar
PUIs directly. This will also be the first time that in situ measurements of PUIs in the he-
liosheath are made in conjunction with heliosheath ENAs measured by the IMAP imagers. It
is not known when New Horizons might encounter the termination shock, but some models
suggest it could be as early as the first half of 2029 (Bera et al. 2025).
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Fig. 7 The spherical expansion
of the solar wind produces a
distinct decreasing profile in the
solar wind density, dynamic
pressure, and thermal pressure.
The interstellar PUI thermal
pressure is much larger than the
solar wind thermal pressure in
the outer heliosphere. These
radial profiles are solar rotation
(25.38 days) averaged solar wind
density, dynamic pressure, and
thermal pressure measurements
from Voyager 2 (black) and New
Horizons (orange). The bottom
panel shows the latitude of each
spacecraft. The interstellar PUI
densities and thermal pressures
measured at New Horizons are
also shown (blue) (From
Richardson et al. 2022, but with
fewer panels and updated to
include new measurements)

3.1.2 Latitudinal Structure of the Solar Wind

We have a comprehensive understanding of the solar wind properties in the ecliptic plane
owing to in situ measurements. However, its latitudinal structure has only been observed
in situ by the Ulysses/SWICS experiment (Bame et al. 1992) between 1992 and 2007. Mc-
Comas et al. (2000) demonstrated that during the phase of high solar activity, the slow and
dense wind expands to all heliolatitudes, and during low activity, the fast and rarefied wind
blows at all heliolatitudes except for an equatorial band of ± ∼30°. These observations
also showed that the solar wind ram pressure or the total mechanical energy flux seem to be
latitudinally constant during a given time, even though their absolute magnitudes vary with
time (Lee et al. 2012).

Since the end of the Ulysses mission, the insight into the helio-latitudinal structure of the
solar wind has solely relied on indirect remote sensing observations. One of these sources
of information is the interplanetary scintillation (IPS) method (Hewish et al. 1964; Jack-
son et al. 2011), which uses scintillation of radio waves emitted by astrophysical compact
sources resulting from fluctuations of the solar wind electron density which vary with the
solar wind speed. Using tomography analysis (Jackson et al. 2011; Tokumaru et al. 2021)
on measurements of these fluctuations observed by several geographically separated ground
stations returns latitudinal profiles of the solar wind speed at 1 au. Synoptic maps of the solar
wind speed have been available continuously since 1987; although, with considerable gaps
in coverage (Sokół et al. 2015; Porowski et al. 2022). These data have been used by Sokół
et al. (2015, 2016), Sokół, Bzowski and Tokumaru (2019), Sokółet al. (2020) and Porowski
et al. (2022, 2023) to construct empirical models of the evolution of the solar wind velocity
with heliolatitude for 1987 - 2022, with a time resolution of one speed profile per year, and
then linearly interpolated to a Carrington Rotation cadence as a final product of the analysis.
The use of the invariant solar wind mechanical energy flux yields also the evolution of the
solar wind density for this interval.
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Another analysis method uses observations of the solar Lyman-α radiation resonantly
scattered on interstellar neutral hydrogen atoms within the heliosphere, commonly known
as the heliospheric backscatter glow or the helioglow. The distribution of the helioglow in-
tensity in the sky depends on the spatial distribution of the interstellar hydrogen density
within a few au from the Sun (e.g., Kubiak et al. 2021a,b) and is shaped by photoioniza-
tion and the interaction of interstellar hydrogen atoms with solar wind protons via charge
exchange. The solar Lyman-α radiation is responsible on the one hand for the radiation pres-
sure force, modifying the distribution of interstellar hydrogen, and on the other hand for the
illumination of this gas and creation of the helioglow (see review by Bzowski et al. 2013).
The helioglow modulation is thus directly linked to the solar wind latitudinal structure and
its evolution during the solar activity cycle.

Full-sky observations of the helioglow have been used to infer the latitudinal structure of
the solar wind (Lallement et al. 2010; Katushkina et al. 2013, 2019; Koutroumpa et al. 2019)
observed by SOHO/SWAN (Bertaux et al. 1995). These authors obtained latitudinal profiles
of the solar wind at a resolution on the order of days owing to their analysis of all suitable
helioglow maps, which are available at a cadence of several per week. Bzowski (2003) and
Bzowski et al. (2003) suggested a method of establishing the solar wind structure from
helioglow observations collected along carefully selected heliocentric rings. Bzowski et al.
(2003) used this method to derive the solar wind structure evolution from solar minimum
to maximum and obtained results in qualitative agreement with those obtained for the same
interval from in situ measurements.

The conclusions on the evolution of the latitudinal structure of the solar wind drawn
from IPS versus helioglow observations have been pointed out to be somewhat inconsistent,
with the two methods producing different solar wind profiles for times where analyzed times
overlapped (Katushkina et al. 2013, 2019). The helioglow analysis suggested that solar wind
speed or flux frequently features clear maxima at mid-latitudes during solar maximum. This
feature was noticed in a few cases in the IPS analysis (Sokółet al. 2020; Porowski et al.
2022), but not on a regular basis. Also, it had not been seen by Ulysses, but given the point-
like character of these latter observations and the long pole-to-pole cadence, such a feature
could be challenging to identify. IMAP measures the helioglow more precisely than before
possible, allowing resolution of the presence of solar wind maxima. If their existence is
confirmed, this will be a qualitative change in the understanding of the global solar wind
output.

3.1.3 Temporal Evolution of the Solar Wind

Understanding the solar wind structure and its temporal evolution is fundamental for un-
derstanding the global-scale production of PUIs. McComas et al. (2019a,b) demonstrated
a time-delayed correlation between the variation of the solar wind measured in the inner
heliosphere and the ENA fluxes observed by IBEX (see Fig. 9). Reisenfeld et al. (2016,
2019, 2021) and Zirnstein et al. (2022b) pointed out that with an appropriately accounted
evolution of the solar wind, it is possible to determine the size and shape of the heliosphere
based on the observed variation in the sky distribution of the global ENA fluxes.

The relation between the solar wind structure and ENAs is two-tier. Firstly, the ENA
production varies with the modulation of the solar wind density and speed, with a location-
dependent delay. The propagation time of the solar wind to the termination shock varies
approximately by a factor of 2, between ∼12 and 6 months, as the solar wind speed varies
between ∼400 and ∼750 km s−1 (see Sect. 3.2.1 and Fig. 8). The fast wind is limited to
polar regions and times of low solar activity. The global speed variations are correlated with
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those of the density, with the lower magnitudes of the density related to the fast solar wind.
The creation of the ENAs due to the solar wind forcing takes some time, approximately 2
years after the parent solar wind ions and PUIs, carried by the supersonic solar wind, cross
the termination shock. Once created, some ENAs travel back toward the Sun, where they
are detected at 1 au. The seed population for the ENAs able to reach 1 au, i.e., solar wind
ions and PUIs, depending on the ENA energy, are created inside the termination shock,
but compressed and heated at the termination shock and subsequently neutralized in the
heliosheath. Secondly, these ENAs are subjected to re-ionization losses in the supersonic
solar wind (Bzowski 2008). The magnitude of these losses varies between ∼70% for the
lowest-energies ENAs (0.3 keV) observed to come from within 60° around the Sun to just
∼1% for the highest energy ENAs at ∼300 keV. Most of these losses are incurred within
a few au from the Sun and are due to charge exchange with solar wind protons. Thus, the
magnitude of the losses depends on the structure of the solar wind just before the ENA
detection.

Investigating these processes is one of the science objectives of the IMAP mission. In-
sight into the context of the global solar wind is an essential part of these studies. Existing
models of the solar wind structure based on IPS observations have had an effective time res-
olution of one year, i.e., comparable to the travel time of the solar wind from its source to the
termination shock. IMAP measures the helioglow with higher temporal cadence and lower
background than previously available observations and thus, has the capability to monitor
the evolution of heliolatitudinal profiles of the solar wind at a time cadence on the order of
a solar rotation period, i.e., a month, contemporaneous with ENA observations and in situ
measurements of the solar wind in the ecliptic. With this, much more precise timing of the
solar wind forcing and the ENA response signal will be obtained, provided that data for a
time interval comparable to that of the solar cycle length are available.

3.2 Time-Delayed Inner/Outer Heliospheric Connections

3.2.1 Impact of GMIRs and Pressure Pulses on the Outer Boundaries

Fast CMEs and SIRs/CIRs drive pressure pulses through the solar wind, through the he-
liosheath, out to the heliopause, and beyond into the VLISM. These pressure pulses en-
counter the heliopause and drive shocks into the LISM. The Voyager 2 pressure pulses have
also been correlated with electron plasma oscillations in the VLISM that are driven by these
shocks (Richardson et al. 2022). They also drive anisotropic disturbances of cosmic rays
(Rankin et al. 2019a,b). As mentioned earlier, in the outer heliosphere these shocks evolve
into broad GMIRs lasting a few months with pressure increases of up to a factor of 10. These
pressure pulses were observed by Voyager 2 near solar maximum (from 2000 to ∼2005) at
distances from 60 – 75 au, and are reproduced by simulations (e.g., Wang and Richardson
2005). A solar cycle later, Voyager 2 was in the heliosheath and observed wider (6 month-
long) pressure pulses with magnitudes of up to a factor of 3. Plasma densities, ACR, and
GCR intensities were strongly correlated in the heliosheath with changes up to 50%. These
changes are expected to drive emissions of the ENA fluxes, which should be observed by
IMAP’s three ENA imagers. As has been done with IBEX (Reisenfeld et al. 2021; Zirnstein
et al. 2022b), the impacts of GMIRs and large pressure pulses on the heliospheric bound-
aries can be used by IMAP, with its better temporal resolution and energy range, to calculate
the sizes of these boundaries based on the ‘sounding’ method originally developed for IBEX
data (Reisenfeld et al. 2021).

To understand this inner/outer heliospheric connection, one must consider the propaga-
tion times for the various signals (i.e., drivers of information) between the Sun, 1 au, and the
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Fig. 8 Travel times for various species and populations throughout the heliosphere and beyond. Slow solar
wind (SW) of 430 km/s, fast SW of 750 km/s, CMEs, and suprathermal (ST) and SEP protons (H +) are all
shown originating from the Sun and traveling outward in heliocentric distance. Multiple energies are shown
for the following populations: ST and SEP protons and ENAs. ST protons are shown for 10 and 100 keV;
SEP protons are shown for 1, 10, and 100 MeV. Travel times for both ST protons and SEPs are calculated
assuming that those particles travel along the Parker spiral IMF, but note that for ST and SEP protons, when
those populations intersect with the slow SW curve (i.e., where their outbound propagation parallel to field
lines becomes slower than the radial motion of the SW convection flow), their outbound motion becomes
dominated by SW convection and move essentially ‘frozen-in’ to the SW. For inbound populations, hydrogen
ENAs are shown originating from the heliopause at 120 au and traveling inward. ENAs are shown at: 0.7,
4.0, 20, and 100 keV. For all populations with multiple energies, the slowest to fastest are shown with thick,
solid, dashed, dash-dot, and dotted lines. Additional 1.1 keV ENA curves are shown originating from the
heliosheath, representing the GDF ENA population, and the very local interstellar medium, representing the
IBEX ribbon ENA population

outer reaches and boundaries of the heliosphere and VLISM. Figure 8, shows some repre-
sentative, estimated travel times for various species and populations from the inner to outer
heliosphere and LISM and vice versa. For example, a CME traveling at 1000 km/s takes
17 days to reach Saturn, ∼140 days to reach the termination shock, and 260 days to reach
the heliopause (accounting also for slowing across the shock). Looking at inbound species,
with respect to the Sun, hydrogen ENAs at 100 eV and 100 keV take ∼380 and ∼12 days,
respectively, to transit from the nose of the heliopause through the heliosheath to the termi-
nation shock; at those same two energies, hydrogen ENAs take ∼4.1 years and ∼47 days,
respectively, to transit from the nose of the heliopause to Earth at 1 au. GMIRs form around
10 au, and from there, estimating a speed of 500 km/s, GMIRs take ∼280 days to reach
the termination shock and another ∼140 days to reach the heliopause. Such time delays are
critical to consider when studying the time history of ENAs observed by IMAP, particularly
with the improved temporal resolution for ENA maps.

IBEX observations from McComas et al. (2018b) demonstrated that the 4.3-keV ENA
emissions have a ∼2–3 year delayed response to significant changes in the solar wind dy-
namic pressure observed at 1 au (Fig. 9), and that these changes were visible in ENAs down
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Fig. 9 Shown are the IBEX Ram, CG-corrected 4.3 keV ENA maps as an example. There are significant
changes in the outer heliosphere 4.3 keV ENA emissions over the course of the solar cycle as the solar
wind dynamic pressure changes. The top panel shows the 4.3 keV ENA differential flux from 2009 to 2017
as Mollweide projection maps centered on the direction of the inflowing interstellar gas. The bottom panel
shows the corresponding time series of the solar wind dynamic pressure. The 4.3 keV ENA differential flux
has a ∼2–3 year delayed response to large changes in the solar wind dynamic pressure (from McComas et al.
2018b)

to at least 1.74 keV, with longer response times. This delayed response can be understood
when the transit times for the solar wind and ENAs are considered. From Fig. 8, the solar
wind takes ∼0.9–1.6 years (for fast and slow solar wind) to transit from 1 au to the nose
of the heliopause, where it can modify the production of ENAs, as observed by IBEX. At
4.3 keV, an ENA takes at least another 0.3 years to travel back to 1 au from the nose-ward
side of the heliopause. Accounting for some additional time for the pressure wave to travel
to the heliopause and partially reflect back into the heliosheath, the observed 2–3 year de-
layed response is reasonable (Zirnstein et al. 2018b). For secondary ENAs that come from
outside the heliopause (i.e., the secondary ENA model of the IBEX ribbon; McComas et al.
(2009b)), Schwadron et al. (2018), for example, showed evidence in support of this sec-
ondary ENA model using a combination of in situ data from 1 au alongside IBEX ENA
GDF maps versus ENA ribbon maps and accounting for the different time lags between the
two populations of ENAs with respect to changes in the inner heliospheric solar wind (e.g.,
Fig. 10).

With its combination of comprehensive in situ observations at 1 au plus comprehensive
and higher-resolution ENA imagers, IMAP promises to drastically improve upon our pre-
liminary understanding of the connections between the inner and outer heliosphere and the
LISM. ENA all-sky maps from IMAP are produced on at least a 6-month cadence, with
significantly improved counting statistics compared to IBEX (e.g., McComas et al. 2018a).
IMAP in situ instruments measure the solar wind pressure variations and transient structures
(CMEs, CIRs/SIRs) and PUIs at 1 au, all of which propagate outward into the outer helio-
sphere and affect ENAs (both GDF and ribbon populations). Thus, correlation studies like
those presented by McComas et al. (2018b) and Schwadron et al. (2018) are conducted with
IMAP on a faster cadence and with higher time resolution than with IBEX.
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Fig. 10 Transit-time corrections applied to the LOS-integrated pressure maps of the ribbon observed by IBEX
over 9 years of data. Panel (a) shows the SW dynamic pressure at 1 au, and panel (b) shows the magnetic field
magnitude at 1 au, both from OMNI data. Panel (c) shows the sunspot number. Panel (d) shows the LOS-
integrated pressure maps of the IBEX ribbon. In panel (a), the colored horizontal lines correspond to the time
periods over which solar wind conditions observed at 1 au affect conditions in the heliosheath observed in
corresponding LOS-integrated pressure maps. Finally, the large colored dots in panel (a) show the average
ram pressure over the time periods indicated by the colored horizontal lines. Reproduced from Schwadron
et al. (2018)

3.2.2 Solar-Cycle Dependencies of ACRs and GCRs at 1 AU

By the time both ACRs and GCRs penetrate to 1 au, their flux has been heavily modulated
enroute depending on the solar cycle and the corresponding global magnetic configuration,
presence and number of large-scale solar wind transients, and solar magnetic polarity (see,
e.g., reviews by Rankin et al. 2022 and Giacalone et al. 2022). When the solar magnetic
field is outward in the northern hemisphere, this solar configuration/state is referred to as
being A>0 (i.e., white background intervals in Fig. 11). For the A>0 solar minimum in-
tervals, the maximum intensities of positively-charged ACR and GCR ions are relatively
‘flat’, i.e., constant with time for an extended period. When the field points outward in the
southern hemisphere during solar minimum conditions corresponding to the A<0 (i.e., gray
background intervals in Fig. 11), the intensity maximum is of shorter duration, i.e., more
‘peaked’. For the A<0 cycles, particles drift into the heliosphere along the heliospheric cur-
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Fig. 11 In the top panel are several time series curves all scaled to 100% in 2009. There are 3 neutron monitor
curves for stations in South Africa with cutoff rigidities of 4.44 GV (red), 6.98 GV (blue dash) and 9.12 GV
(green dot dash) and one curve with ACE SIS Oxygen Intensity (purple squares). The bottom 3 panels provide
the corresponding time series for the monthly sunspot number, heliospheric current sheet (HSC) tilt angle
determined using either the classic line-of-sight boundary conditions (purple) or radial boundary conditions
at the photosphere (green), and the polar field strength for the north (red) and south (blue) poles. The grey
background indicates A<0 and the white background indicates A>0 (Adapted from Figs. 1 and 2 in Strauss
et al. 2023)

rent sheet whereas during the A>0 cycle the particles drift in from the poles and drift out
along the heliospheric current sheet (Jokipii and Thomas 1981; Kota and Jokipii 1983). The
observed modulation of ACRs and low-energy GCRs measured in situ by IMAP at 1 au,
which can also be connected to the thermal and interstellar PUI behavior which reflect not
only large-scale solar wind transients but also the solar cycle, are likely to affect the high
energy ENAs observable by IMAP. With their fast travel time, high energy ENAs are an
important observable to probe the outer heliosphere for large-scale solar wind changes that
may affect the propagation of ACRs through the heliosphere.

3.3 Turbulence in the Outer Heliosphere

Turbulence is important on global scales particularly beyond 20-30 au in the supersonic
solar wind where PUI-driven instabilities produce much of the turbulence, which ultimately
heats the thermal plasma. Fraternale et al. (2022) provide a thorough review of turbulence
in the solar wind in the outer heliosphere, in the solar wind, the heliosheath, and the LISM.
PUI distributions are non-uniform, with higher fluxes in the nose than tail; therefore, energy
cascade rates are also non-uniform. In the nose region they decrease until about 20 au, then
slowly increase, and in the tail region they decrease until 30 au, then flatten, as has been
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Fig. 12 Turbulent magnetic fluctuation energy as a function of distance from 1 au out to the termination
shock (from Zank et al. 2018). Plotted are three theory curves showing the fluctuating magnetic energy
density in quasi-2D turbulence <B2> (solid black line), slab turbulence <B*2> (dashed line), and their total
<B2> tot (dash-dotted line). The blue crosses denote the transverse magnetic field fluctuations observed in
the outer heliosphere by Voyager 2. The observations and theory show that the creation of PUIs in the distant
heliosphere augments the existing solar wind turbulence

shown theoretically by Adhikari et al. (2017). The fluctuating magnetic energy is displayed
in Fig. 12, indicating that theory and observations are consistent (Zank et al. 2018).

The termination shock is a major source of turbulence for the inner fheliosheath (Zank
et al. 2018, 2021). Before the termination shock, PUI-generated turbulence augments the
pre-existing or embedded solar wind turbulence, which is amplified locally as it transmit-
ted across the heliospheric termination shock by about a factor of 10 or more (Zank et al.
2021) and, if the termination shock is locally oblique, by reflected particle-driven turbu-
lence (Lembège et al. 2020). Thus, the shock amplifies both pre-existing solar wind and
locally-generated turbulence as it enters the heliosheath. Anisotropic plasma distributions,
particularly those of PUIs (e.g., Lembège et al. 2020), can also be generated by shock waves
in the outer heliosphere, including at the heliospheric termination shock, which results in
the driving of instabilities that produce more turbulence.

The best evidence of turbulence in the heliosheath and LISM is the observation of in-
termittency of magnetic field fluctuations, power-law regimes for spectra and higher-order
structure functions, and multifractal statistics. The generation and propagation of turbulence
in the heliosheath is essential for understanding the GDF ENAs produced there. It has been
demonstrated that either a high amount of turbulence at the termination shock (Zirnstein
et al. 2021) or in the heliosheath (Zirnstein et al. 2018c,d) may be the key to understanding
the ENA spectral observations from IBEX, and soon IMAP. Turbulence can lead to diffusive
heating of PUIs in the heliosheath, which may account for the ‘gap’ problem in ENA fluxes
between models and data (Gkioulidou et al. 2022). Several scenarios have been proposed to
‘fill’ this gap (Giacalone et al. 2025) but so far, no consensus has been reached. With the
IMAP ENA imagers’ enhanced capabilities and wider energy range, more data are available
to analyze and determine how turbulence affects the parent particles of ENAs.

The ISM is turbulent on scales up to 1000 pc (Lee and Jokipii 1976; Armstrong et al.
1981). This turbulence is characterized by the ‘The Big Power Law’ spectrum of density
fluctuations (Armstrong et al. 1995; Chepurnov and Lazarian 2010). Recent studies suggest
that the turbulence observed in the VLISM is a superposition of the fluctuations emanated
by the heliopause and the background LISM turbulence. However, discriminating between



    6 Page 26 of 56 C.M.S. Cohen et al.

these two components has been difficult so far, which leaves the question about the prop-
erties of the unperturbed LISM turbulence open. However, the IBEX ribbon is a unique
observable for this situation. The ribbon has been shown by models to be sensitive to the
turbulence in the LISM within a few hundred au of the heliopause, i.e., the power level of
turbulence that may cause, e.g., ‘weak’ or ‘strong’ pitch angle scattering (Zirnstein et al.
2018a, 2019, 2023). Models of the ribbon (Zirnstein et al. 2020b) and theory (Zank et al.
2019) suggest that the turbulent component emanating from the heliopause is stronger than
the pre-existing LISM turbulence, with a correlation scale on the order of ∼100 au, i.e., the
size of the nose-ward heliosphere (Zank et al. 2019; Zirnstein et al. 2020b; Xu and Li 2022).
Thus, with ever-improving models/theory of the ribbon, and better measurements of the
ribbon characteristics (width, radius, center, etc.) from IMAP’s ENA imagers, particularly
IMAP-Hi whose energy range covers the energies at which the ribbon is observed, we can
learn much more about turbulence in the VLISM. The source particles of the ribbon come
from neutralized solar wind/PUI particles inside the heliosphere. The properties of the solar
wind over time are an essential component to understand the ribbon and its evolution over
time; thus, IMAP’s in situ measurements are essential for predicting the source particles of
the ribbon.

4 New Inner Heliospheric Science

One of the primary science objectives of the IMAP mission is to ‘identify and advance un-
derstanding of particle injection and acceleration processes near the Sun, in the heliosphere
and heliosheath’ (McComas et al. 2018a, 2025b). IMAP brings unique capabilities to the
HSO to improve our understanding of the acceleration and transport of energetic particles in
the heliosphere and answer some of the key open questions of energetic particle phenomena,
including (Desai and Giacalone 2016):

1. Where and how are these particles energized?
2. What is the source material or seed populations?
3. How do properties of the accelerated populations get modified during transit from remote

acceleration sites to an observer’s location?

4.1 Particle Acceleration

4.1.1 Injection Problem

The so-called ‘injection problem’ involves a seemingly paradoxical challenge of collision-
less shock physics, in which particles incident on the shock require some energy significantly
above the thermal plasma energy to enter into diffusive shock acceleration (DSA). A gener-
ally accepted lower limit of DSA is a few times greater than the energy of the plasma flow
itself (Giacalone 2003b), which is greater than the plasma thermal energy by a factor of a
few times the square of the shock Mach number. This problem continues to limit progress in
our understanding of energetic particle seed populations, acceleration, and successful model
development (Giacalone et al. 1994; Kallenbach et al. 2005; Zank et al. 2001). Theoreti-
cally, the injection problem exists because DSA is deemed unable to scatter particles with
speeds similar to the local plasma speed and diffusively accelerate them. Shocks with an
angle ΘBn—i.e., the angle between the upstream magnetic field vector and the direction of
the shock normal vector propagation—that is less than 45◦ are referred to as quasi-parallel;
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otherwise they are quasi-perpendicular. Considering electric fields, drift motion, and appro-
priate frames of reference, only particles that are sufficiently energetic or a pre-accelerated
seed population can participate in the acceleration processes at collisionless shocks, where
the injection energy threshold increases with the shock normal angle (Lee 1983; Jones and
Ellison 1991; Zank et al. 2001). However, in typical heliospheric plasmas, a significant high-
energy tail exists prior to encountering heliospheric shocks, so the seed population for DSA
is typically already present. Some numerical studies have suggested that thermal protons
can be efficiently injected and accelerated at quasi-perpendicular shocks (e.g., Giacalone
2003b, 2005). However, observational studies have revealed somewhat conflicting results.
Indeed, solar wind protons have been observed to be accelerated by several CME-driven
shocks, supporting the idea that the ambient solar wind could provide a seed population for
shock acceleration (e.g., Baring et al. 1997; Lee 1983, 2005; Giacalone 2012; Giacalone
et al. 2023; Parker et al. 2014). Other studies indicate that other populations are important
constituents of the seed particles that are accelerated by DSA including the suprathermal
tail of the solar wind, pre-accelerated populations of tracer ion species such as suprathermal
3He ions from flares, heavier ions from small and large SEP events, and interstellar He PUIs
(Gosling et al. 1981; Tan et al. 1989; Tsurutani and Lin 1985; Chotoo et al. 2000; Desai
et al. 2001, 2003, 2006a; Kucharek et al. 2003; Allegrini et al. 2008).

For at least two reasons, PUI populations are considered a strong candidate for energetic
particle seed populations: (1) they have higher speeds extending up to twice the local plasma
speed and (2) they are pitch-angle scattered into a torus or shell-like distribution compared to
the highly anisotropic, beam-like (in the shock frame) solar wind distribution (Giacalone and
Jokipii 1997; Jokipii and Giacalone 1996; Le Roux et al. 2002). Likewise, pre-accelerated
SEP populations also have two clear advantages: they are (1) nearly isotropic and (2) extend
from ∼few keV up to MeV energies (Desai et al. 2006b; Dayeh et al. 2017; Alterman et al.
2023, 2024). In contrast, the core solar wind ion population has only one clear advantage:
it has significantly higher number density and is thus likely to play a key role in dissipat-
ing the energy available at IP shocks, which results in heating the thermal plasma. Exactly
how a given shock partitions its energy into heating and accelerating the solar wind plasma
and re-accelerating the suprathermal seed populations remains unanswered, and likely de-
pends on different ambient conditions under which the shock forms and propagates as well
as properties of the shock itself (Zank et al. 2006; Li et al. 2009). Finally, depending on
which acceleration mechanism dominates (i.e., first-order or second-order Fermi, shock-
drift, shock surfing, or specular reflection), distinct 3D VDFs and spectral forms, as well
as characteristic pitch-angle distributions, are expected to be observed downstream of the
shock (Decker 1983; Armstrong et al. 1985; Starkey et al. 2019, 2021).

Very few observational studies have explored these issues either in individual cases (Oga-
sawara et al. 2025) or using a statistically significant event sample because to date only the
Magnetospheric Multiscale (MMS) mission has provided high-time resolution 3D VDFs of
ion species from different origins, such as solar wind He and PUI He (Cohen et al. 2019;
Starkey et al. 2019). While MMS is not optimized to make routine measurements in the
solar wind, IMAP instruments are designed to have (1) higher angular resolution, and (2)
sufficient mass resolution to both separate flare-origin 3He from the more abundant solar
wind 4He at the <10% level and identify heavier ion species up to Fe over a broad energy
range from ∼0.5 keV to above ∼10 s of MeV/nuc. IMAP instruments also have adequate
geometric factor and are sufficiently sensitive to provide 3D VDFs at <1-hr time resolution
for PUI He and solar wind He, which enables IMAP to unambiguously identify the origin
of the seed populations and characterize the ion 3D VDFs upstream and downstream of IP
shocks. These measurements are central to understanding how ion species from different
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sources with distinct spectral and/or angular characteristics are preferentially selected or in-
jected into the acceleration processes (Gloeckler et al. 1994; Giacalone 2003b; Zank et al.
2001). Simultaneously, these measurements also enable IMAP to determine whether the
dominant energization occurs parallel or perpendicular to the local magnetic field direction
(e.g., Starkey et al. 2021), and thus identify the primary mechanisms by which IP shocks
accelerate these different ion species and quantify the energy partition during individual
cases.

4.1.2 Suprathermal Seed Particle Characteristics

Theoretical models of shock-driven particle acceleration reproduce many observed features
of energy spectra and temporal evolution, yet significant discrepancies remain. Predicted
spectral slopes often diverge from in situ measurements and particle intensities vary far more
than models account for. Observations show that accelerated particles contain enhanced
trace ions (e.g., 3He, He+) and heavy ion ratios that differ from the solar wind composi-
tion. These features correlate with the suprathermal ion population - highly variable in both
abundance and composition – suggesting that suprathermals contribute to the seed popula-
tion. A key to understanding the variability of SEP composition lies in characterizing this
suprathermal population, which is believed to be substantially different and more variable
than the bulk solar wind (e.g., Mewaldt et al. 2007; Desai and Giacalone 2016). However,
measurements have been limited because suprathermals occupy an energy range that typi-
cally falls between the upper sensitivity of solar wind instruments and the lower threshold
of traditional energetic particle detectors, many of which lack composition resolution. As
shown in Fig. 13 (adapted from Dayeh et al. 2009; see also Mason and Gloeckler 2012),
quiet-time abundance ratios such as C/O, Fe/O, and 3He/4He vary with the solar cycle, re-
flecting the dynamic and evolving nature of the suprathermal pool - an essential factor in
explaining the wide range of observed SEP event characteristics. IMAP sensors fill in this
measurement gap by making significant compositional observations from 0.5 keV/q to 5
MeV/nuc, with charge state and composition covered up to 80 keV/q and composition only
from 80 keV/nuc to 5 MeV/nuc.

Charge-state measurements of the energetic particle population are also currently lack-
ing. ACE/SEPICA was the last instrument to reliably and directly measure the energetic
particle charge-states in the solar wind (Möbius et al. 1998). As transport and acceleration
processes are generally dependent on the particles’ magnetic rigidity (particle momentum
divided by charge), the charge state is an important parameter. Most SEP analysis involves
information about charge-to-mass ratios (Q/M), e.g., the dependence in the spectral break
energies (e.g., Cohen et al. 2005; Mewaldt et al. 2005; Desai et al. 2016) or the composi-
tional biases (e.g., Reames 2014). Current work generally assumes charge states based on
previous limited measurements or isothermal temperature arguments, both of which are po-
tentially inaccurate for any individual SEP event under study. IMAP measures the average
charge state of C to Fe ions over the suprathermal to energetic particle range from several
keV/nuc to a few MeV/nuc, allowing the appropriate values to be used on a case-by-case
basis. These charge state measurements are also necessary to answer important questions on
the origin of the suprathermal population (Dayeh et al. 2009, 2017; Alterman et al. 2023,
2024). Measurements of charge states in IP shocks and other solar wind structures also shed
light on how particles with different Q/M are injected and accelerated to high energy (Desai
et al. 2003; Allegrini et al. 2008) and whether that can explain why SEPs have significant
event-to-event variation in different ion abundance ratios (e.g., 22Ne/20Ne, 26Mg/24Mg, and
He/H) (Leske et al. 1999; Wiedenbeck et al. 2008; Cohen et al. 2021).
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Fig. 13 Quiet-time average values of suprathermal ion ratios—C/O (top), Fe/O and Fe/CNO (middle), and
3He/4He (bottom)—illustrating their dependence on the solar cycle (from Mason and Gloeckler 2012, up-
dated from Dayeh et al. 2009). Horizontal lines in each panel represent averaged abundances measured in:
CIRs at ∼ 0.15 MeV/nuc (CIRs; Mason et al. 2008); gradual SEP events at ∼ 0.38 MeV/nuc (GSEPs; Desai
et al. 2006b); CME-driven interplanetary shocks at ∼ 0.75 MeV/nuc (IP shocks; Desai et al. 2003); fast solar
wind (FSW; Gloeckler and Geiss 2007); slow solar wind (SSW; von Steiger et al. 2000). The horizontal line
in panel (c) shows the average SW value (Gloeckler and Geiss 1998)

Finally, accurate charge-state measurements are key to identifying Q/M-dependent
transport effects that act on suprathermals (and SEPs). For example, the way in which
suprathermals propagate to reach the shock acceleration region and SEPs escape it and fill
regions of the heliosphere may be influenced by guiding center drifts due to the large-scale
IMF (Dalla et al. 2013; Wijsen et al. 2020) and to local magnetic field structures. The guiding
center drift velocity is proportional to Q/M so that partially ionized heavy ions experience
drift effects to a different degree depending on their charge state and mass and this influences
their spatial distribution in the heliosphere (Dalla et al. 2017). Measuring Q/M consistently
in the ∼10 keV/nuc - 1 MeV/nuc range allows characterization of the energy dependence of
charge states over this range and leads to a better understanding of its origin (Klecker et al.
2007; Dalla et al. 2017).

4.1.3 Foreshock Region Acceleration

The ability for an energetic particle to ‘outrun’ the shock in its own frame of reference
depends strongly on the aforementioned shock ΘBn angle. For quasi-perpendicular shocks
(ΘBn > 45◦), the amount of energy it takes for an ion to outrun the shock quickly approaches
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infinity, resulting in a region upstream of the shock that is relatively free of reflected par-
ticles. However, for quasi-parallel shocks (ΘBn < 45◦), a single interaction with the shock
ramp typically provides enough acceleration to some subset of the incident ions that they
are able to reflect and return into the upstream creating an ion foreshock (see also Sect. 2.6).
These foreshocks are extremely efficient accelerators of energetic particles through a num-
ber of different acceleration mechanisms that often act collectively and possibly even feed-
back on each other nonlinearly (e.g., Caprioli and Spitkovsky 2014; Wilson et al. 2016; Liu
et al. 2018; Turner et al. 2018; Liu et al. 2019; Amano et al. 2020; Caprioli et al. 2020;
Liu et al. 2020; Raptis et al. 2024). Such mechanisms include first- and second-order Fermi
acceleration (Fermi 1949), shock-drift acceleration (e.g., Sonnerup 1969; Lee et al. 1996;
Ball and Melrose 2001), betatron acceleration, and potentially quasilinear and nonlinear
wave-particle interactions (e.g., Shi et al. 2023; Artemyev et al. 2022). As discussed in the
previous section, all of these acceleration mechanisms are characteristically dependent on
particle mass and charge state. As such, the IMAP observations offer excellent opportuni-
ties to characterize how solar and IP shocks accelerate SEPs and contribute to nonlinear
dynamics within the ion foreshock. From its location at L1, IMAP will routinely observe
both SEPs accelerated by shocks at lower heliocentric distances, right down into the solar
corona, and directly in situ at interplanetary shocks. For the subset of interplanetary shocks
that happen to be quasi-parallel at L1, IMAP will further be able to directly observe those
shocks’ foreshock regions in situ.

4.2 Energetic and Solar Wind Electrons

Energetic solar electrons are of key interest in their own right, but they also provide broad
and deep insights into the locations of energy dissipation regions near the Sun. Once ac-
celerated to mildly relativistic energies, solar electrons propagate rapidly along the IMF in
ways that permit mapping of field topologies and also permit identification of coronal ener-
gization sites. The energy spectrum and pitch angle distributions of energetic solar electrons
can provide considerable insight into mechanisms operating in both solar flares and at IP
shock waves as they expand outward from solar disturbance sites.

Energetic solar electrons form the tail of the overall solar wind electron population. The
bulk solar wind electrons are generally considered to be composed of three essential compo-
nents as illustrated in Fig. 14 (Feldman et al. 1975, 1978; Rosenbauer et al. 1977; Anderson
et al. 2012). The thermal ‘core’ electrons are the lowest-energy population and are consid-
ered to be trapped or confined within the solar system by an interplanetary potential barrier
that exists between the Sun and the distant heliosphere. The higher energy suprathermal so-
lar wind electrons consist of two components: a diffuse ‘halo’ population and an anisotropic
‘strahl’. Halo electrons are higher in temperature than the thermal core, but have a lower
number density. The halo population is isotropic with a VDF that is well-represented by a
bi-Kappa distribution as shown in Fig. 14. Strahl electrons are a narrow field-aligned popula-
tion that stream rapidly outward from the hot solar corona and form a highly directional dis-
tribution along the IMF near 1 au and throughout the inner heliosphere. The strahl electrons
comprise the heat flux component carried within the solar wind. In addition, a ‘superhalo’
population has been observed at higher energies (Lin et al. 1997; Livadiotis 2017).

Solar energetic electrons are generally considered to be the more highly accelerated pop-
ulation of the overall electron distribution and extend from tens of keV to MeV energies. It
is widely accepted that solar energetic electron events are among the most prevalent particle
acceleration phenomena detectable in interplanetary space (Lin 1985). Such energetic elec-
tron events near 1 au can last for as little as a few tens of minutes, but can also last up to a
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Fig. 14 Solar wind electron pitch-angle distributions (top) and parallel VDF (bottom). Top images show that
core and halo populations have isotropic bi-Maxwellian and bi-Kappa distributions while the strahl is aligned
with the magnetic field. Bottom images show how each population contributes to the overall field-aligned
VDF (total shown in gray and individual components shown as colored lines). Courtesy M. Pulupa

few days. Near periods of peak sunspot activity, studies show that more than 150 events can
occur each year (Wang et al. 2012). Solar electron bursts, many associated with Type-III ra-
dio bursts, are also observed at lower energies, down to 100 s of eV (Lin et al. 1996; Gosling
et al. 2003, 2004a,b; de Koning et al. 2006, 2007), not always in association with the higher
energy particles.

Because of their high speeds, energetic solar electrons constitute excellent probes of
magnetic flux tube topologies in IP space. As such, energetic electrons can delineate times
when magnetic flux tubes are directly connected back to acceleration sites in the solar corona
(e.g. Mazur et al. 2000; Gosling et al. 2004a). Furthermore, bidirectional heat flux electron
distributions can be used to identify ‘magnetic cloud’ or ‘magnetic bottle’ configurations in
IP space (Gosling 1983). Counterstreaming electrons can also result from IMF connection
to Earth’s bow shock (Feldman et al. 1982); from connection to IP shocks or CIRs (Gosling
et al. 1993; Steinberg et al. 2005); or from depletion of halo particles around 90° pitch angle
(Gosling et al. 2001, 2002; Skoug et al. 2006). The absence of a strahl population has been
used to indicate magnetic disconnection from the Sun in reconnection exhausts observed at
the heliospheric current sheet (Gosling et al. 2005).

Hot solar wind electrons and solar energetic electrons also play a key role in Earth’s
magnetospheric processes. Such solar electrons become the ‘seed population’ that enters
the terrestrial magnetotail and distant plasma sheet (Baker et al. 1985, 1998). These rel-
atively energetic electrons are subsequently transported from the magnetotail toward the
inner magnetosphere, where they are then accelerated to hundreds or even thousands of keV
energies by large scale convection, inductive substorm electric fields (Baker et al. 1979), and
localized acceleration mechanisms within the magnetotail and inner magnetosphere (Reeves
et al. 2013; Thorne et al. 2013). These accelerated particles ultimately form the central com-
ponents of the Van Allen radiation belts (Baker et al. 2019, 2021).

Additionally, the field-aligned strahl electrons and solar energetic electrons (when
present in the IP medium) also propagate along magnetic field lines that interconnect with



    6 Page 32 of 56 C.M.S. Cohen et al.

the ‘open’ polar cap field lines extending into Earth’s magnetotail lobes (Fennell et al. 1975;
Baker et al. 1986). This population of solar electrons then actually forms what is called the
‘polar rain’ (Gussenhoven et al. 1984) observed by low-Earth orbit (LEO) spacecraft. This
polar rain clearly delineates the large-scale connectivity of the IMF with Earth’s magneto-
spheric fields (Gosling et al. 1986; Baker et al. 1987).

From its location at L1, IMAP provides 3D VDFs of the solar wind electron population
(2 eV – 5 keV) to measure structures and transients in the solar wind. IMAP also provides
measurements of near-relativistic (>270 keV) electrons propagating from and towards the
Sun in several energy bands. As near-relativistic electrons travel significantly faster than
SEP ions, the real-time electron data provided by IMAP is a key early warning for SEP
events (e.g., Posner 2007; Lee et al. 2025).

4.3 The Expanded L1 Fleet and Coordinated Multi-Spacecraft Studies

The collection of spacecraft at 1 au carrying in situ instrumentation to measure plasma
and magnetic fields may be described as the ‘L1 fleet’. Taken together, the availability of
simultaneous data from this array of spacecraft opens numerous new possibilities for syn-
ergistic multi-spacecraft studies of the upstream solar wind and IMF in relative proximity
to Earth’s orbit that have not been possible previously. The existing L1 fleet consists of
NASA’s Wind and Advanced Composition Explorer (ACE) spacecraft, the ESA Solar and
Heliospheric Observatory (SOHO) spacecraft, NOAA’s Deep Space Climate Observatory
(DSCOVR) spacecraft, and ISRO’s Aditya-L1 spacecraft. The addition of NOAA’s Space
Weather Follow On-Lagrange 1 (SWFO) spacecraft in 2025, launched with IMAP, provides
added capacity to the constellation. The presence of IMAP dramatically increases this ca-
pability with complementary measurements to those of the other L1 spacecraft, thereby
enabling valuable studies pertaining to both space weather and heliophysics. Altogether, the
seven spacecraft in the L1 fleet ranges in separation from ∼10 Earth radii (RE) to ∼200
RE (∼6.4 × 104 km to 1.3 × 106 km; see Fig. 15). With spacecraft separated at a variety
of scales, the L1 fleet enables unprecedented opportunities to study the mesoscale structure
(Fig. 16) and spatiotemporal evolution of the solar wind near 1 au, enabling new under-
standing of solar wind structure and turbulence (e.g., Borovsky 2008) and potentially better
predictive capabilities for space weather (see Sect. 4.4). Table 1 in Appendix 5 shows a com-
parison of the measurement capabilities of the spacecraft in the L1 Fleet, demonstrating the
powerful complementary measurements that can be made with these missions.

4.3.1 Mesoscale Solar Wind Structure

Recent multi-spacecraft magnetospheric missions such as Cluster and MMS set the standard
for extraction of spatial information, as distinct from temporal information, and for comput-
ing quantities related to spatial derivatives, as in the curlometer technique. This information
is of exceptional value, and, for gradients in particular, the methods actually benefit from
the small inter-spacecraft separations of those missions. Cluster and MMS orbits typically
afford spacecraft separations in the range from 10 km up to 10,000 km. For information at
larger scales, the familiar approach is to employ the single-spacecraft Taylor (i.e., frozen-in)
hypothesis. This is widely used and while it remains useful, it mixes space and time varia-
tions and is best understood when the time variations due to local dynamics can be neglected
entirely. Previous studies of spatial structure on multi-spacecraft analysis without applying
the Taylor hypothesis have necessarily resorted to comparing spacecraft data streams from
pairs of spacecraft with separations in a larger range of interest. Such an approach, for exam-
ple, using ensembles of paired datasets from Wind and ACE (Matthaeus et al. 2005) enabled
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Fig. 15 2D projection of the orbits of several spacecraft of the L1 Fleet in units of Earth radii showing the
wide range of mesoscale structures that can be probed by these spacecraft. The black circle indicates the
projected, aberrated cross section of the magnetopause at X_GSE = 0; aberration assumes Earth’s orbital
motion, 30 km/s in the ecliptic perpendicular to the Earth-Sun radial direction, and a nominal solar wind
speed of ∼ 400 km/s along that radial direction

the correlation length of interplanetary turbulence to be directly measured for the first time
without assumptions such as the Tayor hypothesis. However, this can only be accomplished
if adequate data are available with separators on the order of 500,000 to 1,000,000 km. With
only two available spacecraft, and in the absence of planned orbit separations, such a study
requires use of data from varying time frames, perhaps separated by months or even years.
This introduces other parameters to be controlled, such as solar wind speed, proximity to the
heliospheric current sheet, solar cycle, and the presence of CMEs. With the IMAP mission
increasing the number of operative spacecraft, the L1 fleet becomes much more valuable
and capable of evaluating targeted information more rapidly and less confounded by vary-
ing parameters. It also becomes more sensitive to correlation anisotropy and more capable
of separating space and time correlations (Matthaeus et al. 2016). Another major advantage
of such multi-spacecraft analysis with three or more spacecraft is that the larger number of
baselines and their different orientations enables simultaneous investigation in various di-
rections. This clearly increases the rate at which measures of directional anisotropy can be
evaluated. As the number of available simultaneous spacecraft data streams becomes larger,
the number of useful baselines increases dramatically, i.e., with six spacecraft in the L1 fleet,
the number of potentially useful baselines increases to 18.

Similar multi-spacecraft methods can be implemented by the IMAP-enhanced L1 fleet
to study other turbulence topics as well, such as 1/f noise, cascade rates at large scales,
space time-correlation at the outer scale, etc. In general, when turbulence properties are
measured at scales larger than the correlation scale, the data quantify the state and dynamics
of ‘energy-containing scales’ of classical turbulence (Batchelor 1970). For freely decaying
turbulence these eddies exert control of the cascade dynamics at all smaller scales, including
the entire inertial range where ‘Kolmogorov-like ‘power-law spectra are typically observed.
Simply put, the enhanced L1 fleet measures the input to the turbulence cascade. It is notewor-
thy that the upcoming nine-spacecraft NASA HelioSwarm mission will probe much smaller
inertial range scales, from around 1000 km to the ion inertial scale near 100 km where dis-
sipation processes set in. Thus, the expanded L1 fleet will provide input to the dynamics
observed by HelioSwarm as solar wind structures propagate from L1 to the HelioSwarm
orbit near the Earth.
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Fig. 16 Spatial scale of solar wind structures (from Viall et al. 2021). The L1 fleet will allow unprecedented
study of a variety of mesoscale structures and phenomena. The kinetic scale represents phenomena less than
an ion inertial length (10’s of km) through 100’s of km. The mesoscale spans 100’s of km to ∼ 10,000 Mm
after which structures are considered large-scale. See Viall et al. 2021 for detailed descriptions

4.3.2 Shock Structure & Morphology

IP shocks move through, and interact with, a turbulent solar wind plasma, and, as such,
their surfaces are distorted, or rippled. With numerous spacecraft in close proximity at L1
the structure of shock fronts can be studied in relatively-good detail; of particular interest
is the scale of surface ripples. Neugebauer and Giacalone (2005) used the crossing times
of 26 transient IP shocks seen by seven different spacecraft near Earth to infer an average
radius shock surface curvature of the order of 3 million km. This study involved spacecraft
that were separated by rather large distances, but also included some smaller separations.
The array of spacecraft in orbits at L1, covering a somewhat smaller spatial range as well
as some larger separations of the order of the turbulence coherence scale, can be used to
considerably advance our understanding of shock surface structure (Szabo et al. 2001; Szabo
2005). Notably, limited information on IP shock structure has inhibited understanding of
how such variations may impact the geoeffectiveness of these shocks in driving a response
in Earth’s magnetosphere.
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In addition to the rippling of shock surfaces, the interaction of IP shocks with pre-existing
solar wind turbulence also leads to other important effects. For instance, spacecraft which
are separated far enough apart often observe different behavior in the bulk plasma, field,
and energetic particle parameters as functions of time. Neugebauer et al. (2006) showed that
energetic particle fluxes were reasonably correlated when the spacecraft separation was less
than about 3 million km. The variation of the plasma properties seen by different spacecraft
across the same shock is less well studied, and the addition of IMAP to the L1 fleet of
spacecraft considerably advances our understanding of the structure of shocks.

The study of energetic particles and plasma across individual shocks seen by multiple
spacecraft also provides a critical test to the theory of DSA. A fundamental result from this
theory is that the distribution function of energetic particles accelerated by the shock have
a power law dependence on momentum (or energy) over a range of energies from a keV up
to a few MeV. The theory predicts that the power-law index depends only on the density
jump across the shock. However, because shocks move through turbulence, the locally ob-
served density jump across the shock likely depends on where along the shock front that the
observer is located. This was discussed by Giacalone and Neugebauer (2008), who showed
that spacecraft separated by scales of the order of the turbulence coherence scale will see dif-
ferent local density jumps. The energetic particles, however, are considerably more mobile
owing to their large speeds, averaging over the fluctuations. Thus, their spectra are likely
similar at different places along the shock front. Giacalone and Neugebauer showed that
the energy spectra of energetic particles seen to be associated with three separate IP shocks
seen by two spacecraft were similar, which supports this idea. With many spacecraft observ-
ing the density jump across a single shock, an average density jump can be estimated. The
test of DSA theory is then whether the observed spectral index of energetic particles at low
energies (below any spectral break energy) is well correlated with the average density jump.

4.4 Space Weather-Related Science

4.4.1 Scientific Understanding

One of the most important advancements in observational capability for space weather re-
search came about in the 1978-80 timeframe with the insertion of the ISEE-3 spacecraft into
a ‘halo’ orbit around L1 (Tsurutani and Baker 1979). At the key L1 location upstream of
Earth in the supersonic, super-Alfvénic solar wind flow, it proved possible to monitor in an
uninterrupted way the solar wind speed and density along with the IMF strength and ori-
entation. These ‘driver’ characteristics of the solar wind flow were seen through numerous
empirical studies to be highly correlated with all manner of geomagnetic activity such as
geomagnetic storms and magnetospheric substorms (Baker et al. 1981, 1983 and references
therein).

In IP space, the energetic particle propagation is highly dependent on the solar wind and
embedded transient structures. The nominal IMF ‘guides’ charged particle transport making
them stream along the IMF lines. The IMF and the solar wind fluctuate resulting in particle
scattering and cross-field diffusion (Reid and Kontar 2010; Klein and Dalla 2017); for ex-
ample, energetic particle transport is affected by IP turbulence (Jokipii 1966; Chhiber et al.
2019). Large-scale structures like CMEs and IP shocks can accelerate SEPs to relatively
high energies (Desai and Giacalone 2016) and induce geomagnetic storms as well as For-
bush decreases (Ghag et al. 2023). At lower energies, IP strahl properties are correlated with
magnetic discontinuities (Borovsky 2020). Rosenvinge et al. (2009) showed that energetic
particle data exhibit intensity variations that suggested a linkage to mesoscale flux tubes.
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The Earth’s Van Allen radiation belts are populated by energetic protons and electrons
trapped in the geomagnetic field, respectively in the inner and outer belts, with the outer belt
trapped electron intensities being highly dynamic varying over several orders of magnitude
over time scales ranging from minutes to years (Baker and Kanekal 2008). Electron dynam-
ics are driven ultimately by transient/recurrent structures in the solar wind (Kanekal 2006;
Baker and Kanekal 2008). Radiation belt electrons also respond to mesoscale transient struc-
tures in the solar wind, such as periodic density structures (PDS) (Kepko and Viall 2019;
Di Matteo et al. 2022). A recent study by Kurien et al. (2024) provides the first evidence
that mesoscale structures, in the form of PDSs, modulate relativistic and ultra-relativistic
electron intensities in the heart of the outer radiation belt (L ≈ 4). The electron modulation
was found to occur at frequencies close to those of IP PDSs, exhibiting intensity modula-
tions over a wide range of energies (∼200 keV to 4 MeV) and pitch angles (∼20-120°).
Energetic particles are also known to pose a significant space weather hazard to human as-
sets in space, as well as affect global climate by inducing changes in atmospheric chemistry
through particle precipitation (Baker et al. 2018).

It is important to recognize that space weather effects in the terrestrial magnetosphere-
ionosphere system are driven in clear and direct ways by changes in the mesoscale properties
of solar wind plasmas that flow from the Sun (Baker 1996, and refs. therein). By measuring
north-south IMF orientation changes or major shifts in solar wind speed as they are about
to impact Earth, one can develop highly effective space weather forecasting methods (Baker
et al. 1981, 1983).

4.4.2 Real-Time Space Weather Capability

As described in Tsurutani and Baker (1979), the key to effective utilization of L1 solar wind
monitors is to have real-time measurements of solar wind/IMF properties that could then be
telemetered continuously to ground receiving stations. Under typical solar wind conditions,
alerts and warnings for relevant changes in solar wind driving conditions could be achieved
with 45-minute to 1-hour warning times. Under extreme driving conditions, these warning
times were often reduced to less than 30 minutes. Through early and dedicated collective
efforts of NASA, NOAA, and other agencies, the ISEE-3 monitoring system was emplaced
by the NOAA Space Environmental Services Center (now the Space Weather Prediction
Center) by March 1980 (Jocelyn 1980). The ISEE-3 real-time alert system proved so ben-
eficial and so important that this approach was replicated with the ACE spacecraft (Acuňa
et al. 1995) that is still operational today after nearly three decades of operational utilization;
similar real-time space weather data links were also provided by NASA’s STEREO and Van
Allen Probes missions. IMAP continues, and greatly extends, this remarkable and highly
effective monitoring tradition through the IMAP Active Link for Real-Time (I-ALiRT) ca-
pability, which provides low-latency, near-real-time in situ measurements of relevance to
space weather forecasting (see McComas et al. 2025b; Lee et al. 2025).

Space weather is a matter of growing importance as humanity becomes increasingly re-
liant on infrastructure that can be affected by the space environment. As we move towards
an expansion in human spaceflight, including upcoming missions to send humans back to
the Moon and for the first time to Mars, the ability to forecast space weather events is an
important facet of the health and safety of astronauts and the protection of space assets. For
these reasons, space weather has been elevated as a national priority through the National
Space Weather Action Plan and the PROSWIFT Act, passed by Congress and signed into
law in 2020.

Data from scientific and operational instruments are utilized by a variety of government
sponsors (including those with both civil space and national security interests), commercial
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companies, and research groups for the purposes of forecasting, nowcasting and hindcasting
space weather events. As such, the availability of reliable real-time space weather data is
of fundamental importance to understanding and utilizing the predictors of space weather
events. The diversity of these data in terms of both data products and heliographic position
contributes to our ability to model and predict these events.

With I-ALiRT, IMAP joins ACE, STEREO, and DSCOVR, in making continuous real-
time space weather observations from orbit. IMAP, ACE, and DSCOVR are all located at
L1 but provide varied and complementary measurement capabilities. STEREO expands on
these capabilities by monitoring space weather along 1 au from other longitudes due to its
unique heliocentric orbit. Additional capabilities are offered by the GOES satellites as well
as SWFO-L1 and the anticipated ESA Vigil mission to be located at L5.

5 Summary

The IMAP observatory provides our most comprehensive, full system-of-systems view of
our heliosphere and its interaction with the LISM. The mission is a unique combination of in
situ and remote sensing instruments that enables studies of the heliosphere through intercon-
nected local and distant observations at a level not previously possible. As discussed above,
many aspects of fundamental particle acceleration and transport found throughout the helio-
sphere benefit from this new capability. Connecting conditions observed by IMAP at 1 au to
variations in the outer heliosphere and the resulting impact on the energization of particles
is a primary focus of IMAP science. This involves characterizing the PUI population and
the suprathermal ions at 1 au with SWAPI and CoDICE and their evolution across IP shocks
(measured by SWAPI and MAG), some of which are expected to be reasonable analogs to
the termination shock. How energetic and suprathermal particles observed by CoDICE and
HIT modify shocks at IMAP’s location also provides critical information regarding particle
interactions with the termination shock.

Examinations of the variations in the heliosphere and their impact on the structure of
its boundary and interactions with the ISM yields a new understanding of the dynamics
of the greater system. IMAP characterizes the latitudinal structure of the solar wind with
GLOWS and, in combination with missions beyond 1 au, can speak to the radial evolution
as well. How solar wind structures evolve with distance and impact the outer boundaries of
the heliosphere to change the ENA production is an important study that involves both the
in situ and remote sensing instruments on IMAP. Similarly, the creation of the ACRs and
their modulation as they diffuse back to be measured by HIT is examined in the context of
the time evolution of the solar wind structures propagating outward.

Naturally, IMAP also addresses inner heliosphere science from its L1 vantage point and
contributes to the HSO. With IMAP’s advanced in situ instrumentation, detailed investiga-
tions into the characteristics of the suprathermal population needed to fully understand the
injection and energization of particles can be conducted. New charge state measurements
from CoDICE are instrumental in characterizing the Q/M-dependent effects of SEP acceler-
ation and transport and provide critical clues for resolving the source of the seed population
accelerated at a variety of solar wind structures. IMAP joins a number of existing spacecraft
near L1 creating the ability to study the meso-scale structure of the solar wind and shock
morphology, while also providing a bridge between older solar wind and SEP data sets and
the new ones IMAP creates. Detailed observations from SWE and SWAPI of the VDFs of
ions and electrons, along with magnetic field measurements from MAG, also characterize
the solar wind impinging on the Earth’s magnetosphere. Finally, the enhanced real-time data
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produced by IMAP improves space weather forecasting and alerts that are needed to protect
space-based assets.

Appendix: L1 Fleet Capabilities

As discussed above, the L1 Fleet has varied instrument suites capable of measuring a wide
variety of observables. This includes important capabilities that are common among many
of the spacecraft (e.g., 3D velocity distribution functions of the solar wind) and capabili-
ties that are unique to individual spacecraft (e.g., IMAP interplanetary and interstellar dust
measurements). Together, these complementary instrument suites have the ability to facil-
itate previously impossible scientific studies. In Table 1, we provide a comparison of the
capabilities for the spacecraft in the L1 fleet.
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