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Revolutionary Solar System Science Enabled by the Line Emission Mapper X-ray Probe

H atoms cannot be focused like He, because they are subjected to solar radiation pressure.

Executive Summary

The Line Emission Mapper's (LEM's) exquisite spectral resolution and effective area will open new research domains in Astrophysics, Planetary Science and Heliophysics. LEM will provide step-change capabilities for the solar coronal X-ray scattering, fluorescence, solar wind charge exchange (SWCX) and auroral precipitation processes that dominate X-ray emissions in our Solar System and Heliosphere. The observatory will enable novel X-ray measurements of historically inaccessible line species, thermal broadening, characteristic line ratios and Doppler shifts -a universally valuable new astrophysics diagnostic toolkit. These measurements will identify the underlying compositions, conditions and physical processes from km-scale ultra-cold comets to the MK solar wind in the heliopause at ∼120 au. Here, we focus on the paradigm-shifts LEM will provide for understanding the nature of the interaction between a star and its planets, especially the fundamental processes that govern the transfer of mass and energy within our Solar System, and the distribution of elements throughout the heliosphere.

In this White Paper we show how LEM will enable a treasure trove of new scientific contributions that directly address key questions from the National Academies' 2023-2032 Planetary Science (PS) and 2013-2022 Heliophysics (H) Decadal Strategies 1,2 . The topics we highlight include:

1. The richest global trace element maps of the Lunar Surface ever produced; insights that address Solar System and planetary formation, and provide invaluable context ahead of Artemis and the Lunar Gateway (PS -Q1; Q2; Q9.1).

2. Global maps of our Heliosphere through Solar Wind Charge Exchange (SWCX) that trace the interstellar neutral distributions in interplanetary space and measure system-wide solar wind ion abundances and velocities; a key new understanding of our local astrosphere and a synergistic complement to NASA IMAP observations of heliospheric interactions (H-Q3).

3. Elemental and molecular composition measurements of the atmospheres of Mars, Venus, Jupiter, Saturn and Uranus; noble gas and volatile abundances that distinguish planetary formation theories and provide invaluable new insights ahead of NASA's Uranus Orbiter and Probe Flagship (PS -Q1.1; Q2.1; Q7.1;Q7.2; Q12) 4. Global elemental composition measurements of the surfaces of the Galilean Satellites; essential insights for their formation, evolution and potential habitability. Synchronised with JUICE and Europa Clipper operations, these will provide important contemporaneous measurements for degeneracy-breaking of spacecraft IR molecular spectroscopic observations (PS -Q2.2; Q2.3; Q9; Q10)

5. Direct global observations of atmospheric loss from Mars and Venus through SWCX X-ray images of their planetary 'halos', providing transformative measurements to the localized, singlepoint in-situ measurements by MAVEN, enVision, Veritas and DAVINCI+ (PS -Q6.5)

6. Probing Solar System archeology and Heliospheric Dynamics beyond the range of in-situ spacecraft through observations of distant Comets and Kuiper Belt Objects, with the possibility of interstellar comet observations simultaneous with Comet Interceptor (H -Q1, Q3; PS -Q1; Q2; Q3). Global maps of our heliosphere through SWCX solar wind ion abundances and velocities; a key new understanding of our local astrosphere (H-Q3) 7. Abundance data for solar wind species that are unavailable to in-situ spacecraft measurements and in locations that are yet to be visited by in-situ missions through high resolution SWCX observations; such solar abundances are the baseline for chemical composition across the cosmos and are key for understanding space weather processes and Solar System formation (PS -Q1.1, Q3.6, H-Q1)

8. The longest temporal baseline, high resolution solar X-ray spectra, as seen reflected from hydrogen in planetary atmospheres, a valuable ground truth for stellar populations across the sky (H-Q1) 9. Identification of solar wind ion precipitation in the Jovian aurorae, magnetospheric processes that produce the most powerful aurora in the Solar System. LEM will easily provide critical constraints on the influx of the solar wind to the Giant Planets to the solar wind and the measurements of the thermal and collisional velocities of precipitating ions. (PS-Q7.4)

10. High Cadence (3-minute) imagery of small-scale structure (∼0.22 R E ) on the terrestrial magnetosheath. This provides new windows into the processes that govern magnetospheric physics and the impact of Space Weather on the Earth, and is ideally timed for partnerships with NASA's HelioSwarm mission to connect small to large scale magnetospheric processes (H-Q2, Q3, Q4)

In these areas and more, LEM will provide ground breaking new National Academy of Sciences mandated Decadal science and serve as a new, essential planetary mission -all while remaining in an L1 halo orbit. It will do so by building on decades of X-ray studies from the Einstein Observatory, Chandra, ROSAT, XMM-Newton, NuSTAR, and NICER and heliophysics and planetary missions like ACE, IMP-8, TIMED, Cassini, New Horizons, Messenger, Chandrayaan, Galileo, Juno and Voyager. LEM will open a new wavelength window on planetary science and heliophysics, addressing some of the most profound and fundamental questions for Solar System science. In turn, this new understanding will provide irreplaceable ground truths that span astrophysics. 

LEM's Breakthrough Capabilities for Planetary Science and Heliophysics

Proposed as a mission concept for the NASA 2023 Astrophysics Probes call, the Line Emission Mapper (LEM) consists of a micro-calorimeter array spanning a large Field of View (FoV) of 30 by 30 arcminutes [START_REF] Kraft | The Line Emission Mapper White Paper[END_REF] . This array is capable of reaching an unprecedented energy resolution of ∼1 eV within a central 7×7 arcminute pixel configuration (within which all Solar System planets will fit) and 2 eV across the rest of the Field of View. LEM covers the 0.2-2 keV energy band across which planetary bodies and solar wind charge exchange (SWCX) are brightest in X-rays, making it ideal for their study. The X-ray mirrors of LEM will provide a collecting area (∼1600 cm 2 ) and angular resolution (∼15"), of the order of the EPIC-pn instrument onboard XMM-Newton, which has been highly successful for the study of planetary bodies [START_REF] Bhardwaj | X-rays from solar system objects[END_REF][START_REF] Branduardi-Raymont | X-ray views of our solar system[END_REF][START_REF] Dennerl | Charge transfer reactions[END_REF][START_REF] Dunn | X-ray Emissions from the Jovian System[END_REF] . The combination of capabilities means that observations will have a much reduced background, enhancing signal to noise significantly and enabling detailed characterisation of planetary and heliophysics signals that have historically been beyond reach. LEM also possesses some sensitivity down to ∼0.05 keV, which, if preserved, will give a factor of several enhancement in signal from Solar System objects. This will provide access to never-before-measured lines offering key new compositional insights (see section 2 and 3), enable studies of objects previously too dim to observe and probe variability on shorter timescales than ever before.

Solar System bodies offer irreplaceable ground-truth in-situ spacecraft measurements (e.g. magnetic and electric fields, energetic particles and wave measurements often across extended spatially resolvable sources) with which to explore conditions that are challenging to create in terrestrial laboratories and with which to identify the source processes that drive X-ray emissions. Applying LEM's state-of-the-art spectroscopic capabilities to the heliosphere provides a powerful natural laboratory to identify fundamental atomic and plasma physics at astrophysical bodies across the Universe. For astrophysics in general, this anchors spectroscopic physical models to well-characterized bodies, enabling these models to be reliably and robustly extrapolated to objects beyond the reach of in-situ measurements.

Multi-Spacecraft Synergies with LEM

LEM will launch amidst the operation of a diverse fleet of spacecraft and other observatories, some of which are shown in Fig. 2. Throughout this white paper we highlight example multi-spacecraft synergies with LEM, but undoubtedly the discoveries by LEM and these missions will open new opportunities. There is a rich heritage proving that multi-instrument measurements enable and inspire scientific investigations beyond the sum of their parts [START_REF] Bunce | Origin of Saturn's aurora: Simultaneous observations by Cassini and the Hubble Space Telescope[END_REF][START_REF] Clarke | Hubble Space Telescope imaging of Jupiter's UV aurora during the Galileo orbiter mission[END_REF][START_REF] Jia | Evidence of a plume on Europa from Galileo magnetic and plasma wave signatures[END_REF]149 and LEM's partnerships will be no exception to this.

In turn, this deeper understanding of the fundamental processes governing X-ray emissions in the Solar System will help address problems and break degeneracies in astrophysics more broadly.

Utilising LEM to Identify What Processes Govern Mass and Energy Transfer within the Heliosphere

We begin this white paper by exploring what LEM 's new capabilities enable at the fundamental level of spectral line identification of species and the underlying X-ray-production processes. We then explore how identification of source species and processes can be leveraged to address some of the most important questions in planetary science and heliophysics (section 2 and 3). The majority of astrophysical emissions can be grouped into five X-ray processes: fluorescence, thermal/coronal (collisionally ionised and noncollisionally ionised emissions), scattering, charge exchange (CX) and particle acceleration. The Solar System possesses regions and objects that exhibit all of these processes [START_REF] Bhardwaj | X-rays from solar system objects[END_REF][START_REF] Branduardi-Raymont | X-ray views of our solar system[END_REF][START_REF] Dennerl | Charge transfer reactions[END_REF][START_REF] Dunn | X-ray Emissions from the Jovian System[END_REF] . However, given current spectral resolution with Chandra ACIS or XMM-Newton EPIC-pn or sensitivity with XMM-Newton RGS or Chandra LETG, for planetary bodies and sources within the heliosphere, it is often difficult to distinguish these emission processes and therefore to unambiguously identify the underlying physics. LEM's spectral resolution and sensitivity will provide the needed instrumental step-change, revolutionising the use of remote X-ray observations to study planetary bodies and heliophysics. For example, Figure 3 shows spectral lines from fluorescence from neutral atomic carbon, neutral carbon dioxide molecules and from solar wind charge exchange (SWCX) of highly charged (C 5+ ) carbon ions with neutrals -emission processes and species that are particularly relevant for e.g. Venus [START_REF] Dennerl | Discovery of X-rays from Venus with Chandra[END_REF][START_REF] Dennerl | X-rays from Venus observed with Chandra[END_REF] , Mars [START_REF] Dennerl | Discovery of X-rays from Mars with Chandra[END_REF][START_REF] Dennerl | First observation of Mars with XMM-Newton-High resolution X-ray spectroscopy with RGS[END_REF] and possibly Titan 8 . The processes and conditions that lead to each emission are dramatically different and probe physics from the formation of planets and their habitability to the nature of their interaction with the solar wind. The top panel shows that with XMM-Newton EPIC-pn (the current state of the art for combining sensitivity and spectral resolution) it is impossible to distinguish these lines, so that it has historically been challenging to distinguish the source ion/molecule/atom itself, let alone the underlying physical processes. However, the lower panel shows that LEM will enable the resolution of the lines and therefore the different emission sources and processes to be unambiguously resolved (providing they have line broadening from velocities of less than 1000 km/s and dependent on the molecular species). For planetary science, LEM opens entirely new domains of science, enabling exploration of neutral atomic and molecular species as well as highly charged ions.

While figure 3 shows how LEM will distinguish neutral atom and molecule lines from those of highly charged ions, identifying the processes that generate X-ray emissions often requires measurement of the line ratios between different lines from the same species . LEM also enables these studies. Figure 4 showcases that LEM can distinguish the fundamental emission processes and plasma properties including charge exchange (CX), collisional ionisation, fluorescence and photoionisation to characterize the dominant transfers of energy in different astrophysical systems.

Beyond identification of the photon production processes, LEM will also probe the thermal and collisional properties of Solar System plasmas. Through broadening and shifts of spectral lines, LEM is sensitive at the velocities relevant for Solar System bodies (i.e. a few hundred km/s). Figure 5 shows LEM measurements of different thermal and doppler-shifted lines. In turn, understanding the width and shift of the emission from different components enables the separation of different components along the line of sight, and a deep exploration of the underlying plasma properties that has historically been unavailable for Solar System objects. Consequently, LEM enables an unprecedented richness of Solar System study that will provide step changes towards the strategic goals of the planetary science and heliophysics decadals.

Symbiosis with Laboratory Atomic Physics Advancements

By ushering-in this new era in astrophysics, heliophysics and planetary science, LEM will guide terrestrial laboratory experiments to ensure atomic models are rich with the necessary cross sections to support astrophysical exploration, driving forward synergistic domains of astro-and atomic physics. At the same time, astrophysical environments, including locations within the Solar System, provide extreme conditions that in many cases are very difficult or impossible to recreate in terrestrial laboratories (low densities, high temperatures, extremely low and high magnetic field strengths), that expand the horizons and fundamental understanding of atomic and molecular physics. For example, an array of X-ray spectral lines that are labeled 'forbidden', are often the dominant emission lines for astrophysical bodies. This provides a universal context for Earth-based experiments. Undoubtedly, LEM will reveal and detect an array of spectral signatures that are uncatalogued or not yet characterised. Identifying these lines will require strong partnerships with laboratory atomic physics to ensure that signals can be correctly interpreted. Here, spatially resolved and better characterised Solar System objects can provide the necessary knowledge stepping stone to build the needed atomic physics progress. LEM's high resolution X-ray spectra necessitate and foster a strong symbiosis between astrophysics, solar system science and laboratory atomic physics.

Planetary Elemental Inventories:

Identifying the Building Blocks of the Solar System

The 2023 National Academies Planetary Science (PS) Decadal extensively discusses the vital importance of complete chemical inventories across the Solar System (e.g. PS Decadal questions: 1.1; 1.2; 2.1; 2.2; 2.4; 3.1; 3.3; 3.5; 7.1; 9.1; 9.2; 10.5, 12.2) 1 . These inventories are essential to inform models on planet formation and evolution and the prevalence of life beyond Earth. Models of prebiotic conditions and those that explore habitability require solar-system-wide elemental abundances: "especially those deemed essential to terrestrial life (e.g., key building block elements like C, H, N, O, P, S)" (PS Decadal). Through fluorescence, X-rays observations directly enable remote characterisation of the elemental composition of an object. These finger-print spectral line signatures unambiguously distinguish elements and can also identify a range of molecules (e.g. Fig. 3). In this section, we explore how LEM will provide a paradigm shift in our understanding of the elemental abundances across the Solar System from the solid surfaces of rocky planetary bodies, to the atmospheres of planets and finally to the rings and potentially life-harboring Icy Moons of the Gas and Ice Giants.

What We Know

Generally, chemical inventories in planetary science are collected through either single-point measurements or via global imaging-spectroscopy. In-situ particle measurements provide single-point, single-Fig. 4: LEM's capability to distinguish emission processes -spectra from 5 different X-ray emission processes. The different example spectra presented are: collisionally ionised plasma with kT ∼0.136 (blue -representative of the halo); collisionally ionised plasma with kT ∼0.0808 (red -representative of the local hot bubble), overionised plasma recombining from kT of 0.136 to 0.808 (black) and under ionised plasma with a kT of 0.136 (orange), solar wind charge exchange (green). Color codes for the tick marks on the upper axis highlight lines from different ion species: Purple C VI; Blue N VI; Green N VII; Yellow O VI; Orange O VII; Red OVIII. time measurements of plasma and sputtered surfaces, such as the paradigm-shifting measurements conducted by Cassini's INMS 137 and CAPS [START_REF] Linder | The Cassini CAPS electron spectrometer[END_REF] instruments that sampled the Enceladus plume material that populates the Saturnian magnetosphere or through the revolutionary measurements made by the Huygens probe's descent through Titan's atmosphere [START_REF] Lebreton | An overview of the descent and landing of the Huygens probe on Titan[END_REF] . More recently, sample return has begun to play an increasingly important role in the NASA, ESA, CAS and JAXA strategic objectives, and is showcased through the recent success of NASA's OSIRIS-REx 14 and JAXA's Hayabusa 134 in returning meteor samples to Earth for exploration in terrestrial laboratories.

At a global scale, remote imaging is key and provides maps of the chemical inventories across planetary surfaces, atmospheres, and rings -essential context for sample return. UV, Infrared and sub-millimeter imaging spectroscopy enable identification of molecular constituents, while X-ray and Gamma-Ray observations provide direct measurements of the elemental composition (although we note that with new high spectral resolution, X-rays can also directly identify molecules -see Fig. 3). This mixture of wavebands is highly complementary with elemental measurements breaking degeneracies in molecular models and offering critical noble gas measurements. In turn, noble gas measurements are essential to constrain formation models and connections to the solar abundances, with more limited chemical processing through the Solar System's history in comparison with e.g. volatiles (see e.g. Atreya et al. (2022) [START_REF] Atreya | The origin and evolution of Saturn: A post-Cassini perspective[END_REF] and references therein).

Elemental Composition of the Surfaces of

Rocky Bodies Throughout the PS decadal, the importance of understanding the surface and composition of the moon is discussed extensively, from formation and evolution of the Solar System (PS-Q1, Q2) to understanding the prebiotic context of Earth (PS-Q9.1). For example, Q2.4 states: "Presently there is no fully accepted, self-consistent model for the simultaneous formation of the giant planets during the nebular era. The most important data to obtain, in the next decade if possible, would be chronological constraints on the early bombardment of the The top panel shows an XMM-Newton EPIC-pn observation of the X-ray spectrum from Jupiter's Northern aurora. This spectrum is best-fit with a model that represents precipitating magnetospheric sulphur and oxygen ions undergoing charge exchange with Jupiter's neutral atmosphere. However, the EPIC-pn resolution is insufficient to identify broadening or doppler shifts at velocities that are typical for the system, so that the underlying plasma properties cannot be explored (see section 3 for details). The panels below show LEM observations of different line broadening (middle two panels) or Doppler shifts (bottom panel) for this Jovian aurora CX spectrum, showcasing LEM 's capacity to remotely explore the underlying plasma properties. We note that this is illustrative of the step-change in scientific exploration enabled by LEM , but that a real observation will convolve Doppler and thermal broadening so that care will need to be taken when interpreting the new observations made by LEM . Figures from Par- Moon. Bombardment by outer Solar System objects should carry compositional (mainly volatile) and isotopic signals." 1 . Consequently, measurements of elemental abundances in a variety of lunar craters would provide valuable insights.

The use of X-ray fluorescence to study planetary bodies began in the Apollo era when global elemental and mineralogical datasets were acquired by the Apollo X-ray Fluorescence and Gamma Ray Experiment and were critical in refining theories of lunar evolution [START_REF] Adler | Apollo 15 and 16 results of the integrated geochemical experiment[END_REF][START_REF] Adler | Orbital chemistry-lunar surface analysis from the X-ray and gamma ray remote sensing experiments[END_REF][START_REF] Andre | Lunar surface chemistry: a new imaging technique[END_REF]131 . The resulting Al/Si ratios were consistent with a plagioclase-rich highland and basaltic maria in returned lunar samples, confirming that the lunar highland crust is differentiated and of feldspathic composition.

Since then, Semiconductor X-ray detectors have flown to the Moon on a range of multi-agency spacecraft exploring the origins of many other regions on the lunar surface. These spacecraft included SMART-1 115 , Kaguya [START_REF] Kato | The Kaguya mission overview[END_REF] and Chang'e-1 109 and 2 150 . Most recently, India's Chandrayaan-1 67 and -2 spacecraft each carried X-ray spectrometers (C1XS [START_REF] Grande | The C1XS X-ray spectrometer on Chandrayaan-1[END_REF] and CLASS 111 ), which place soil samplereturn and meteorite measurements into the global context of elemental abundances (Fig. 6). These show clear variation in the abundances of elements across the surface. Lunar X-ray fluorescence studies have also been conducted by X-ray telescopes in Earth orbit. Chandra (Fig. 7), resolved fluorescence lines from O, Mg, Al, and Si (Fig. 7) within a relatively short series of observations (of order 10s of minute) and showed elemental abundance variations between the highlands and mare through the High Resolution Camera (HRC) instrument 141 . Understanding such elemental abundances is not only key to understanding lunar evolution, but also for the upcoming possibility of a sustained human presence on the surface, e.g. in the context of Artemis and the Lunar Gateway.

Beyond the moon, "The analysis of asteroids, meteorites, comets, and other rocky bodies of the inner Solar System can provide key insights into how the chemical inventories (e.g., organics and volatiles) of early Earth may have evolved" (PS Decadal 1 ). X-ray fluorescence has already played an important role in cataloging the elemental inventories of asteroids 133 . For comets, such fluorescence signatures have often been hidden by the dominant spectral lines from SWCX and the low spectral res-olution of current instruments, with hints of fluorescence emissions that could be used for compositional studies 126,127 .

Consequently, while X-ray fluorescence measurements of comets would be a revolutionary tool for probing Solar System formation, it has proven largely illusive for the current generation of instruments, LEM will surpass such challenges.

Elemental and Molecular Composition of

Rocky Planet Atmospheres Fluorescence is also a valuable tool to probe the atmospheric composition of planets. The strategic Research for Q1.1 and Q1.2 in the PS Decadal is to measure: "the elemental and isotopic composition of the surface, and, where relevant, atmospheres of bodies formed from different nebular reservoirs (especially Uranus, Neptune and Mercury, but also of Venus, asteroids, Centaurs and Saturn) 1 .

Chandra and XMM-Newton, have observed fluorescence signatures from the atmospheres of Venus and Mars (Fig. 8 &9). For both planets, the observed emissions agreed well with model predictions with a factor of ∼2 enhancement over predictions [START_REF] Dennerl | Discovery of X-rays from Venus with Chandra[END_REF][START_REF] Dennerl | Discovery of X-rays from Mars with Chandra[END_REF][START_REF] Cravens | X-ray emission from scattering and fluorescence of solar X-rays at Venus and Mars[END_REF] . The Venus observations by the Chandra Low Energy Transmission Grating showed carbon (0.28 keV) and oxygen (0.53 keV) k-α lines with traces of nitrogen k-α lines (Fig. 8). Interestingly, these high spectral resolution observations also hinted at the possibility of molecular identification as well through the 0.29 keV carbon s→ π * line in CO 2 [START_REF] Dennerl | Discovery of X-rays from Venus with Chandra[END_REF] . Given sufficiently high sensitivity and spectral resolution Fig. 3 shows that it would be possible to distinguish molecular fluorescence lines from atomic lines, opening a new paradigm of X-ray molecular spectroscopy, and providing new molecular constraints for planetary objects.

The fluorescence emissions are clustered along the limb of the planets. For Venus they occur at an atmospheric height of 120-140 km above the surface, where the optical depth is minimized in comparison with the volume X-ray emissivity of the atmosphere (Fig. 8) [START_REF] Dennerl | Discovery of X-rays from Venus with Chandra[END_REF][START_REF] Dennerl | X-rays from Venus observed with Chandra[END_REF] . Consequently, X-ray fluorescence probes the composition of the upper atmospheres of planets, with the brightness of emissions depending sensitively on the density and chemical composition. With increasing depth into the atmosphere, the X-rays become increasingly attenuated by the atmosphere. X-ray measurements can also determine what is not in the upper atmosphere. Through comparison with the prevalence of dust storms at the time, Martian observations tested a connection between dust storms at the planetary surface and a resulting increase in the scattering of solar X-ray photons caused by increased dust in the upper atmosphere. No enhancement in scattered X-ray flux was detected during the global Martian dust storm [START_REF] Dennerl | Discovery of X-rays from Mars with Chandra[END_REF] .

Elemental and Molecular Composition of

Gas and Ice Giant Atmospheres Measurements of the elemental composition of the atmospheres of the Gas and Ice Giants are key drivers for the prevalence of atmospheric probes within the PS Decadal. Both the recommended flagship, Uranus Orbiter and Probe mission, and the Decadal concept New Frontiers mission, the Saturn probe, are motivated by the need to measure the composition of the atmospheres. However, to date, only the Galileo probe 148 has been used for the Gas Giants themselves, and at the time of writing this it is likely to be at least two decades until such a probe could measure in-situ the Gas/Ice Giant atmospheres. Until then, studies of the Gas/Ice Giant atmospheres, depend on remote observations. These remote observations provide invaluable local analogues for the rapidly-growing field of exoplanet atmosphere studies 132 .

We are in a golden era for gas giant research, with vast ∼decade-long orbital datasets from Cassini at Saturn [START_REF] Dougherty | Saturn from Cassini-huygens[END_REF] , and Juno at Jupiter [START_REF] Bolton | Jupiter's interior and deep atmosphere: The initial pole-to-pole passes with the Juno spacecraft[END_REF] . Such in-situ spacecraft have rewritten the textbooks -e.g. on Jupiter's internal magnetic field 101 , with direct consequences for revising our observing strategies of auroral, disk and moon-related X-ray emissions [START_REF] Dunn | X-ray Emissions from the Jovian System[END_REF] . Breakthroughs have been hampered by lack of contiguous high spectral and spatial resolution, but LEM will usher in this new era of discovery. It's launch will coincide with the arrival of the new generation of in-situ missions to the Jovian system: ESA's JUICE and NASA's Europa Clipper spacecraft.

For the gas giants, Jupiter and Saturn, the atmospheres are dominated by hydrogen which elastically scatters solar photons so that the observed equatorial emissions are predominantly a solar-like spectrum, which varies with solar cycle and solar activity in a given observation [START_REF] Gladstone | Secular and local time dependence of Jovian X ray emissions[END_REF]104,105,[START_REF] Bhardwaj | Solar control on Jupiter's equatorial X-ray emissions: 26-29 November 2003 XMM-Newton observation[END_REF][START_REF] Bhardwaj | Chandra observation of an X-ray flare at Saturn: evidence of direct solar control on Saturn's disk Xray emissions[END_REF][START_REF] Branduardi-Raymont | Latest results on Jovian disk X-rays from XMM-Newton[END_REF][START_REF] Dunn | The impact of an ICME on the Jovian X-ray aurora[END_REF][START_REF] Dunn | Jupiter's X-ray emission during the 2007 solar minimum[END_REF]146 . Figure 10 shows how well the Jovian equatorial X-ray emission follows the solar X-ray emission in both time-series and spectrum, making the Jovian equator an excellent indirect monitor of solar activity. While X-ray observatories often cannot directly observe the Sun due to instrument safety, this offers indirect methods to utilise state-of-the-art X-ray observing capabilities to study our local star.

It is expected that ∼10% of observed X-ray emission from the equators of Jupiter and Saturn is due to fluorescence [START_REF] Maurellis | Jovian X-ray emission from solar X-ray scattering[END_REF][START_REF] Cravens | X-ray emission from the outer planets: Albedo for scattering and fluorescence of solar X rays[END_REF] , but observationally, with current spectral resolution and effective area, it is challenging to disentangle this from the scattered solar spectrum. For example, highly stripped OVII from solar emission produces spectral lines at 0.57 keV from He-like-α transitions, while neutral oxygen k-α fluorescence occurs at 0.53 keV. For spatially resolved observations with high sensitivity instruments like XMM-Newton's EPIC-pn and Chandra's ACIS instruments, these lines cannot be distinguished by the instrument spectral resolution.

For Jupiter, there are also further complications from hints of spatially localised emissions that coincide with low surface magnetic field strength regions in which radiation belt particles would precipitate 136,[START_REF] Bhardwaj | Low-to middle-latitude X-ray emission from Jupiter[END_REF][START_REF] Mcentee | Comparing Jupiter's Equatorial X-Ray Emissions With Solar X-Ray Flux Over 19 Years of the Chandra Mission[END_REF][START_REF] Kollmann | Jupiter's ion radiation belts inward of Europa's orbit[END_REF] . Here, heightened spectral resolution would be invaluable for not only leveraging the X-ray emissions to explore the atmospheric constituents but to also explore the presence of direct radiation belt precipitation into the atmosphere and the processes that lead to this [START_REF] Kollmann | Jupiter's ion radiation belts inward of Europa's orbit[END_REF][START_REF] Dunn | Exploring Fundamental Particle Acceleration and Loss Processes in Heliophysics through an Orbiting X-ray Instrument in the Jovian System[END_REF] .

Beyond Saturn, at the 'Frozen Frontier', exist the Ice Giants [START_REF] Fletcher | Ice Giant Systems: The scientific potential of orbital missions to Uranus and Neptune[END_REF] . The 2023 Planetary Decadal survey highlighted the Ice Giants, and in particular Uranus, as the top priority for the next NASA flagship mission 1 . The Ice Giants represent cornerstones in our understanding of planetary formation and evolution, and such planets appear to be the most common type of exoplanet in the Universe 139 . The PS Decadal highlights the importance of compositional measurements: "compositional differences between the gas giants and ice giants may reflect their formation at different heliocentric distances with respect to condensation temperatures of ices containing oxygen, nitrogen, carbon, noble gases, and possibly other elements such as sulfur." 1 . Fig. 12 shows the lack of measurement of elemental abundances across Saturn, Uranus and Neptune and the value that LEM can contribute to the field, with the measurements shown in Table 1. Here, X-ray measurements of fluorescence from the atmosphere will be invaluable. The reduced hydrogen abundance relative to the gas giants and the heightened presence of carbon, nitrogen and oxygen mean that the Ice Giants are likely to produce an atmospheric spectrum that is intermediate between Venus/Mars and Jupiter/Saturn.

Again, abundances of the noble gases are key to distinguishing formation processes since they preserve the early Solar System record, free from modulation by 4.5 billion years of chemical processing [START_REF] Atreya | The origin and evolution of Saturn: A post-Cassini perspective[END_REF] . This is highlighted in the PS decadal through question 7.1a which asks: "Are the Helium and Noble Gas Abundances Across the Giant Planets Consistent with Interior and Solar Evolution Models?" 1 . Although we note that the abundances above the clouds (measured through X-ray fluorescence) may be very different to the lower layers of the atmosphere due to cloud condensation and chemistry. Xrays are increasingly attenuated with atmospheric depth so that it will not be possible to probe deeper into the atmosphere. Prior to LEM, the challenges for Uranus observations have been a limited signal compared to the background. To date, there have been 3 Chandra Xray observations of Uranus [START_REF] Dunn | A low signal detection of x-rays from uranus[END_REF][START_REF] Dunn | X-ray Emissions from the Ice Giants and Kuiper Belt[END_REF] . The first was taken in 2002, by Chandra-ACIS, while the others (due to the decline in the ACIS response 112 ), utilised the Chandra High Resolution Camera (HRC), which provides no energy resolution. The relatively short (∼few-hour) Chandra ACIS observation from 2002 showed a 10-sigma detection of Uranus, and leveraged the instrument energy resolution to reduce the background for this detection. Unfortunately, the subsequent Chandra HRC-I observations did not possess the energy resolution necessary to filter the background and consequently detections of planetary emission were within 2-sigma of the background. Figure 11 shows an example of the X-ray signal from a few-hour Chandra HRC observation taken in November 2017. This observation showed intriguing hints of variability that might have been consistent with planetary aurorae [START_REF] Dunn | A low signal detection of x-rays from uranus[END_REF] or ring fluorescence from energetic electron collisions from the Uranian radiation belts [START_REF] Mauk | Electron radiation belts of the solar system[END_REF] . Unfortunately, interpretation was inhibited by the lack of energy resolution and the high background. This problem diminishes for an instrument with heightened spectral resolution and a similar effective area, like LEM .

Since ROSAT, no Chandra or XMM-Newton observations of Neptune 103 have been conducted, but the time required for a detection of solar-driven atmospheric emission with current instrumentation is likely to be at least megaseconds [START_REF] Dunn | X-ray Emissions from the Ice Giants and Kuiper Belt[END_REF] , unless, like Uranus, Neptune shows enhancements in signal from e.g. auroral emissions.

Consequently, for Uranus, X-ray observations that provide higher sensitivity and can filter the background more effectively will provide a powerful new tool for Ice Giant exploration.

Elemental and Molecular Composition of

Icy Satellites and Rings While the Ice Giants will be the focus of NASA's flagship planetary science mission through the 2040s, the icy moons of the outer planets are to be the primary focus of ESA and NASA through the 2030s, at the start of LEM's lifetime, and before ATHENA becomes operational.

The Galilean satellites play a key role in the PS decadal and ESA Voyage 2050 strategy through both their role as a tracer of Solar System formation and through the questions of their potential habitability. Consequently, ESA and NASA have both committed flagship missions to the Jovian moons in the form of JUICE (an ESA L-Class mission) and Europa Clipper (a NASA Planetary Flagship), which are each due to arrive in the early 2030s (Fig. 2). For the icy moons, understanding the elemental and chemical abundances and how they interact with Jupiter's extreme radiation environment will be critical to understanding the formation and astrobiological potential of these worlds. These worlds offer cornerstones into the circumplanetary disks in which Jupiter formed 1 .

The extended fields of view of Chandra and XMM-Newton (and LEM ) mean that the orbits of the Galilean satellites are within the field for most Jupiter observations. The discovery of the X-ray emissions from Io and Europa occurred with the very first Chandra observations of Jupiter 58 , while a tentative detection of emission from Ganymede and hints of emission from Callisto required combining several Chandra ACIS observations 108 . Figure 13 shows X-ray images and low-signal spectra from the moons, achieved at the limits of current instrumen- tation. Here, challenges with signal and background again arise that make it difficult to do characterisation studies of the elemental composition with the current signal. Although the signal does demonstrate proof of concept by showing peaks at the oxygen fluorescence lines expected for a water ice moon like Europa 108 .

Beyond Jupiter, the moons of the other outer planets are yet to be observed in the X-ray waveband, although Saturn's moon Enceladus does reside in radiation belts that lead to energetic particle impacts with the surface of the moon 117 .

As well as a key plasma source for the Saturnian system, Enceladus also contributes to the creation of Saturn's most iconic attribute: its rings. Planetary rings produce fluorescence emissions [START_REF] Bhardwaj | The discovery of oxygen Kα X-ray emission from the rings of Saturn[END_REF] , which can provide a useful probe of the rings com-position and formation (Fig. 14). These emissions may be caused by solar photons or through direct interaction of the planetary radiation belts with the rings. Q2.3 in the PS Decadal highlights the importance of understanding the formation processes that lead to rings and moons: "Indeed, so common are satellites (and to an extent, rings) about the larger bodies of the outer Solar System, that the question might be not so much why they have rings and moons, but why the terrestrial planets are deficient in satellites and lack rings entirely." 1 . Here, studies of the elemental composition and formation of planetary rings and moons is critical to understanding their formation and X-rays play an important role in remotely addressing these questions.

What LEM will do for Identifying the Building Blocks of the Solar System

LEM will provide unprecedented elemental composition insights across the Solar System, building inventories of the key elements highlighted in the PS Decadal 1 . Table 1 shows a non-exhaustive list of elements that LEM will be able to identify across Venus, Mars, the Moon, and the moons, rings and atmospheres of Jupiter, Saturn and Uranus. Many of these measurements will be new insights and enable new understanding of Solar System planet, moon and ring formation that directly supports PS Decadal questions and exoplanetary science (PS Decadal Q12.7), where unified theories of planetary formation drive the current development in the field.

Elemental Composition of the Surfaces of

Rocky Bodies Figure 6 demonstrates the state-ofthe-art for orbiting spacecraft measurements of lunar elemental abundances. While these observations provide excellent spatial resolution (of order 10-100 km 111 ), they are limited to relatively thin tracks across the Lunar surface that are typical of all orbiting X-ray measurements of the moon. Given that these instruments are part of an extensive instrument suite, they need to be lighter than a dedicated X-ray observatory and therefore have relatively low sensitivity with effective areas of ∼4-100 cm 2 , and CCD-like spectral resolution of order ∼100 eV 111 .

Where orbiters typically measure the lunar composition within a small track, LEM's field of view and spatial resolution provides global maps with ∼70 km resolution. This will enable LEM to probe ∼100 lunar craters to explore their differ- 1), LEM can further distinguish variation in the lunar atmosphere from the surface.

In the coming years, the ESA-JAXA Bepi-Colombo spacecraft will settle into orbit at Mercury utilising the MIXS lobster eye X-ray instrument to provide high resolution surface maps of the elemental abundances [START_REF] Bunce | The BepiColombo mercury imaging X-ray spectrometer: Science goals, instrument performance and operations[END_REF] . These offer comparative global maps of elemental composition between Mercury and the Moon, a key component for different Solar System formation theories.

Comets also offer detailed information on the early-stage chemical and dust compositions of the Solar System and the transport of such chemicals during the Solar System's evolution. PS-Q3.5 strategic research highlights the importance of telescopic measurements of comet composition. While coherent scattering of solar X-rays by comet dust and ice particles have been found to contribute significantly to the total emission intensity at energies greater than 1 keV 126,127 , fluorescence lines have rarely been usable to provide a tracer of the comet's composition, because current X-ray telescopes have insufficient spectral resolution. LEM's spectral resolution will enable these needed studies of fluorescence lines, distinguishing them from the dominant SWCX lines of cometary emission (see e.g. Fig. 3 and section 3), providing detailed elemental catalogues of comets from various regions across the Solar System for the first time.

Elemental and Molecular Composition of

Planetary Atmospheres, Rings and Moons PS-Q3.5 states that "Measuring noble gas concentrations in the Venusian atmosphere would provide an important constraint on degassing from the interior". Fig. 12 Saturn and Uranus, LEM's spectral resolution will distinguish carbon (0.28 keV) K-α lines from possible 0.29 keV carbon dioxide s→ π * lines, potentially enabling the observatory to be used to identify elemental and molecular inventories. Table 2 shows a small sample of spectral lines that might be discernible by LEM, although we caution that the ability to unambiguously identify these lines will be highly dependent on line broadening from the source and it may not be possible to distinguish e.g. CH 4 from CO 2 . However, at a minimum this will provide e.g. elemental budgets for different planetary bodies.

For Uranus, a ∼500 ks LEM observation will identify fluorescence and scattered solar emissions from the planet as well as potentially characterising auroral emissions (see section 3).

The combined Uranian ring and planetary system will be a point source for LEM's 15" resolution, so that careful consideration will be needed to disentangle the signature from the rings (hinted at in the Chandra ACIS observations [START_REF] Dunn | A low signal detection of x-rays from uranus[END_REF] ) from that of the planet. However, Saturn's rings will occupy pixels either side of the planet so that LEM's observations will go orders of magnitude deeper than Chandra ACIS observations, reducing the background and enabling a richer elemental inventory for the rings. Through comparisons with solar activity, it may be possible to distinguish the source process for this emission, distinguishing direct impact of radiation belt particles from solar photon driven fluorescence.

For the Galilean satellites, LEM measurements will break model degeneracies to support IR mineralogy by the JUICE and Europa Clipper spacecraft (Fig. 1), distinguishing between astrobiologically important salts with similar IR spectral profiles. For example, NaCl and KCl salts have similar IR spectral profiles and can be difficult to distinguish with IR spectra (e.g. Brown and Hand, 2013). Measurements of the relative Na and K abundances by LEM will help to break these degeneracies and in turn provide critical insights into the salts that make up Europa's oceans (e.g., Elsner et al. 2002; Nulsen et al. 2020). LEM's spectral resolution, low background and heightened sensitivity are key for this, providing order of magnitude enhancements in signal over the observations shown in Figure 13 with a similar observing time (a few 100 ks) and helping to identify trace elemental species shown in Table 1.

LEM is opportunely timed for these studies, perfectly overlapping the operations of JUICE and Europa Clipper (Fig. 2). This offers unique synergies between in-situ measurements and global remote monitoring by LEM. For example, X-ray fluorescence detections combined with in situ spacecraft particle flux measurements (e.g. from JUICE and Europa Clipper) will enable quantification of particles impacts with the surface, validating surface evolution and radiolysis models that are key to understanding the formation, evolution and subsurface oceans of the moons. Q6.5 in the PS Decadal highlights the importance of characterising the impact of particles on the surfaces of moons and LEM will remotely enable observations of these impacts. ATHENA would launch after JUICE and Europa Clipper finish and therefore miss these synergistic opportunities.

Solar

Composition with LEM Solar composition and variability is key to the heliophysics decadal (H-Q1). Solar abundances are the benchmark against which many measurements of the Universe are compared and provide key insights into the gas cloud from which the Solar System formed : "The best representative of the molecular cloud composition is probably the Sun, which contains >99 % of the mass of the present Solar System. Its composition is inferred from spectroscopic mea-surements, analyses of refractory elements in primitive meteorites, and direct sampling of the solar wind" (PS Decadal).

LEM will be able to explore solar composition in two ways: 1. Through indirect observations of the disk-integrated solar spectrum and time-series via Thomson scattering from planetary atmospheres and 2. through unprecedented access to the solar ion abundances via SWCX. We discuss each in turn.

Firstly, while unable to directly observe the Sun, Fig. 10 shows that the solar spectrum and its variability (e.g. flares [START_REF] Branduardi-Raymont | Latest results on Jovian disk X-rays from XMM-Newton[END_REF][START_REF] Dunn | X-ray Emissions from the Jovian System[END_REF] and solar cycle [START_REF] Mcentee | Comparing Jupiter's Equatorial X-Ray Emissions With Solar X-Ray Flux Over 19 Years of the Chandra Mission[END_REF]146 ) becomes imprinted on the equatorial emissions from Jupiter and Saturn and constitutes ∼90% of this emission [START_REF] Maurellis | Jovian X-ray emission from solar X-ray scattering[END_REF] , so LEM will enable indirect observations of the Sun. LEM observations of these emissions will enable temporal and spectral properties of the disk-integrated solar emission to be explored with never-before-seen spectral resolution. It will then be possible to study the broadening and Doppler shifting of solar spectral lines during intervals of complex solar activity, such as the release of a coronal mass ejection and strong flaring, providing a valuable benchmark for extending to stellar activity and exoplanetary systems.

Figure 15 shows the Jovian equatorial spectrum as observed by XMM-Newton EPIC-pn and LEM at solar minimum and solar maximum. At these times the XMM spectra are best fit with solar corona models that replicate the elastically-scattered solar spectrum [START_REF] Dunn | Jupiter's X-ray emission during the 2007 solar minimum[END_REF] . LEM will pinpoint and characterise solar emission lines with unprecedented resolution and measure their variability with time. This study, in turn, will provide invaluable ground-truths for observations of stellar populations and the activity cycles of exoplanet-hosting stars.

We note that Fig. 15 is an illustrative simplification, since the observed signal will also include neutral fluorescence lines from Jupiter's or Saturn's atmosphere (providing important composition information) and the solar lines will also be broadened and shifted by solar events, that in turn help to diagnose the nature of the energetic processes causing them.

Secondly, the process of Solar Wind Charge Exchange, in which a highly charged ion takes an electron from a neutral to produce a characteristic line, is a common source of X-rays throughout the heliosphere (discussed in detail in the next sec-tion). LEM 's spectral resolution will provide unprecedented access to the ion species in the solar wind. Kuntz et al. (2023) [START_REF] Küntz | The magnetosheath at high spectral resolution[END_REF] compare the current measurements of solar wind ion abundances from in-situ spacecraft with the species that LEM will detect (Fig. 16) to show that LEM will uniquely be able to measure and constrain solar wind ion abundances for a variety of species that have not been previously measured.

Here, we have discussed using SWCX to probe the solar wind composition; the next section details how this same emission process can be used to study the impact of space weather on a variety of planetary bodies to better understand the nature of the relationship between stars and planets.

Worlds and Suns in Context: How Does the Nature of the Interaction with

Stars vary for Different Planetary Bodies?

Key for both the National Academies' PS and Heliophysics Decadals is an understanding of what fundamental processes govern the interaction between a planetary body and its surrounding space environment (e.g. Heliophysics Decadal goals 2 and 4; PS Decadal questions: 6 and 8). LEM will provide a unique step-change in this understanding. Within our own Solar System, this interaction varies dramatically from an interaction governed by a cycle of reconnection between the solar wind and magnetosphere at Earth 49 ; to a direct solar wind-atmosphere interaction for Venus 61 , Mars [START_REF] Jakosky | Mars' volatile and climate history[END_REF] , comets and asteroids [START_REF] Biermann | The interaction of the solar wind with a comet[END_REF] ; to complex solar wind interactions between the tilted, offset magnetic fields of Ice Giants [START_REF] Masters | A more viscous-like solar wind interaction with all the giant planets[END_REF][START_REF] Fletcher | Ice Giant Systems: The scientific potential of orbital missions to Uranus and Neptune[END_REF] ; to the extreme cases of internally-governed, rapidly-rotating systems with internal plasma sources such as the Jovian system [START_REF] Cowley | Comment on" Jupiter: A fundamentally different magnetospheric interaction with the solar wind" by DJ McComas and F. Bagenal[END_REF][START_REF] Mccomas | Jupiter: A fundamentally different magnetospheric interaction with the solar wind[END_REF] . All of these solar wind interactions happen in the context of the heliosphere as our local astrosphere, and provide essential accessible analogues for an array of astrophysical magnetospheres and astrospheres across the Universe that cannot be visited in-situ or spatially resolved (e.g., brown dwarfs, exoplanets and magnetars). For all of these bodies and structures, charge exchange (CX) provides a large cross section, which offers a sensitive measurement of the interface between hot plasma and neutrals [START_REF] Cravens | Comet Hyakutake X-ray source: Charge transfer of solar wind heavy ions[END_REF][START_REF] Dennerl | Charge transfer reactions[END_REF] . CX is the dominant source of X- b andd). Note: that these models do not include atmospheric fluorescence lines, which are expected to account for 10% of the observed emission [START_REF] Maurellis | Jovian X-ray emission from solar X-ray scattering[END_REF] , but have never previously been distinguished from the scattered solar emission due to limited spectral resolution and sensitivity. LEM will also reveal the extent and presence of these fluorescence lines for the first time. Figures from 110 .

rays for Solar System planets. LEM will provide a paradigm-shift in our capacity to utilise CX to understand the processes that govern the interaction between the solar wind and planetary bodies. For X-ray astronomy generally, this may be the key to solving the 50-year mystery of the X-ray Sky background. The authors applied a linear fit to the freeze-in temperature as a function of atomic number 66 , used the freeze-in temperatures of a species to approximate the relative charge state populations, and then used the X-ray emissivities of those charge states within the LEM energy band in order to approximate the relative X-ray brightness of each species/charge state. These values were extracted from the APEC collisional ionization equilibrium model. The results should be viewed as merely illustrative. The boxes indicate ions measured by ACE while the "×" indicate ions measured by Ulysses 120 . Dashed boxes are species that are measured, but not well measured by ACE. The full circles indicate ions directly measurable by LEM as described in the text (Section 6.2.1) while the half circles are ions that should be measurable by LEM by spectral fitting. Note that we have not included most odd ions in our LEM simulation because they have not been measured in the solar wind by in situ experiments. Right: The relative X-ray emission strengths of different charge states of different species in an astrophysical plasma with = 0.25 keV. These were extracted from the APEC collisional ionization equilibrium model. The color code is the emissivity in the log of photons. 

What we know

Direct Solar Wind Interactions with the Atmospheres of Venus and Mars

Atmospheric loss is a critical component of habitability for Earth-like exoplanets and key in the PS decadal. Q6.5 in the PS decadal asks: "What processes govern atmospheric loss to space?" and goes on to question "How Do Atmospheric Dynamics, Such As Martian Dust Storms, Affect the Escape of Gases from Solid Planets and Satellites?" (Q6.5b). Here, the partnership of global X-ray observations of SWCX with insitu measurements of planetary conditions is transformative.

Within our own Solar System, Venus and Mars provide archetypal rocky planets for which the direct interaction of the solar wind with the planet has substantially altered the conditions and habitability. SWCX provides a particularly sensitive tech-nique that enables direct imaging of global atmospheric stripping for Mars and Venus [START_REF] Dennerl | Discovery of X-rays from Mars with Chandra[END_REF][START_REF] Dennerl | Discovery of X-rays from Venus with Chandra[END_REF] . This offers a valuable global and contextual complement to in-situ single-point measurements by Maven and possibly M-MATISSE 118 , and in the near future the fleet of Venus missions: Veritas, EnVision and DAVINCI+ 123,147, [START_REF] Garvin | DAVINCI+: Deep Atmosphere Venus Investigation of Noble gasses[END_REF] .

The upper panel of Fig. 17 shows observations by XMM-Newton of the halo of X-ray emission that exists around Mars to distances of a few planetary radii, in which solar wind ions charge exchange with the martian upper atmosphere leading to atmospheric loss. This image was acquired during a period of high solar activity but was found to be consistent with previous observations (lower panel of Fig. 17) that also showed an extended halo of emission beyond the planetary disk.

For Venus, where atmospheric loss of water has evolved the planet's climate into a place of temperature extremes, SWCX at Venus has been detected, but is more challenging to explore with current instrumentation, due to the more compact atmosphere and the limitations on spectral resolution and sensitivity of current instrumentation [START_REF] Dennerl | X-rays from Venus observed with Chandra[END_REF] .

Direct Solar Wind Interactions with Solid

Bodies, Dwarf Planets and Comets Comets act as remote monitors of solar wind conditions, chronicle the history of the Solar System and serve as natural laboratories for exploring CX mechanisms, offering unique conditions that are impossible to create in a laboratory setting (e.g., low density, temperature environments with negligible magnetic field influence). Moreover, the diverse chemical compositions found among comets, along with their varied mass loss rates, distances to the Sun, and heliocentric latitudes, present an expansive canvas for studying a broad array of interaction environments and solar wind conditions. Figure 18 shows an optical and X-ray image of Comet C/2012 S1 (ISON). For comets, SWCX from the coma dominates the X-ray emissions (Fig. 18c) [START_REF] Lisse | Charge exchange-induced X-ray emission from Comet C/1999 S4 (LINEAR)[END_REF][START_REF] Lisse | Chandra observations of comet 2P/Encke 2003: First detection of a collisionally thin, fast solar wind charge exchange system[END_REF][START_REF] Krasnopolsky | X-ray and extreme ultraviolet emissions from comets[END_REF][START_REF] Bodewits | Spectral analysis of the Chandra comet survey[END_REF][START_REF] Dennerl | X-ray emissions from comets detected in the Rontgen X-ray satellite all-sky survey[END_REF] . The X-ray signatures act as a diagnostic of the gas production rate of comets (e.g. see Fig. 18b), the solar wind ion population that is incident at the comet (Fig. 18c), the solar wind freeze-in temperature, the rotation rate of the comet, and potentially the prevalence of dust, which may attenuate the X-ray emissions [START_REF] Bodewits | Catching some Sun: Probing the solar wind with cometary X-ray and far-ultraviolet emission[END_REF][START_REF] Lisse | X-ray and extreme ultraviolet emission from comet P/Encke[END_REF][START_REF] Lisse | Charge exchange-induced X-ray emission from Comet C/1999 S4 (LINEAR)[END_REF][START_REF] Lisse | Chandra observations of comet 2P/Encke 2003: First detection of a collisionally thin, fast solar wind charge exchange system[END_REF][START_REF] Dennerl | X-ray emissions from comets detected in the Rontgen X-ray satellite all-sky survey[END_REF]125 . Also imprinted within cometary SWCX X-ray signatures is information about the nature of the neutrals at the comet; different electron-donor molecular compositions will preferentially populate different energy levels within the X-ray-producing ion. However, to date, X-ray spectral observations have had insufficient resolution to identify differing neutral compositions through the different strengths of SWCX spectral lines. This requires instrumentation with sufficient spectral resolution and sensitivity.

Another valuable probe for Solar System evolution and to explore the dominant processes in the heliosphere at regions beyond the reach of most insitu spacecraft are the Kuiper Belt Objects (KBOs). At 33 au, detections of X-ray emissions from Pluto have been made by Chandra, which showed an anomalously bright signature that was most likely to be due to CX, but may also be, in part, fluorescence (Fig. 19) [START_REF] Lisse | The puzzling detection of X-rays from Pluto by Chandra[END_REF] . The authors suggest that at Pluto's distance from the Sun, it will retain outgassed material for much longer than comets are able to at a few au. Consequently, this build up of extended outgassed neutrals, which may include contributions from Charon, provides a much larger neutral population with which the solar wind can directly interact. However, there remains an orders of magnitude discrepancy between modeling predictions and the observed X-ray emissions. Solving this mystery of Pluto's 'puzzling' X-ray emissions, and identifying the extent to which KBOs carry extended clouds of outgassed material, is likely to require X-ray observatories with increased sensitivity and reduced background.

A little closer to home, the PS Decadal asks the question: "Q6.5e How Is the Escape of Volatiles from the Moon .. Driven by Photon, Charged Particle, and Micrometeorite Influx?" Solar wind ion and electron impacts with the moon are expected to be an additional mechanism for X-ray emission and are identified for the far more distant Galilean Satellites (see section 2). Solar wind particle impacts have also been identified at the surface of Mercury (Lindsay et al. 2016). This emission may be identifiable on the Lunar dark side (with fluorescence from solar photons dominating the dayside emission). However, Wargelin et al. (2004) showed that the X-ray emission coincident with the lunar dark side in the Chandra observations was dominated by the SWCX emissions from the terrestrial exosphere between the spacecraft and the moon. To distinguish fluorescence from solar wind particle impacts from the SWCX emissions will require improvements in spectral resolution, like those provided by LEM.

Magnetosheath Solar Wind Interactions with Exospheres -The Influence of Space Weather on Magnetospheres

The Heliophysics Decadal key science goal 2 is to "Determine the dynamics and coupling of Earth's magnetosphere, ionosphere, and atmosphere and their response to solar and terrestrial inputs." This also features significantly in the ESA Voyage 2050 document and the long term plan for the agency.

At the Earth, the magnetosphere provides a protective barrier that largely prevents atmospheric loss. Along the boundary of the magnetosphere, solar wind builds up into a dense region that traces the shape and structure of the global system: the magnetosheath. This structure provides a valuable analogue for astrophysical shocks, a natural laboratory for fundamental plasma physics and is critical to understanding the impact of space weather on Earth and human technology.

Within the magnetosheath solar wind ions interact with neutrals from the exosphere and produce X-rays through SWCX. These emissions have been observed as a source of astrophysical X-ray background by the fleet of X-ray observatories to date 31,[START_REF] Carter | A high charge state coronal mass ejection seen through solar wind charge exchange emission as detected by XMM-Newton[END_REF][START_REF] Carter | Identifying XMM-Newton observations affected by solar wind charge exchange-Part II[END_REF][START_REF] Kuntz | The Solar Wind Charge-exchange Production Factor for Hydrogen[END_REF] . The enhanced densities of solar wind ions in the magnetosheath lead this X-ray emission to stand out against the background, enabling the emission to be used to image the terrestrial magnetosheath and identify variation in the global dynamics of the terrestrial magnetosphere with time 121 .

This unique capability has led NASA, ESA and the Chinese Academy of Sciences to launch dedicated spacecraft, LEXI (launch 2024) and SMILE (nominal launch: 2025), to directly image the magnetosheath and study its variation with space weather, season and exospheric processes. These spacecraft will use wide-field soft X-ray instruments to image the magnetosheath of the Earth. LEXI uses an MCP detector with almost no energy res-olution and SMILE uses CCD detectors with low spectral resolution. Both have relatively low effective areas of order ∼10 cm 2 , but with large fields of view that offer a global perspective on the nature of the interaction between Earth and the Solar Wind. These instruments are unlikely to provide the sensitivity and/or spatial resolution with which to study small-scale structure and processes within the magnetosheath.

Aurorae and CX within the Magnetosphere

The Jovian system produces a treasure trove of bright, dynamic X-ray emissions from the moons, Io Torus, atmosphere, radiation belts and from its spectacular aurorae, -the most powerful in the Solar System (for a review of all Jovian X-ray emissions observable by LEM see [START_REF] Dunn | X-ray Emissions from the Jovian System[END_REF] ). The rapid-rotation, strong magnetic field and mass-loading in Jupiter's magnetosphere mean the system presents perhaps the most extreme counterpoint to Earth with which to conduct comparative planetology. Where the magnetospheric dynamics of Earth are largely governed by the solar wind, for decades the extent to which the solar wind controls or enters the Jovian system has been debated, carrying broad implications for the importance of internal vs external drivers for magnetospheres across the Universe [START_REF] Mccomas | Jupiter: A fundamentally different magnetospheric interaction with the solar wind[END_REF][START_REF] Cowley | Comment on" Jupiter: A fundamentally different magnetospheric interaction with the solar wind" by DJ McComas and F. Bagenal[END_REF] .

The PS decadal spotlights the importance of understanding these emissions:"The excited aurorae in the waveband spanning radio to X-ray spectrum are both a window into the workings of these magnetospheres and one of the main loss processes of the energy of the confined plasma" (Q7.4b).

Fig. 20a shows the first Chandra X-ray image of Jupiter from 1999 (Gladstone et al. 2002), with the polar aurorae clearly standing out against the equatorial emissions from Thomson scattered solar emission and fluorescence (section 2). Fig. 20b-e shows that Jupiter's X-ray aurora can vary from favouring populations of precipitating Iogenic plasma to populations of solar wind ions. Often a spectrum will only marginally favour Iogenic CX over SWCX or vice versa, so that it is challenging to pin-point whether solar wind is precipitating at all and under what conditions. At the heart of such observations are fundamental questions about the nature of magnetospheres and the extent of their openness to the solar wind -is Jupiter entirely closed from the solar wind or open to it and under what conditions does it switch between these regimes? Current X-ray instrumentation is at the cusp of being able to answer this, but is held back by either spectral resolution (for XMM-Newton EPIC-pn or Chandra ACIS) or effective area (XMM-Newton RGS).

Fig. 21 shows a series of 9 different 20-40minute joint Hubble Space Telescope UV and Chandra HRC X-ray observations of Jupiter's aurora. These highlight how variable the aurora can be, with different components of the auroral emission changing on ∼minute, ∼hour and ∼Jovian rotation (9.9 hr) timescales [START_REF] Gladstone | A pulsating auroral X-ray hot spot on Jupiter[END_REF][START_REF] Elsner | Simultaneous Chandra X ray, Hubble Space Telescope ultraviolet, and Ulysses radio observations of Jupiter's aurora[END_REF][START_REF] Branduardi-Raymont | First observation of Jupiter by XMM-Newton[END_REF][START_REF] Branduardi-Raymont | A study of Jupiter's aurorae with XMM-Newton[END_REF][START_REF] Branduardi-Raymont | Spectral morphology of the X-ray emission from Jupiter's aurorae[END_REF][START_REF] Dunn | The impact of an ICME on the Jovian X-ray aurora[END_REF]142,143,144,145 . Fig. 21H shows an example of auroral behaviour during a solar wind compression, while Fig. 21E and Fig. 21I are under more rarefied solar wind conditions [START_REF] Dunn | Jupiter's X-Ray and UV Dark Polar Region[END_REF] when solar wind ion precipitation appears to provide better fits to the resulting X-ray auroral spectra [START_REF] Dunn | Comparisons between Jupiter's X-ray, UV and radio emissions and in-situ solar wind measurements during 2007[END_REF] . However, with current resolution and sensitivity it is not possible to significantly differentiate between the two cases and therefore to understand the changing relationships of Jupiter-like planets to the solar wind. While other wavebands, such as the UV, provide higher photon counts from the planet (e.g. Fig. 21), they do not have the capacity to spectrally resolve the precipitating ion population. Consequently, only the X-ray waveband can conduct studies of this nature.

As well as the interaction of the solar wind with planetary neutrals, within planetary systems magnetospheric plasma often interacts with neutrals providing further analogues. Encircling Jupiter at Io's orbit is the Io plasma torus and neutral torus. These are produced by volcanic material from the moon, approximately half of which becomes ionised. The very first Chandra observations of Jupiter also provided the first X-ray observations of X-ray emission from the Io torus (Fig. 22 58 ). Within the Solar System this combination of a neutral cloud and hot magnetospheric plasma provides a valuable analogue for plasma-neutral interactions across astrophysics. The source of these emissions is unclear due to current instrument energy resolution, sensitivity, and background, but is thought to be from CX (see Elsner et al. (2002) [START_REF] Elsner | Discovery of soft X-ray emission from Io, Europa, and the Io plasma torus[END_REF] , with brief updated discussion based on Juno measurements in Dunn (2022a) [START_REF] Dunn | X-ray Emissions from the Jovian System[END_REF] ). To conclusively identify the cause of the emissions will require heightened spectral resolution and instrument grasp. 

Ice Giant Aurorae

For the Ice Giants, the tilted, offset magnetic fields tumble through the Solar System providing the most complex magnetospheric interactions with the solar wind. The Uranian aurora is suggested to be produced by the magnetospheric cusp (Lamy et al. 2017) and therefore may show signatures of entry by the solar wind into the system. Perhaps the only way to test this, and its seasonal dependence (the Uranus Orbiter and Probe will arrive during a different Uranian season in the mid-2040s), is through X-ray observations. As the cusp rotates into and out of view from Earth, one may expect a periodic SWCX signature to occur in phase with auroral visibility. Identifying this signature against the X-ray background will require a high spectral resolution and sensitivity instrument. 

Mapping the Heliosphere, Local Hot Bubble and Measuring Interstellar Neutral Winds

Beyond the Solar System planets, the heliosphere and local Hot Bubble can be mapped through CX emissions. Key Science Goal 4 in the Heliophysics Decadal is to "Discover and characterize fundamental processes that occur both within the heliosphere and throughout the universe." The heliosphere is the Sun's own astrosphere, a bubble-like region blown into space and filled with solar wind (SW) plasma. Initially emitted at supersonic speeds (300-800 km/s), the solar wind slows down abruptly at the termination shock ( 80 AU) due to the pressure of the interstellar (IS) medium. The outer heliospheric limit is the heliopause, at first order defined by the pressure equilibrium between the solar wind and IS plasmas, and situated approximately at ∼130 au from the Sun 71 .

In the case of heliospheric SWCX, the neutral targets are IS atoms flowing through the heliospheric interface and into the Solar System 84 . This IS wind, composed mainly by hydrogen (H) and ∼15% helium (He), appears to flow at ∼ 25 km/s from the direction (255 • , 5 • ) in ecliptic coordinates, due to the relative motion of the Sun with respect to the local IS medium. In Galactic coordinates this translates to (3.2 • , 15.5 • ) coincidentally near the Galactic center.

Until now, studies of the heliospheric SWCX have been based on the characteristic spatial and temporal variations that differentiate it from the invariable cosmic background (Local Bubble and Galactic halo).

The spatial variations of heliospheric SWCX are mainly due to the distribution of interstellar neutrals in the solar system. To first order, this neutral atom distribution in interplanetary space (and hence the SWCX volume emissivity) is axi-symmetric around the IS flow vector 77 , as shown in Figure 23. Hydrogen SWCX production is the strongest towards the incoming flow direction (upwind, or towards the Galactic center ∼ 2-3 AU from the Sun, represented by the green area in Figure 23), as it is strongly ionised by charge-exchange with solar protons near the Sun. SWCX with He atoms dominates the inner Solar System (<1 AU; orange/red area in Figure 23) and especially a cone-like structure in the downwind direction where He atoms are focused due to the Sun's gravity * .The Earth crosses this He cone region every year in December.

LINE EMISSION MAPPER

A dedicated campaign with the Diffuse X-rays from the Local galaxy (DXL) sounding rocket experiment, enabled measurements of the SWCX excess emission in the He cone 62 . DXL was launched when the Earth was crossing the denser part of the He cone, and scanned the central region of the cone, near the Galactic anti-center (Figure 23). The Xray flux observed with DXL was compared to data of the same sky region obtained with ROSAT, in a different observation geometry † . The comparison allowed an estimate of the SWCX contribution of ∼40% to the soft X-ray background in the 1/4 keV band in the Galactic plane 62 .

The temporal variations of the heliospheric SWCX are mainly due to the solar activity and its effects on the solar wind flux and heavy ion composition. A large archive of CCD-resolution data with XMM-Newton spanning almost one solar cycle showed a clear correlation of the diffuse oxygen band (0.5-0.7 keV) flux with the solar sunspot number that was clearly linked to the heliospheric SWCX emission dependence on solar activity 113 .

Despite the rich information provided by current observatories, their spectral resolution, sensitivity and grasp struggle to distinguish the distinct spectral characteristics of the heliospheric SWCX from the cosmic X-ray background. The LEM All Sky Survey will change this.

What LEM will tell us about Solar Wind

Interactions across the Heliosphere LEM is perfectly suited to the study of CX emissions with an ideal energy range, spectral resolution, grasp, and sensitivity; it will prove transformative for our understanding of any physical system that produces these emissions. It opens a range of new CX capabilities that have been largely inaccessible for previous instrumentation including measurement of new species, doppler shifts, and thermal broadening of spectral lines. It will also open the door to identification of molecular composition of the neutrals through CX, where different donor neu-tral atoms will lead the exchanged electron to populate different energy levels in the ion. This produces different line ratios for different molecules.

Direct Solar Wind

Interactions with the Atmospheres of Venus and Mars For Mars, through LEM's high effective area and spectral resolution, it can fully utilise the metastable states (e.g. the forbidden lines) within the ratio of the OVII multiplet to track atmospheric loss at different heights above Mars [START_REF] Carter | The exosphere of Mars can tracked by a high-spectral resolution telescope[END_REF] . Variation in SWCX line ratios may enable constraints to be placed on the loss of different neutrals at different atmospheric heights. Furthermore, through broadening and doppler shifts of the spectral lines, detectable from Mars for the first time by LEM, it may be possible to characterise how atmospheric stripping varies globally with different solar wind conditions (e.g. Coronal Mass Ejections (CME) vs quiescent slow solar wind - Fig 24). LEM's few day response time is ideal for tracking specific space weather events (e.g. CMEs) to Mars to directly test their impact. Figure 24 showcases the spatial scales over which LEM will be able to explore the interaction and shows modeled LEM spectra from the Martian Halo [START_REF] Carter | The exosphere of Mars can tracked by a high-spectral resolution telescope[END_REF] . These highlight how varying solar wind conditions will change the observed LEM spectrum from the halo of atmospheric loss around Mars.

For Venus, the resolution of XMM-Newton EPIC-pn and Chandra ACIS or the sensitivity of XMM-Newton RGS make it much more challenging to study the SWCX emissions [START_REF] Dennerl | X-rays from Venus observed with Chandra[END_REF] . LEM's solar avoidance angle will permit observations of Venus during limited windows each year, while its enhancements in spectral resolution and effective area will permit step-changes in studies of Venus's atmospheric loss.

Partnering these observations with in-situ spacecraft at Mars or Venus during the early 2030s (see Fig. 2) will offer the opportunity to break the degeneracies in the SWCX models, and to leverage the X-ray observations to calculate the loss of the atmosphere through these processes.

Direct Solar Wind Interactions with Solid

Bodies, Dwarf Planets and Comets LEM is ideally suited to study comets, with the necessary large grasp and spectral resolution, and LEM will enable entirely new scientific investigations for comets. One particular strength of LEM with regard to comets is that it provides high spectral resolution by non-dispersive means, as opposed to gratings where the substantial extent of the cometary X-ray emission degrades the spectral resolution.

The archetypal cometary X-ray spectrum from C/1999 S4 [START_REF] Lisse | Charge exchange-induced X-ray emission from Comet C/1999 S4 (LINEAR)[END_REF] , which was observed by the Chandra X-ray Observatory (Fig. 18 and Fig. 25) can be directly contrasted with the high resolution LEM spectra in Fig. 25. LEM's capabilities mean that it will be possible not only to measure the gas production rate for the comet, but also to constrain the composition of the gas being produced. Fig. 25 contrasts the LEM spectrum for a Hydrogen neutral population against a CO neutral population, showing the clear variation in line strengths that LEM will, for the first time, measure. By measuring the SWCX signatures from a variety of comets, LEM will also identify ion composition of the solar wind in new regions across the heliosphere. These observations can also be used to probe the solar ion abundances and velocities at different latitudes from the ecliptic and across the heliosphere.

For the moon, Q6.5 in the PS decadal highlights the importance of probing how charged particle impacts at the Moon affect the surface. Where studies by Chandra were unable to distinguish neutral fluorescence from SWCX lines, LEM will be able to do this, enabling probing of the Lunar dark side, that has been largely unavailable previously. Electron and proton impacts lead to thick target bremsstrahlung (TTB) and particle induced X-ray emissions (PIXE). For LEM the distinguishing spectral features (continuum for TTB vs purely line emission for PIXE) will be resolvable by the spacecraft. Observations of these emissions on the lunar darkside will offer remote global measurements of charged particle impacts with the surface and can be directly compared with solar wind conditions to inform development of predictive models.

In the regions of the heliosphere beyond the known planets, with the reduced background and heightened spectral resolution, LEM is likely to enable further detections of Pluto and may usher in an era where the extended atmospheres and degassing of Kuiper Belt objects can be explored through Xray spectra. on Magnetospheres Critical to the Heliophysics decadal are questions of coupling between the terrestrial Magnetosphere and Solar Wind. Here, LEM's L1 orbit, high effective area, and spectral resolution, offer detailed SWCX observations of smallscale processes and solar wind conditions within the magnetosheath and the cusps. This significantly complements the global (but low spatial and spectral resolution) magnetosheath and cusp X-ray images provided by dedicated missions such as SMILE [START_REF] Branduardi-Raymont | SMILE Definition Study Report[END_REF] and LEXI 140 . Fig. 26 shows both the size of the LEM field of view on a terrestrial magnetosphere Xray emission simulation and the resulting spectrum from the magnetosheath. Figure 26 For understanding the dynamics that govern the terrestrial magnetosphere, LEM will provide unique small scale structure observations (±0.22 R E ) across 3.7 × 3.7 R E of the magnetosheath at high cadence (3 minute). This complements SMILE's and LEXI's global imaging of the magnetosheath, providing detailed studies of magne-tosheath structure at smaller scales.

Magnetosheath Solar Wind Interactions with Exospheres -The Influence of Space Weather

The scales of LEM's resolution are close to the scales at which NASA's Magnetospheric Mul-tiScale (MMS) mission measures turbulence-driven magnetic reconnection 128,129 , so that it's possible that LEM measurements of Doppler shifts may probe outflows from small-scale reconnection events across the magnetosheath, although we note that electron acceleration normally dominates over ion acceleration on small scales.

For studies of this nature, LEM could not be more timely with the nominal launch of NASA's Helioswarm mission preceding LEM's nominal launch by only one year. Helioswarm will seek to explore multiple scales of turbulence and fundamental plasma processes throughout the solar wind and magnetosphere. There will be a rich array of multiscale magnetospheric observations of reconnection, waves and turbulence possible through the combination of Helioswarm and LEM. Synchronised magnetosheath observations by both would provide a rich scientific legacy. 

Auroral

Emissions and CX within Magnetospheres LEM will be critical to address if and when the solar wind precipitates into the Jovian atmosphere, and possibly to identify the mysteriously absent Jovian magnetospheric cusp. By doing so, it will help to address many of the Planetary Decadal questions on the nature of the solar wind relationship with giant, fast-rotating planets and the sources of their auroral emissions (e.g. PS-Q7.4b).

For most observations, Jupiter's X-ray auroral spectrum is dominated by lines from precipitating sulphur and oxygen ions -Iogenic material that fills the vast Jovian magnetosphere but originates in Io's volcanoes. However, for some observations, there are hints of SWCX, suggestive of entry of the solar wind into the planet's atmosphere. The spectral resolution and effective area of XMM-Newton and Chandra have been insufficient to distinguish SWCX from Iogenic CX components. Figure 27 shows that LEM's resolution will enable this distinction for the first time, clearly distinguishing the different ion species precipitating into the Jovian atmosphere.

Figure 28 showcases and quantifies LEM 's improvement in accuracy and precision for atomic charge exchange models over current instrument resolution. Currently, the energy resolution of instruments do not enable retrieval of the initial model parameters, where LEM will retrieve the correct parameters to a precision of the second significant figure.

In partnership with ESA's JUICE and NASA's Europa Clipper spacecraft, it will be possible to compare magnetospheric and solar wind conditions and processes with the resulting auroral emissions, providing irreplaceable ground truth measurements of the drivers of X-ray aurora. In turn, this study will offer essential insights for more distant rapidlyrotating magnetospheres.

LEM offers another step-change in capability: through measurements of the broadening and shifts of the ion CX lines (Fig. 5) it will be possible to measure the plasma conditions at the point of collision with the atmosphere. The Juno spacecraft's flights over the poles of Jupiter have provided a cornucopia of new insights into the physical processes governing magnetosphere-ionosphere coupling and the transfer of energy to the atmosphere, including MV potential drops (Clark et al. 2020) and the nature of the processes and particle distributions across the currents in the main oval (e.g. Sulaiman et al. 2022). However, from ∼1 R J above the atmosphere, Juno is unable to directly sample the plasma at the point of collision with the atmosphere and thus to measure directly the fundamental acceleration processes between the spacecraft and atmosphere.

X-ray observations provide remote sensing of the plasma at the point of collision with the atmosphere, sampling the magnetospheric plasma as it leaves the magnetospheric regime and enters the atmosphere. High spectral resolution provides measurements of the thermal and collisional velocities (and therefore energies) of the ions as they undergo atmospheric collisions. Using XMM-Newton's RGS LEM will unambiguously distinguish the precipitating ion species in Jupiter's aurorae and, through comparison with simultaneous in-situ data from JUICE and/or Europa Clipper, will identify how the X-ray auroral source population varies with magnetospheric and solar wind conditions. Shaded in blue is an energy range that the LEM microcalorimeter has access to, but that is not an instrument requirement for the mission. Here, LEM may provide access to spectral lines and species that have not previously been accessible.

the to-date brightest observation seen (Nov 2003) (Wibisono, thesis, 2023). Figure 5 shows predicted LEM observations of thermally broadened S and O CX model spectra fitted to the Northern aurora. Beyond thermal velocities of ∼1000 km/s, LEM's capacity to resolve the OVII and OVIII lines becomes similar to RGS but with the important order of magnitude enhancement in effective area and the access to the sulphur and carbon lines at below 0.3 keV, that appears to have inhibited such investigation for RGS. These measurements of the ion energies will be key to identifying the processes governing magnetosphereionosphere coupling for giant planets.

For the X-ray emissions from the Io Plasma Torus, LEM's grasp and spectral resolution will be transformative, removing background and resolving the nature of the emission process. In turn, this will enable the X-rays to be used as a diagnostic tool for the plasma source of the Jovian magnetosphere.

Finally, for the 'Frozen Frontier' and the Ice Giants, LEM 's high spectral resolution will solve the challenges with the background for Uranus (Fig 11 . Further, LEM's spectral resolution will distinguish potential SWCX signatures indicative of Uranian cusp aurorae from the scattered solar emission and fluorescent emissions from the rest of the atmosphere. This offers a potentially transformative insight into the nature of the interaction between Ice Giants and the Solar Wind, and the possibility to identify the cause of Uranian auroral emissions. our understanding of the nature of the solar wind interaction with all types of planetary body in the Solar System, we turn to how it will impact our understanding of the Heliosphere as a whole.

Mapping the Heliosphere and Local Hot Bubble Having explored how LEM will transform

For an observatory like LEM, orbiting the Sun, an all-sky map of SWCX emission will appear very different depending on the position/time of year, since the map traces different neutral column densities (as shown in Figure 23) due to parallax effects 78 . In Figure 29 we present average all-sky maps of the SWCX OVII triplet emission, constructed over periods of 6 months (the time it will take LEM for a complete scan of the sky) starting at different time of the year, highlighting the heliospheric parallax effects. These maps are calculated for steady-state slow solar wind parameters 79 , roughly corresponding to solar maximum activity.

In reality, the SWCX emission will have more complex characteristics, involving temporal variations due to the SW intrinsic variability, in addition to the spatial variations of the neutral distributions. The LEM All-Sky Survey, in high resolution spec-troscopic mode will provide innovative diagnostics for the heliospheric SWCX science. A few key features that may be studied involve:

Resolved SWCX lines below 0.3 keV: The bulk of the SWCX emission (and the Local Bubble) is produced below 0.3 keV, which current instruments cannot access due to limited sensitivity/grasp at those energies. LEM's efficiency and spectral resolution will allow for the first time to identify the key spectral lines and measure their relative strengths (Figure 30).

Latitudinal distribution of the solar wind (SW): the solar wind has a sharp bimodal configuration during solar minimum, with a narrow zone of high density, high temperature, slow (∼ 390 km/s) SW around the ecliptic/solar equator, while at high ecliptic latitudes large coronal holes emit low density, low temperature, fast (> 600 km/s) SW (e.g. Ulysses data in Figure 1 of 97 ). The two SW types have considerably different ion composition that imprints on the SWCX spectral signal (Figure 30). In the slow SW the high-charge-state ions (e.g. C 6+ , ) December Fig. 29: Average LEM All-Sky Survey OVII SWCX maps in units of photons/cm 2 /s/sr for steady-state slow solar wind conditions (solar maximum). The maps are in zero-centered galactic Aitoff coordinates with longitude increasing to the left. From top to bottom, the maps are calculated using a continuous 6-month period on LEM's orbit starting in March, June, September and December, and respecting the Solar aspect angle constrains. The discontinuities are due to the change of observer position for each tile scan. N 7+ , O 7,8+ , Ne 9+ ), that produce the higher energy spectral lines C VI, N VII, O VII, O VIII, and Ne IX, have higher relative abundances, while in the fast SW the high-charge-state ions abundances are lower. On the other hand, the lower charge states (e.g. C 5+ , O 6+ producing C V, O VI) have opposite behaviour, with increased relative abundances in the fast SW. The composition changes between slow and fast SW result in a change of hardness ratio in the SWCX spectra. By comparing lines-of-sight near the ecliptic that are completely embedded in the slow solar wind, and high latitude lines-of-sight that cross mainly coronal hole type solar wind with only a small contribution of equatorial slow SW, we may provide a complementary analysis of the latitudinal distribution of the SW. The extended mission that will encompass a large period of the solar cycle covering the maximum and minimum activity periods will provide particularly powerful diagnostic data.

Localized enhancements/Doppler measurements due to ICMEs (Interplanetary Coronal Mass Ejections): ICMEs can have both very high velocities, and significant changes in SW ion composition [START_REF] Carter | A high charge state coronal mass ejection seen through solar wind charge exchange emission as detected by XMM-Newton[END_REF]116 .

Detecting transient SWCX events, through localized enhancements and/or Doppler shift measurements, in repeated All-Sky Survey pointings of the same regions will put constraints on the SW propagation models used by the heliophysics community for space weather predictions at Earth, as well as to plan observations at Mars 45 , Jupiter 50 , Saturn 24 and Uranus [START_REF] Dunn | A low signal detection of x-rays from uranus[END_REF] .

Doppler measurements of the inner heliosphere and the outer heliosheath regions: the heliospheric interface is a complex region of great interest for the physics of the solar wind interaction with the interstellar medium (cf. Voyagers' studies of the termination shock and heliosheath 130 , and future plans of an Interstellar Probe mission 19 ). At the termination shock the supersonic SW (400-800 km/s) decelerates abruptly to speeds <50 km/s, while it is heated from a few thousands K to nearly 2 MK (Figure 31 -top). In the meanwhile the interstellar hydrogen population undergoes charge exchange with protons piled up in the heliosheath (region between the termination shock and the heliopause), resulting in a filtration and modification of its distribution (density, velocity, and temperature). The SWCX emission from the heliosheath will be near the rest-frame of the spectral line energies, while the inner heliosphere SWCX emission will be redshifted by ∼ 2eV, especially for the higher energy lines (e.g. Mg XI, Figure 31 -bottom). Measurements with LEM (Figure 32) near the nose of the heliosphere (l, b) ∼ (3.2, 15.5), where the velocity change and thus the Doppler shift is the largest, with accumulated (but not necessarily continuous) exposures during the All-Sky Survey, will enable detection of the heliosheath SWCX emission and put constraints to the heliospheric interaction models. 71 . The vertical lines represent the termination shock (dashed) and heliopause (full).

Bottom: SWCX flux (in photons/cm 2 /s/sr) of the Mg XI line at 1.33 keV, binned in 0.1 eV bins. The line is separated in two components, one Doppler-shifted, produced by supersonic solar wind ions up to ∼ 80 AU (top sub-panel), and one near the rest frame, produced by subsonic solar wind ions after they cross the termination shock. 

Concluding Remarks

NASA's X-ray observatories have a rich legacy of transformative planetary studies and synergistic partnerships with in-situ spacecraft. In LEM, the planetary science and heliophysics community have a new instrument that appears bespoke to study planetary bodies and the wider heliosphere. The science that LEM enables is diverse, spanning key fundamental strategic questions from the decadal studies, while providing step-changes in our understanding of almost every planetary system within the Solar System.

Within this white paper we have provided an overview of some of the scientific studies that LEM will enable, from its capacity to resolve key fluorescence lines from elements and molecules that offer valuable insights for Solar System formation and habitability, to the global understanding and context it can uniquely offer for the nature of the solar wind interaction with planetary bodies. It is clear that LEM is a multi-faceted planetary and heliophysics mission that will provide an extensive scientific return for many fields and communities.
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 1 Fig. 1: Illustrative summary of Heliophysics and Planetary Science Enabled by LEM . Image Credit:NASA/CXC/ESA/XMM-NEWTON/Kraft et al. 3 /Snios/Dennerl/Dunn/Kuntz

Fig. 2 :

 2 Fig. 2: Synergistic spacecraft and observatories active with the Line Emission Mapper.

Fig. 3 :

 3 Fig. 3: Illustrative comparison of LEM 's capability to distinguish source species in comparison with current state-of-the-art: this shows a spectrum from a neutral carbon k-α line, a neutral CO 2 s → π * line and several CV charge exchange (CX) lines. The upper panel shows a simulated spectrum (blue crosses) observed with XMM-Newton EPIC-pn, while the lower panel shows the same spectrum observed by LEM . The red-line shows the theoretical model convolved with the instrument response.
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 5 Fig. 5: Illustrative examples of LEM 's capability to measure line broadening and Doppler shifts for typical Solar System conditions:The top panel shows an XMM-Newton EPIC-pn observation of the X-ray spectrum from Jupiter's Northern aurora. This spectrum is best-fit with a model that represents precipitating magnetospheric sulphur and oxygen ions undergoing charge exchange with Jupiter's neutral atmosphere. However, the EPIC-pn resolution is insufficient to identify broadening or doppler shifts at velocities that are typical for the system, so that the underlying plasma properties cannot be explored (see section 3 for details). The panels below show LEM observations of different line broadening (middle two panels) or Doppler shifts (bottom panel) for this Jovian aurora CX spectrum, showcasing LEM 's capacity to remotely explore the underlying plasma properties. We note that this is illustrative of the step-change in scientific exploration enabled by LEM , but that a real observation will convolve Doppler and thermal broadening so that care will need to be taken when interpreting the new observations made by LEM . Figures from Parmar et al. (in review) 110 .

  Fig. 5: Illustrative examples of LEM 's capability to measure line broadening and Doppler shifts for typical Solar System conditions:The top panel shows an XMM-Newton EPIC-pn observation of the X-ray spectrum from Jupiter's Northern aurora. This spectrum is best-fit with a model that represents precipitating magnetospheric sulphur and oxygen ions undergoing charge exchange with Jupiter's neutral atmosphere. However, the EPIC-pn resolution is insufficient to identify broadening or doppler shifts at velocities that are typical for the system, so that the underlying plasma properties cannot be explored (see section 3 for details). The panels below show LEM observations of different line broadening (middle two panels) or Doppler shifts (bottom panel) for this Jovian aurora CX spectrum, showcasing LEM 's capacity to remotely explore the underlying plasma properties. We note that this is illustrative of the step-change in scientific exploration enabled by LEM , but that a real observation will convolve Doppler and thermal broadening so that care will need to be taken when interpreting the new observations made by LEM . Figures from Parmar et al. (in review) 110 .
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 67 Fig. 6: Chandrayaan-1 C1XS measurements of the lunar elemental abundances through observations of Xray fluorescence. Upper Panel: shows in green and in the inset (indicated by the white dashed arrows) the track of the spacecraft footprint within which X-ray measurements were taken. Lower Panel: Compositions derived from C1XS plotted along with lunar soil averages 69,100 and feldspathic meteorite compositions 41 . Both figures are reproduced from Narendranath et al. (2011) 102 .

Fig. 8 :

 8 Fig. 8: Fluorescent X-ray emissions from Venus's upper atmosphere: a) Chandra ACIS-I X-ray image of Venus on 13 January 2001, b) Location of individual photons relative to the disk and limb of the planet c) Chandra LETG Spectral scan of Venus on the ACIS-S array. The observed C, N, and O fluorescent emission lines are enclosed by dashed lines; the width of these intervals matches the size of the Venus crescent during the observation (22.8"). Figures from Dennerl et al. (2002) 44 .

Fig. 9 :

 9 Fig. 9: Chandra ACIS-I X-ray image of Mars on 4 July 2001.Figure from Dennerl, (2002) 43 .

  Fig. 9: Chandra ACIS-I X-ray image of Mars on 4 July 2001.Figure from Dennerl, (2002) 43 .

Fig. 10 :

 10 Fig. 10: Monitoring the Solar X-ray Spectrum and Variability through Scattering of Emission at the Gas Giant Equators: Upper 3 panels compare GOES observations of the Solar X-ray Irradiance with the 5-minute moving-mean X-ray photon counts from Jupiter's equatorial region (bottom panel), as observed by Chandra ACIS in October 2011. The Jupiter observations have been shifted to account for the light travel time. The lower panels show combined XMM-Newton EPIC-pn observations from April and November 2003 of Jupiter's equatorial disk spectrum (crosses) overlaid with the best fit model (line). Labels on the spectrum indicate different spectral lines commonly observed from the Sun. The lower panel shows the model as the horizontal dashed line at zero, with contributions of the spectrum away from the model shown as the histograms above and below the line. Figures from Dunn,(2022a) 54 and Branduardi-Raymont et al. (2007a)[START_REF] Branduardi-Raymont | Latest results on Jovian disk X-rays from XMM-Newton[END_REF] 

Fig. 11 :

 11 Fig. 11: The challenges with a high background and low sensitivity for current X-ray instrumentation observations of Uranus. Upper: Aug 2002 Chandra ACIS Observation (purple) overlaid on Keck IR image of Uranus. Here, the background could be filtered through the Chandra ACIS energy resolution to enable scientific investigation of the 10-sigma signal. Lower: Uranus Chandra HRC observation on 12 Nov 2017. The red circle indicates the region occupied by Uranus on the detector. Each detected X-ray photon is indicated by a blue dot. For Chandra HRC, the background is too high vs the signal for a clear detection. LEM's spectral resolution and sensitivity will be key for solving this problem. Image Credit: NASA/CXC/Keck/Dunn/Wolk and figure from Dunn et al. (2021) 53 .

Fig. 12 :

 12 Fig. 12: Elemental abundance ratios in the outer planets. The elemental abundances in the atmosphere of Saturn, with comparison to the Sun and the other giant planets. Values marked with a black '?' are either uncertain (N, S, He) or may not be representative of the actual ratio in the deep atmosphere. The original Figure and a detailed description of the measurement origins are in Atreya et al. (2022) 7 and reproduced in the PS Decadal 1 . To this figure we add an upper line to indicate which elements have X-ray fluorescence lines within the LEM energy range. The red X indicates that there are not He lines, the yellow stars indicate that K or L-shell lines from these elements are within the LEM energy range, the yellow '?' indicate that it is unlikely that the available lines are detected by LEM, because they are expected to be low probability transitions.

Fig. 13 :

 13 Fig. 13: Chandra ACIS X-ray Observations of Jupiter's Icy Moons Io, Europa, Ganymede and Callisto: Top 2 panels: Chandra ACIS images of Io and Europa (250eV < E < 2000eV), smoothed by a 2D Gaussian. The axes are in arcsec (100' = 2995 km), and the scale bar is in units of smoothed counts per image pixel. The solid circle shows the size of the satellite. Lower 4 panels: X-ray spectra of each of the Galilean moons, using 50 eV energy bins, overlaid with Gaussians at the positions of the O K-α (0.525 keV), Na K-α (1.041 keV), and S K-α(2.308 keV) lines. The dots show the photons actually detected. Figures are from Elsner et al. (2002) 58 and Nulsen et al. (2020) 108 .

Fig. 14 :

 14 Fig. 14: Remote X-ray Identification of the Elemental Composition of Saturn's Rings: Top panel: X-ray Image of Saturn (blue) overlaid on an optical image. Lower Panel: Background-subtracted X-ray spectrum from Saturn's rings as observed by Chandra ACIS-S3, showing a prominent O k-α line, with the inset showing a gaussian model fit to this line (Bhardwaj et al. 2005) 9 . Image Credit: NASA/MSFC/CXC/A.Bhardwaj et al.; Optical: NASA/ESA/STScI/AURA.

Fig. 15 :

 15 Fig. 15: Indirect LEM Observations of the Solar Spectrum at Solar Minimum and Maximum: XMM-Newton EPIC-pn observations of the Solar X-ray emission Thomson Scattered from hydrogen in Jupiter's Equatorial atmosphere during Solar Minimum (8 April 2020) and Maximum (15 April 2014)(panels a and c). These observations are best-fit with APEC models representing the solar corona which are then shown as would be observed by LEM (panelsb and d). Note: that these models do not include atmospheric fluorescence lines, which are expected to account for 10% of the observed emission[START_REF] Maurellis | Jovian X-ray emission from solar X-ray scattering[END_REF] , but have never previously been distinguished from the scattered solar emission due to limited spectral resolution and sensitivity. LEM will also reveal the extent and presence of these fluorescence lines for the first time. Figures from 110 .

Fig. 16 :

 16 Fig.16: LEM observations of the solar wind ion abundances in comparison with the species observed in-situ: Colour bars show the relative X-ray emission strengths of different charge states of different species in a slow solar wind. The authors applied a linear fit to the freeze-in temperature as a function of atomic number 66 , used the freeze-in temperatures of a species to approximate the relative charge state populations, and then used the X-ray emissivities of those charge states within the LEM energy band in order to approximate the relative X-ray brightness of each species/charge state. These values were extracted from the APEC collisional ionization equilibrium model. The results should be viewed as merely illustrative. The boxes indicate ions measured by ACE while the "×" indicate ions measured by Ulysses 120 . Dashed boxes are species that are measured, but not well measured by ACE. The full circles indicate ions directly measurable by LEM as described in the text (Section 6.2.1) while the half circles are ions that should be measurable by LEM by spectral fitting. Note that we have not included most odd ions in our LEM simulation because they have not been measured in the solar wind by in situ experiments. Right: The relative X-ray emission strengths of different charge states of different species in an astrophysical plasma with = 0.25 keV. These were extracted from the APEC collisional ionization equilibrium model. The color code is the emissivity in the log of photons. Figure and caption from Kuntz et al. (2023) 81 .

  Fig.16: LEM observations of the solar wind ion abundances in comparison with the species observed in-situ: Colour bars show the relative X-ray emission strengths of different charge states of different species in a slow solar wind. The authors applied a linear fit to the freeze-in temperature as a function of atomic number 66 , used the freeze-in temperatures of a species to approximate the relative charge state populations, and then used the X-ray emissivities of those charge states within the LEM energy band in order to approximate the relative X-ray brightness of each species/charge state. These values were extracted from the APEC collisional ionization equilibrium model. The results should be viewed as merely illustrative. The boxes indicate ions measured by ACE while the "×" indicate ions measured by Ulysses 120 . Dashed boxes are species that are measured, but not well measured by ACE. The full circles indicate ions directly measurable by LEM as described in the text (Section 6.2.1) while the half circles are ions that should be measurable by LEM by spectral fitting. Note that we have not included most odd ions in our LEM simulation because they have not been measured in the solar wind by in situ experiments. Right: The relative X-ray emission strengths of different charge states of different species in an astrophysical plasma with = 0.25 keV. These were extracted from the APEC collisional ionization equilibrium model. The color code is the emissivity in the log of photons. Figure and caption from Kuntz et al. (2023) 81 .

Fig. 17 :

 17 Fig. 17: Direct X-ray Observations of Atmospheric Loss from Mars: Upper: XMM-Newton observation of Mars: O 6+ , O 7+ CX lines in blue, C 4+ , C 5+ CX lines in green, and fluorescent lines in yellow(Dennerl, 2006). Lower: Spatial distribution of the photons around Mars in the soft (E=0.2-1.5 keV) and hard (E=1.5-10.0 keV) energy range, in terms of surface brightness along radial rings around Mars, separately for the "dayside" (offset along projected solar direction >0) and the "nightside" (offset <0); note, however, that the phase angle was only 18.2°. For better clarity the nightside histograms were shifted by one decade downward. The bin size was adaptively determined so that each bin contains at least 28 counts. The thick vertical lines enclose the region between one and three Mars radii (fromDennerl, 2002).
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 18 Fig. 18: Cometary X-ray Emissions: (a) Optical and X-ray image of comet C/2012 S1 (ISON) (Snios et al., 2016, NASA/CXC). (b) Morphology as a function of comet gas production rate (in molecules s -1 in the lower right of each panel), showing increasing halo emission with gas production rate 16,91 . c) Chandra ACIS medium resolution CCD X-ray spectra of comets: C/LINEAR 1999 S4 (black), Comet McNaught-Hartley (red), 2P/Encke (green) multiplied by a factor of 2, with 1σ error bars and the best-fit emission line+thermal bremsstrahlung model, convolved with the ACIS-S instrument response as a histogram. Best-fit model lines at 284, 380, 466, 552, 590, 648, 796, and 985 are close to those predicted for charge exchange between solar wind C 5+ , C 6+ , C 6+ /N 6+ , O 7+ , O 7+ , O 8+ , O 8+ , and Ne 9+ ions and neutral gases in the comet's coma[START_REF] Lisse | Charge exchange-induced X-ray emission from Comet C/1999 S4 (LINEAR)[END_REF][START_REF] Krasnopolsky | X-ray and extreme ultraviolet emissions from comets[END_REF][START_REF] Bhardwaj | X-rays from solar system objects[END_REF] . Figures fromBhardwaj et al. (2007) 

Fig. 20 :

 20 Fig. 20: Jupiter's X-ray Emissions -Hints of Iogenic and Solar Wind Ion Precipitation: a) Taken in December 2000, this is the first Chandra HRC X-ray image of Jupiter. X-ray photons have been smeared by double the 0.4" FWHM PSF of Chandra's HRC instrument. Jupiter is overlaid with a 30°latitude-longitude graticule (white). b -e) XMM-Newton EPIC-pn Jovian Northern Aurora spectral data from an observation on 24-25 Feb (b) and 8-9 March 2007 (d). (b) and (d) respectively, are the best-fit atomic charge exchange spectral models convolved through the instrument response (black line) and plotted with the XMM-Newton EPIC-pn observation (crosses). (c) and (e) respectively, show the bestfit theoretical atomic charge exchange models of iogenic ions (sulfur + oxygen) or a solar wind ion population 135 . Figures from Gladstone et al. (2002) and Dunn et al. (2020b).

Fig. 21 :

 21 Fig. 21: Variability in Jupiter's X-ray and UV aurorae: Overlaid simultaneous UV (blue-white-red color map) and X-ray photon (white dots) longitude-latitude maps of Jupiter's North Pole, from the Hubble Space Telescope (HST) and Chandra X-ray Observatory High Resolution Camera (CXO-HRC). Dates and times of the observations (UT) are at the top of each panel. Only UV and X-ray emission produced during these times is shown. Panel (a) shows a yellow circle indicating the location of the dark polar region (DPR). Panels (b and i) show white quadrilaterals around example X-ray photons. The vertices of a given quadrilateral are the extremes of the photon's possible projected longitude-latitude location based on the projected 1-sigma (0.4") point spread function of CXO. Figure from Dunn et al. (2022).

Fig. 22 :

 22 Fig. 22: X-ray observations of the Io Torus: Upper : Gaussian -smoothed Chandra HRC-I image of the Io Plasma Torus (2000 December 18). Axes are in units of R J , and the scale bar is in smoothed counts per image pixel. The paths traced by the moons are shown on the figure for Io (solid line), Europa (dashed line), and Ganymede (dotted line). Lower panel: Backgroundsubtracted Chandra ACIS IPT spectrum, with a powerlaw model fit and also a power-law plus Gaussian model fit. Figures from Elsner et al. (2002).

Fig. 23 :

 23 Fig. 23: SWCX X-ray Emission from the Heliosphere: Ecliptic plane cut of the total O VII SWCX volume emissivity in log units of photons/cm 3 /s for steadystate slow solar wind in solar maximum conditions. The Sun is in the center and the black circle represents roughly the Earth/LEM position throughout the year. The Up-Wind (Down-Wind) direction corresponds to early June (December) on the orbit, and points roughly near the Galactic Center (anti-center).

Fig. 24 :

 24 Fig. 24: Using LEM to Connect Loss of the Martian Atmosphere to Solar Wind Conditions. The white box illustrates a LEM pixel on the previously shown XMM-Newton observation of SWCX from the Martian Halo 45 . The Spectra on the right show observed SWCX signatures from the Martian halo for quiet and transient (e.g. a Coronal Mass Ejection) solar wind conditions 30 .

  also shows the step-change in spectral capability of LEM in comparison with SMILE, although it does not permit the wide-field global imaging of SMILE.

Fig. 25 :

 25 Fig. 25: Using LEM Observations of SWCX to Identify Comet Composition: Left: X-ray Image of Comet C/1999 S4 by Chandra ACIS. The white box shows the central array of ∼1 eV resolution LEM pixels, while the remainder of the LEM field of view has dimensions of almost twice the Chandra ACIS observation. On the right, the two spectra show two different models of the cometary X-ray emission convolved with the LEM response, highlighting LEM 's ability to not only identify the SWCX lines, but to distinguish the neutral coma molecular composition through the different line ratios -enabling heliophysics studies in tandem with investigations into planetary composition and Solar System formation. Image Credit: NASA/CXC/Lisse/Deskins

Fig. 26 :

 26 Fig.26: Using LEM to explore how magnetospheric dynamics and the terrestrial magnetosheath are governed by space weather: Left: The relative SWCX emission as seen from the vantage point of LEM at its greatest elongation. The white box shows the size of the LEM FOV. This simulation was for a median solar wind flux and for a northern hemisphere winter. Details of the simulation are provided inKuntz et al. (2023). Right: A comparison of the total spectra observed by LEM (upper black curve) including the magnetosheath for a median solar wind and the background emission (upper red curve) and anticipated instrumental background (blue curve). The spectrum has been convolved with the LEM response and line spread functions. The required LEM bandpass is 0.07 -2.0 keV while the expected bandpass is 0.05 -2.5 keV. The green curve is the ratio of the magnetospheric component to the total spectrum, shifted downwards by a factor of 1000. The SMILE SXI spectrum (lower black and red curves) has been constructed for the same spectrum and emission region but does not include a instrumental background. The resolution of the SMILE spectrum is typical of that achieved by CCD-based X-ray instruments. The SMILE spectrum is on the same scale as the LEM spectrum. Figures fromKuntz et al. (2023) 

Fig. 27 :

 27 Fig.27: Using LEM to Identify the Sources of Planetary Aurorae. The panels show simulated LEM spectra (blue) from two different models that each are able to achieve excellent fits to the Jovian auroral spectrum, as observed by XMM-Newton EPIC-pn (green line). The models each identify a fundamentally different source population. The upper model is produced by CX from solar wind ions while the lower model is produced by CX from Iogenic plasma. In most instances they are statistically indistiguishable for a given Chandra ACIS or XMM-Newton EPIC-pn observation of Jupiter. LEM will unambiguously distinguish the precipitating ion species in Jupiter's aurorae and, through comparison with simultaneous in-situ data from JUICE and/or Europa Clipper, will identify how the X-ray auroral source population varies with magnetospheric and solar wind conditions. Shaded in blue is an energy range that the LEM microcalorimeter has access to, but that is not an instrument requirement for the mission. Here, LEM may provide access to spectral lines and species that have not previously been accessible.

Fig. 28 :

 28 Fig. 28: LEM's Step-Change Improvement over Existing Instrumentation for CX Spectra: Markov Chain Monte Carlo posterior distributions for XMM-Newton EPIC-pn and LEM observations of Jupiter's aurora. The left corner plot shows XMM-Newton EPIC-pn MCMC posterior distributions, while the right shows these distributions for LEM , demonstrating how tightly the parameters can be constrained through the high spectral resolution measurements.Here, the initial model parameters were an oxygen abundance of 0.2 times the solar abundance, a sulfur abundance of 5 times the solar abundance, and a temperature of 0.16 keV. With XMM-Newton EPIC-pn, we are unable to retrieve the initial parameters for the model, where LEM will enable this with error bars at the second significant figure. Models are from the AtomDB ACX Package.

Fig. 30 :

 30 Fig. 30: Left: Theoretical heliospheric SWCX spectrum for streamer (slow) type of SW in counts for a 100 s observation of a 10 • by 10 • region. Right: Same as the left panel, only for coronal hole (fast) SW type (see text). The LEM response and line spread function has been applied. Major lines have been labelled. The boxes indicate the strength of an individual line; if it is not at the observed peak, then the observed line is strongly contaminated with other lines.

Fig. 31 :

 31 Fig.31: Top: Solar wind proton density (full black curve), temperature (dotted black curve), and velocity (full red curve; right axis) in the direction of the nose of the heliosphere, based on the model from71 . The vertical lines represent the termination shock (dashed) and heliopause (full).Bottom: SWCX flux (in photons/cm 2 /s/sr) of the Mg XI line at 1.33 keV, binned in 0.1 eV bins. The line is separated in two components, one Doppler-shifted, produced by supersonic solar wind ions up to ∼ 80 AU (top sub-panel), and one near the rest frame, produced by subsonic solar wind ions after they cross the termination shock.

Fig. 32 :

 32 Fig. 32: Convolution of the predicted velocity profile (shown in Figure 31) for the Solar Wind Charge Exchange (SWCX) Mg XI line with LEM response function for the inner array (FWHM=1.2 eV). For comparison, the red dashed line shows the convolved SWCX velocity profile for O VII, demonstrating the unique power of the Mg XI line for resolving the subsonic Solar wind component.

  

  

Table 1 :

 1 A list of example elemental fluorescence lines that are valuable for planetary formation and habitability and that LEM will have sufficient spectral resolution and energy coverage to identify. We note that detection of P and S will depend on the extent of LEM's soft and hard energy response (see section 1). ent elemental abundances to distinguish bombardment and Solar System formation theories (e.g. PS-Q2.4) and to support local knowledge for Artemis and the Lunar Gateway. The effective area and spectral resolution provides clear identification of the Mg, Al and Si lines that have historically been blended 131 alongside enhanced sensitivity for previously inaccessible key trace elements defined in the PS Decadal 1 and outlined in Table1. For example, through measurements of the Argon L-shell fluorescence lines (220-326 eV -Table

	Element Line Energy (eV) Shell
	C	277	K-α
	N	392	K-α
	O	525	K-α
	Ne	849	K-α
	Na	1041	K-α
	Mg	1254	K-α
	Al	1487	K-α
	Si	1740	K-α
	P	2014	K-α
	P	48-189	L
	S	53-164	L
	Cl	50-270	L
	Ar	220-326	L
	K	259-381	L
	Ca	302-444	L
	Fe	705-850	L
	Xe	600-1000	M

Table 2 :

 2 further demonstrates the lack of elemental measurements for Saturn and Uranus as well. For the atmospheres of Venus, Mars, Jupiter, A sample of molecular X-ray fluorescence lines that exist within the LEM energy range

	Molecule Element Energy (eV) Transition
	CO 2	C	291 99	1s→ π *
	CO 2	O	535 70	1s→ π *
	CO	O	534 124	1s→ π *
	CO	C	287 124	1s→ π *
	O 2	O	531 107	1s→ π *
	CH 4	C	288 70	1s→3p
	CH 4	C-H	301 70	1s→ σ *
	C 2 H 4	C=C	285 99	1s→ π *
	NH 3	N	402 119	1s→3p
	H 2 O	O	535 119	1s→3p

panels: X-ray spectra of each of the Galilean moons, using

eV energy bins, overlaid with Gaussians at the positions of the O K-α (0.525 keV), Na K-α (1.041 keV), and S K-α(2.308 keV) lines. The dots show the photons actually detected. Figures are from Elsner et al. (2002) 58 and Nulsen et al. (2020) 108 .

† The ROSAT All-sky Survey scanned directions roughly perpedicular to the Sun-Earth direction, therfore essentially missing the bulk of the He cone emission when observing the galactic anti-center.
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