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Abstract

Studying interactions between the solar wind and the Earth is important, and one future satellite mission, called Solar wind Magnetosphere Ionosphere Link Explorer (SMILE), will be launched in late 2024 or early 2025 to study these interactions. SMILE will image the magnetosheath using the charge exchange process and extract the location and motion of the bow shock and magnetopause. The subsolar magnetopause is typically around 10 Earth radii, and neutral density in this outer exosphere is poorly understood. For that reason, we study the neutral density around 10 Earth radii. We estimated the exospheric density at 10 Earth radii using XMM-Newton astrophysics observations, one taken during solar minimum and five taken during solar maximum. For the solar minimum case study, the lower limit of the exospheric density was estimated to be 36.8 ± 11.7 cm-3 at 10 Earth radii subsolar point. For solar maximum case studies, we estimated neutral density to be in the range of 42.5 -65.1 cm-3 at 10 Earth radii subsolar point. This suggests weak dependence of neutral density on solar activity but more statistical analysis is needed. The neutral density behavior of the outer exosphere will help us understand the Earth's atmospheric loss due to the dynamic space environment and thus, infer the entire evolutionary history of the Earth's atmosphere as well as of other planetary atmospheres. Along with neutral density, plasma number density, velocity, and temperature in the magnetosheath are key parameters for predicting soft X-ray images. We developed a user-friendly model of magnetosheath parameters to help derivation of these parameters in future wide field-of-view soft X-ray missions. The model parameterizes number density, velocity, magnetic field, and temperature, by using OpenGGCM MHD simulation results as seed data. We made a suite of magnetosheath models, by compiling pre-existing magnetosheath models (analytic, gas-dynamic) with our MHD-based model. This parameterized model is expected to enable researchers to reconstruct expected soft X-ray images and also use these images for analysis of observed images from future satellite missions including SMILE.
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Chapter 1

Introduction

This dissertation addresses a phenomenon called “Solar wind charge exchange (SWCX)”, which refers to a charge exchange between a highly charged solar wind and a neutral atom in the Earth's exosphere, which is the outermost layer of the Earth's atmosphere. Section 1.1 introduces the plasma environment around the Earth. Section 1.2 presents a review of the solar wind charge exchange mechanism. Section 1.4 introduces the Earth's exosphere.
1.1 Solar Wind and Magnetospheric Regions

One of the main purposes of space physics is to understand the interaction between the Earth and the Sun. The Sun radiates a high-speed flow of ionized gas, or plasma continuously, which is called the solar wind. The solar wind is comprised of mainly electrons and protons with a small amount of ionized helium and heavy ions. The properties of the solar wind including temperature and speed, change as the solar wind flows over the interplanetary space. The solar wind and interplanetary magnetic field (IMF) parameters at 1 astronomical unit (AU) are given in table 1.1.Near the Earth, a magnetic field has a dipole-like structure around the Earth. This region is called the magnetosphere. The Earth's magnetosphere is compressed on the dayside under pressure from the supersonic solar wind, forming the bow shock. After passing the bow shock, the solar wind plasma is slowed and number density increases. This region is called the magnetosheath. The boundary between the magnetosheath plasma and the magnetospheric plasma is called the magnetopause. On the night side, the magnetotail is formed, by the stretching of the Earth's magnetosphere by the solar wind. Dayside magnetopause and magnetotail are where the magnetic reconnection takes place. In a high-latitude region of the magnetosphere, there is a funnel-shaped region of the Earth's magnetic field, called the cusp. Solar wind plasma can penetrate the magnetosphere through the cusp regions.
1



Table 1.1 Solar wind and IMF properties at 1 AU. Reproduced from Kuntz [2019]Propertya 10% Median 90%Density (cm-3) 2.23 5.06 12.7Speed (km s-1) 323 411 588Flux (108 cm- 2 s- 1 ) 1.06 2.12 4.79Temperature (log K) 4.34 4.86 5.34Pressure (nPa) 0.890 1.82 3.98B (nT) 2.6 4.8 9.2
|Bz| (nT) Abundancesb

0.2 1.4 4.5He/O 47.8 86.0 125.
{Qo)c 6.00 6.10 6.34
O+7/O+6 0.0282 0.131 0.433
a These parameters are derived from the OMNI 5-min data base sampled between 1981 and 2016.
b These parameters are derived from the ACE SWICS 1.1 database sampled between 1998 and 2012. No selection on solar wind type was applied.
c Average charge state of Oxygen O Q + (5-8)

This precipitating plasma, along with solar ultraviolet radiation, interacts with the Earth's atmosphere. Figure 1.1 shows the regions introduced here.
1.2 Solar Wind Charge Exchange

The Sun's corona has a very high temperature, so solar wind emanated from it has ions with a high charge state. Such highly charged solar wind ions can catch an electron from a neutral atom in the exosphere. The ion which catches an electron is in an excited state and undergoes radiative decay. In the process, a soft X-ray (X-ray with low energy; 0.1 - 2.0 keV) or extreme ultraviolet (EUV) photon is emitted. This can be written as follows:

2



Figure 1.1 Sketch of the Earth's magnetospheric system. Image is not to scale. This figure is from https://scienceofcycles.com/wp-content/uploads/2018/05/magnetoheath.png
where S is an ion with solar wind origin, q is its charge state, * represents an excited state, and B is an exospheric neutral. This process is called solar wind charge exchange (SWCX). Examples of highly charged ions are C6+, N 6+, N 7+, N e9+, S10+, O7+, and O8+, and neutral atom is mostly hydrogen for exospheric SWCX [Kuntz , 2019]. Detailed physics of the charge exchange process can be found in Wargelin et al. [2008], Krasnopolsky et al. [2004], Betancourt-Martinez [2017], and is beyond the scope of this dissertation. Here we will only briefly discuss the basic flux modeling of the SWCX in section 1.3.In 1991, astrophysicists analyzing the ROSAT X-ray satellite data discovered an unknown mysterious background source that varied on a timescale of 1 - 2 days [Schmitt et al., 1991], and it was later named 'long-term enhancements' (LTEs), in contrast with the short-term enhancement which was attributed to the auroral X-rays [Snowden et al., 1997]. In 1996, unexpected X-rays were detected from a comet observation [Lisse et al., 1996], and it was suggested that charge exchange between the solar wind ions and neutral atoms can emit X-rays [Cravens , 1997]. Soon, it was realized that the LTEs are caused by interaction between the solar wind and the Earth's exosphere [Freyberg , 1997; Cravens et al., 2001].
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In 2003, exospheric SWCX emission began to be modeled [Robertson and Cravens , 2003], using the Spreiter et al. [1966] gas-dynamic magnetosheath model and the Hodges [1994] exosphere model. There were many follow-up modeling efforts that use MHD simulation for the magnetosheath parameters [Robertson et al., 2005, 2006, 2012, 2013; Kuntz et al., 2015]. Figure 1.2 shows one example of a relative emissivity map in the Geocentric Solar Ecliptic (GSE) XZ plane.After ROSAT, other astrophysics missions like Chandra, XMM-Newton, and Suzaku reported the detection of near-Earth soft X-ray emissions [Carter et al., 2010; Ishikawa et al., 2013; Kuntz and Snowden , 2008; Snowden et al., 2004, 2009; Wargelin et al., 2004]. This series of observations strongly motivated the space science community to study the solar wind - magnetosphere interaction through these SWCX signals. Lunar Environment heliospheric X-ray Imager (LEXI; http:sites.bu.edu/lexi) and the Solar wind - Magnetosphere - Ionosphere Link Explorer (SMILE; Branduardi-Raymont et al. 2018), which have been planned and will be launched in the next few years, will take advantage of the SWCX process for novel large-scale imaging of the magnetosheath.
1.3 Basic SWCX Flux Modeling

The energy flux of SWCX along a line of sight for a single emission line is given by the following equation Kuntz [2019]:

where E is the line energy corresponding to the transition after charge exchange, nn and n are the neutral and ion (for a certain charge state) densities respectively. This integral is along the line of sight from the observer, from s = 0 to s = ∞. This also implies the integral over solid angle increment dΩ in some fields of view, and F depends on the line of sight along which the integral is conducted. σ(vrei) is the cross section for the charge exchange (which is a function of vrei) and b is the probability of the emission after the interaction.
4
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Figure 1.2 The X-ray emissivity in the near-Earth environment in the GSE XZ plane. The white circle in the center is the Earth. The locations of the magnetopause (MP) and the bow shock (BS) at the nose of the magnetosheath are marked, as is the northern cusp. The color scale wraps multiple times in the cusp. It was reported that an MHD model has difficulties modeling the important kinematic effects in this region. The simulation was created from a BATS-R-US model run by the NASA CCMC. Reproduced from Kuntz [2019]
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Theoretically, both can be obtained from atomic experimental data, though in reality they are not understood completely [Betancourt-Martinez , 2017]. vrel is the relative velocity between the ion and the neutral, which is given by:

where Vr is the bulk velocity of the ions with respect to the neutrals, and Vt is the thermal velocity of the ions, vt = -∖∕(3kT∕mp). The bulk and thermal velocity of the neutrals are negligible in SWCX. For magnetospheric SWCX, emission from neutral atoms other than hydrogen is negligible [Sibeck et al., 2018]. Usually, factors that can be found from the simulation/distribution model are separated as a potential reaction rate Q:

where np is the solar wind proton density. np and Vrel are usually obtained from MHD simulations, but they can be obtained from a magnetosheath model. Neutral density distribution is explained in section 1.4. Note that in some cases, to separate neutral density information, Q is defined as Q'=Q/nn0 , where nn0 is the neutral density at some reference point (assuming spherically symmetric neutral distribution). If we know Q, F can be written as

Note that n., σ, and b were assumed to be spatially constant. This assumption is not correct in the magnetosphere due to the magnetospheric proton population which does not accompany highly charged ions like the solar wind proton population. Therefore, the line of sight passing the magnetosphere should be excluded from the integral. Then the total energy flux for a certain energy band [E1, E2] can be written as
6



where

α is called an effective scale factor. Here we assumed atomic parameters (σ , b) and abundance n/np are spatially constant. For a review of the factor α, see Whittaker and Sembay [2016]. Using equation 1.7, we can directly calculate solar wind charge exchange energy flux Ftotal from the MHD result if we assume certain α and neutral density distribution.Alternatively, if we consider terms of observing instrument count rates C:

where
where Aj is the effective area of the instrument at the X-ray energy Ej. And β is another kind of effective scale factor that does not need the use of line energy information, which enables to encompass a larger energy band [Jung et al., 2022]. Note that while α has units of eV· cm2, β has units of cm4 .

1.4 Exosphere
In section 1.1 we distinguished the main magnetosphere mainly on plasma properties.In terms of the neutral particles domain, this region is called the exosphere, which is the
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Figure 1.3 Image of the geocorona obtained by the PROCYON spacecraft on 9 January 2015. The emission intensity after flat field correction is shown in Rayleigh on a log scale. The circle shows the position of the Earth. 600,000 km corresponds to 94 RE . Reproduced from Kameda et al. [2017]
outermost layer of the Earth's atmosphere. Here the dominant population are hydrogen atoms. The exosphere is characterized by the geocorona, which can be seen by far-ultraviolet light (Lyman-α) from the Sun which is scattered from a neutral hydrogen atom in the exosphere (see figure 1.3). The lower boundary of the exosphere is called exobase, where collisions are no longer the dominant process in determining the velocity distribution of particles [Hodges , 1994]. Exobase altitude depends on solar activity but usually is near 500 km. The upper boundary of the exosphere, if defined by the extent of detectable geocoronal emission, goes up to 60 RE [Baliukin et al., 2019].Geocoronal observations have revealed much about the distribution of exospheric hydrogen. Earlier studies used Lyman-α observations from TWINS and IMAGE spacecraft to study exospheric hydrogen distribution (Bailey and Gruntman 2011; 0stgααrd et al. 2003; Zoennchen 
et al. 2011, 2013, 2015, 2017). These series of studies gave us a good understanding of 
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exospheric hydrogen distribution in the 3 - 8 RE range, which is comparable to the previous Monte Carlo simulation result [Hodges , 1994]. Variations in neutral distribution depending on solar activity and geomagnetic storms were also reported by these studies. However, traditional Lyman-α observations using TWINS and IMAGE satellites are usually less conclusive below 3 RE because in this region the assumption of optically thin condition breaks down, which disables the simple estimation of neutral density. Also at above 8 RE , because exospheric geocoronal emission intensity becomes similar to interplanetary Lyman-α glow, these studies gave limited knowledge about exospheric distribution around magnetosheath. It presented a difficulty, as remote sensing of the magnetopause using a soft X-ray imager depends on exospheric density around 10 RE , and the value is poorly modeled and poorly observed. Recently, observations from PROCYON and CASSINI spacecraft were used to study neutral distribution at larger distance up to 60 RE (Kameda et al. 2017; Baliukin et al. 2019; Cucho-Padin et al. 2021).Another way to study neutral distribution is using Energetic Neutral Atom (ENA) imaging. Solar wind protons can exchange charge with neutral hydrogen and becomes ENA, which is not bound by the magnetic field and travels in a straight line. Fuselier et al. [2010, 2020] used ENA flux observed by IBEX satellite to estimate neutral density around 10 RE .In addition to geocoronal emission and ENA flux, neutral hydrogen attributes to the soft X-ray emission of the exosphere, which mechanism was explained in the previous section. Connor and Carter [2019] analyzed two observations by the XMM-Newton satellite and estimated neutral density at 10 RE . These two observations took place in 2001 and 2003, which is near the solar maximum. Recently, making global observations of Earth's magnetospheric system using soft X-ray imaging was suggested [Sibeck et al., 2018]. SMILE and LEXI missions are planned to utilize such soft X-ray imaging techniques to expand our knowledge about the interaction between the solar wind and the Earth.
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Figure 1.4 Radial density profiles along the dayside Sun-Earth line obtained by previous data-based exospheric models. The result of this study is expressed as a red two-way arrow. Reproduced from Cucho-Padin et al. [2021]
Exospheric neutral density near the magnetopause, as a parameter in equation 1.3, is one of the key factors for the remote sensing of the magnetopause. Figure 1.4 summarizes the exospheric neutral density estimates from above-mentioned studies, along the Sun-Earth line.Chapter 2 is published in the Journal Geophysical Research: Space Physics with coauthorsH. K. Connor, J. A. Carter, D. Koutroumpa, C. Pagani, and K. D. Kuntz, Chapter 3 is planned for submission to the Journal of Geophysical Research: Space Physics with coauthorsH. K. Connor, J. A. Carter, D. Koutroumpa, and C. Pagani, and Chapter 4 is planned for sumbission to the Frontiers in Astronomy and Space Sciences with coauthors H. K. Connor, A. P. Dimmock, S. Sembay, A. M. Read, and J. Soucek.
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Chapter 2

Solar minimum exospheric neutral density near the subsolar magnetopause 

estimated from the XMM soft X-ray observations on 12 November 20081

1 Manuscript authors: J. Jung, H. K. Connor, J. A. Carter, D. Koutroumpa, C. Pagani, and 

K. D. Kuntz. Published in the Journal of Geophysical Research: Space Physics 127.3 (2022), 
https://doi.org/10.1029/2021JA029676

Abstract
The Earth's magnetosheath and cusps emit soft X-rays due to the charge exchange between highly charged solar wind ions and exospheric hydrogen atoms. The Lunar Environment Heliospheric X-ray Imager and Solar wind Magnetosphere Ionosphere Link Explorer missions are scheduled to image the Earth's dayside magnetosphere system in soft X-rays to investigate global-scale magnetopause reconnection modes under varying solar wind conditions. The exospheric neutral hydrogen density distribution, especially the value of this density at the subsolar magnetopause is of particular interest for understanding X-ray emissions near this boundary. This paper estimates the exospheric density during solar minimum using the X-ray Multimirror Mission (XMM) astrophysics observatory. We selected an event on 12 November 2008 from the XMM data archive, which detects soft X-rays of magnetosheath origin while solar wind and interplanetary magnetic field conditions are relatively constant. During the event the location of the magnetopause was measured in situ by the THEMIS mission, thus the location of the solar wind ions responsible for the magnetosheath emission is well constrained by observation. We estimated the exospheric density using the Open Geospace Global Circulation Model (OpenGGCM) and a spherically symmetric exosphere model. The ratio of the magnetosheath plasma flux between the OpenGGCM model and the THEMIS was nearly 1, which means the magnetohydrodynamic model reasonably reproduces the magnetosheath plasma conditions. The OpenGGCM magnetosheath parameters were used to deconvolve soft X-rays of exospheric origin from the XMM signal. The lower limit of 
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the exospheric density of this solar minimum event is 36.8 ± 11.7 cm-3 at 10 RE subsolar location.
2.1 Introduction

Understanding when, where, and how the magnetopause reconnection occurs is one of the most important topics in space physics. Tracking magnetopause reconnection on a global scale has been particularly challenging due to the lack of possibly simultaneous observations covering wide spatial regions of the magnetopause. Recently, soft X-ray imaging of the Earth's dayside system has been suggested as an innovative way to visualize the dayside magnetopause motion and thus infer the dayside reconnection mode [Connor et al., 2021].A small portion of the solar wind plasma consists of highly charged ions, like O 7+ and O 8+ . The Earth's exosphere is the outermost layer of the atmosphere composed of mostly hydrogen atoms. When the ion collides with an exospheric neutral, the ion can capture an electron from the neutral atom. In the relaxation stage, soft X-rays are emitted:
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where S is a solar wind origin ion, q is its charge state, * represents an excited state, and B is an exospheric neutral. This process is called Solar Wind Charge Exchange (SWCX) (Sibeck et al. 2018 and references therein).After the first discovery of cometary X-ray emission [Lisse et al., 1996], Cravens [1997] suggested the SWCX process as a possible mechanism of such X-rays. Soon, Cravens et al. [2001] reported that the diffuse background variation observed by the low-Earth orbit ROSAT astrophysics mission tracked variations in solar wind flux quite well, implying that the Earth's outer atmosphere is a strong soft X-ray emitter. Subsequently, other astrophysics missions like XMM-Newton (Jansen et al. 2001; hereafter XMM), Suzaku [Mitsuda et al., 2007], and



Chandra [Weisskopf et al., 2000] reported the detection of near-Earth soft X-ray emissions (Kuntz and Snowden 2008; see also Carter et al. 2010; Ishikawa et al. 2013), which strongly motivates the space science community to study the solar wind - magnetosphere interaction through these signals. For this purpose, space missions such as Cusp Plasma Imaging Detector (CuPID; http://sites.bu.edu/cupid ) Cubesat observatory, Lunar Environment heliospheric X-ray Imager (LEXI; http:sites.bu.edu/lexi), and the Solar wind - Magnetosphere - Ionosphere Link Explorer (SMILE; Branduardi-Raymont et al. 2018) have been planned and will be launched in the next few years.The Earth's magnetosheath and cusps strongly emit soft X-rays because the magnetosheath has a dense population of high-charge-state solar wind ions and a non-negligible population of exospheric hydrogens and because the cusps have dense populations of exospheric hydrogens and non-negligible density of high-charge-state ions (Connor et al. 2021; Sibeck et al. 2018). The SWCX emission rate is controlled by three factors: the neutral density, plasma ion density, and relative velocity between neutrals and ions (Connor and Carter 2019; hereafter CC2019). While the plasma density, velocity, and temperature in the magnetosphere are well understood by the heliophysics missions like Cluster, THEMIS, and MMS [Dimmock 
and Nykyri , 2013], the neutral density in the magnetosheath is poorly understood due to the severe lack of the exospheric observations above an altitude of 7 Earth radii (RE ). Under 7RE , the Geocoronal Lyman-α observations have been a widely used data set for the neutral density studies (Bailey and Gruntman 2011; 0stgaard et al. 2003; Zoennchen et al. 2011, 2013, 2015, 2017; Baliukin et al. 2019). However, the above 7 RE interplanetary Lyman-α background overwhelms the geocoronal emission. Additionally, the dayside geocorona data are often contaminated by direct sunlight due to the proximity of the instrument's line of sight (LOS) to the Sun. Recently, CC2019 suggested the SWCX observed by the XMM satellite as an alternative source of data for the study of the exospheric neutral density in the dayside magnetosheath.
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Energetic neutral atoms (ENAs) have also been used to study the neutral density in the outer exosphere, for example, using the two ENA cameras on the Interstellar Boundary Explorer (IBEX) (McComas et al. 2009; Funsten et al. 2009; Fuselier et al. 2009). ENAs are produced when solar wind proton steals electrons from the neutral atoms in the Earth's exosphere. Fuselier et al. [2010] estimated a neutral density of 4-11 cm-3 at the 10 RE subsolar point by analyzing several solar minimum events of IBEX with a simplified magnetosheath model. Fuselier et al. [2020] conducted a similar study for a solar maximum event but with an improved magnetosheath model, and obtained the neutral density of 11-17 cm-3 at the10 RE subsolar location.In this paper, we selected one event from the XMM database that occurred during solar minimum and estimated a neutral density at the 10 RE subsolar location, considering that a typical subsolar magnetopause is located at about 10 RE [Kivelson and Bagenal , 2014]. Finally, we compared our solar minimum exospheric density with the solar maximum density of CC2019 and with the neutral density in other studies.This paper is structured as follows. In section 2.2, we introduce the data and models used in this study. In section 2.3, we explain our methodology for deriving the exospheric density from the XMM observations. In section 2.4, we discuss our event selection process using the11 years of XMM soft X-ray data. In section 2.5, we present our case study of the November 12, 2008 event and estimate a neutral density during solar minimum. In section 2.6, we compare our neutral density result with those in previous literature. Finally, in section 2.7 we summarize our study.
2.2 Data and Model
2.2.1 XMM Data

The XMM observatory [Jansen et al., 2001] is an observatory-class mission launched by the European Space Agency in 1999 to investigate the astrophysical X-ray sky. XMM has an orbital inclination of ~ -40o. The apogee is 114,000 km, and the perigee is 7,000 km. The 
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orbital period is ~ 48 h. Onboard XMM, three imaging cameras use X-ray CCD detectors at the focal plane, which make up the suite of instruments known as the European Photon Imaging Camera (EPIC). Two of the cameras are front-illuminated metal oxide semiconductor (MOS) CCD arrays [Turner et al., 2001] and the other camera uses back-illuminated PN CCD arrays called PN camera [StrUder et al., 2001]. As XMM was designed to investigate distant X-ray astrophysical sources, many of which are extragalactic, the telescope fields of view(FOV) are narrow: 33' x 33' for MOS (9.2 × 10-5 sr) and 27.5' x 27.5' for PN. XMM has a restricted view geometry due to the constraints imposed on the orientation of its solar panels. Depending on the geometry of the orbit and pointing requirement at the time of a particular observation, the telescope's LOS may pass through the Earth's dayside magnetosheath, which would result in the imposition of a foreground SWCX signal on the signal from the background X-ray sky, as illustrated in Figure 2.1.Figure 2.1 summarizes various X-ray signals and the soft protons that create false counts in XMM X-ray cameras. The raw XMM-measured signal includes different components, namely, astrophysical point sources, the instrumental background, the sky background, the heliospheric background, the near-Earth SWCX, and at times, soft proton contamination. We need to identify the SWCX component for estimating the Earth's exospheric density. Section 2.5.1 explains the details of the background removal process.We downloaded Original Data Files (ODFs) from the XMM Science Archive (XSA) and processed the data using the XMM Science Analysis System (SAS) software package version 18.0.0 (de la Cal le 2021), provided on the XMM data analysis web page: https://www.cosmos.esa.int/web/xmm-newton/sas. We used the MOS full-frame observation data since some SAS commands needed in this study can be applied only to the full-frame mode data. In this paper, the XMM observations between revolutions 21 and 1990 are used, which corresponds to the period from January 2000 to October 2010.
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Figure 2.1 Various X-ray signals and the soft protons that create false counts in XMM X-ray cameras.

21



2.2.2 OpenGGCM Model
XMM can detect soft X-rays created in the magnetosheath as a result of the interaction between solar wind origin ions and exospheric neutrals. To derive an exospheric density, the plasma contributions should be disentangled from the XMM SWCX observations. We used the OpenGGCM global magnetosphere-ionosphere MagnetoHydroDynamics (MHD) model to reproduce the magnetosheath plasma condition during the XMM observation period. OpenGGCM calculates the plasma density, velocity, temperature, and electromagnetic fields near the Earth's magnetosphere using the Solar Wind (SW) and IMF as inputs. In this paper, a stand-alone OpenGGCM model is used with the NASA WIND spacecraft data. More details and applications of the OpenGGCM model can be found in Raeder et al. [2001, 2008]; see also Connor et al. [2012, 2014, 2015, 2016, 2021]; Cramer et al. [2017]; Ferdousi and Raeder [2016]; Ferdousi et al. [2021]; Jensen et al. [2017]; Kavosi et al. [2018]; Oliveira and Raeder [2015]; and Shi et al. [2017].To validate the OpenGGCM simulation result, we compared it with the THEMIS B in situ data. We used electrostatic analyzer (ESA) [McFadden et al., 2008] and fluxgate magnetometer (FGM) [Auster et al., 2008] data. The ESA data used in this paper have a time resolution of a few minutes (except for the plasma density, which has a 3-sec resolution), and FGM data have a time resolution of 3 sec. We calculated the running average of the FGM and ESA data every 10 min using a 10-min window.

2.3 Methodology
This study improves the method of CC2019 by considering soft X-ray signals in the 0.4-1.0 keV energy band. CC2019 considered only a few oxygen lines in the 0.5-0.7 keV band. Thus, their soft X-ray signals and subsequently, their neutral density estimates tended to be sensitive to the highly variable oxygen abundance in the solar wind, as reported in Kuntz et al. [2015]. On the other hand, the 0.4-1.0 keV energy band includes various SWCX lines [Sibeck et al., 2018]. The soft X-ray signals in this wide band are dependent on the sum 
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of the high-charge-state ions in the solar wind. Thus, our neutral density estimate is less sensitive to individual ion abundance.First, we assumed that the neutral density is spherically symmetric and inversely proportional to the distance cubed, as in Cravens et al. [2001]: 

where Ej is the emission line energy of transition j in eV , NN is the exospheric neutral density in cm-3, Nsq is the number density of a solar wind ion of species s in cm-3, q(Sq+) is the charge state of Nsq, veff is the relative velocity of the ion and the neutral (also called the effective velocity) in km s-1, σsq is the cross section of the interaction between Sq+ and hydrogen in cm2, Yj is the photon yield for the transition of S(q-1)+ in number of photons, and ds is a spatial step for the integration along the LOS.Third, we defined the potential reaction rate (Q), the part that we can calculate from the parameters provided by the OpenGGCM MHD model, as follows:
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where N0 is a neutral hydrogen density at the 10 RE subsolar point, i.e., at a typical subsolar magnetopause location (this density is hereafter referred to as a characteristic neutral density), and R is the radial distance from the Earth's center in RE .Second, we calculated a soft X-ray emission rate for each SWCX spectral line j (Rj ) using the following equation [Kuntz , 2019]:



CC2019 used an effective scale factor α that considered only a weight-averaged emission line at 590.5 eV because they focused on the X-ray emission in a narrow energy band (0.5-0.7 keV). Since O7+ and O8+ are the main contributors to this energy band [Kuntz et al., 2015], the X-ray count rates become very sensitive to the oxygen abundance in the solar wind, which may break the assumption of the constant oxygen-to-hydrogen ratio used in CC2019.To avoid such a problem, we focused on a wider energy band (0.4-1.0 keV) that includes emission lines from various charge-state solar wind ions (e.g., C6+, N 6+, N 7+, N e9+, S10+,
24

where Ω is the XMM field-of-view in sr, and Aj∙ is the effective area of XMM in cm2 at the X-ray energy Ej. The summation is done over all the spectral lines of energy Ej inside the energy band of our interest (0.4-1.0 keV). The effective scale factor (β) considers the charge exchange mechanism of all the individual SWCX lines in our energy band:

where m, Np , vp, and T are the proton mass, density, drift velocity, and temperature, respectively, and k is the Boltzmann constant. The effective velocity (veff ) is the relative velocity between the plasma and a neutral atom. However, as the velocity of the neutral atom is far smaller than the plasma velocity, it is sufficient to only consider the plasma velocity. Then, equation (2.4) becomes
Here, we assumed that the densities ratio of high-charge-state ion to proton (Nsq /Np) stays constant along the LOS.Fourth, we converted the emission rate Rj to a simulated soft X-ray count rate (C RM HD) based on the XMM instrument properties:



O7+, and O8+ ). An example of an SWCX spectrum in the range of 0.1 - 1 keV can be found in Figure 15 of Sibeck et al. [2018]. The total abundance of all the SWCX source ions in the solar wind is expected to be more stationary than the abundance of oxygen itself in the solar wind, thus better satisfying our assumption and subsequently providing a more accurate neutral density estimate. Thus, the effective scale factor β is better suited to our wide-band X-ray study than α.The effective area Aj can be obtained from the XMM Auxiliary Response File (ARF). The ARF file contains a table that includes the effective area information at each energy level. The effective areas of the XMM MOS cameras are fully described by the instrument calibration teams, and the link to these data is listed in the Acknowledgements. The thin filter was used for this XMM observation. For the densities ratio of highly charged ion to proton (Nsq /Np), the CX cross section (σsq ), and the photon yield (Yj ), we used the data of Koutroumpa et al. [2006] (assuming a slow solar wind). The resulting β for November 12, 2008 event is 1.53 × 10-16 cm4 .Finally, assuming that equation (2.3) is a good representation of our exospheric density distribution, the modeled count rate (CRM HD) should be equal to the SWCX count rates observed by XMM (CRSW CX ), with CRMHD = CRSW CX . Using equation (2.8), the characteristic density N0 , i.e. the exospheric density at the 10 RE subsolar point, becomes:
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2.4 Event Selection
Carter et al. [2011] selected 103 XMM soft X-ray observations that showed temporal variability in the 0.5-0.7 keV energy band compared to the 2.5-5.0 keV continuum band. These observations are considered the near-Earth SWCX events because the astronomical soft X-rays are almost constant within a time scale of several hours to a few days. CC2019 selected two of these observations and derived solar maximum neutral densities. However,



the event selection criteria in Carter et al. [2011] tend to find cases during dynamic SW/IMF conditions, which may complicate the reproduction of the magnetosheath conditions, and thus the calculation of the plasma contribution to the near-Earth soft X-ray emissions. To avoid such a problem, we searched 11 years of XMM observations and created a new list of XMM events suited to our exospheric density studies. We describe below the four steps we took to select the new event.First, we selected the potential near-Earth SWCX events by searching for the times when XMM looks through the dayside magnetosheath, where strong soft X-ray emissions are expected, during relatively constant solar wind and IMF conditions. We avoided the dynamic upstream conditions because a global MHD model may have difficulty reproducing a complex solar wind - magnetosphere interaction. Figure 2.2A shows examples of selected (left) and not selected (right) XMM events under our selection process. The orange lines represent the bow shock locations at the start (solid) and at the end (dashed) of the XMM observation time, calculated from Jerab et al. [2005] using the NASA WIND spacecraft data. Similarly, red lines indicate the magnetopause locations at the start (solid) and at the end (dashed) of the XMM observation time, calculated from the model of Shue et al. [1998]. The blue and black lines represent the XMM orbit and the LOS direction during the observation period, respectively. We selected the event on the left panel of Figure 2.2A because the dayside boundaries were relatively stationary during the observation period and because XMM looked through the dayside magnetosheath.Second, we removed events where bright and particularly extended X-ray sources are found in the FOV. Figure 2.2B shows the XMM examples selected (left) and not selected (right) in this process. The near-Earth SWCX signals were derived from the background signals; for example, from the blue region on the left panel of Figure 2.2B. If the X-ray sources are very bright and/or extended, for example, on the right panel of Figure 2.2B, photons from the astrophysical source may be accidentally incorporated into the background signal even after filtering for astrophysical sources. We visually inspected the images from the
26



Figure 2.2 Example of the XMM observation selection process. (A) LOS direction inspection. We selected the observation on the left panel and discarded the observation on the right panel because stronger X-ray emissions are expected from the dayside magnetosheath. (B) Two images were made from the XMM PN data. The image on the right shows an extended point source that almost fills the FOV, and therefore, this observation was excluded from further analysis. The unit of the X-ray images is counts/pixel. (The XMM MOS pixel size is 1.1"×1.1".) (C) Soft proton flaring check. We selected the observation represented by the upper panel and discarded the observation on the lower panel, as described in the main text.
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XMM observations for the presence of bright sources, a technique also applied in Carter et al. [2011]. Any observations with astronomical sources larger than 500 arcsecs were excluded from further analysis.Third, we excluded the XMM events that were badly contaminated by soft proton flaring. Energetic protons of a few hundred keV, called soft protons, can reach the XMM camera detectors and falsely create a signal at the detector plane. At times, the soft proton signals are very strong and dominate other X-ray sources. This is known as soft proton flaring (Lumb 
et al. 2002 ; Walsh et al. 2014) and has to be removed from our event selection. It is thought that accelerated ions from the bow shock are the main source of these energetic protons. Using the HEASARC XMM trend data, we compared two light curves for a band between 2.5-12 keV, where no other X-ray signals except soft protons and an instrumental background are expected due to the very high energy range. The in-FOV light curve in this energy band is affected by both the incoming soft proton flaring and the instrumental background, while the out-of-FOV light curve was only affected by the instrumental background. Therefore, by comparing these two light curves, we can determine when the soft proton flaring occurred [Carter and Sembay , 2008]. Additionally, we also utilized count rate histograms for the soft flaring check. The top and bottom panels of Figure 2.2C show examples of count rate histograms with and without soft proton flaring, respectively. In the case of severe soft proton flaring, the count rate histogram (black) does not match the Gaussian profile (green). We excluded observations heavily affected by soft proton flaring.Finally, we selected the XMM observations when a solar wind monitor like ACE and WIND provided good-quality solar wind/IMF data and when a heliophysics satellite like Cluster, Geotail, and THEMIS provided in situ magnetosheath plasma observations. For our purposes, good-quality solar wind/IMF data means time intervals with relatively constant density, velocity, and IMF BZ. The solar wind and IMF data were used as inputs for the OpenGGCM model, and the in situ magnetosheath plasma data were used to validate the model results.
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From the XMM observations between the years 2000 and 2010, we found 193 potential SWCX events that are well suited for our density derivation techniques. In this study, we selected an event on 12 November 2008 for estimating a solar minimum exospheric density (XMM observation number 0551860501). We will use the rest of the events in the list for our future neutral density study.
2.5 Case Study of the 12-Nov-2008 Event
2.5.1 Extraction of the Near-Earth SWCX Counts

As discussed in Section 2.1, the raw XMM data includes soft proton contamination, astrophysical point sources, the instrumental background, the sky background, the heliospheric background, and near-Earth SWCX signals. In this section, we follow the general procedures used in the astrophysics community to estimate the contribution of background and noise components and thus, derive the terrestrial signals from the raw XMM observation on 12 November 2008. As each background component has its error, we took an approach that by taking the upper bound of each component, we obtained a lower limit of SWCX count rates and also neutral density.First, we extracted the total XMM background rate by removing the soft proton contamination period and the signal from the astrophysical point sources in the XMM data. Although we removed the periods of soft proton flaring, there could be variations on the longer timescales that were missed in our method; that is, some residual soft proton flaring may remain in our data but will not have a time variation on the scales of interest. To remove this additional contamination period, we calibrated event files from the original data files using the SAS subroutine emproc. Then, we created a good-time-interval (GTI). The GTI file contains a record of the times when there was no proton flaring. We applied the GTI files to the event file to remove the contaminated time intervals. It is common for about 36% of the XMM time to be lost to soft protons [Kuntz and Snowden , 2008]. After applying the GTI file, we removed astrophysical point sources from the FOV. Generally, we followed the method 
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of Carter et al. [2011], except that we used edetect-chain to detect the point sources. We applied a 35-arcsec extraction radius at each point source. After the automatic astrophysical point source removal process, we visually checked relevant images generated from the cleaned XMM data, after which we applied an additional source removal of a 500-arcsec radius about the telescope boresight to ensure that any bright on-axis astrophysical source was largely eliminated. From this first step, we estimated a total XMM background count of the 12-November-2008 event at 4.3 × 103 counts for 3.3 hours of exposure time.Second, we estimated the instrumental background caused by both the high-energy particles that produce charge directly in the CCDs and the particle-induced X-rays generated inside the camera. For example, galactic cosmic ray (GCR) particles can interact with the detector to produce secondaries that generate background signals. EPIC instrumental background files can be obtained with the filter wheel in a closed position [Kuntz and Snowden , 2008]. Filter Wheel Closed (FWC) data, i.e., the data that is dominated by the instrumental background and can be used to model the internal instrumental background, is available through the XMM Science Operation Centre from the EPIC Background Analysis web pages. Since SAS v.16, the task evqpb has been available to generate a tailored FWC event file that corresponds to an observation. As XMM science observation and FWC data are not recorded simultaneously, they may have different intensities of instrumental backgrounds. We renormalized the instrumental background of the FWC data to obtain the background of our observation by following the methods of De Luca and Molendi [2004] and Carter et al. [2011]. We calculated the scaling factor by comparing our observation with the FWC data in a high energy band (7.5-9 keV) where, for the period free of soft proton flaring, the contribution is believed to be entirely from the instrumental background. We obtained the instrumental background of our observations by multiplying the FWC background by the scale factor. The total instrumental background count for the 1 2-November-2008 event is 2.0 × 103 counts.Third, we estimated the sky background. We utilized a HEASARC X-ray background command line tool (https://heasarc.gsfc.nasa.gov/Tools/xraybg_help.html#command) to 
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get the ROSAT all-sky survey data [Snowden et al., 1997] for the given galactic coordinate. Following Galeazzi et al. [2007], we modeled the ROSAT diffuse spectrum with three components. Two of them are unabsorbed and absorbed plasma components that represent X-ray emissions from the diffuse local interstellar and more distant galactic halo components, respectively. We used the APEC [Smith et al., 2001] model within XSPEC (https://heasarc.gsfc.nasa.gov/xanadu/xspec/) to calculate these plasma components. The last component is the absorbed power law that represents the unresolved extragalactic X-ray background. We calculated the last component using wabs model [Morrison and McCammon , 1983] by considering the absorption by the neutral hydrogen in the Galaxy along the LOS of our XMM event. We converted ROSAT to the XMM count rates through an algorithm provided by the NASA HEASARC team that was adapted for our local use. A constant sky background was expected throughout our event because the satellite pointing was fixed and because our event was only ~3.3 hours long, much shorter than the time scale of the sky background variation. As we will note later, the sky background obtained from the ROSAT data may contain some fraction that originates from the heliosphere. The total sky background for the 12-November-2008 event is 1.5 × 103 counts.Fourth, we subtracted a heliospheric background component. SWCX is also produced within the heliosphere via a charge exchange interaction between interplanetary neutrals and solar wind plasma. This signal depends on the neutral and plasma density distributions along the instrument's LOS at the time of the observation [Koutroumpa et al., 2006]. The heliospheric hydrogen and helium distributions were calculated as in Koutroumpa et al. [2006], based on the ‘hot model' simulations of Lal lement et al. [1985] and Dalaudier et al. [1984], respectively. The distributions were adjusted to the solar activity corresponding to late 2008. By assuming a solar wind flux of 2.0 × 108 cm-2 s-1, we obtained the total heliospheric signal of the 12-November-2008 event at 7.7 × 102 counts. We also assumed that charge exchange cross section to be constant along the line of sight, as we did for exospheric SWCX. 
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Koutroumpa et al. [2019], Bzowski et al. [2013], Machol et al. [2019], and McMullin et al. [2004] provides additional details on heliospheric signal calculation for interested readers.Finally, we obtained the near-Earth SWCX of our event by subtracting the instrumental, sky, and heliospheric backgrounds from the total XMM background counts. The resulting terrestrial SWCX counts are (1.0 ± 0.18) × 102 counts for the 3.3-h observation period on 12 November 2008. Table 2.1 summarizes all the background components. Note that each background component has its error. Also, note that the SWCX signal varies widely depending on various factors including the pointing direction of XMM and also solar wind/IMF condition at the time of observation. This event shows quite a low contribution from the SWCX signal. In the observations studied in CC2019, SWCX emission contribution was about 40% of the total observed signal.The near-earth SWCX count is only 2.3% of the total X-ray background count. This may be a concern of heliophysics readers who have dealt with the data from signal-abundant nearEarth space environments. However, for X-ray background astronomers, weak X-ray signals are common. They have developed rigorous techniques to understand our universe in X-rays and have published numerous studies on X-ray backgrounds, including near-Earth SWCX signals (Carter et al. 2010; Cravens 1997; Cravens et al. 2001; Ishikawa et al. 2013; Kuntz 
and Snowden 2008; Snowden et al. 1997; Whittaker et al. 2016). Although not documented here, we have compared our background counts to those of other astronomers who used more sophisticated background removal techniques. Our background signals are comparable to or higher than their values. We took higher background signals obtained from our techniques and subsequently underestimated the SWCX signals because we are interested in the lower-end exospheric density, an important quantity for the SMILE and LEXI teams to understand the minimum SWCX signals and thus prepare their mission accordingly. We also performed a spectral analysis of the entire event interval using the X-ray fitting software Xspec to double-check if our XMM observation included SWCX signals. We found that our fitting results were significantly improved by the addition of the SWCX emission lines. Finally, we
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Table 2.1 Summary of the soft X-ray background counts for the 12 November 2008 event, in the energy band of 0.4-1.0 keV.Component Counts Contribution (%)Total (Cbgd) 4.3 × 103 100Instrumental ( Cinst ) 2.0 × 103 46.6Astronomical (Csky ) 1 . 5 × 10 3 33.4Heliospheric (Cheiio) 7.7 × 102 17.7SWCX (CSWCX) 1 . 0 × 10 2 2.3
performed the same background removal processes for an XMM event that was expected to see no near-Earth SWCX signal. We found that the residual soft X-ray count is nearly zero or 0.03% of the total X-ray background count, demonstrating the robustness of our background removal techniques. Therefore, to the best of our knowledge on the X-ray backgrounds and the available background removal techniques, XMM did observe near-Earth signals, and our SWCX count is considered a minimum value.
2.5.2 Neutral Density Estimation

We derived an exospheric neutral density from the 12 November 2008 event. About 3.3 h of soft X-ray data (03:43-07:03 UT) were available from the EPIC MOS observations. Figure 2.3 summarizes the orbital and observational details of the spacecraft observations, as well as the IMF and solar wind conditions during the period of interest. Figure 2.3A displays the XMM orbit (blue line), its LOS direction (black line), the THEMIS-B orbit (green line), the magnetopause location (red line), and the bow shock location (yellow line) projected on the GSE XY (left) and XZ (right) planes during the observation period. The orange/red dots present the starting locations of XMM/THEMIS B for this event, respectively. Figure 2.3B shows, from top to bottom, the IMF, solar wind velocity, number density, plasma pressure (P = nkT ), and solar wind proton flux (nswVsw,x). The green and gray shaded areas indicate intervals of XMM near-Earth SWCX observation and the THEMIS-B magnetosheath observation, respectively. We used the WIND plasma and magnetic field observations, downloaded from the NASA CDAWeb. WIND was located at 239.4 RE sunward, and its 
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data were time-shifted by 1.24 hours to consider the solar wind propagation from WIND to a subsolar bow shock using the minimum variance method explained in Raeder et al. [2008] and the references therein. The magnetic field observed from the Magnetic Field Investigation (MFI) [Lepping et al., 1995] instrument had a 1-min resolution, and the plasma data from the Solar Wind Experiment (SWE) [Ogilvie et al., 1995] instrument had a 92-second resolution. Both the magnetic field and the solar wind data were adjusted to have a 1-min resolution using a linear interpolation method before they were submitted to the OpenGGCM model.XMM moved from (-0.88, 8.68, -9.96) to (-3.09, 7.26, -13.03)RE in the GSE coordinates, and its LOS direction was fixed at (0.28, 0.63, 0.73) in the GSE coordinates that used the XMM location as the origin. During the XMM observation, THEMIS-B crossed the dawnside magnetosheath [from (-6.11, -20.55, -2.61) to (-5.05, -25.27, -3.07)RE ], providing not only the plasma conditions in the magnetosheath but also the locations of the magnetopause and the bow shock. We used these THEMIS-B data for model validation and the model-induced error analysis in our density estimates. Throughout this short observation, the solar wind condition and the IMF magnitude did not show a drastic change. The maximum-to-minimum difference in the solar wind density was 2.19 cm-3 (with a maximum of 5.85 cm-3 and a minimum of 3.64 cm-3 ), and that of the IMF BZ was 3.07 nT (from 0.66 nT to 3.73 nT) We simulated the 12 November 2008 event using the solar wind and IMF conditions in Figure 2.3B as inputs for OpenGGCM.Figure 2.4 compares the OpenGGCM data (green) with the THEMIS B observations (blue). The plasma density (Np), effective velocity (Veff ), effective flux (Np × veff), model- to-data ratio of the effective flux, and three magnetic field components (Bx, By, Bz) are shown from top to bottom. The model-to-data comparison of the effective flux (Np × veff ) is shown because this flux is a key parameter that determines potential reaction rates (Q) and thus, contributes to the estimation of the characteristic neutral density (N0 ), as seen in equations (2.5) and (2.10). While THEMIS B crosses the magnetosheath (the gray shaded area), the model-to-data ratio is nearly 1, which suggests that the MHD model reasonably
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Figure 2.3 (A) XMM orbit (blue), its LOS direction (black), and the THEMIS B orbit (green) pro jected on the GSE XY (top) and XZ (bottom) planes. The starting location of XMM and THEMIS B are shown as orange and red dots, respectively. The yellow and red curves show the bow shock [Jerab et al., 2005] and the magnetopause [Shue et al., 1998], respectively. (B) Solar wind and IMF conditions during the XMM observation (green area) and during the THEMIS B magnetosheath crossing (gray area), obtained from WIND. The IMF, solar wind velocity, number density, plasma pressure (= nkT), and solar wind proton flux (=nsw vsw ) in the GSE coordinates are shown from top to bottom.
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Figure 2.4 Comparison of the OpenGGCM results (green) with the THEMIS B plasma observation (blue) on 12 November 2008. From top to bottom, the plasma density, effective plasma velocity, effective flux, model-to-data ratio of the effective flux, and three magnetic field components (Bx, By, Bz) are shown. The gray shaded area indicates when the THEMIS B passed through the magnetosheath. The dashed black line in the plot of the model-to-data ratio of the effective flux shows where the model-to-data ratio equals 1.
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reproduced the magnetosheath plasma conditions. The modeled By and Bz components show good agreement with the THEMIS observations, while the Bx component shows a larger discrepancy with the data. However, this model-data gap in Bx is expected because MHD models (not only OpenGGCM but also other MHD models) often set the IMF Bx at a constant value or put constraints on Bx to save IMF By and Bz in the model input [Raeder 
et al., 2008], due to the lack of the community's knowledge on the 3D structure of the solar wind/IMF conditions. This magnetic field discrepancy did not affect our calculation of the soft X-ray emission, since the soft X-ray depends on the magnetosheath proton flux whose model-to-data ratio is almost 1.Figure 2.5 presents solar wind flux, modeled potential reaction rate (Q), accumulated potential reaction rate ( Qdt), XMM-background count rate (Cbgd), and accumulated XMM background counts ( Cbgd dt) from top to bottom. Cbgd is the total XMM background counts after the astrophysical point source removal, including not only the near-Earth SWCX signal but also the astronomical, heliospheric, and particle background. A fluctuation in Cbgd can be considered due to the near-Earth SWCX variation because other background counts vary in a much longer time scale than the ~3.3 hours of our observation period. Solar wind flux is nearly constant during this event, as are the modeled potential reaction rate and the XMM background counts.The total near-Earth SWCX count on the 12-November-2008 event is 102, very weak compared to the count rates in CC2019 that went up to 250 counts/ks. To increase the source-to-noise ratio of the XMM data, we used the total accumulated potential reaction rate ( Qdt) and the total near-Earth SWCX (CSWCX) during the 3.3-h event. From equation (2.10), we obtained an exospheric density near the subsolar magnetopause at 36.8 cm-3. Here, we used the count and the accumulated potential reaction rate instead of the count rate and the potential reaction rate.
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Figure 2.5 Modeled potential reaction rate and total XMM background counts of the 12 November 2008 event. From top to bottom, the solar wind flux, modeled potential reaction rate (Q), accumulated potential reaction rate (f Qdt), total XMM background count rate 
(CRbgd), and accumulated XMM count rates (f Cbgd) are shown. The effective scale factor β is shown at the bottom of the figure.
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2.5.3 Error Analysis
We calculated the uncertainty of the neutral density measurement by estimating and propagating the error in the near-Earth XMM counts (CSWCX) obtained from the soft X- ray background removal process and the error in the potential reaction rate (Q) from the model-data magnetosheath boundary mismatch.As described in section 2.5.1, we obtained CSWCX by subtracting the instrumental background (Cinst), sky background (Csky ), and heliospheric background (Chelio) from the total XMM background counts ( Cbgd ).

We calculated the error in CSWCX by propagating Poisson errors in each component:

We estimated the relative error (ESWCX/CSWCX) for the 12-November-2008 event at 18%.The soft X-ray emission of this event mostly comes from the magnetosheath (see theXMM LOS in Figure 2.3a), and therefore depends on the magnetosheath plasma flux and the magnetosheath thickness along the LOS. The model-data comparison in Figure 2.4 shows that OpenGGCM reasonably reproduces the magnetosheath plasma flux. However, OpenGGCM shows a wider magnetosheath than the THEMIS observation. During this event, THEMIS B observes multiple magnetopause crossings, from 00:30 UT until it fully enters the magnetosheath at 01:30 UT. At ~12:40 UT, THEMIS crosses the bow shock and enters the upstream solar wind. However, the simulated spacecraft in OpenGGCM crosses the magnetopause around 00:20 UT, earlier than THEMIS B does, and stays still in the magnetosheath at 12:40 UT when THEMIS B went out to the solar wind. OpenGGCM provides an approximate calculation of the Earth's magnetospheric system under a single-fluid 
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MHD theory, so it is understandable if it does not reproduce all the magnetopause crossings observed in THEMIS B. The temporary motion of the magnetosheath boundaries does not significantly affect the calculation of Q because such impact is smoothed out during the 3-h observations of the soft X-ray emission. The important factor is whether our model can catch the average magnetosheath boundaries correctly. The model-data comparison in Figure 2.4 shows a thicker magnetosheath than that in the THEMIS B observations. This thicker magnetosheath in the MHD model over-estimates Q due to its longer integration path and subsequently underestimates exosphere density (N0) in equation (2.10). The error in the estimate of Q caused by the model-data boundary mismatch must be addressed. However, due to the limited number of satellites, it is difficult to know the three-dimensional locations of the magnetopause and the bow shock for the entire observation period.We calculated the maximum error in Q while assuming that the difference between the modeled and observed boundaries was constant throughout the observation period. We used the THEMIS magnetopause and bow shock crossings at 01:34 and 12:40 UT, respectively, as our reference points when we calculated the distances between the modeled and observed boundaries. Then, we shifted the modeled magnetopause sunward and the modeled bow shock earthward according to their boundary difference, and we obtained the narrowest possible magnetosheath during the observation period. Finally, we obtained Q from the narrowest magnetosheath and calculate the relative difference between the Qs from the unmodified and modified magnetosheath as the maximum possible error in Q. The resulting maximum error in Q is 23%.By propagating 23% of the Q error and 18% of the CSW CX error, we obtained 29% of the neutral density error. The resulting neutral density and its error were estimated at 36.8 ± 11.7 cm-3 . Note that the characteristic exospheric density (N0 ) estimated from the 12-November-2008 event is likely to be a lower-limit value. First, the sky background obtained from the ROSAT data (Csky) might have had a fraction that originated from the heliosphere. This could have led to the over-subtraction of Chelio and thus, to underestimation of CSW CX 
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and N0 . Second, β is likely lower than that used in our study, thus underestimating N0 . Due to the severe lack of solar wind heavy ion data, previous studies have shown discrepancies in the high-charge-state ion abundances in the solar wind (Carter et al. 2010; Cravens et al. 2001; Koutroumpa et al. 2006; Pepino et al. 2004; Robertson et al. 2006; Whittaker and 
Sembay 2016), which caused difficulties in calculating β . We used Koutroumpa et al. [2006] because it provided a comprehensive list of high-charge-state ions, and thus, was well suited to our wide-band soft X-ray analysis. However, we found that some ion abundances in 
Koutroumpa et al. [2006] are larger than those in other studies, which led to a large β . Finally, the overestimation of the potential reaction rate (Q) in the MHD model is supposed to create only a positive error. However, the error analysis used in our study naturally assumed that both positive and negative errors are possible in Q. We emphasize the upper error bar more than the lower error bar in our interpretation of our density estimate. In conclusion, our neutral density estimates can be considered lower-limit estimates at the 10RE subsolar location. The actual density is likely to be larger than 36.8 cm-3.
2.6 Discussion

The exospheric density above the 8RE geocentric distance and its variation during a solar cycle are poorly understood due to a severe lack of geocoronal data. CC2019 and Fuselier 
et al. [2010, 2020] showed that from the XMM soft X-ray observations and the IBEX ENA observations of the Earth's magnetosheath it is possible to derive the exospheric density at the 10RE subsolar location, i.e., a typical location of the subsolar magnetopause. Their density estimates range from 4 to 58 cm-3 , with the lowest end coming from the IBEX data [Fuselier et al., 2010] and the highest end from the XMM data [Connor and Carter , 2019]. CC2019 considered the solar cycle a possible reason for this large discrepancy as they pointed out that the IBEX cases in Fuselier et al. [2010] occurred during solar minimum, whereas the XMM cases in CC2019 occurred near solar maximum. However, Fuselier et al. [2020] derived a solar maximum neutral density of 11-18 cm-3 from an IBEX event on 4 November 
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2015, which was not very different from the solar minimum density of 4-11 cm-3 from five IBEX events in 2008 and 2009. They concluded that the dayside outer exosphere is weakly dependent on the solar cycle, although they cautiously pointed out that the F10.7 solar irradiance index of their solar maximum event is 110 solar flux units (sfu), lower than the 144.4 sfu and 205.8 sfu of the two solar maximum events of CC2019.The large density discrepancy between the XMM of our result and that of the IBEX studies still exists, partly due to the inherent difference between the two datasets and partly due to the different density derivation techniques used. For example, the ENA observations are very sensitive to plasma velocity distributions [Connor et al., 2021]. For accurate neutral density estimation, a realistic magnetosheath model and sophisticated analysis of the magnetosheath ion flux that moves toward the IBEX detector are necessary. However, the IBEX neutral density studies calculated the magnetosheath ion flux along a simplified IBEX LOS direction by assuming time-independent and homogeneous magnetosheath plasma conditions [Fuselier 
et al., 2010] or by using a static gas-dynamic magnetosheath model without considering the magnetosheath plasma temperature variation and the full Compton-Getting effect (i.e., the relative motion of the magnetosheath plasma and the IBEX ENA detector) [Fuselier 
et al., 2020], as pointed out in Sibeck et al. [2021]. On the other hand, the XMM mission is designed to optimize the signal-to-noise ratio for astrophysical sources with a pencil beam FOV and a long observation time for a specific target. As a result, we had to execute a long background removal process as described in section 2.5.1. This observational difficulty will be addressed to some extent by the wide-FOV LEXI and SMILE missions, which will observe the magnetosheath as the main target. Additionally, the abundance of the high-charge-state ions required for the charge exchange process needs to be studied in further detail, highlighting the need for an independent and new space mission with a heavy ion detector, for the most accurate calculation of β and N0. Our study focused on the lower limit of exospheric neutral density during solar minimum by selecting a large β, to understand the lower limit of the magnetosheath SWCX signals for the SMILE and the LEXI and in an attempt to reduce the 
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large discrepancy between the neutral densities from the XMM and the IBEX studies. We found that our density estimate, 36.8 ± 11.7 cm-3 , are still higher than 4-17 cm-3 of Fuselier 
et al. [2010, 2020] but comparable to other geocorona studies, 24-46 cm-3 of Zoennchen et al. [2015] and the 41 cm-3 of Baliukin et al. [2019], although these geocoronal studies may have had large uncertainties due to their observational difficulties above 8 RE geocentric distances. Additionally, our exospheric density estimate at 10 RE subsolar location is higher than the 25 cm-3 , adopted by the SMILE modeling working group for the near-Earth SWCX prediction [Branduardi-Raymont et al., 2018].Although the direct comparison of the XMM and IBEX densities has been troublesome, the comparison of XMM observations is still meaningful because it clears some ambiguities caused by the different datasets and the different density derivation techniques. Considering the error bars, our solar minimum neutral density is consistent with the 39.9 ± 8.0 and 57.6 ± 8.0 cm-3 solar maximum neutral densities from the two CC2019 events. This seems to support a similar conclusion of Fuselier et al. [2020], i.e., on the minimal response of the outer exospheric density to the solar cycle. However, only a handful of XMM events (two for solar maximum and one for solar minimum) and IBEX events (one for solar maximum and five for solar minimum) have been studied so far. More statistical approaches are needed before testing this hypothesis. Our list of potential XMM-SWCX events would be a useful resource for such statistical analysis. For our future work, we will conduct more case studies using our list and investigate the solar cycle-neutral density relation near the subsolar magnetopause.
2.7 Summary

The LEXI and SMILE missions will observe the Earth's magnetosheath and cusps through X-ray emissions after their respective launches in 2024 and 2025. Measurements of the near-Earth X-ray signal from these missions will allow the derivation of the neutral density near the subsolar magnetopause, an important parameter in the study of the atmosphere-solar wind interaction. We utilized the magnetosheath soft X-ray observations obtained from the 
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XMM astrophysics mission to calculate a solar minimum exospheric neutral density at the 10 RE subsolar location, where the subsolar magnetopause is typically located. First, we surveyed ~11 years of XMM observations and found 193 potential near-Earth SWCX events that are well suited to our density derivation technique. Second, we estimated the exospheric density from a solar minimum event on 12 November 2008 by improving the density derivation technique of CC2019. From the raw XMM observations, we obtained near-Earth soft X-ray data. Then, we subtracted the magnetosheath plasma contribution from the X-ray signals using the OpenGGCM simulation and derived an exospheric density of 36.8 ± 11.7 cm-3 at 10 RE subsolar location during solar minimum. Due to our potential overestimation of the heliospheric signals (Chelio ), effective scale factor (β), and potential reaction rate (Q), our density should be considered a lower limit. The actual neutral density is likely to be larger than 36.8 cm-3. Finally, we compared our results with those of previous studies. Our neutral density is within the range of previously reported densities, 4-59 cm-3. Our solar minimum value is consistent with the values at the solar maximum of 39.9-57.6 cm-3 in CC2019, considering the error bars. This implies that the solar cycle has a minimal impact on the outer exosphere density, as suggested by Fuselier et al. [2020]. However, only a handful of event studies have been reported in the literature to date. Further statistical analysis is needed to conclusively determine the solar cycle-neutral density relation. The neutral density behavior of the outer exosphere will help us understand the Earth's atmospheric loss due to the dynamic space environment and thus, infer the entire evolutionary history of the Earth's atmosphere as well as of other planetary atmospheres.
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Chapter 3

Exospheric neutral density during solar maximum estimated from the XMM 

soft X-ray observations2

2 Manuscript authors: J. Jung, H. K. Connor, J. A. Carter, D. Koutroumpa, and C. Pagani. Planned for 

submission to the Journal of Geophysical Research: Space Physics

Abstract
Near the Earth's magnetosheath, incoming highly-charged ions in the solar wind exchange charge with neutral atoms in the Earth's exosphere. This solar wind charge exchange produces soft X-ray which is expected to be a key technique for imaging the Earth's dayside system in the upcoming Lunar Environment Heliospheric X-ray Imager (LEXI) and Solar wind Magnetosphere Ionosphere Link Explorer (SMILE) missions. One important parameter in the solar wind charge exchange is neutral hydrogen density distribution in the Earth's exosphere. This paper estimates the exospheric density during solar maximum using data from the XMM-Newton astrophysics observatory. We selected five events from 2000 - 2003 from the XMM-Newton data archive, which had soft X-ray signals originating from the magnetosheath. We used Open Geospace Global Circulation Model (OpenGGCM) global MHD model to calculate the necessary parameters to extract exospheric density. From five XMM-Newton observations during solar maximum, the estimated exospheric density is from 42.5-65.1 cm-3 range at 10 RE subsolar point.

3.1 Introduction
The interaction between the solar wind and Earth's magnetospheric system is an important topic in heliophysics. Many fundamental plasma physics processes occurring near the Earth, including magnetic reconnection, have been studied mostly using in situ measurements. While these in situ measurements using heliospheric satellites have deepened the understanding of the location and type of dayside magnetic reconnection at the magnetopause, global measurement of the dayside reconnection has been quite limited. An innovative way to 
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visualize the Earth's magnetospheric system using soft (0.1 - 2.0 keV) X-ray emission has been suggested recently [Connor et al., 2021]. Lunar Environment heliospheric X-ray Imager (LEXI; http:sites.bu.edu/lexi) and the Solar wind - Magnetosphere - Ionosphere Link Explorer (SMILE; Branduardi-Raymont et al. 2018) were planned to utilize the technique.Incoming solar wind to the Earth, after passing the bow shock, is slowed and diverted around the magnetosphere until the flow reaches the magnetopause, which is typically located around 10 Earth radii (RE ) in the subsolar direction [Shue et al., 1998]. As a result plasma density is higher inside the magnetosheath than the solar wind outside of bow shock. In terms of Earth's atmosphere, this ~ 10 Re region belongs to the exosphere, which is the outermost layer of the Earth's atmosphere, which mostly consists of hydrogen atoms with some helium and other atoms. Therefore, this region is where many interesting interactions between the solar wind plasma and neutrals happen.Highly charged solar wind ion, like O7+ and O8+, collides with an exospheric neutral and gains the electron. When it relaxes to the rest state, a soft X-ray photon is emitted. This process is called solar wind charge exchange (SWCX) (Cravens et al. 2001; Snowden 
et al. 2004; Carter et al. 2010, 2011) Three main controlling factors of SWCX are the neutral density, plasma ion density, and the relative velocity between neutrals and ions [Connor and 
Carter , 2019]. Plasma density and velocity inside the magnetosheath are well understood through heliospheric satellites including Cluster, Geotail, THEMIS, and MMS (for example, see Dimmock and Nykyri 2013). In contrast, neutral density distribution around 10 RE is relatively less understood.In this paper, we selected five observations that took place during solar maximum from the XMM-Newton data archive and estimated neutral densities at the 10 RE subsolar location. And we compared our solar maximum neutral density with densities in previous studies. In section 3.2, we explain the data and model used in this study. In section 3.3, we showed how we did analysis for an example event, and show results for the whole five events. In section 
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3.4, we compare our result with previous studies and discuss limitations. In section 3.5, we summarize our study.
3.2 Methodology

To estimate the neutral density using the SWCX signal, we need measurement of soft X-ray flux from the SWCX and plasma parameters. We got the former from the XMM observations and the latter from the OpenGGCM magnetohydrodynamic (MHD) model. XMM-Newton [Jansen et al., 2001] is an astrophysical X-ray space observatory launched by the European Space Agency in 1999. XMM has a highly elliptical orbit with 114,000 km of apogee, 7,000 km of perigee, ~ -40o of orbital inclination, and ~ 48 hours of the orbital period. It has a suite of imaging cameras called the European Photon Imaging Camera (EPIC). One of the cameras is a front-illuminated metal oxide semiconductor (MOS) CCD array [Turner et al., 2001], which data are used in this study. The fields of view (FOV) of MOS camera is 33' x 33' (9.2× 10-5 sr). We obtained Original Data Files (ODFs) from the XMM Science Archive (XSA) and used pipelines of the XMM Science Analysis System (SAS) software package of version 18.0.0 [de la Calle , 2021]. We used the MOS full-frame mode observation data.For case studies, we referred to a list of exospheric-SWCX affected XMM observations of 
Carter et al. [2011]. Five observations were finally selected after a careful selection process detailed in Jung et al. [2022]. In short, observations are discarded if disentanglement of the exospheric SWCX component is difficult. Examples of such observations are observations with extended astrophysical X-ray sources, and observations contaminated by soft proton flaring. We selected five events that span from 2000 to 2003. Their XMM observation number is shown in table 3.1.Although the main mission of XMM is investigating interstellar X-ray sources, many backgrounds need to be subtracted from the observed signal. XMM background can be divided into three categories: photons, particles, and electronic noise [Read and Ponman , 

56



2003]. Photon background can be subdivided into the astrophysical background, SWCX (both from heliosphere and exosphere), etc. SWCX background component from the exosphere is the signal we are going to disentangle. In this case, we need to subtract X-rays from point sources in addition.For plasma parameters including plasma density and velocity, we simulated magnetosheath conditions for each event using the OpenGGCM MHD model. OpenGGCM simulates the interaction between the solar wind and the Earth's magnetosphere. It solves the resistive MHD equations in a stretched Cartesian grid. The OpenGGCM boundary conditions require the specification of solar wind parameters and interplanetary magnetic field (IMF) from a solar wind monitor. In this paper, NASA OMNI data were used as input [King and 
Papitashvili , 2005]. The OpenGGCM model was used as a stand-alone version. More details and applications of the OpenGGCM model can be found in Raeder et al. [2001, 2008]; see also Connor et al. [2012, 2014, 2015, 2016, 2021]; Cramer et al. [2017]; Ferdousi and Raeder [2016]; Ferdousi et al. [2021]; Jensen et al. [2017]; Kavosi et al. [2018]; Oliveira and Raeder [2015]; and Shi et al. [2017].
3.3 SWCX Observation

Figure 3.1a shows an XMM observation in which the FOV of the telescope passes through the magnetosheath, on 23 July 2000. Magnetopause (red) and bow shock (yellow) location was calculated from the Shue et al. [1998] and [Jelínek et al., 2012] models respectively, with solar wind/IMF conditions from OMNI data. XMM started at the orange dot and moved slightly along the short blue line, and the black line denotes telescope pointing. In detail, XMM moved from (10.3, -3.5, -15.0) to (10.7, -2.4, -15.5) RE in the GSE coordinates, while pointing (0.26, 0.43, 0.86) in the GSE coordinates from the XMM. Figure 3.1b shows the solar wind/IMF conditions during the event. XMM observation time is denoted as the green shaded interval and Geotail crossing time is denoted as the gray shaded interval. From top to bottom, IMF, solar wind velocity, solar wind density, plasma pressure, and proton flux are
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Figure 3.1 (a) XMM location (blue line starting from orange dot), its pointing direction (black), and the Geotail orbit (green) projected on the GSE XY (top) and XZ (bottom) planes, on 23 July 2000. The starting location of XMM and Geotail are shown as orange and red dots, respectively. The yellow and red curves show the bow shock [Jelínek et al., 2012] and the magnetopause [Shue et al., 1998], respectively. (b) Solar wind and IMF conditions during the XMM observation (green area) and during the Geotail magnetosheath crossing (gray area), obtained from OMNI data. The IMF, solar wind velocity, number density, plasma pressure (= nkT), and solar wind proton flux (=nswvsw) in the GSE coordinates are shown from top to bottom.
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shown. During the 2 h observation, the solar wind and IMF were steady except for a brief peak around 19:30 UT.Derivation of neutral density was done following the technique of Jung et al. [2022]. To summarize, we first excluded the time interval affected by soft proton flaring, and to disentangle exospheric SWCX count rates, we subtracted particle background, astrophysical point sources/background, and heliospheric background. Then we estimated the neutral density at 10 RE by following equations in section 2.3. Note that by using Q, we assume that the relative abundance of each highly-charged ion over the proton is spatially constant along the line of sight of the XMM telescope.β accounts for microscopic atomic parameters. E j is an emission line energy of transition j in eV, E is our energy band of interest (0.4 - 1.0 keV), Aj is the effective area of XMM in cm2 at line energy Ej , Nsq is the number density of a solar wind ion of species s with charge state q (Sq+) in cm-3, Np is the proton number density, Yj is the photon yield for the transition of S(q-1)+ in number of photons. Nsq/Np , σsq, and Yj were obtained from 
Koutroumpa et al. [2006]. For the rest of parameters, how we determined each parameter is explained in Jung et al. [2022].We ran an OpenGGCM simulation to calculate the potential reaction rate Q. To validate the model result, we compared OpenGGCM result with Geotail [Nishida , 1994] in situ measurements in figure 3.2. Geotail H0_CPI and K0_MGF data were used. In first to third panels, plasma number density (Np), effective plasma velocity (Veff), effective flux (Np ×Veff) are shown, with the OpenGGCM results (green lines) and Geotail measurements (blue lines). In the last panel, the model-to-data ratio of the effective flux is shown. OpenGGCM shows slightly lower density, and thus the model-to-data ratio is lower than 1, averaged to be 0.65 while Geotail passes the magnetosheath (gray shaded area in 3.2). As Q is proportional to the effective flux (see eq. 2.5), assuming Geotail plasma measurements are correct, Q was corrected by the ratio in the neutral calculation. (Q = 1/ratio × QMHD) We also considered the boundary correction. If magnetosheath is thicker in the simulation than in the reality,
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Figure 3.2 Comparison of the OpenGGCM results (green) with the Geotail plasma observation (blue) on 23 July 2000. From top to bottom, the plasma density, effective plasma velocity, effective flux, and model-to-data ratio of the effective flux are shown. The gray shaded area indicates when the Geotail passed through the magnetosheath. The dashed black line in the plot of the model-to-data ratio of the effective flux shows where the model-to-data ratio equals 1.
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Q would be over/underestimated. As can be seen from 3.2, boundary crossing of Geotail denoted in the figure (ends of gray shaded area) almost coincides with that of MHD, with only 2 minutes of difference. Using the same correction technique of Jung et al. [2022], we got 1.1% of maximum Q error.Figure 3.3 shows the final parameters and result of our neutral calculation for the 23 July 2000 event. From top to bottom, solar wind flux, modeled potential reaction rate (QM H D ), SWCX count rates observed by XMM (CRSW CX ), and the estimated neutral density at 10 RE (N0) calculated using Eq. 2.10 are shown. The vertical lines in the bottom two plots indicate error bars of CRSWCX and N0, propagated from the errors in count rates and Q. The estimated neutral density was 60.8 ± 12.2 cm-3 .In the first panel of figure 3.3, solar wind flux was mostly steady, with a strong increase around 18:20 UT. Potential reaction rate Q also follows the same pattern. SWCX count rates are generally on the same pattern, except that increase happens a bit earlier, around 18:05 UT. There could be two potential reasons for this. First, as can be seen in figure 3.1, XMM moved closer to the center of the magnetosheath, thereby getting more SWCX signals at a later time. Second, it could have been caused by XMM observing high flux solar wind earlier than the solar wind monitor (which is located at the bow shock nose for OMNI data). As mentioned previously, the XMM look direction was (0.26, 0.43, 0.86) in the GSE coordinates, which is slightly sunward. As SWCX emissions come from the line integral along the look direction, high flux solar wind could be detected earlier from SWCX than from the bow shock nose. The solar wind phase front can also be tilted.XMM observed SWCX from the magnetopause for several observations from July 2000 to May 2003. For the five observations we chose, there was no other source of X-ray that makes disentanglement of SWCX difficult. Table 3.1 shows these observation dates, XMM observation number, estimated neutral density at 10 RE (N0 ), error of the density estimates (N0 Error). Like the 23 July 2000 case, we ran an OpenGGCM simulation for each of the observations and validated the result using in situ data if it exists. Otherwise, we validated
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Figure 3.3 Neutral density estimates for 23 July 2000 event. From top to bottom, solar wind flux, modeled potential reaction rate (Qmhd), SWCX count rates observed by XMM 
(CRswcx), and estimated neutral density at 10 Re (N0) are shown.
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Table 3.1 Summary of the neutral dentity estimates in the 5 solar maximum events, in the energy band of 0.4-1.0 keV.Date No. Obsn. N0 (cm-3) N0 Error (cm-3 )07-23-2000 0127921101 60.8 12.209-11-2000 0109060101 65.1 18.810-16-2001 0054540501 59.6 10.803-29-2002 0113050401 65.2 7.205-04-2003 0150610101 42.5 14.0
the result using a well-established magnetosheath model [Spreiter et al., 1966] and our MHD-based magnetosheath model, in the same way, we corrected the MHD result using Geotail observations for the 23 July 2000 event. Exospheric neutral densities at the 10 RE range from 42.5 to 65.2 cm-3, with uncertainties of 7-19 cm-3.
3.4 Discussion

There are three main approaches employed in previous studies to estimate neutral density.One approach uses Geocoronal Lyman-α observations (Bailey and Gruntman 2011; 0stgaard 
et al. 2003; Zoennchen et al. 2011, 2013, 2015, 2017; Baliukin et al. 2019). Solar Lyman-α photons that are resonantly scattered by the Earth's exospheric neutrals can be used to estimate neutral density. However, geocoronal observations are usually less effective above 8 RE due to interplanetary Lyman-α glow [Bailey and Gruntman , 2011]. The second approach uses a soft X-ray SWCX signal to estimate neutral density. Charge exchange between highly charged solar wind ion and exospheric neutral can produce a soft X-ray, which can be used to derive the neutral density. (Carter et al. 2010; Ishikawa et al. 2013; Connor and Carter 2019; Jung et al. 2022). The last approach uses the energetic neutral atom (ENA) flux to estimate neutral density. Protons in incoming solar wind can exchange charge with neutral hydrogen in the Earth's exopshere and become ENAs. Fuselier et al. [2010] reported 4 - 11 cm-3 from energetic neutral atom observations from Interstellar Boundary Explorer (IBEX; 
McComas et al. 2009; Funsten et al. 2009) in solar maximum, and recently obtained similar value range of 11 - 17 cm-3 in solar minimum at 10 RE [Fuselier et al., 2020].
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Our study follows that of Jung et al. [2022], by which an XMM observation taken on 12November 2008, was analyzed to derive neutral density. They reported 36.8 ± 11.7 cm-3 at 10 Re. It is consistent with our estimated neutral density range in solar maximum, 42.5 - 65.1 cm-3 considering the error bar. However, more events need to be studied to conclude the solar cycle difference of neutral density. For solar minimum only, our result is also consistent with the neutral density estimates of Connor and Carter [2019], in which they analyzed two observations in 2001/2003 of XMM and obtained 39.9 - 57.6 cm-3 of neutral density. Recent Lyman-α studies which included 10 RE distance in their studies also showed comparable results with ours. Baliukin et al. [2019] used the SOHO mission and Zoennchen et al. [2022] used the CASSINI mission to arrive at neutral density estimates at 10 RE was 35 - 60 cm-3.However, there is quite a large gap between our result and the estimate of IBEX studies.Several possible reasons can cause such a gap. Each approach uses different mechanisms to estimate neutral density and has different assumptions in the derivation process. On the one hand, as ENA is a particle, the travel direction of ENA is the velocity of the proton just before the charge exchange with the neutral. Therefore, ENA flux is not isotropic but dependent on the plasma velocity distribution at the source location [Connor et al., 2021]. However, the travel direction of the photon emitted by SWCX is random, and SWCX emission is isotropic. On the other hand, as mentioned in section 3.2, soft X-ray from the SWCX should be disentangled from other soft X-ray signals, including diffuse sky background, the signal from point sources, and particle background. LEXI and SMILE, with a wide FOV soft X-ray imager designed to observe near-Earth soft X-rays, will resolve some of this difficulty, because some of the limitations of SWCX observation using XMM come from the fact that XMM was optimized for point/extended source analysis and not whole FOV background analysis.There are some other possible sources of error for our study. One is the aforementioned assumption that the relative abundance of each highly charged ion over the proton is spatially constant. Due to the lack of previous studies, the abundance of ions as a function of the position is not well studied, thus it is a potential error source not considered in our error 
64



calculation. Another one is the quiescent soft proton background. Though soft proton signal is usually characterized by flaring time interval as explained in Jung et al. [2022], there is also soft proton flux coming into the telescope during the time interval which is not affected by proton flaring. This component is called quiescent soft proton background, and the error of it is not clearly understood therefore it was not included in our error calculation.
3.5 Conclusion

We estimated exospheric neutral density at 10 RE subsolar location using five XMM observations during solar maximum. SWCX signal was disentangled from other soft X-ray background components. OpenGGCM simulation was run for each event to calculate the potential reaction rate Q. With obtained SWCX signal and Q, the neutral density needed to emit such an amount of signal was estimated. Final neutral density range was 42.5 - 65.1 cm-3. This result is consistent with recent Lyman-α studies (Baliukin et al. 2019; Zoennchen 
et al. 2022) and XMM case studies (Connor and Carter 2019; Jung et al. 2022).Using X-ray imaging, magnetosheath shape can be observed by wide FOV imagers on board LEXI and SMILE, which can be used to study the interaction between the solar wind and the Earth's magnetospheric system. Exospheric hydrogen density is one key parameter in figuring out such SWCX emission. Here we showed the neutral density result of case studies for solar maximum. Sibeck et al. [2018] showed that with Hodges [1994] neutral density model, SWCX is possible to be discerned in soft X-ray even when combined with other background components. Hodges [1994] model predicts 22-34 cm-3 at 9.74 Re at solstice. Our density estimate is higher than this, which means tracking magnetopause motion from soft X-ray missions should be not difficult. We will do statistical analysis for solar minimum XMM observations to investigate the solar cycle effect on the neutral density.
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Chapter 4
3 

A user-friendly, parameterized model of magnetosheath conditions

Abstract
LEXI and SMILE will observe magnetosheath and its boundary motion in soft X-rays for understanding magnetopause reconnection modes for solar wind conditions after their respective launches in 2024 and 2025. Magnetosheath conditions, namely, plasma density, velocity, and temperature, are key parameters for predicting and analyzing soft X-ray images from the LEXI and SMILE missions. We developed a user-friendly model of magnetosheath that parameterizes number density, velocity, temperature, and magnetic field by utilizing the MHD model as well as the pre-existing gas-dynamic and analytic models. Using this parameterized magnetosheath model, scientists can easily reconstruct expected soft X-ray images and utilize them for analysis of observed images of LEXI and SMILE without simulating complex magnetosheath models. First, we created an MHD-based magnetosheath model, from 14 OpenGGCM simulations under 1, 5, 10, 15, 20, 25, 30 cm-3 of solar wind density and ± 4 nT of Interplanetary Magnetic field ZGSE component. We compared the model result with THEMIS statistical data and it showed good agreement with a weighted Pearson correlation coefficient greater than 0.77, especially for plasma density and temperature. Second, we compiled a suite of magnetosheath models incorporating previous magnetosheath models (gas-dynamic, analytic) and did two case studies to test the performance. Third, we constructed a tool to calculate a soft X-ray image from a given vantage point, which can support the planning of the aforementioned LEXI and SMILE missions.

4.1 Introduction
Magnetic reconnection is a key process that transfers mass, momentum, and energy from solar wind to the Earth's magnetosphere. Recent series of satellites, namely Cluster, THEMIS, 
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and MMS missions, have enabled the space science community to study smaller and smaller scales of magnetic reconnection, greatly improving our understanding of fundamental physics. However, these datasets are somewhat limited for studying large-scale reconnection that is required for understanding the holistic behavior of the Earth's magnetospheric systems under the dynamic solar wind and interplanetary magnetic field (IMF) conditions because only local measurements are obtained.LEXI and SMILE are scheduled to launch in 2024 and 2025, respectively, for addressing the global nature of the magnetopause reconnection, a starting point of solar wind - magnetosphere interaction. Both LEXI and SMILE will have a wide field soft X-ray imager on board, observing the soft X-rays emitted in the magnetosheath by the charge exchange between highly charged solar wind ions and exospheric hydrogen atoms. The soft X-ray images can capture the magnetosheath and its boundary motion under dynamic solar wind/IMF conditions, helping to understand the large-scale reconnection pattern on the magnetopause. LEXI will provide wide field-of-view images of the Earth's dayside system from the lunar surface during its 9-day operation period. SMILE will also observe the dayside system in soft X-ray but from a highly-elliptical polar orbit, providing over 40 hours of continuous images per orbit during its 3-year mission period.Magnetosheath plasma number density, velocity, and temperatures are required parameters for calculating a soft X-ray image of the Earth's dayside system. Previous studies (Connor 
et al. 2021, Sun et al. 2019) utilized global magnetohydrodynamics (MHD) models to create expected soft X-ray images from various vantage points. Although the MHD model provides realistic magnetosheath parameters during various solar wind/IMF conditions, the simulation takes considerable time, and the analysis of the modeling results requires sophisticated techniques which may be a difficult task for non-experts of modeling.Therefore, in this section, we developed a user-friendly magnetosheath model that parameterizes plasma and magnetic field conditions based on MHD, gas-dynamic, and analytic models. First, we developed an MHD-based magnetosheath model and compared its re
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sults with THEMIS statistical data. Second, with the previous magnetosheath models, we compiled a suite of magnetosheath models. We compared the result of each model in the suite with the in-situ data of Cluster and THEMIS. Finally, we showed an example of X-ray image simulation using our MHD-based magnetosheath model. We made our code public on https://github.com/jjung11/Mshpy so that researchers can use it.
4.2 MHD-Based Magnetosheath Model
4.2.1 Coordinates and Boundaries

One of the most commonly used coordinate systems in space physics is Geocentric Solar Ecliptic (GSE) coordinates system. It has its X-axis pointing from the Earth toward the Sun and Z-axis pointing in the direction of the north ecliptic pole. The Y-axis lies in the plane of the ecliptic in the direction opposite to the Earth's motion. However, GSE coordinate system is not an ideal coordinate system for the magnetosheath parameter model because the bow shock (BS) and magnetopause (MP) continuously move in response to solar wind/IMF conditions. Instead, we adopted a new coordinate system for our magnetosheath model. First, we converted GSE to aberrated GSE coordinates, to account for the Earth's orbital motion. In that way, the incoming, upstream solar wind is parallel to the x-axis. Next, we adopted two angles and a fractional distance to represent a point in the magnetosheath, as seen in figure 4.1. Two angles are longitude (θ) and latitude (ϕ) in aberrated GSE coordinates and the fractional distance (f) is

where R is the aberrated GSE position vector and rmp and rbs are the geocentric distance to the MP/BS in the given latitude and longitude direction, respectively. In our magnetosheath coordinates, f=0 indicates the MP location and f=1 the BS location.
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Figure 4.1 Diagram of the magnetosheath model coordinates. (a) longitude in the XY plane and (b) latitude in the XZ plane with a fractional distance between MP (f=0; blue curve) and BS (f=1; orange curve). The aberrated GSE coordinates are used in these plots.
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In this coordinate system, we need magnetosheath boundary models. Currently we have implemented Shue et al. [1998] MP and Jelínek et al. [2012] BS models. Shue et al. [1998] is a widely used empirical MP model. It was developed with boundary crossing data of ISSEE1/2, AMPTE/IRM, and IMP 8 satellites, and later improved with Interball 1 satellite MP crossing data. According to the model, radial distance from MP is given by:

where θ is the solar zenith angle, and the standoff distance r0 and the level of tail flaring 
α are given by:

r0 and α depend on IMF Bz and solar wind dynamic pressure Pd .
Jelínek et al. [2012] BS model is developed using a method of determination of the most probable boundary locations, using THEMIS data. It can be expressed in the following functional form as a function of aberrated GSE coordinates:
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where R0=15.02 Re, λ=1.17, e=6.55, and Pd is the solar wind dynamic pressure. For the BS model we tested not only the Jelinek et al. [2012] model but also the Jerab et al. [2005] model. Jerab et al. [2005] utilized only BS crossing data below Xgse <8 Re (flank region) and thus their model tends to locate a BS more earthward than Jelínek's BS model, creating a very narrow magnetosheath (<1 RE) under most solar wind/IMF conditions when combined with the MP model of Shue et al. [1998]. To avoid this issue, we adopted the



BS model of Jelínek et al. [2012] as a default model, while providing an option for users to manually select their preferred BS model.Our magnetosheath model processes are like the following. First, a user inputs a locationof interest in a typical GSE coordinate system along with solar wind and IMF conditions. Currently, the code accepts a text file formatted similar to the NASA OMNI data. Then, our model calculates magnetosheath boundaries under the given solar wind conditions and obtains f, θ, and ϕ of the input location by using the boundary information. Finally, the model calculates the magnetosheath parameters at the given point by linearly interpolating the MHD-based magnetosheath values at the nearby seed points. The next section describes how we extracted the MHD-based values at each seed grid.
4.2.2 Parameterization of MHD Model

Open Geospace Global Circulation Model (OpenGGCM) global MHD model was used to extract MHD-based magnetosheath values as a function of solar wind/IMF conditions. OpenGGCM solves a semi-conservative form of the MHD equations in a stretched 3D Cartesian grid. Semi-conservative form means that OpenGGCM numerically conserves mass, momentum, and plasma energy, but not the total energy, to avoid an instability that arises in the fully conservative form [Raeder et al., 2008]. Inputs for the OpenGGCM are solar wind and IMF conditions and outputs are plasma density, velocity, temperature, and electromagnetic fields in the simulation domain, ranging (-500, 25), (-48, 48), (-48, 48) for x, y, z in GSE RE. A stand-alone OpenGGCM model was used for this paper. Model details and applications can be found in Raeder et al. [2001, 2008], Connor et al. [2012, 2014, 2015, 2016, 2021], 
Oliveira and Raeder [2015], Ferdousi and Raeder [2016], Ferdousi et al. [2021], Cramer et al. [2017], Jensen et al. [2017], Shi et al. [2017], Kavosi et al. [2018].Magnetosheath parameters can be affected by the solar wind/IMF conditions. For this project, we tested a total of 14 SW/IMF conditions: seven solar wind plasma number densities at 1, 5, 10, 15, 20, 25, and 30 cm-3 and two IMF Bz at -4 and 4 nT. Other solar wind/IMF 
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parameters were set to constant near their typical values, IMF Bx=By=2 nT, solar wind velocity Vx=400 km s-1, Vy=Vz=0 km s-1, temperature T=105 K. The dipole tilt angle was set at zero for all the simulations.For the set of MHD simulations, we determined the locations of MP and BS for each solar wind/IMF condition, using maximum and minimum gradients of plasma density along a radial direction. We focused only on the dayside magnetosheath (XGSE >0 ) because soft X-ray emissions are stronger in the dayside magnetosheath [Connor et al., 2021]. Also, we did not consider the polar cusps. It means we had to define an MP shape that does not have polar cusps, and doing it using density gradients could be troublesome near the cusps. Therefore we imposed a search range of R ± 0.8 RE where R is the MP distance in the adjacent angle grid. After the magnetosheath boundaries (i.e. MP and BS) are determined, we set up the seed grids for our magnetosheath model, with a spatial resolution of 0.1 in the fractional distance f and 1o in θ and φ. Finally, we read the magnetosheath parameters at every grid and save them as the base data for our magnetosheath model. These grid values are used to obtain the magnetosheath parameters at a location of a user's interest by using linear interpolation.
4.2.3 Comparison With THEMIS Statistics

The THEMIS satellites were launched in 2007 to study magnetospheric substorms. After completing their prime mission, 3 of 5 THEMIS satellites are still transmitting in-situ data of Earth's magnetospheric environment. These satellites are orbiting in highly elliptical and nearly equatorial orbit with apogees ranging from 10 to 30 Earth radii. The apogee rotates slowly around the Earth to cover the various side of the Earth's magnetospheric system. Therefore, the THEMIS mission provides comprehensive coverage of magnetosheath and its surroundings near the ecliptic equatorial plane.This study utilized 7 years of THEMIS magnetosheath observations (2007 - 2014) published in Dimmock et al. [2017a]. They conducted a statistical study of the dayside magnetosheath
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conditions, using 3-min averages of THEMIS Fluxgate Magnetometer (FGM) and Electrostatic Analyzer (ESA) data that are matched with the 20-min averages of OMNI solar wind/IMF conditions before each THEMIS data point. By averaging the THEMIS and OMNI data, their dataset not only suppresses transient effects in the magnetosheath and solar wind but also includes solar wind propagation effect from the BS nose to the THEMIS locations in the magnetosheath. Dimmock et al. [2017a] calculated the BS and MP position using 
Shue et al. [1998] and Verigin et al. [2001] with the 20-min average of OMNI data, and then obtained the Magnetosheath Interplanetary Medium (MIPM) coordinates of the corresponding THEMIS data point using the boundary information. MIPM is an extension of the Geocentric Interplanetary Medium (GIPM) reference frame. In GIPM, axes are defined as follows:

Note that THEMIS data points were collapsed to the equatorial plane because THEMIS satellites have a nearly equatorial orbit. We used these THEMIS datasets in the magnetosheath coordinates and their corresponding OMNI data for the validation of our MHD-based magnetosheath model.
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From the THEMIS and OMNI data set of Dimmock et al. [2017a], we estimated average magnetosheath conditions for the 14 solar wind/IMF conditions used in our magnetosheath model. We first selected the THEMIS data when solar wind and IMF satisfy the following conditions: 0 <Bx <4 nT, 0 <By <4 nT, 300 <|V | <500 km/s. Then, we further down- selected the THEMIS data to match each solar wind/IMF condition. For IMF Bz = 4 and -4 nT, we selected the THEMIS observations during IMF Bz = 2 - 6 and -6 - -2 nT, respectively. For solar wind plasma density (Nsw) at 5, 10, 15, 20, 25, and 30 cm-3, we selected the THEMIS observations when Nsw ranges between 0 - 10, 5 - 15, 10 - 20, 15 - 25, 20 - 30, and 25 - 35 cm-3, respectively. Finally, the selected THEMIS data for each solar wind/IMF condition were bin-averaged with the resolution of 0.1 in f and 7.5o in ϕ The total number of THEMIS data points used in our study is ~224,000. However, some bins have very low counts. For Nsw >25 cm-3, 87% of the bins had less than 10 counts, thus making it difficult to obtain statistical magnetosheath conditions. In this study, we compared our MHD-based model results with the THEMIS magnetosheath data only for the conditions of solar wind density below 25 cm-3, and only on the dayside.Figure 4.2 compares the MHD-based magnetosheath model results with the THEMIS statistical data for northward (left) and southward (right) IMF. From top to bottom, magnetic field magnitude, plasma density, plasma speed, and temperatures are shown. In this figure, we used only the THEMIS data within f = 0.3 - 0.7 because the THEMIS data points of f <0.3 or f >0.7 are mixed with the magnetosphere or solar wind data, thus potentially contaminating the statistical analysis of magnetosheath conditions. Darker red dots mean that the THEMIS data points are statistically strong. The blue line is the y=x reference line. All the data points will be aligned with this blue line if our model results perfectly match with THEMIS statistical data. The upper left corners show the weighted Pearson correlation coefficients (rW ). Here, weights are based on the number of THEMIS bin counts so that the statistically insignificant data points are penalized in the rW calculation.
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Figure 4.2 Comparison between the THEMIS statistical magnetosheath data and the MHD- based magnetosheath model results for IMF Bz = 4 nT (left) and -4 nT (right). From top to bottom, magnetic field magnitude, plasma density, plasma speed, and temperature are shown. THEMIS data for IMF Bz = 2 - 6 nT and -6 - -2 nT are used for obtaining statistical magnetosheath conditions for IMF Bz = 4 and -4 nT, respectively. Colors represent the number of THEMIS bin counts used in the calculation of averaged magnetosheath parameters. Blue lines represent the perfect model-data match lines. The upper left corner shows the Pearson correlation coefficient (rW) weighted by the number of THEMIS bin counts.
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Plasma density, speed, and magnetic field magnitude in figure 4.2 shows a Pearson correlation coefficient larger than 0.78 for both southward and northward IMF cases. Our data points are not perfectly aligned with the blue line, but this is understandable due to the following reasons. First, there could be transient structures in the magnetosheath that affect the plasma properties from the typical condition. Second, OMNI data paired with THEMIS data may not represent the proper ambient solar wind/IMF condition corresponding to the magnetosheath plasma properties, due to the uncertainty in solar wind propagation. Third, imperfect empirical models of MP [Shue et al., 1998] and BS [Jelínek et al., 2012] potentially make a difference in the position of predicted boundaries and the actual position of them, which affect our coordinates values (f and φ). Lastly, some bins have statistically too low a count to conclude the plasma properties in that region. Despite these uncertainties in the statistical THEMIS dataset, our model-data comparison shows good agreement.Temperature shows a large discrepancy, which also has some possible reasons. First, as mentioned section 4.2.2, OpenGGCM used 105 K for the solar wind temperature, and typical solar wind temperature is 3 × 104 K [Dimmock and Nykyri , 2013]. Second, heating of magnetosheath plasma occurs by the kinetic process at BS [Dimmock et al., 2017b] and the MHD model has limited ability to reproduce the correct heating. Therefore, users are advised to use our temperature results with caution.
4.3 Compilation of Magnetosheath Models
4.3.1 Additional Models

The previous section introduced the MHD-based magnetosheath model. We included three additional magnetosheath models in previous literature so that users can use or compare various models of their interest. The first model is a hydrodynamic model of Spreiter et al. [1966] and provides plasma density, velocity, and temperature of the magnetosheath in terms of upstream solar wind parameters. The plasma density and velocity are obtained from the gas-dynamic approach and using the derived flow field, the magnetic field is obtained from 
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magnetic flux conservation and magnetic induction. It has been widely used and has shown good agreement in comparison with in-situ spacecraft observation (for a review see Stahara 2002). It has also been used for a previous soft X-ray study [Robertson and Cravens , 2003]. We parametrized the Spreiter et al. [1966] model result instead of calculating them directly, which is a time-consuming task. We did the comparison between the parametrized Spreiter 
et al. [1966] model and the THEMIS statistical data, and the results were par with the MHD model result. The Spreiter et al. [1966] model itself contains boundary information, which is not up to date. Using our coordinates system, we scaled the Spreiter et al. [1966] model result to match the Jerab et al. [2005] MP and the Jelínek et al. [2012] BS models.The second magnetosheath model is from Soucek and Escoubet [2012] and provides only magnetosheath plasma velocity with upstream solar wind velocity as input. Their model first calculates plasma streamlines based on Kobel and Flückiger [1994]. The Kobel and Fluckiger [1994] model assumed that currents are concentrated at the magnetosheath boundaries (i.e. magnetopause and bow shock), and that the inside of the magnetosheath is current-free, i.e. V × B = 0. Subsequently, the magnetosheath magnetic field (B) can be expressed as magnetic potential (ϕB), B = VϕB, satisfying the Laplace equation, V2ϕB = 0. For simplicity, they assumed that the magnetopause and bow shock are confocal paraboloids. In addition to obtaining a magnetic field, when IMF is parallel to the solar wind flow, the magnetic field lines can be thought of as plasma flow lines. This means that plasma flow lines can be calculated assuming virtual IMF regardless of actual IMF direction, though not the magnitude. This property was used in Soucek and Escoubet [2012] to find plasma velocity direction. To overcome the difficulty that MP and BS are confocal in the Kobel and 
Fluuckiger [1994] model, they rescaled MP and BS shape to match the preset MP/BS model shape so the magnetosheath boundaries fit better with the actual magnetosheath shape in the following two steps: first, they shift the common focus of the MP/BS to match the preset BS. Any bow shock model which can be expressed as the following parabolic form can be used for the preset BS: x = R - b(y2 + z2). In a second step, they match the MP assuming 
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that the same MIPM position in the magnetosheath would have the same plasma property.To find out the magnitude of velocity, they exploited the Rankine-Hugoniot relation and continuity equation with an ad hoc density model. Assuming following simple equation about the density ratio along the radial distance f, ρ∕ρd = 0.8 + 0.2 × tanh(4f) with ρd meaning magnetosheath plasma density at subsolar BS, the magnitude of the velocity at some point in the magnetosheath can be expressed as a function of solar wind velocity. Soucek and Escoubet [2012] originally used the Farris et al. [1991] BS and the Shue et al. [1998] MP models. As the Farris et al. [1991] BS model is a fixed model, we instead implemented the Jelínek et al. [2012] BS model which depends on solar wind/IMF conditions.The third magnetosheath model is from Vandas et al. [2020] model and provides only magnetosheath magnetic field vectors with upstream IMF magnetic field and solar wind dynamic pressure. Romashets and Vandas [2019] improved a model of Kobel and Flückiger [1994] by solving the same Laplace equation of magnetic potential but with non-confocal shapes of magnetosheath boundaries. Romashets and Vandas [2019] utilized the BS model of Formisano [1979] and the MP model of Formisano et al. [1979]. However, they assumed typical solar wind conditions so boundaries were fixed in their model. Later, Vandas et al. [2020] further upgraded the model of Romashets and Vandas [2019] by utilizing the MP/BS model of Jelínek et al. [2012]. We adopted this updated model.Our magnetosheath models use the MP model of Shue et al. [1998] and the BS model of 
Jelilnek et al. [2012] as default. However, these empirical models may not find the boundaries at the same locations that the satellites observed. Our model allows users to manually relocate the boundary locations based on the satellite crossing data.
4.3.2 Comparison With Satellite Magnetosheath Crossing

We conducted two case studies for testing our model performance. The first event is the magnetosheath crossing of the THEMIS C satellite on 28 June 2008. Figure 4.3a shows the satellite location during this event, pro jected on the XY (top) and XZ (bottom) 
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planes. THEMIS C was located in the magnetosphere at 13:00 UT (orange dot) and moved to the upstream solar wind along the blue line after passing the magnetosheath during 14:08 - 19:00 UT. Figure 4.3b compares our magnetosheath models with the THEMIS C observations (black). Green, blue, red, and magenta lines indicate the results of the MHD- based magnetosheath model, the Romashets magnetic field model, the Soucek & Escoubet plasma velocity model, and the Spreiter gas-dynamic magnetosheath model. To match with the THEMIS magnetopause crossing data, we shifted the Shue MP by 0.4 RE earthward and calculated the magnetosheath parameters from the models.There is some discrepancy between the models and THEMIS data, which is expected because our models are based on several assumptions, like adopting Shue/Jelínek boundary models and no dipole tilt effect. Additionally, at this stage, our MHD-based model does not support various solar wind velocities or IMF (other than northward/southward selection), which also contributed to the discrepancy. Also, THEMIS observation might include kinetic effects that the model cannot reproduce, including mirror modes, Kinetic Alfvén waves, Kelvin-Helmholtz instability, and depletion layer. Despite this difficulty, our MHD-based model shows reasonable agreement with the satellite observations. Additionally, the MHD- based model shows self-consistent calculation between the magnetosheath parameters. The model-data discrepancy of temperature is generally expected because our MHD model was not trained with temperature variance and typical heating of magnetosheath is related to the kinetic effects of bow shock that MHD may not fully address. And magnetic field discrepancy is expected in the MHD model results since we did not consider IMF variations in the MHD simulations. However, the MHD-based model performs reasonably well compared to other magnetosheath magnetic field models.The second event is the Cluster magnetosheath crossing on 4 May 2003, which is used in 
Connor and Carter [2019] for the analysis of near-Earth soft X-ray emission. As seen in figure 4.4a Cluster 4 was located in the magnetosheath at 08:00 UT (orange dot) and crossed the magnetosheath along the blue line during 11:50 - 13:10 UT before entering the upstream solar
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Figure 4.3 The magnetosheath crossing event on 28 June 2008. (a) THEMIS C orbit (blue) projected on the GSE XY (left) and XZ (right) planes. The starting location for THEMIS C is shown as an orange dot. Orange lines represent the BS locations at the start (solid) and the end (dashed) of the THEMIS event, calculated from Jelínek et al. [2012] Similarly, red lines are the MP locations at the start (solid) and the end (dashed) of this event, calculated from Shue et al. [1998] model. (b) Model-data comparison of magnetosheath parameters. The THEMIS C observations (black) are compared with the MHD-based magnetosheath model (green), the Romashets magnetic field model (blue), the Soucek & Escoubet plasma velocity model (red), and the Spreiter gas-dynamic model (purple). Magnetic field Bx, By, Bz , |B|, plasma velocity Vx, Vy, Vz , |V |, number density, and temperature are shown from top to bottom. The gray shaded area indicates when THEMIS passes through the magnetosheath.
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wind. Figure 4.4b compares our magnetosheath model results with the Cluster observations (black) in the same format as figure 4.3b. Here we shifted the MP 0.9 RE sunward and the BS 1.2 RE earthward for matching with the Cluster boundary crossings. The magnetosheath model values are obtained after adjusting the boundaries.The model-data comparison results are similar to the ones of the 28 June 2008 event. For magnetic field, our model predicted a similar value with Romashets magnetic field model for Bx and By components, where the model's prediction had different signs compared to the observed magnetic field components. For the Bz component, our model showed a similar result with the Cluster observed value, while the Romashets model showed the opposite sign again. For magnetic field magnitude, both the MHD-based model and Romashets model did not deviate much from the observation. For the velocity, the MHD-based model prediction was not quite different from the observed values, while the Soucek model slightly deviated near the end of the magnetosheath crossing, which might happen because of uncertainty in fractional distance f, due to boundary mismatch between the model and actual one. For number density and temperature, our model showed consistent results compared with the Cluster observed values.
4.3.3 Modeling of Soft X-Ray Image

A soft X-ray imager can be an important tool for studying where the dayside reconnection happens. For example, Collier and Connor [2018] proposed an algorithm to reconstruct the cross-section of the MP using a soft X-ray image. Therefore, we decided to include a function to simulate a soft X-ray image. In the formulation of section 1.3, we can directly calculate the solar wind charge exchange energy flux F from the MHD result if we assume a certain α.Here we consider one typical solar wind-magnetosphere interaction state: steady southward IMF. The following solar wind and IMF conditions were introduced and remained constant for the model inputs: IMF B = (0, 0, -5) nT. The solar wind density, velocity, and temperature
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Figure 4.4 The magnetosheath crossing event on 4 May 2003. (a) Cluster 4 orbit pro jected on the GSE XY (left) and XZ (right) planes in the same format of Figure 4.3a. (b) Model-data comparison of magnetosheath parameters in the same format of Figure 4.3b.
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were set at 10 cm-3 , 400 km s-1, and 2.9×104 K, respectively. The neutral density was assumed to have the form [Cravens et al., 2001]: 

where the units are eV cm-3 s-1, r is a radial distance from the center of the Earth in Earth radii and θ is the angle between the vector r and the x axis of the geocentric solar magnetospheric coordinates system. Fitted parameters are A1 = 3.2285 × 10-5eV∙cm-3∙s-1, B = -1.7985× 10-5eV∙cm-3∙s-1, α = 2.4908, β = -1.6458, A2 = 1.3588× 10-5eV∙cm-3∙s-1, rref = 10 RE . Their model shows some discrepancy with the PPM-MHD model in the flank region (See figure 5 of Jorgensen et al. [2019]).
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with neutral density at 10 RE , N0 = 25 cm-3. And we assumed α = 6.0×10-16 eV cm2.Figure 4.5a,b present emissivity maps under the aforementioned condition. (a) shows an emissivity map observed from a virtual spacecraft at (XGSE, YGSE, ZGSE)=(0, 30, 0)RE (thus providing side-view), and (b) shows the map from (XGSE,YGSE, ZGSE)=(0, 0, 30)RE (thus providing polar-view). The angular resolution of each image is set at 0.25^×0.25^. The unit is in keV cm-2 s-1 sr-1 . Within the inner magnetosphere, we put the mask to remove the region with r <2.1RE .To validate our emissivity map, we compared X-ray emission rates from our model with the magnetosheath emissions model from Jorgensen et al. [2019]. To detect the magnetosheath boundaries in three dimensions, they constructed emission models from the piecewise parabolic method (PPM) - MHD code, yielding the following equation:



Figure 4.5 (top row) Soft X-ray emissivity map observed by a virtual spacecraft at (X, Y, 
Z)gse=(0, 30, 0)Re (a) and (X, Y, Z)gse=(0, 0, 30)Re (b). The images use 0.25o×1o angular resolution. Note that our model does not support the cusp structure. (middle row) (c) Section in the XY plane of X-ray emissions computed from our OpenGGCM - based model. (d) Section in the XY plane of X-ray emissions computed from the Jorgensen et al. [2019] emission model. Both cases used the Jerab et al. [2005] MP model and the Jelínek et al. [2012] BS model for magnetosheath boundaries. (bottom row) (e) Side-view of soft X-ray emissivity map observed by a virtual spacecraft at (X, Y, Z)GSE=(0, 30, 0)RE. (f) simulated image processed with convolution with the PSF, vignetting, and adding backgrounds. For (a),(b),(c),(e), and (f ), IMF was set to B = (0, 0, -5) nT. Solar wind velocity was set to 400 km s-1 , solar wind density 10 cm-3 , solar wind temperature 2.9× 104 K.
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We plotted the 2D emission map in the GSE XY plane in Figure 4.5c,d. Using the following boundaries model (Shue et al. 1998 MP / Jellnek et al. 2012 BS), we computed the X-ray emission inside the magnetosheath for the XY plane. Our OpenGGCM - based model result is plotted on panel (c) and the Jorgensen et al. [2019] model result is plotted on panel (d). From the plot and also the min/max emission rate shown, it can be seen that our model performs as well as the Jorgensen et al. [2019] model. The difference in the plank region can be explained with the characteristic of Jorgensen et al. [2019] model as mentioned previously. Even including the difference in the plank region, the average relative error was 24.6%.The emissivity map can be converted to a count rate. Here we assumed that the calculated charge exchange emissivity refers to the emitted photons within this band and the theoretical emissivity is consistent with the assumed spectrum. Count rates were converted to counts, using an exposure time of 5 minutes. The sum of signals is convolved with the point-spread function (PSF) and multiplied by the vignetting function. The vignetting function represents the spatially variable instrument response across the field of view. We used SMILE Soft X-ray Imager (SXI) instrument response. Apart from the exospheric solar wind charge exchange, there is also cosmic X-ray background. We used a representative sky diffuse X-ray background map derived from an XMM-Newton observation and a point source list derived from the ROSAT PSPC all-sky survey. Each background was convolved and vignetted first and added to our signal. After that, particle induced background was added. Finally, assuming that the uncertainty in the number of counts in a pixel is given by the Poisson distribution, we got random noise.Figure 4.5e shows the X-ray emissivity map in the field of view of virtual spacecraft at (X, Y, Z)GSE=(0, 30, 0)RE. IMF B = (0, 0,-5) nT, the solar wind density, velocity, and temperature were set at 20 cm-3, 400 km s-1, and 2.9×104 K, respectively. α = 1.0×10-15 eV cm2 was used. Figure 4.5f shows the simulated image generated from the model image from the left panel with the convolution with the PSF, multiplication by the vignetting function, and the addition on backgrounds and noise.
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Except for the cusp structure not yet introduced in our model, the modeled images are similar to the ones in previous studies. (Cravens et al. 2001; Walsh et al. 2016; Sibeck et al. 2018; Connor et al. 2021). Through the X-ray image, the dayside magnetosheath structure is easily discernable by strong X-ray emission. It is because the dayside magnetosheath has high solar wind plasma density and relatively high neutral density compared to outside of BS.
4.4 Discussion

In the validation of our MHD-based model, the THEMIS statistical data we used had some limitations. It enabled us to validate the model only in the dayside equatorial plane, while the model supports a whole dayside magnetosheath. Though we have complemented the validation with case studies using other satellite data (Section 4.3.2), it would be nice if we could secure statistical in-situ data of non-zero latitude in a future study. Also, data points within our dataset are not evenly distributed and some bins have low bin counts. 1174 bins (47% of total bins) had lower than 10 bin counts. We mitigated the problem with weighting on bin counts when validating.As an early-stage model, our MHD-based model has some limitations. First, as mentioned in section 4.2.2, we have not included the impact of various solar wind/IMF conditions. As noted in section 4.2.3, it leads to a mismatch with observed data under high solar wind density conditions. In the future version, we will incorporate OpenGGCM runs under multiple solar wind velocities, stronger/weaker IMF, and various directions of IMF. Second, only a few simple MP/BS models were tested, the Shue et al. [1998] MP model, the Jeřáb et al. [2005] and the Jellnek et al. [2012] BS models. Especially, the Verigin et al. [2001] model, which is used in the compilation of our THEMIS data set [Dimmock et al., 2017a], was not tested, and it could have affected the direct comparison in section 4.2.3. As the Jellnek et al. [2012] BS model is rotationally symmetric while the Verigin et al. [2001] model is not, our model would not be appropriate to study phenomena related to the dawn-dusk asymmetry of magnetosheath. To offer more choices for our model users, we will incorporate more 
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sophisticated boundary models, including the Lin et al. [2010] MP and the Verigin et al. [2001] BS model. Third, currently only dayside (i.e., -90o < longitude <90o) magnetosheath data are treated. That is partly because of our method of defining magnetosheath boundaries using density gradient is not suited for nightside magnetosheath (Section 4.2.2), and partly because it is difficult to validate nightside magnetosheath data due to the current lack of THEMIS statistical data. By finding another method to determine nightside MP/BS and conducting case studies there, we will incorporate some of the nightsides. We are aiming to expand the supported magnetosheath range around -120o < longitude <120o. Fourth, the current version does not take account of polar cusps, although the cusps are the strong emission region of Soft X-ray and ENA. That is because of difficulty in modeling coordinates in magnetosheath including cusp. We are trying to include an analytic cusp model. Fifth, we did not consider the dipole tilt effect. Dipole tilt is known to affect MP location to be asymmetric [Samsonov et al., 2016]. With not much previous study about the impact of dipole tilt on magnetosheath parameters, due to the lack of dipole tilt testing, this can affect the accuracy of our model prediction on plasma parameters.Also, there is a point users need to keep in mind when using the model. This model is about the properties of magnetosheath plasma parameters and is correct about magnetosheath boundaries (MP/BS) position as much as our magnetosheath/BS models are correct. In the future version of the model, we will include more sophisticated boundary models, but even then empirical models have some inherent limitations in common. For example, most of them assume some functional form of the boundary, which may not reflect the realistic boundary shape which is asymmetric and has cusps. Also, many empirical models are constructed on low-latitude satellite MP/BS crossing, which can affect the accuracy in the high-latitude region. Also, the fact that these models are constructed from satellite crossings means that unless constructed for a specific purpose, they cannot represent the boundaries under extreme SW/IMF conditions. It is expected that this problem is somewhat mitigated on the MP side because Shue et al. [1998] is an improved version of Shue et al. [1997] with the measurements 
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of the extreme solar wind conditions. As our MHD-based model was designed to support up to 30 cm-3 of solar wind density, we will address this issue in future studies. Additionally, though some boundary models involve the effect of dipole tilt (Liu et al. 2015; Lu et al. 2019), most of the models do not, including our model. These limitations can cause a problem in the current model interface where user input is GSE coordinates, which may not be converted to the actual magnetosheath normalized coordinates. Though it is not the problem of our magnetosheath model per se, users need to keep in mind such limitations.To mitigate the problem of boundary mismatch, our model provides a manual boundary adjust function as shown in section 4.3. If there is an in-situ satellite boundary crossing data available, users can utilize the data to improve the model accuracy, by matching the predicted MP/BS position(s) with the observed one. To apply the difference at the observed boundary crossing position to the point(s) of interest, for simplicity we assumed the same radial displacement. The same radial displacement along the whole magnetosheath cannot be thought of as reflecting the actual magnetosheath shape, but we decided that it is the simplest solution for the current stage of the model.
4.5 Summary

We developed a user-friendly magnetosheath model based on MHD, gas-dynamic, and analytic models. We constructed the MHD-based model using 14 OpenGGCM simulations under various solar wind number densities and IMF Bz components. Using the normalized radial distance between MP and BS, we set up a magnetosheath grid and constructed a magnetosheath model from the MHD simulations.Our MHD-based model showed good comparison results with THEMIS statistical data. Plasma density, velocity, and magnetic field magnitude showed good agreement (rW ≥ 0.78). Also in two magnetosheath crossings of satellites, the performance of the MHD-based model was on par with other magnetosheath models, namely the Romashets and Vandas [2019] magnetic field model, the Soucek and Escoubet [2012] velocity model, and the Spreiter et al.
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Figure 4.6 Schematic diagram depicting the algorithm and capablities of our MHD-based magnetosheath model.
[1966] model. We compiled other models in our suite of magnetosheath models for users' preferences. Finally, the X-ray image simulated from our model was compared to the previous model [Jorgensen et al., 2019] and showed good agreement. Figure 4.6 shows our model process and capabilities.Our model can be used for LEXI and SMILE soft X-ray prediction, magnetosheath ENA analysis, etc. Modeling of solar wind charge exchange and ENA requires knowledge of plasma parameters, and our model can give self-consistently calculated magnetosheath parameters with low computational cost.
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Chapter 5

Summary and Future Work

Interaction between the solar wind and the Earth's magnetosphere forms the solar terrestrial environment, which contains various plasma structures, like bow shock, magnetosheath, magnetopause, and cusps. Understanding plasma processes in these structures is one goal of heliophysics. Many of the heliospheric satellites provided valuable measurements about these plasma processes and magnetic reconnection. However, most of them were in situ measurements and couldn't provide global observation of the magnetospheric system. Soft X-ray imaging is a new technique to provide global imaging of the Earth's magnetosphere. The LEXI and SMILE missions are planned to launch each with a soft X-ray imager on board. Understanding neutral density is important to refine such a powerful imaging technique. This dissertation has conducted case studies of exospheric density using XMM-Newton astrophysical satellite data. In addition, we undertook modeling of magnetosheath plasma parameters to provide an empirical model of the magnetosphere, intending to facilitate the modeling of SWCX emissions for the scientific community.
5.1 Summary of Results
5.1.1 Solar Minimum Exospheric Neutral Density Near the Subsolar Magnetopause Estimated From the XMM Soft X-Ray Observations on 12 November 2008

We utilized the magnetosheath soft X-ray observations obtained from the XMM-Newton astrophysics mission to calculate a solar minimum exospheric neutral density at the 10 RE subsolar location, where the subsolar magnetopause is typically located. First, we surveyed 11 years of XMM observations and found ~ 200 potential near-Earth SWCX events that are well suited to our density derivation technique. Second, we estimated the exospheric density from a solar minimum event on 12 November 2008 by improving the density derivation technique of Connor and Carter [2019]. From the raw XMM observations, we obtained near-Earth soft 
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X-ray data. Then, we disentangled the magnetosheath plasma contribution from the X-ray signals using the OpenGGCM simulation and derived an exospheric density of 36.8 ± 11.7 cm-3 at 10 RE subsolar location during solar minimum. Due to our potential over-estimation of the heliospheric background, effective scale factor (β), and potential reaction rate (Q), our density should be considered a lower limit. The actual neutral density is likely to be larger than 36.8 cm-3. We also compared our results with the literature. Connor and Carter [2019] studied two observations during the solar maximum of XMM-Newton to estimate neutral density and got 39.9 ± 8.0 and 57.6 ± 8.0 cm-3 at 10 RE subsolar point for each observation. These values are consistent with our 36.8 ± 11.7 cm-3 considering error bars. Also, our result does not deviate from the previous reported exospheric neutral density ranges, 4 to 57 cm-3 [Cucho-Padin et al., 2021].
5.1.2 Exospheric Neutral Density During Solar Maximum Estimated From the XMM SoftX-Ray Observations

We estimated exospheric neutral density at 10 RE subsolar location using five XMM- Newton observations during solar maximum. SWCX signal was disentangled from other soft X-ray background components. OpenGGCM simulation was run for each event to calculate the potential reaction rate Q. With the obtained SWCX signal and Q, the neutral density needed to emit such an amount of signal was estimated. Final neutral density range was 42.5 - 65.1 cm-3. This result is consistent with recent geocoronal studies (Baliukin et al. 2019; 
Zoennchen et al. 2022) and XMM case studies (Connor and Carter 2019; Jung et al. 2022).Using X-ray imaging, the shape of the magnetosheath can be observed by wide field-of-view imagers on board LEXI and SMILE, which can be used to study the interaction between the solar wind and the Earth's magnetosphere. Exospheric neutral density is a key parameter in figuring out such SWCX emission. Here we showed the neutral density result of case studies for solar maximum. Sibeck et al. [2018] showed that with Hodges [1994] neutral density model, SWCX is possible to be discerned in soft X-ray emissions, even when combined with other 

103



background components. Hodges [1994] model predicts 22 - 34 cm-3 at 9.74 Re at solstice. Our neutral density estimate is higher than this, which means tracking magnetopause motion from soft X-ray missions should not be difficult.
5.1.3 A User-Friendly, Parameterized Model of Magnetosheath Conditions

We developed a user-friendly magnetosheath model based on MHD, gas-dynamic, and analytic models. We constructed the MHD-based model using 14 OpenGGCM simulations under various solar wind number densities and IMF Bz components. Using the normalized radial distance between magnetopause and bow shock, we set up a magnetosheath grid and constructed a magnetosheath model from the MHD simulations.Our MHD-based model showed good comparison results with THEMIS statistical data. Plasma density, velocity, and magnetic field magnitude showed good agreement (Weighted Pearson correlation coefficient rW ≥ 0.78). Also, in two magnetosheath crossings of satellites, the performance of the MHD-based model showed less deviation from in-situ data when compared with other magnetosheath models. We compiled other analytic/gas-dynamic magnetosheath models in our suite of magnetosheath models for users' preferences. Finally, the X-ray image simulated from our model was compared to a previous model [Jorgensen 
et al., 2019] and showed less than 25% of relative error.Our model can be used for LEXI and SMILE soft X-ray prediction, magnetosheath ENA analysis, etc. Modeling of solar wind charge exchange and ENA requires knowledge of plasma parameters, and our model can give self-consistently calculated magnetosheath parameters with low computational cost. The code is available on https://github.com/jjung11/Mshpy.Additionally, various properties of magnetosheath can be studied using MHD seed data with various control SW/IMF parameters, including magnetosheath thickness, boundary locations, and plasma parameters. This will be done in future studies.
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5.2 Future Work
From the neutral density estimates of Connor and Carter [2019], sections 2 and 3 of this dissertation, neutral density dependence on the solar cycle seems weak. However, it would not be proper to conclude with a few case studies. Statistical analysis needs to be done on neutral density. In section 2, we compiled a list of XMM events which is included in the appendix. This list of events can be helpful in future statistical analysis. If not feasible, at least more case studies of neutral density during the solar minimum period can be done and compared with the result of section 3. Such work will make the dependence of neutral density on the solar cycle clear.The MHD-based magnetosheath model developed in section 4 shows some limitations, including not supporting a wide range of solar wind conditions. The model can be improved in several ways. First, more MHD simulations can be added to its seed data. Second, more sophisticated magnetopause/bow shock models can be included for the user's choice, including 

Verigin et al. [2001] bow shock model. Third, the model can be expanded into the nightside by carefully determining magnetopause and bow shock in the region. Fourth, cusp regions can be implemented in the model as cusps are strong soft X-ray emission regions. Fifth, the model can be expanded to include the dipole tilt effect. Lastly, the boundary adjusting function could be refined to enable sophisticated boundary correction from the implemented boundary model to the observed model.
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Appendix

Appendix. Supporting Information for ”Exospheric Neutral density near the 

subsolar magnetopause position extracted from the XMM-Newton soft X-ray 

observations on 12-Nov-2008”This supporting information provides a table of potential SWCX observations of XMM-Newton. It includes XMM-Newton observations performed between revolutions 21 and 1990.
Table S1 Table of the XMM-Newton observations with potential SWCX signal, sorted by the observation date. Detailed method of compiling the observations is on section 2.4. Also listed for each case are the revolution number (Rev), observation (Obs), and the MOS1, MOS2 and PN exposure identifiers (MOS1, MOS2, and PN) obtained from XMM-Newton Science Archive (x means no PN data).

Year Month Day Obs no. Rev MOS1 MOS2 PN2000 7 23 0127921201 0114 S001 S002 x2000 11 27 0110980101 0178 S001 S002 x2000 11 30 0112880901 0179 S001 S002 S0032000 12 12 0133120301 0185 S004 S005 x2000 12 14 0113050101 0186 S001 S002 x2000 12 26 0112800201 0192 S002 S003 S0012001 1 1 0112800101 0195 S002 S003 x2001 1 5 0002940101 0197 S001 S002 S0032001 1 6 0050140201 0198 S001 S006 x2001 1 31 0092970501 0210 S001 S002 x2001 2 8 0007422301 0214 S001 S002 S0032001 2 16 0041170101 0218 S001 S005 x2001 3 18 0089940301 0233 S001 S002 S0032001 3 22 0024940201 0235 S001 S005 S002
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Table S1 continued.
Year Month Day Obs no. Rev MOS1 MOS2 PN2001 4 27 0025540301 0253 S001 S002 U0022001 6 1 0111550401 0271 S002 S005 S0012001 6 7 0081340201 0274 S001 S002 S0032001 7 2 0112650201 0286 S001 S002 x2001 9 9 0112480101 0321 S002 S003 x2001 10 9 0101040501 0336 U002 U002 x2001 10 15 0085150101 0339 S002 S003 S0012001 10 21 0085150301 0342 U003 U003 x2001 11 21 0041180301 0358 S001 S002 S0032001 12 8 0011830201 0366 S001 S002 S0032001 12 11 0056020701 0368 S001 S002 x2001 12 12 0025740201 0368 S001 S002 S0032001 12 16 0112551001 0370 S001 S002 x2001 12 22 0094401201 0373 S001 S002 S0032002 1 3 0032141201 0379 U002 U002 S0032002 1 15 0073140201 0385 S004 S005 x2002 1 25 0037980501 0390 S002 S003 x2002 1 29 0109520101 0392 S002 S003 x2002 1 31 0109520601 0393 S002 S003 x2002 2 10 0110990101 0398 S001 S002 S0032002 4 4 0111170101 0425 S001 S002 x2002 4 6 0104860201 0426 S001 S002 S0032002 4 10 0112520601 0428 S001 S002 U0022002 4 12 0134521501 0429 U003 U003 x2002 5 29 0044350101 0452 S001 S002 S003
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Table S1 continued.
Year Month Day Obs no. Rev MOS1 MOS2 PN2002 6 7 0112521301 0457 S001 S002 S0032002 6 26 0104860501 0466 S001 S002 S0032002 10 21 0147511001 0525 S001 S002 S0032002 11 16 0143250101 0538 S001 S002 S0032002 11 21 0037990101 0541 S001 S002 x2002 11 26 0125911001 0543 S009 S010 S0142002 12 10 0020540401 0550 S001 S002 S0032002 12 12 0021740201 0551 S002 S003 x2002 12 15 0094310201 0553 S001 S002 S0032002 12 18 0094360501 0554 S001 S002 S0032002 12 28 0147580401 0559 S001 S002 S0032003 2 5 0149780101 0579 S001 S002 S0032003 2 6 0151580401 0579 S001 S002 S0032003 2 9 0148740401 0580 S001 S002 S0032003 2 12 0141980801 0582 S001 S002 S0032003 4 27 0148742101 0619 S001 S002 S0032003 5 12 0148960101 0627 S001 S002 S0032003 7 11 0141980201 0657 S001 S002 S0032003 11 20 0142830101 0728 S001 S002 S0032003 12 15 0201230101 0736 S001 S002 S0032003 12 28 0200730201 0742 S001 S002 S0032004 1 3 0202140201 0745 S001 S002 S0032004 1 11 0200030101 0749 S001 S002 S0032004 1 19 0203840101 0753 S001 S002 S0032004 1 21 0205090401 0754 S001 S002 S003
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Table S1 continued.
Year Month Day Obs no. Rev MOS1 MOS2 PN2004 1 24 0200780101 0755 S002 S003 S0042004 2 2 0201160501 0760 S001 S002 S0032004 2 14 0201230301 0766 S001 S002 S0032004 2 21 0204710701 0770 S001 S002 S0032004 3 24 0204580301 0786 S001 S002 S0032004 5 12 0203050701 0810 S002 S003 S0012004 5 14 0200020301 0811 S001 S009 S0032004 5 27 0202650101 0818 S001 S002 S0032004 5 30 0202730101 0819 S001 S002 S0032004 6 1 0203390501 0820 S001 S002 S0032004 6 9 0205320201 0824 S001 S002 S0032004 6 12 0205800301 0826 S001 S002 S0032004 6 23 0205390301 0831 S001 S002 S0032004 6 26 0203560401 0833 S001 S002 U0022004 8 5 0201860101 0853 S009 S010 S0112004 8 17 0206890201 0859 S005 S006 x2004 10 22 0201040101 0892 S001 S002 S0032004 11 17 0203360801 0905 S001 S002 S0032004 11 20 0203360901 0906 S001 S002 S0032004 11 21 0203360401 0907 S001 S002 S0032004 11 29 0204400201 0911 S001 S002 S0032004 12 13 0200650101 0918 S001 S002 x2005 1 15 0202130301 0935 S001 S006 x2005 1 28 0200480401 0941 S001 S002 S0032005 2 6 0200770101 0946 S001 S002 S003
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Table S1 continued.
Year Month Day Obs no. Rev MOS1 MOS2 PN2005 2 17 0210470801 0951 S001 S002 S0032005 3 5 0203542201 0959 S001 S002 S0032005 3 30 0201530101 0972 S001 S002 S0032005 4 3 0302640101 0974 S002 S003 S0012005 5 11 0206490301 0993 S001 S002 x2005 5 21 0200800201 0998 S002 S003 S0012005 5 22 0305860401 0998 S001 S002 S0032005 9 2 0300270201 1050 S001 S002 S0032005 9 7 0301690401 1052 S001 S002 S0032005 11 13 0306060201 1086 S001 S002 S0032005 11 23 0302350701 1091 S001 S002 S0032005 11 27 0304250401 1093 S009 S010 S0112005 12 3 0305920201 1096 S001 S002 S0032005 12 5 0306060101 1097 S001 S002 S0032005 12 11 0305360501 1100 S001 S002 S0032005 12 17 0306630201 1103 S001 S002 S0032006 1 10 0307000901 1115 S001 S002 S0032006 1 13 0302900101 1117 S001 S002 S0032006 1 20 0305800901 1120 S001 S002 x2006 3 22 0301150101 1151 U002 U002 U0022006 6 15 0312191501 1193 S002 S003 S0012006 7 13 0405770101 1207 S001 S002 S0032006 9 17 0406421401 1240 S001 S002 S0032006 10 11 0404720201 1253 S001 S002 S0032006 11 5 0406610101 1265 S001 S002 S008
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Table S1 continued.
Year Month Day Obs no. Rev MOS1 MOS2 PN2006 11 8 0406422901 1266 S001 S002 S0032006 11 13 0400020101 1269 S001 S002 S0032006 12 23 0405950501 1289 S001 S004 S0022006 12 28 0402070301 1292 S001 S002 S0032007 1 25 0402780501 1306 S001 S002 S0032007 1 28 0402000501 1307 S001 S002 S0032007 2 19 0402380101 1318 S001 S002 x2007 3 19 0406570401 1332 S001 S002 S0032007 4 11 0404680301 1344 S001 S002 S0032007 4 21 0406960101 1349 S001 S002 x2007 8 16 0501620101 1407 S001 S002 S0032007 8 19 0505011201 1409 S001 S002 S0032007 8 31 0503560401 1415 S001 S002 S0032007 9 10 0503560701 1420 S001 S002 S0032007 9 17 0505200101 1423 S001 S002 x2007 9 18 0501270201 1424 S001 S002 x2007 9 27 0501350101 1428 S001 S002 S0032007 9 30 0502430201 1430 S001 S002 x2007 10 3 0501621601 1432 S001 S002 S0032007 10 6 0502220201 1433 U002 U002 U0112007 11 20 0505382501 1456 S001 S002 S0032007 11 23 0502690601 1457 S001 S002 x2007 11 27 0505382601 1459 S001 S002 S0032007 11 28 0505383301 1460 S001 S002 S0032007 12 5 0502510301 1463 S001 S002 S003
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Table S1 continued.
Year Month Day Obs no. Rev MOS1 MOS2 PN2007 12 9 0502430401 1465 S001 S002 x2007 12 18 0500070601 1470 S001 S002 S0032008 1 6 0501540201 1479 S001 S005 S0022008 1 9 0510980101 1481 S001 S002 S0032008 1 10 0505930401 1481 U002 U002 U0022008 6 28 0554500101 1566 S004 S005 S0062008 6 29 0556212201 1567 S001 S002 S0032008 7 3 0553911601 1569 S001 S002 S0032008 7 5 0555780101 1570 S001 S002 S0032008 7 7 0555780201 1571 S001 S002 S0032008 7 9 0555780301 1572 S001 S002 S0032008 7 11 0555780401 1573 S001 S002 S0032008 7 17 0550930301 1576 S001 S002 S0032008 7 23 0560191401 1579 S001 S003 S0022008 8 12 0555970301 1589 S001 S002 S0032008 8 16 0552080101 1591 S001 S002 x2008 8 24 0551950401 1595 S007 S008 S0092008 9 23 0511000601 1610 S001 S002 S0032008 10 9 0556213301 1618 S001 S002 U0022008 11 4 0555740101 1631 S001 S002 S0032008 11 12 0551860501 1635 S001 S002 S0032008 11 16 0550460801 1637 S001 S002 S0032008 11 20 0550451901 1639 S001 S002 S0032008 11 26 0560180801 1642 S001 S002 x2008 12 4 0554560601 1646 S001 S002 S003
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Table S1 continued.
Year Month Day Obs no. Rev MOS1 MOS2 PN2008 12 12 0550540101 1650 S001 S002 S0042009 5 4 0603380101 1722 S001 S002 S0032009 5 26 0600920301 1733 S001 S002 S0032009 5 30 0604010701 1735 S001 S002 S0032009 7 11 0602830501 1756 S002 S003 S0012009 7 15 0605470201 1758 S001 S002 x2009 7 17 0604960201 1759 S001 S002 S0032009 7 27 0604960101 1764 S001 S002 S0032009 7 29 0604960401 1765 S001 S002 S0032009 10 14 0605581201 1804 S010 S011 S0122009 10 17 0605581301 1805 S010 S011 S0122009 10 19 0605581401 1806 S010 S011 S0122009 10 30 0601780701 1811 S001 S002 x2009 11 7 0601780801 1815 S001 S002 S0032009 11 9 0601211001 1817 S001 S002 S0032009 11 26 0601781701 1825 S001 S002 S0032009 12 1 0601830401 1828 S001 S002 S0032009 12 28 0602020301 1841 S002 S003 S0012009 12 29 0604060101 1842 S001 S002 S0032010 1 2 0601870301 1844 S001 S002 S0032010 2 20 0602730101 1868 S001 S002 S0032010 3 5 0604920101 1875 U002 U002 U0022010 3 27 0656200701 1886 S002 S003 x2010 3 31 0602520201 1888 S001 S002 S0032010 4 10 0603501001 1893 S001 S002 S003
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Table S1 continued.
Year Month Day Obs no. Rev MOS1 MOS2 PN2010 8 20 0651710101 1959 S001 S002 S0032010 8 30 0650381101 1964 S001 S002 S0032010 9 5 0653950101 1967 S002 S003 U0022010 9 11 0656202501 1970 S001 S002 x
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