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Seasonal variations of Mg and Ca in the exosphere of Mercury

We simulate the seasonal variations of the Mg 285.3 nm and Ca 422.7 nm brightness and compared our results to the MESSENGER/MASCS observations at dawn. Our results are consistent with the previous studies of Ca while for Mg we used another seasonal variation for the g -value (excitation frequency) at 285.3 nm. We find that both emissions are well reproduced from micrometeoroid impacts when the true anomaly angle (TAA) of Mercury is larger than 80°. For true anomaly angle lower than 80°, an additional source is needed to reproduce the Ca observations in agreement with previous studies, and possibly the Mg observations. We compare several solar spectra (observed or modeled) to study the Mg g-value and found that the seasonal variation of the g-value peaking near TAA=60° used by previous studies to analyse the MESSENGER observations of Mg may be due to an artefact not present in the solar spectrum. The observed seasonal variations of the Mg brightness are better reproduced without this artefact. However, observations of the solar spectrum near 285.3 nm at a spectral resolution of ~ 20 mA would be needed to better estimate the seasonal variations of the Mg excitation frequencies and then to better understand the possible differences in the source of these two species in the exosphere of Mercury.

1) Introduction

As the Moon, Mercury does not have an atmosphere but only a very tenuous surface-bounded exosphere [START_REF] Stern | The lunar atmosphere : history, status, current problems, and context[END_REF]. This exosphere was observed for the first time during the three flybys of Mercury by the NASA mission Mariner 10 in 1974 and 1975 [START_REF] Broadfoot | Mariner 10 : Mercury atmosphere[END_REF]) and later from ground-based observations during more than 30 years [START_REF] Potter | Discovery of sodium in the atmosphere of Mercury[END_REF], see the reviews by [START_REF] Leblanc | Mercury's exosphere origin and relations to its magnetosphere and surface[END_REF][START_REF] Killen | Processes that promote and deplete the exosphere of Mercury[END_REF]). Calcium was observed only sporadically from ground-based observations [START_REF] Bida | Discovery of calcium in Mercury's atmosphere[END_REF][START_REF] Killen | The calcium exosphere of Mercury[END_REF]. The study of these sporadic Ca observations indicated a very tenuous and hot population (T ~ 12,000K) much hotter than the Mercury's surface temperature. After three flybys of Mercury, during which, among other things, magnesium was detected for the first time by the Mercury Atmospheric and Surface Composition Spectrometer / Ultraviolet and Visible Spectrometer (MASCS/UVVS) [START_REF] Mcclintock | The Mercury Atmospheric and Surface Composition Spectrometer for the MESSENGER mission[END_REF][START_REF] Mcclintock | Mercury's exosphere: Observations during MESSENGER's first Mercury flyby[END_REF], 2009), MESSENGER was the first mission inserted in orbit around Mercury from March 2011 to April 2015. During this orbital phase, Na, Ca and Mg were regularly observed allowing a detailed study of their temporal (seasonal, diurnal) variations. A detailed summary of these observations can be found in the review paper by [START_REF] Mcclintock | Observations of Mercury's exosphere : Composition and structure[END_REF] and a broader context comparing observations of Mercury and the Moon can be found in Leblanc et al. (2021) and [START_REF] Grava | Volatiles and refractories in surface-bounded exospheres in the inner solar system[END_REF].

The observations of the Ca emissions during the orbital phase were studied by [START_REF] Burger | Modeling MESSENGER observations of calcium in Mercury's exosphere[END_REF][START_REF] Burger | Seasonal variations in Mercury's dayside calcium exosphere[END_REF]. The authors derive a large temperature (~70,000K) fromthe vertical profile of the observed brightness. This temperature is several times larger than the temperature derived from linewidth that had been derived from ground observations [START_REF] Bida | Discovery of calcium in Mercury's atmosphere[END_REF][START_REF] Killen | The calcium exosphere of Mercury[END_REF].

This large temperature excluded numerous sources and favored a meteoroids impact vaporization (MIV) source for Ca bearing molecules, followed by their photodissociation, in the exosphere of Mercury [START_REF] Killen | Pathways for energization of Ca in Mercury's exosphere[END_REF]. [START_REF] Burger | Modeling MESSENGER observations of calcium in Mercury's exosphere[END_REF][START_REF] Burger | Seasonal variations in Mercury's dayside calcium exosphere[END_REF]) also found a large dawn/dusk asymmetry and were able to derive the source rate needed to reproduce the variations along one Mercury year, while no year to year variations was observed. [START_REF] Killen | Impact vaporization as a possible source of Mercury's calcium exosphere[END_REF] presented a dust model to reproduce the seasonal variations of the source rate derived by [START_REF] Burger | Seasonal variations in Mercury's dayside calcium exosphere[END_REF]. This model includes dust coming from an interplanetary dust disk with an additional source near Mercury's true anomaly angle ν = 25±5° attributed to 2P/Encke comet stream [START_REF] Christou | The meteoroid stream of comet Encke at Mercury : Implications for MErcury Surface, Space ENvironment, GEochemsitry, and Ranging observations of the exosphere[END_REF]. A more sophisticated model of interplanetary dust disk was also proposed by [START_REF] Pokorny | A comprehensive model of the meteoroids environment around Mercury[END_REF] who also study its local time variations and show a flux nearly peaking at dawn, and minimum near dusk all along the Mercury year and confirmed that another source was needed to reproduce the source rate near ν = 25°.

The observations of Mg were studied by [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF][START_REF] Merkel | Evidence of connection Mercury's magnesium exosphere to its magnesium-rich surface terrane[END_REF] who found a dawn/dusk asymmetry of the brightness with a maximum at dawn and a minimum at dusk quite similar to Ca. While the interpretation of the observations done during the flybys suggested two populations [START_REF] Sarantos | Limits to Mercury's magnesium exosphere from MESSENGER second flyby observations[END_REF]) : one at low energy (< 5000K) and one at high energy (> 20,000K), [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF] only needed one population (T~ 6000K) to reproduce most of the vertical profiles observed during the MESSENGER orbital phase with evidence for two temperature distribution near dawn terminator for 15% of the time. A temperature of 6000 K is consistent with the photodissociation of Mg-bearing molecules or oxides produced from impacts. Recently, [START_REF] Cassidy | Detection of large exospheric enhancements at Mercury due to meteoroid impacts[END_REF] report transient events in Mercury nightside tail. They suggest cm-sized impactors producing a vapor temperature of ~ 10 4 K, larger than the average, but in the range of temperatures derived by [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF] to fit the Mg vertical profiles.

During one of the events, Na and Mg brightened simultaneously with a ratio consistent with their surface abundance while no enhancement of Ca was observed. The lack of Ca enhancement was consistent with Ca being bound in a molecule in the impact vapor not photodissiociated because the impact was a nightside impact. [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF] also derived the seasonal variation of the source rate needed to reproduce the observations from a Chamberlain's model [START_REF] Chamberlain | Planetary coronae and atmospheric evaporation[END_REF]. They found a peak source near ν = 315° and no signature of an additional comet stream near ν = 25°. While the seasonal pattern has a year-to-year repeatability, a two-year cycle was reported by [START_REF] Merkel | Evidence of connection Mercury's magnesium exosphere to its magnesium-rich surface terrane[END_REF].

This biennial cycle results from the 3 :2 spin orbit of Mercury : the observed Mg brightness being larger during the years when the region of Mercury's surface enriched in Mg (east longitude ~270°; Weider et al. 2015) is at dawn than during the years when this region is at dusk.

In this paper, we investigate the Ca and Mg MESSENGER/MASCS observations of the orbital phase from several Mercury's years, using a 3D exospheric model of Mercury to check if the dust sources proposed to explain the Ca observations by [START_REF] Killen | Impact vaporization as a possible source of Mercury's calcium exosphere[END_REF] can also explain fully, partly or not the Mg observations. In Section 2, we introduce the data set used in our study. Our exospheric model and the assumptions used to describe Ca and Mg in the exosphere of Mercury are presented in Section 3. The simulation results and comparison with MESSENGER/MASCS observations are presented in Section 4 and discussed in Section 5, followed by a conclusion in Section 6.

2) MESSENGER/MASCS Observations

MESSENGER was inserted into a highly eccentric 12-h orbit around Mercury on 18 March 2011. The initial orbit had an inclination of 82.5°, an apoapsis of 15,200 km in the southern hemisphere and a periapsis of 200 km in the northern hemisphere. The periapsis altitude varied between 200 -500 km during the primary mission due to gravitational perturbations of the spacecraft trajectory [START_REF] Solomon | The MESSENGER Mission : Science and Implementation Overview[END_REF]. During the first extension (March 2012) the period of the orbit was reduced to 8-h and the apoapsis decreased to 10,300 km [START_REF] Solomon | The MESSENGER Mission : Science and Implementation Overview[END_REF]. The seasonal variations of the Ca and Mg brightness at tangent altitudes of 300 ±50 km including all the Mercury years are displayed in Fig. 2. The even and odd years are represented by different colors. For Mg, the brightness variations are similar to the variations presented by [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF] with a maximum near perihelion and a minimum near aphelion. We can also notice the biennial cycle with a larger brightness after perihelion during odd years than during even years and the opposite before perihelion for Mg (A year is assumed to start at perihelion in this paper, contrary to the convention used by [START_REF] Merkel | Evidence of connection Mercury's magnesium exosphere to its magnesium-rich surface terrane[END_REF] in their Fig 1a,

where the years are separated at aphelion). The seasonal variations of the Ca emissions are similar to the Mg seasonal variations, but without a detectable biennial cycle in agreement with [START_REF] Burger | Seasonal variations in Mercury's dayside calcium exosphere[END_REF]. 

3) Exospheric model

3.1) EGM

The LATMOS Exospheric Global Model (EGM) has been developed to simulated the 3D exospheric density of several objects in the solar system, including for example : oxygen on Mars [START_REF] Leblanc | On the origins of Mars' exospheric nonthermal oxygen component as observed by MAVEN and modeled by Heliosares[END_REF], sodium on Mercury [START_REF] Leblanc | Mercury exosphere : III Energetic characterization of its sodium component[END_REF], oxygen and water on Ganymede and Europa [START_REF] Leblanc | On the origins of Mars' exospheric nonthermal oxygen component as observed by MAVEN and modeled by Heliosares[END_REF][START_REF] Oza | Dusk over dawn O2 assymmetry in Europa's near surface atmosphere[END_REF]. EGM is a 3D, time-dependent, spherical Monte Carlo model solving the Boltzmann (or Liouville) equation to compute the exospheric density, and other moments of the velocity distribution functions. For Mercury, this model includes the revolution of Mercury around the Sun and the rotation of Mercury. The exosphere of Mercury is divided in several cells from the surface to 4 Mercury radii (~ 10,000 km). The space is described by spherical coordinates in Mercury-Solar Orbital (MSO) frame.

The radial axis is divided into 80 cells with a vertical resolution varying from 5 km near the surface to 300 km near the upper boundary. The latitudinal axis is divided into 20 cells with a resolution varying from ~6° at the equator to ~25° near the poles. The zonal axis is divided into 40 cells with a uniform angular size of 9°.

We assume all the calcium and magnesium atoms in the exosphere of Mercury to be ejected after interplanetary dust impact on the surface of Mercury. Other possible sources (sputtering, photon desorption, thermal desorption) are neglected following the conclusions of [START_REF] Burger | Modeling MESSENGER observations of calcium in Mercury's exosphere[END_REF][START_REF] Burger | Seasonal variations in Mercury's dayside calcium exosphere[END_REF] and [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF][START_REF] Merkel | Evidence of connection Mercury's magnesium exosphere to its magnesium-rich surface terrane[END_REF]. For Mg, the local ejection rate is proportional to the local dust impact flux and the local Mg/Si ratio at the surface, while we consider a constant value for Ca/Si. In each exospheric cell near the surface, a constant number of test particles is ejected regularly. The variation of the ejection rate is taken into account through the weight of the test-particle (i.e. the number of real atoms represented by one test particle) defined by

= × , , × , × × ∆ (1)
where Fdust(φ,θ,ν) is the dust impact flux at MSO longitude φ and co-latitude θ and true anomaly angle ν, Scell is the surface of the cell, ∆t the period of ejection in the simulation and ns(α,β) the surface ratio of Mg/Si at planetary longitude α and latitude β, assuming a uniform Si concentration at the surface and a constant value for Ca/Si (see Section 3.3). These two terms are detailed in Section 3.2. A is a free parameter fitted from MESSENGER Ca observations..

The test particles are then followed along their trajectory until they are lost from the simulation.

In our simulations, Ca and Mg test particles can be lost by three processes :

Impact onto the surface : In all our simulations, we assume that any Mg or Ca test particle that impacts the surface is trapped and lost for the exosphere. This is the dominant loss process for Mg.

Escape : A test particle is considered to be lost if it reaches the upper boundary of the model, whatever its velocity. In fact, if we neglect the radiation pressure, only particles with a velocity larger than the escape velocity should be lost, but the fraction of particles reaching the upper boundary with a velocity lower than the escape velocity is a minor fraction of the lost particles for Ca and Mg.

Ionization : At each time step dt, a test particle located outside the Mercury's shadow has a probability p = 1-exp(-νionizationdt) to be lost by photoionization, where νionization is the photoionization frequency, which varies as 1/d 2 where d is Mercury-Sun distance. For Mg, the ionization frequency is 4.4x10 -7 s -1 at 1 AU and for Ca the ionization frequency is 6.6x10 -5 s -1 at 1 AU close to the value used by [START_REF] Killen | Understanding Mercury's Exosphere: Models derived from MESSENGER observations, The view after MESSENGER[END_REF], see also the discussion in their Section 15.2.2.2. This is the dominant loss process for Ca.

The radiation pressure is included for both species. It is treated as a continuous force directed in the antisolar direction, without considering its stochastic character [START_REF] Bzowski | On the importance of the stochastic character of the radiation pressure in exospheric modelling[END_REF]. The effect of the radiation pressure on the exospheric density is different for Ca and Mg and is discussed in Section 4.

3.2) Dust flux model and surface density

To simulate the number of ejected Mg and Ca atoms from the surface, we use a model of interplanetary dust flux similar to [START_REF] Killen | Impact vaporization as a possible source of Mercury's calcium exosphere[END_REF]. In this model, the interplanetary dust is coming from three different populations : 1) Asteroids and the Jupiter family comets, 2)

Halley type comets and 3) Oort cloud. Each population is characterized by an inclination distribution with respect to the dust disk midplane and a power law variation with the heliocentric distance. The inclination distribution of the two first populations are Gaussian while the distribution of the Oort clouds population is uniform. The parameters for each distribution, heliocentric power law, inclination for the mean dust disk plane, and its ascending node are taken from [START_REF] Killen | Impact vaporization as a possible source of Mercury's calcium exosphere[END_REF] and the seasonal variation of the evaporation rate due to this mean dust disk is displayed in Fig. 3.. We also consider an additional dust flux peaking near ν0 = 25°, and with a seasonal Gaussian distribution, with σν = 15° (Fig. 3) following the equation :
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This additional dust flux was attributed to the dust coming from Encke by [START_REF] Killen | Impact vaporization as a possible source of Mercury's calcium exosphere[END_REF] and was needed to reproduce the Ca observations by MESSENGER.

There are some small differences between our seasonal variation of the evaporation rate compared with the variation calculated by [START_REF] Killen | Impact vaporization as a possible source of Mercury's calcium exosphere[END_REF] (Fig. 3) that may result from the numerical integrations used to derive the dust density. We only consider relative variations along one Mercury's year, since the absolute values are tuned to fit the MESSENGER's observations through the free parameter A .

Fig. 3 Variations of the impact vaporization rate induced by the mean dust disk and an additional Gaussian source along Mercury's orbit simulated in EGM

The dust impact flux at the surface of Mercury is not uniform [START_REF] Pokorny | A comprehensive model of the meteoroids environment around Mercury[END_REF]). In our simulation, we assume a distribution in Mercury Solar Orbital (MSO) coordinate system independent on ν which is a relatively good assumption at first order compared to a more sophisticated model [START_REF] Pokorny | A comprehensive model of the meteoroids environment around Mercury[END_REF] for the mean dust disk. We assume a similar distribution for the additional Gaussian source. The impacting dust flux Fdust(φ,θ,ν) is decomposed as
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Where F(ν) is displayed in Fig. 3 and f(φ,θ) described the spatial distribution of the impacting flux where φ is the MSO longitude and θ the MSO co-latitude. For f(φ, θ), we consider the spatial distribution used by [START_REF] Burger | Seasonal variations in Mercury's dayside calcium exosphere[END_REF] to fit the calcium observations by MESSENGER defined by : f(φ, θ)=f0e -acos(cos(φ+π/2)sin(θ))/σ , where σ = 0.87 rad (50°) is the angular e-folding width of the source. The maximum of the impact flux is at dawn in the equatorial plane θ = π/2, φ = 3π/2 and the minimum is at dusk in the equatorial plane θ =π/2, φ = π/2. The f(φ, θ) distribution is simplified compared to the more sophisticated model of [START_REF] Pokorny | A comprehensive model of the meteoroids environment around Mercury[END_REF] which shows a slight nightside shift of the maxima (~ 4am) for a true anomaly ν < 180° and a slight dayside shift of the maxima (~ 8 am) for ν > 180°. We consider that this more precise description of this flux should not change our conclusion. Specific assumptions for each species are presented below. All the ejected atoms are assumed to be in the electronic ground state.

3.3) Calcium

The velocity distribution of the ejected calcium atoms is a Maxwellian-Boltzmann Flux (MBF) distribution with a temperature of 70,000 K consistent with the value derived from the vertical variations of the Ca intensity at 422 nm [START_REF] Burger | Seasonal variations in Mercury's dayside calcium exosphere[END_REF]). This value is much larger than the expected temperature due to dust impact from theoretical studies, but could be explained by a shocked-induced dissociative ionization of Ca bearing molecules [START_REF] Killen | Pathways for energization of Ca in Mercury's exosphere[END_REF]. It corresponds to an escape parameter λ= 0.62 at the surface.

Calcium could come from Mercury or from an extended dust cloud, in our simulation we will assume that all Ca is coming from Mercury. MESSENGER/XRS produced maps of the surface Ca/Si ratio showing variation between 0.05 and 0.30 but with uncomplete coverage of the northern hemisphere due to MESSENGER orbit because Ca/Si is detected only during flares (Weider et al. 2015). Therefore, in our simulations, we consider a uniform Ca/Si ratio = 0.15 and assume a surface density proportional to this ratio (i.e. assuming a constant Si surface content). The absolute value of Si surface density is not needed for our modelling since it is being included in the parameter A which is estimated to provide the best fit to the Ca observations (Section 3.1).

3.4) Magnesium

For magnesium, we also consider a MBF distribution but a temperature of 6000K equal to the average temperature derived from MESSENGER observations of Mg scale height [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF]. Contrary to calcium, we consider a non uniform distribution of the Mg/Si ratio at the surface, in order to reproduce the two year cycle observed by [START_REF] Merkel | Evidence of connection Mercury's magnesium exosphere to its magnesium-rich surface terrane[END_REF]. The map of Mg/Si derived from MESSENGER/XRS has a global coverage because it can be observed during quiet and flare conditions (Weider et al. 2015) and is used as input to the model. The relation between the longitude in MSO frame φ at a given time t along Mercury's rotation and longitude in planetary frame α is derived by integration of the relative angular rotation :
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Where, ωrot is the sidereal angular velocity of Mercury and ωorb(t') the time dependent orbital angular velocity, given by the Kepler's second law: ωorb(t') = 2VA/d 2 (t'), where VA is the magnitude of the areal velocity, and d the Mercury-Sun distance. Replacing the integration over time t', by an integration over true anomaly ν, leads to

= 6 -7 8 (5a) 
for Mercury odd years, and

= 6 -7 -1808 (5b) 
for Mercury even years A Mercury year starts when Mercury is at its perihelion. At the beginning of an odd year, the subsolar point (φ =0°) is at longitude α =0° and at α = 180° at the beginning of an even year.

ψ(ν) is a function of the true anomaly angle derived analytically from direct integration of Eq. 4 (see appendix for details), and given by 7 =
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Where e is Mercury orbital excentricity and <ωorb> the yearly average orbital angular velocity. For Mercury ωrot/<ωorb> =3/2.

4) Results

4.1) Calcium

4.1.1) Simulation results

We simulate several Mercury years. A periodic steady state is quickly reached during the first year (Fig. 4). Simulated seasonal variations of the Ca density are persistent and due to the variation of the dust impact flux, with a minimum near ν = 180° and a maximum at ν = 25°.

Noise due to statistics in the Monte Carlo simulations is the source of the short time scale variations and of the year-to-year variations.

The density is always maximum at dawn and minimum at dusk, following the local time variations of the source term. The ratio between the density at ν = 25° and ν = 180° is close to the ratio of the source at these two seasons, despite that the variation of the ionization frequency slightly reduces this ratio, particularly in the dayside at high altitude. Since the ionization lifetime (23 min near perihelion and 55 min near aphelion) is below or close to the typical time spent by a particle in the exosphere (~30 min) , the midnight density is larger than the noon density at 1000 km, while at low altitude, the densities are nearly equal due to an equal local ejection rate. This midnight/noon asymmetry is also notable in the equatorial map for ν ~ 0° (Fig. 5) and the vertical density profiles (Fig. 6). The simulated Ca tail (Fig. 5) in the planetary shadow, is not due to the radiation pressure but more to the lack of photoionization, increasing the lifetime of the exospheric Ca atoms. Such a tail is expected to be limited in extension as observed by Because the dust impact flux is not uniform, the ballistic horizontal (parallel to the surface) flow is not null and is directed from dawn to dusk. This horizontal flow decreases the scale height at dawn and increases it at dusk (Fig. 6). Therefore, the local scale height of the Ca density is controlled by the temperature, the horizontal flow and the ionization frequency. The numerical noise on the simulated density can be estimated from Fig. 6 showing the vertical density profiles at noon, dusk, midnight and noon, at equator for ν ~ 0° during the second and third simulated Mercury years. For Ca, there is no source of variation longer than the Mercury year in our simulations. The periodic steady state is reached at all altitudes in less than one year, and the only difference is due to the numerical statistical noise. Such noise is not important when comparing to the observations (Section 4.1.2). The simulated Ca exosphere density is not spherically symmetric. Indeed, the large ionization frequency induces a larger density at midnight above ~ 3000 km (Fig. 6). Below 1000 km the density scale height is roughly similar whereas above 1000 km, the density scale height increases from 1900 km (LT=6 am), to 2150 km (LT=12), 2500 km (LT=18) up to 3000 km at LT=0, a direct effect of the lateral transport combined with the ionization 

4.1.2) Comparison with MESSENGER/MASCS

The exospheric Ca line at 422 nm is optically thin and therefore the brightness of the emission is the slant density mutliplied by the g-value [START_REF] Chamberlain | Theory of planetary atmospheres: An introduction to their physics and chemistry[END_REF]. The g-value has a large seasonal variation due to the Doppler effect [START_REF] Killen | Expected emission from Mercury's exospheric species and their ultraviolet-visible signatures[END_REF], and to a lesser extent to the Mercury-Sun distance, with two peaks at ν = 60 and 300°. In the calculation of the g-values we consider an isotropic Maxwellian velocity distribution for simplification, but the simulated velocity distribution, not stored for memory reason is not isotropic as suggested by the simulated kinetic temperature. This assumption should probably be correct to ~few 10s % [START_REF] Burger | Seasonal variations in Mercury's dayside calcium exosphere[END_REF].

We use the geometry of each MASCS observations made at dawn from apoapsis (see Section

2) to compute the brightness simulated from our model. Near the surface, the biennial cycle is significant at dawn but is less significant at dusk (Fig. 4).

At dusk, a large fraction of the Mg atoms in the exosphere, even near the surface, are not produced locally but are transported from dawn. Therefore, the local increase of the production at dusk during the end of odd years (ν=385°, 1105°, 1865°, …) is balanced by the decrease of the Mg atoms coming from dawn. A similar effect can explain the noon/midnight variation with a two-year cycle of the density near the surface at noon but not at midnight (the local production and the supply from dawn increase at noon at ν = 25°, 745°, 1465°, etc., while at midnight the local production decreases at ν = 25°, 745° balancing the increase of the supply from dawn). At 1000 km, the biennial cycle is observed at all local times, although it is smaller at dusk, noon and midnight than at dawn. Above 1000 km, the density is more sensitive to the integrated source rate over the surface which is only 10% larger when the Mg enriched region is near dawn at the beginning of the odd years (ν = 25°, 745°, 1465°, …) than near dusk at the beginning of the even years (ν = 385°, 1105°, 1825°, …).

Because the ionization lifetime of Mg (between 40 and 100 hours) is much larger than the ionization lifetime of Ca, the photoionization impact on the exospheric density is negligible, and the density near noon and midnight remains comparable at 1000 km altitude. The equatorial map of the Mg density at ν = 360° is shown in Fig. 5, the radiation pressure, included in our simulations is not efficient enough to create a noticeable extended tail on the nightside (Fig. 10), but is sufficient to increase the average time of residence of the atoms in the exosphere, creating a small dayside/nightside asymmetry. Contrary to the Ca simulation, a simulation performed with an arbitrary 10 times larger radiation pressure showed the formation of a Mg tail.

A way to prove that a large fraction of Mg atoms in the exosphere at dusk are coming from dawn and not from the dusk surface is to estimate the simulated kinetic temperature. In the simulation, all the Mg atoms are ejected with a MBF distribution at T = 6000 K. At LT= 12h and 24h, the simulated kinetic temperature near the surface is close to 6000K. At LT = 6h it is slightly lower (5500 K), while at LT = 18h, the kinetic temperature is slightly larger (8500 K) (Fig. 9). At dawn the temperature is reduced by the diverging flow of Mg atoms from dawn to dusk. From a kinetic approach, Mg atoms initially ejected with a large horizontal (parallel to the surface) velocity are moving from dawn to dusk, this local loss of the Mg atoms is not balanced by atoms coming from dusk because of the lower production rate. Therefore, the dawn should be relatively depleted of atoms with with large horizontal velocity leading to a smaller width of the velocity distribution function. On the contrary, the small fraction of particles moving from dawn to dusk represent a substantial fraction of the atoms present at dusk.

Therefore, the dusk velocity distribution function should be enriched at large horizontal velocity at dusk, leading to an increase of the kinetic temperature.

This effect is very general in collisionless medium, and can be noted, for example, in the simulations of the hot oxygen in the exosphere of Mars by [START_REF] Hodges | Distributions of hot oxygen for Venus and Mars[END_REF] where the simulated kinetic temperature at noon (the maximum of production of hot oxygen) is lower than the simulated kinetic temperature at midnight (the minimum of production of hot oxygen). At dawn and noon, the variation of the simulated density between the two years displayed in Fig. 10 is due to the biennial cycle discussed before and not to the numerical noise. At higher altitudes (> 2000 km), the Mg exosphere becomes nearly spherically symmetric, even though the radiation pressure produces a small night/day asymmetry (see also Fig. 5). As for Ca, the lateral flow decreases the scale height at dawn and increases it at dusk (Fig. 10). Note that, despite the lower kinetic temperature mass ratio (expressed in Dalton (Da) or atomic mass unit)

for Mg (~247K/Da) than Ca (1745 K/Da), the Mg and Ca density decreases by a similar factor of ~ 100 -1000 from the surface to 10,000 km, confirming the importance of the ionization frequency in the scale height of the Ca density. The Mg dawn/dusk density ratio near 300 km is between 2 -3, lower than the Ca dawn/dusk ratio near 300 km (~ 10) (Fig. 6). Compared to Mg, a smaller fraction of Ca atoms produced near dawn reach the dusk side due to the shorter Ca ionization lifetime.

4.2.2) Comparison with MESSENGER/MASCS

We also compare systematically all the observations by MESSENGER to the simulated density assuming an optically thin emission (Fig. 11). The seasonal variations of the excitation frequency used in our manuscript differ from [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF] as discussed in Section 5. This comparison shows a good agreement, within 30% of the seasonal variations between the observations and simulated brightness for ν > 80° where the dust flux from Encke is negligible.

The observed biennial cycle is also reproduced.

This result confirms that the interplanetary dust impact is the main source of both calcium and magnesium ejection in the exosphere of Mercury and the two set of observations are consistent with a source due to an interplanetary dust disk with geometrical parameters published by [START_REF] Killen | Impact vaporization as a possible source of Mercury's calcium exosphere[END_REF] for ν > 80°. There is a small discrepancy between the Mg simulation and the observations between ν = 20° and ν = 80°, where the additional source attributed to Encke dust flux is important. As explained in Section 5, the simulated brightness is very sensitive to the excitation frequency of the Mg line which uncertainty might explain this discrepancy.

5) Discussion

5.1) Mg g-value

The seasonal variations of the Mg g-value used to simulate the Mg brightness are shown in Fig. 12b and are calculated using the solar spectrum measured by the Air Force Geophysical Laboratory (Hall and Aderson 1991), sampled every 100 mA, but rescaled in flux by a factor 0.83 [START_REF] Langowski | Retrieval algorithm for densities of mesospheric and lower thermospheric metal atom and ion species from satellite-borne limb emission signals[END_REF]. We also consider a maxwellian velocity distribution at a fixed temperature (T = 6000K for Mg). This assumption is not correct because the simulated velocity distribution is not maxwellian but the non-maxwellian effect are not expected to be large. For example, if we neglect completely the velocity of the atoms in Mercury frame (i.e. used a Dirac velocity distribution at V = 0 in Mercury's frame), the comparison is not modified substantially for Mg.

The seasonal variations of the g-values differ from the variations used by [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF] (dashed line). The difference is due to the solar spectral flux used to compute the g-value (Fig. 12a). [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF], used the high spectral resolution solar flux from [START_REF] Killen | Expected emission from Mercury's exospheric species and their ultraviolet-visible signatures[END_REF].

The spectrum of [START_REF] Killen | Expected emission from Mercury's exospheric species and their ultraviolet-visible signatures[END_REF] has a better spectral resolution (10 mA) but contains a feature near 285.3 nm not present in the solar spectrum of [START_REF] Hall | High-resolution solar spectrum between 2000 and 3100 Å[END_REF]. This feature is the main source of difference between our g-values and the g-value of [START_REF] Merkel | Seasonal variations of Mercury's magnesium dayside exosphere from MESSENGER observations[END_REF]. This feature is not due to the better spectral resolution of the solar spectrum of [START_REF] Killen | Expected emission from Mercury's exospheric species and their ultraviolet-visible signatures[END_REF]. The dot-dashed line in Fig 12a corresponds to the solar spectrum from Killen et al. (2009) degraded to 100 mA resolution. It shows that with a resolution of 100 mA, the feature near 285.3 nm should have been detected. Then the solar spectrum from [START_REF] Hall | High-resolution solar spectrum between 2000 and 3100 Å[END_REF] and [START_REF] Killen | Expected emission from Mercury's exospheric species and their ultraviolet-visible signatures[END_REF] are not consistent in this spectral range. This difference has a large effect on the interpretation of the seasonal variation of the Mg brightness and therefore, new high spectrally resolved solar spectrum in this wavelength range is highly needed. The recently published solar spectrum from [START_REF] Coddington | The TSIS Hybrid solar reference spectrum[END_REF] also used the observations done by [START_REF] Hall | High-resolution solar spectrum between 2000 and 3100 Å[END_REF] between 200 and 310 nm rescaled in flux close to 0.83 (Fig. 12a). The solar spectrum of Chance and Kuruzc ( 2010) is systematically larger in this wavelength range by ~ 1.5. Also, it should be noted that the FWHM of the MASCS instrument was 6.6 Å much larger than the resolution of all these solar features.

The spectral resolution of the observed solar spectrum from [START_REF] Hall | High-resolution solar spectrum between 2000 and 3100 Å[END_REF] and then, the spectrum from Chance and Kuruzc (2010) or [START_REF] Coddington | The TSIS Hybrid solar reference spectrum[END_REF] are not sufficient to derive accurately the seasonal variation of the Mg g-value at Mercury (Fig. 12a) and may explain the remaining difference for ν < 80°. A deeper Fraunhofer line, would decrease the excitation frequency at ν = 0° and ν = 180° and shift the g excitation frequency peak towards ν = 90° and ν = 270°, leading to a better fit of the observations. Contrary to Mg, the seasonal variations of the g-value for Ca derived from the solar spectrum of [START_REF] Killen | Expected emission from Mercury's exospheric species and their ultraviolet-visible signatures[END_REF] are in very good agreement with those derived from Coddington et al.

(2021) and then not discussed.

5.2) Ca and Mg ejection rates

The simulated Mg and Ca vaporization rates are given by Eq. 1 as the product of the impacting dust flux, the X/Si surface ratio and a free parameter A. This free parameter A was tuned to fit the Ca observations and this same value is used for Mg and give a good fit of the MESSENGER observations (Fig. 11). For Ca, we consider a uniform surface distribution of Ca/Si = 0.15, which is a simplification, since the MESSENGER/XRS show some variations from 0.05 to 0.3, but with an incomplete coverage. Such variations may cause a biennial cycle in the exospheric Ca, but possibly of too small magnitude to be detected by MESSENGER/MASCS. We implicitly assume that all Ca and Mg atoms ejected into the exosphere of Mercury are coming from the surface of Mercury. In reality, a fraction of the exospheric Ca and Mg atoms could come from the impacting dust itself but the volume of impact melt and vapor should be much larger than the impactor volume (Cintala 1992). Ca and Mg are ejected under molecular form and should be quickly dissociated in the dayside [START_REF] Cassidy | Detection of large exospheric enhancements at Mercury due to meteoroid impacts[END_REF]. Therefore, the production of atomic Ca and Mg should not be exactly at the surface. Such complexity will be considered in the future. The simulated Ca and Mg ejection rates at 6 am are displayed in Fig. 13. The ratio between the Mg and Ca ejection rate follows the Mg/Ca ratio at the surface of Mercury but since we use a homogeneous surface concentration for Ca and a heterogeneous surface concentration for Mg, a biennial cycle is simulated for Mg but not for Ca.

6) Conclusion and future work

We use the LATMOS Exospheric Global Model to study Ca and Mg emissions observed by UVVS/MESSENGER, focusing on the dawn observations. Our study shows that the seasonal variations for true anomaly angle ν > 80° of the two species can be explained by impact vaporization from interplanetary dust coming from a disk with the geometric properties proposed by [START_REF] Killen | Impact vaporization as a possible source of Mercury's calcium exosphere[END_REF]. For Ca an additional source, attributed to Encke dust by [START_REF] Killen | Impact vaporization as a possible source of Mercury's calcium exosphere[END_REF] is needed with a peak near ν = 25° and could be sufficient to reproduce the Mg observations. This last result strongly depends on the depth of the solar Fraunhofer line corresponding to the Mg emission wavelength not well known due to the limited spectral resolution of the solar flux near 285 nm. Physical processes important near ν = 0°, not included in our models could also be the cause of the discrepancy. We also found that due to the large dawn/dusk asymmetry in the source rate, 1D models are not adapted to intepret the observations and derive the source flux with a good accuracy because this large asymmetry produces a strong horizontal circulation from dawn (the source maximum) to dusk (the source minimum), and then affect the local density scale heights and source rate needed to reproduce the observations.

Our model is probably still too simple to catch all the observed variations. A more accurate model of the dust impact flux as developed by [START_REF] Pokorny | A comprehensive model of the meteoroids environment around Mercury[END_REF] shows some seasonal variations of the local time of the peak of the dust impact flux (slightly shifted towards midnight for ν < 180° and towards noon for ν > 180°) that could slightly affect the seasonal variations at different local times. Other effects not considered in this study that will be considered in the future are the amount of Ca/Mg coming from Mercury and the dust as well as a study of the local time variations that could help to better constrain the origin of the dust responsible of the formation of the Mg/Ca exosphere of Mercury. These two species are in the spectral range of the instrument PHEBUS onboard BepiColombo [START_REF] Quémerais | PHEBUS on Bepi-Colombo: Post-launch update and instrument performance[END_REF] and are expected to be regularly observed during one terrestrial year after the insertion of the spacecraft around Mercury. Those measurements would help to better understand the origin of these two species. (Eq. A7)

The areal velocity is constant and equal to the area swept out during a full orbit (πab), where a and b are the semi-major axis and the semi-minor-axis respectively, divided by the orbital period : 2π/<ωorb> For an ellipse : p = a(1-e 2 ) and p = b(1-e 2 ) 1/2 . The products p 2 is then equal to ab(1-e 2 ) 3/2 , and (Eq. A10)

The second integration can be easily calculated. The first integration is a fraction is cos(ν) which can be solved by the usual method using the variable x = tan(ν/2), dν = 2dx/(1+x 2 ) , cos(ν) = (1-x 2 )/(1+x 2 ) -N (Eq.A14)

The first integral can be computed from A13:

-N Using, Eq. A5, A7, A8, A11 and A13 leads to Eq. 6a and using Eq A5, A7, A8, A11 and A18 leads to Eq 6b.

  During the second extension (from 18 March 2013 to 18 March 2015), the periapsis altitude was lowered from 450 km down to the surface on 30 April 2015. Regular campaigns of observations of the exosphere were performed during these two extensions by MASCS-UVVS. Most of the observations were performed near the apoapsis. In this paper, we consider one of the primary sequence of observations executed by UVVS. It corresponds to dayside limb scans performed at different local times, used to study the altitude, local time and seasonal variations of the exospheric emissions (McClintock et al. 2018). We only consider the profile measured near 6 am local time from Mercury year 5 to Mercury year 17 (The Mercury Year 1 corresponds to the orbital insertion of MESSENGER). The geometry of the observation at 6 am, during the MESSENGER orbit #2507, on Mercury Year 11 is displayed in Fig. 1

Fig. 1

 1 Fig. 1 Geometry of one observation performed when MESSENGER was close to its apoapsis during orbit #2507 (Mercury year 11) in Mercury Solar Orbital (MSO) frame. The lines of sight during the scan are shown in green. The Sun direction is indicated by the yellow line. The Mercury dayside surface is in light red and the nightside in blue.

Fig. 2

 2 Fig. 2 Left : Seasonal variations of the calcium emission near 6 am at 300 km, derived from Mercury years 7 to 17 from MESSENGER/MASCS-UVVS. Right: Seasonal variations of the magnesium emission near 6 am at 300 km, derived from Mercury years 7 to 17 from MESSENGER/MASCS-UVVS.

Fig. 4 :

 4 Fig. 4 : Simulated temporal variation of the Ca density (left column) and Mg (right column) at equator for different local times, near the surface (top panel) and near 1000 km (bottom panel) The vertical dashed lines and the vertical dotted lines in the top panel indicate the end of the odd and even years.

  MESSENGER during the second Mercury flyby[START_REF] Mcclintock | MESSENGER observations of Mercury's exosphere: Detection of magnesium and distribution of constituents[END_REF]. The impact of the radiation pressure on the exospheric density is negligible (also checked it by artificially increasing the pressure by 10 without observing any significant changes of the Ca exospheric density). The radiation pressure is negligible because the ionization lifetime of a Ca atom is short (τ ~ 23 min at Mercury perihelion), the radiation pressure integrated over such a short time being not efficient enough to change the trajectory of the atoms[START_REF] Mcclintock | MESSENGER observations of Mercury's exosphere: Detection of magnesium and distribution of constituents[END_REF]).

Fig. 5

 5 Fig. 5 Simulated Ca density (left panel) and Mg density (right panel) at a true anomaly angle χ = 0° in the XY MSO plane

Fig. 6

 6 Fig. 6 Simulated Ca density profiles at ν = 0° for the second (solid lines) and third (dashed lines) simulated years at latitude =0° and four different local times.

  An example of observed profile (orbit #1440, near ν = 330°) is shown in Fig.7with the simulated vertical brightness profiles. As noted by[START_REF] Burger | Seasonal variations in Mercury's dayside calcium exosphere[END_REF], the large fraction of escaping atoms makes a scale-height based temperature quite uncertain. The small zig-zag variations are due to spacecraft motion.

Fig. 7

 7 Fig. 7 Example of observed vertical profile of the Ca emission (black) and of simulated profile (red) during orbit # 1440 (ν ~ 330°)

Fig. 8

 8 Fig. 8 Seasonal variations of the Ca brightness at dawn (6 am) for line of sight with an impact

Fig. 9

 9 Fig. 9 Simulated Mg kinetic temperature profiles at ν = 0° for the second (solid lines) and third (dashed lines) simulated years at latitude =0° and four different local times

Fig. 10

 10 Fig. 10 Simulated Mg density profiles at ν = 0° for the second (solid lines) and third (dashed lines) simulated years at latitude =0° and four different local times.

Fig. 11

 11 Fig. 11 Seasonal variations of the Mg brightness at dawn (6 am) for line of sight with an impact

Fig. 12

 12 Fig. 12 a) Solar spectrum near 285. 3 nm used in the simulation compared to other solar spectrum. The two vertical dot-dashed lines on the x-axis represent the Doppler shifted wavelength range due to the radial velocity of Mercury (~±10 km/s) along its orbit. b) Seasonal variations of the g-value of the Mg line used in our simulations, compared to the g-value derived from other solar flux.

Fig. 13

 13 Fig. 13 Simulated seasonal variations of the Mg and Ca source rate at latitude =0°, LT = 6

  we choose the initial condition φ(α, 0) = α for odd years and φ(α, 0) = 180°+α for even years.The second term inside the parenthesis can be integrated directly to obtain around the sun is an ellipse defined by a polar coordinate equation:

  D _/D < =>? a< >=A b (Eq. A8)A way to calculate the integral A7 is to multiply by 1= (1-e 2 +ecosν' -ecosν')/(1

  variable change y = (1-e) 1/2 /(1+e) 1/2 x was used to derive the last expression.When ν < π the integral can ne calculated directly (the upper variable is always lower than infinity) and leads to

  last integral can be calculated replacing ν by ν-π which leads to integral can be solved as A12 (replacing e by -e)
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Appendix : Relation between MSO and planetographic coordinates

In this appendix, the Mercury-Sun distance will be noted r instead of d (in the manuscript) to avoid confusion with the differential operator. The planetocentric longitude α can be derived from the MSO longitude φ at any time by integration of the orbital motion of Mercury (Eq. A1)

The areal velocity is constant (2 nd Kepler's law) and given by