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Abstract

Context. (1) Ceres is the largest body in the main asteroid belt and one of the most intriguing objects in the solar system, in part because of the discovery of water outgassing by the Herschel Space Observatory (HSO) and its still-debated origin. Ceres was the target of NASA’s Dawn spacecraft for 3.5 yr, which achieved a detailed characterization of the dwarf planet. The possible influence of the local flux of solar energetic particles (SEP) on the production of a Cerean exosphere and water vapor has been suggested, in addition to the sublimation of water ice that depends on the temperature, meaning the heliocentric distance.

Aims. We used the opportunity of both the perihelion passage of (1) Ceres in April 2018, and the presence of Dawn in its vicinity (for measuring the SEP flux in real time) to check the influence of heliocentric distance and SEP flux on water outgassing.

Methods. We searched for OH emission lines near the limb of Ceres in the near-UV with the UVES spectrograph mounted on the 8-m ESO Very Large Telescope. Two spectra were recorded when Ceres was close to its perihelion, in February 2018, and with Dawn spacecraft orbiting Ceres. It was possible to simultaneously measure energetic particles around Ceres at the time of our observations.

Results. Our observations did not permit detection of OH emission lines to a very high sensitivity level. This level is estimated to correspond to a global water production rate of [image: equation] molecules s−1, similar to the water production rate derived from HSO observations. The solar energetic particles flux measured around Ceres was negligible at the time of these observations.

Conclusions. Our observations support the idea that heliocentric distance (i.e., the sublimation of water ice) does not play a major role in the water emission from Ceres. This production rate could be either related to SEP events or to other mechanisms, possibly of endogenic origin.
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★ Based on observations collected at the European Southern Observatory under ESO program 2100.C-5038(A).



1 Introduction
Among the numerous asteroids that belong to the main belt, Ceres is one of the most interesting objects. This is due to the fact that it is the largest one (with an average diameter of 940 km, it is the only dwarf planet in the main belt) and presents unusual physical characteristics. The most intriguing of them is that Ceres presents water outgassing. This outgassing was first marginally detected with OH emission lines in the near-UV by using the International Ultraviolet Explorer (IUE) satellite (A’Hearn & Feldman 1992) but not confirmed by Rousselot et al. (2011) with the same lines using the Very Large Telescope (VLT). Water was directly detected through absorption of the continuum from Ceres by an H2O line by Küppers et al. (2014) with the infrared Herschel Space Observatory (HSO). Observations of atomic hydrogen and oxygen emission lines performed later with the Hubble Space Telescope (HST) nevertheless failed to detect water outgassing (Roth et al. 2016; Roth 2018). Because the sensitivity of the observations of these different works was similar, it is clear that water outgassing is a transient phenomenon on the surface of Ceres.
The discovery of water outgassing is consistent with the internal structure of Ceres derived from the Dawn observations. These showed that Ceres is differentiated into a silicate core and an icy mantle (Ermakov et al. 2017). Hydrated minerals have been found ubiquitously on its surface (McCord et al. 2011; de Sanctis et al. 2015), and nine water ice patches have been found poleward of about 30° latitude (Combe et al. 2016, 2019). Ceres’ low density of 2.162 ± 0.003 g cm−3 (Russell et al. 2016), suggests a high content of ice up to 30 wt.%, if its porosity is low; however, hydrogen measurements reveal a receding ice table that contains about 10 wt.% water ice (Prettyman et al. 2017).
The investigations performed by NASA’s Dawn spacecraft, which was put into orbit around Ceres on 6 March 2015, provided an impressive detailed view of the surface. More than 130 bright spots were counted from the Dawn data, but a bright dome inside the central pit on the floor of crater Occator (92 km) is of particular interest. A possible explanation for the brightness variations observed at this crater is the production of haze (Nathues et al. 2015). Slow moving, condensed-ice particles or dust particles may explain this haze, if it really exists, as it was not confirmed by Schröder et al. (2017). It is important to mention that the Occator crater position is related to one of the two longitudinal regions presenting the strongest water outgassing in the HSO data (see Fig. 2 of Küppers et al. 2014).
Recent ground-based observations of Ceres also suggested short-term global spectral variability that was attributed to the changing amount of water ice on the surface by Perna et al. (2015), despite the fact that the surface fraction covered by ice is very small (Combe et al. 2016, 2019). Other recent ground-based observations performed with HARPS detected changes in the radial velocity of Ceres (Molaro et al. 2016). These changes are interpreted as changes in the albedo of Occator’s bright features with the rotation of Ceres.
All these observations indicate that Ceres presents a complex and temporally varying environment detectable from ground-based observations but for which very little is known. Recently, Dawn detected evidence for a transient atmosphere inferred from the Gamma Ray and Neutron Detector (GRaND) (Russell et al. 2016). That atmosphere appeared shortly after the passage of a large enhancement in the local flux of high-energy solar protons. Solar energetic particle (SEP) events temporarily increase the flux of protons from tens of keV to over 100 MeV by several orders of magnitude and are capable of sputtering water ice at or near the surface. Villarreal et al. (2017) highlighted a relationship between SEP events and the detection of water vapor around Ceres (based on the HSO, IUE, VLT+UVES, and Dawn published observations).
Today, the main scientific issue related to the release of water vapor and the presence of a Cerean exosphere is to know if the vapor production is driven by sublimation (in which case it should vary with heliocentric distance, except in the case of temporary emission of water vapor due to impacts or landslides), or by SEP events. It is necessary to test, consequently, the dependence of vapor production on two critical parameters: (i) the heliocentric distance and (ii) the SEP events. Demonstrating the role of either or both of these parameters and water outgassing will strongly influence the modeling of this phenomenon and, consequently, will greatly help to constrain physical properties of Ceres’ surface.
In this paper, we present new observational results, based both on in situ observations of the SEP flux by Dawn near Ceres and ground-based, near-UV spectra capable of detecting OH emission around Ceres. These observations were conducted when Ceres was near its perihelion, providing new constraints for this scientific issue.
2 Observational data
Ceres was observed from a ground-based facility on 16 February 2018, while the Dawn spacecraft was measuring SEP flux in the vicinity of the dwarf planet. The ground-based observations were performed at the European Southern Observatory using the 8.2 m UT2/Kueyen telescope of the Very Large Telescope (VLT) feeding the Ultraviolet and Visual Echelle Spectrograph (UVES; Dekker et al. 2000). This instrument is a cross-dispersed echelle spectrograph designed to operate with high efficiency from the atmospheric cut-off at 300 nm to the long wavelength limit of the charge coupled device (CCD) detectors (about 1100 nm). To this aim, the light beam from the telescope can be split in two arms using a dichroic beam splitter (UV to blue and visual to red) within the instrument. Ceres was observed only with the blue arm centered at 346 nm, with a slit width of 3 arcsec providing a resolving power of λ∕Δλ ~15 000.
The slit was oriented perpendicular to Ceres’ spin axis, above the northern limb, at 6 arcsec from Ceres’ center (Fig. 1). Two exposures of 4815 s of integration time, starting respectively at 2h23 and 3h38 UT, were obtained. During these exposures, the airmass changed from 1.8 to 2.1. At that time the heliocentric distance of Ceres was 2.567 au, the geocentric distance 1.630 au, and the heliocentric velocity −0.41 km s−1. The choice of the slit position was based on previous observations: (i) A’Hearn & Feldman (1992) detected OH in a sky region adjacent to the northern limb of Ceres, (ii) our previous experience with UVES for detecting OH emission lines near Ceres revealed that data obtained closer to 4 arcsec from Ceres were significantly contaminated by stray light and could not be used for our calculations. Because of the slightly smaller Ceres magnitude (V ~ 7.1 vs 7.5 in 2007) we prefered to increase the distance between the slit and Ceres by a small amount. The OH radical being a dissociation product its density does not decrease too quickly with the projected radial distance to the center of Ceres. The limited observation time available did not permit the testing of different slit positions to optimize the signal-to-noise ratio (S/N) and the detection limit of OH.
The UVES/VLT observations were triggered under a Director Discretionary Time (DDT) proposal, on the basis of a significant increase of the solar particle flux detected on 12 February by the EPAM instrument on board the Advanced Composition Explorer (ACE) mission. A coronal mass ejection (CME) was emerging from sunspot AR 2699 directed towards the Earth. At that time, Ceres was in near radial alignment with the Earth, and likely to also be impacted by the CME. The SEP proton fluxes that arrived at 1 au for this event were similar to that recorded during the June 2015 SEP event that preceded the electron bursts observed by Dawn (Russell et al. 2016), and were interpreted to be produced by an exospheric-supported bow shock.
Lab experiments indicate protons near 100 keV are the most efficient at sputtering water ice (Shi et al. 1995). Figure 2 shows a comparison between the 12 February 2018 event and the June 2015 event at 1 au for proton energies 550 keV–7 MeV detected by the 3D Plasma Analyzer on board the WIND spacecraft, which is located in the solar wind at Earth’s L1 Lagrange point. In both cases, the 550 keV–2 MeV protons jump about two orders of magnitude and roughly reach the same peak flux while proton fluxes only slightly increase above 2 MeV for the February 2018 event. Even though their magnetic footprints were separated by about 45°, the SEP flux at Earth indicated that the event produced protons with sufficient energy to trigger sputtering water ice at Ceres, should it impact the dwarf planet.
Dawn provided in situ measurements of the 12 February 2018 event at Ceres. Though Dawn’s payload does not include a plasma analyzer, it can indirectly detect protons >4 MeV through an increase in counts in its GRaND bismuth germanate (BGO) scintillator spectrum at 4.4, 6.1, and 6.9/7.1 MeV caused by particle interactions of the protons with the spacecraft (Russell et al. 2016; Prettyman et al. 2011). The top panel of Fig. 3 shows the total counts recorded by the BGO detector of the GRaND instrument. The expected duration of the event is bounded by the red- and blue-dashed lines. These lines are the start and end times of the event at Earth shifted by 10 h, which is the approximate travel time for 4 MeV protons from the Earth to Ceres’ distance. As can be seen in Fig. 3, there is some increase in the total counts of the BGO detector, but it does not appear to be related to the SEP event, as the rise in counts began before the expected arrival of the event and continued after the end of the event. To confirm this, we averaged the spectra during a background window before the event and during the SEP period. Subtraction of the background window from the SEP window will indicate which channels (if any) show an enhancement in counts. The bottom panel of Fig. 3 shows no enhancements are observed at 4.4, 6.1, or 6.9/7.1 MeV. Hence, there is no obvious increase in counts due to the passage of aSEP event. Therefore, Dawn did not observe any evidence that the SEP event detected on 12 February at Earth’s location impacted Ceres. This implies that either the event completely missed Ceres or the flux of >4 MeV protons was too low for the event to be detected by GRaND.
	[image: thumbnail]	Fig. 1
Observing geometry of UVES observations. The diameter of Ceres is 0.8 arcsec.



	[image: thumbnail]	Fig. 2
Comparisons of proton fluxes at Earth’s location during the June 2015 event (top panel) and February 2018 event (bottom panel) measured by WIND. SEP fluxes for the February 2018 event are comparable for the 500 keV–2 MeV range, but are about an order of magnitude lower for energies above 4 MeV.



3 Data processing and analysis
The spectra were reduced using the UVES pipeline1 in its 2D mode, to keep the spatial information. The resulting spectra are corrected for extinction and flux calibrated using master response curves. The resulting 2D spectra are in units of 10−16 erg s−1 cm−2 Å−1. One-dimensional spectra are then extracted by averaging the 2D spectra over the 38 pixels of the slit (0.25′′ per pixel) with simultaneous cosmic ray rejection.
Even at 6 arcsec from the Ceres center of light, a residual sunlight reflected spectrum coming from the scattered light of Ceres was still present on both 1D spectra. We used the high-resolution solar spectrum published by Kurucz et al. (1984) with the appropriate convolution to subtract this continuum, in each spectrum. At the end, we merged the two 1D spectra flux and wavelength calibrated (and corrected for the geocentric velocity Doppler shift), and subtracted from solar continuum into a single 1D spectrum.
In order to search for OH emission lines, we used a synthetic spectrum. It was built using the fluorescence equilibrium reached by these radicals under the influence of the solar radiation. It takes into account the X2Πi and A2Σ+ electronic levels, both with vibrational levels v = 0, 1, 2 themselves with rotational levels up to N = 10. This model computes the resulting OH emission spectrum obtained when the relative populations reach their equilibrium due to the absorption of solar radiation and spontaneous emission of photons (more details in a forthcoming paper, see also Rousselot et al. 2016).
We focus our search on the brightest OH lines belonging to the brightest emission band, which is the (0,0) band of the A2Σ+ → X2Πi system. We considered the lines in the spectral range 3075–3105 Å. Figure 4 represents the resulting observational spectrum mentioned above and the OH synthetic spectrum superimposed. As can be seen in this figure, no OH emission line is detectable in our spectrum.
A more sensitive search for OH emission lines has been done by co-adding the different parts of the spectrum corresponding to the wavelengths of the brightest OH lines. After convolution to match the spectral resolution of the observed spectrum, eleven different OH lines are visible on the synthetic spectrum, corresponding to a total of 21 different emission lines (because some of them are not resolved by the spectrograph). We co-added the 11 corresponding parts of the observed and synthetic spectra respectively in order to improve the detection limit of the OH emission lines. The resulting spectra, centered on the OH wavelengths (average spectrum), are shown in Fig. 5.
Once again, no OH emission line can be detected, but this plot allowed us to derive a better upper limit for the OH emission, with the similar co-addition done from the synthetic spectrum. The upper limit (corresponding to a 2σ limit of thenoise level of the co-added observational spectrum) is 0.7 × 10−16 erg s−1 cm−2 Å−1 arcsec−2. When integrated with the spectral width (and multiplied by the number of spectra co-added, as Fig. 5 represents an average), we obtained an upper limit for all the OH lines that could have been detected of 1.7 × 10−16 erg s−1 cm−2 arcsec−2.
From this upper limit, it was possible to estimate an upper limit for the water production rate of Ceres, if any. First, the fluorescence efficiency (“g factor”) of the 21 OH lines taken into account for the search of OH emission can be computed from our fluorescence model for the heliocentric distance and velocity of Ceres at the time of observation. This fluorescence efficiency is 3.345 × 10−5 photon molecule−1 s−1 (it represents 95% of the total fluorescence efficiency of the (0,0) band).
Estimating an upper limit for the water production rate also implies an estimate of the total number of OH radicals present along the line of sight of the slit for a given water production rate. To compute this value we used a similar model to the one presented inRousselot et al. (2011). It is a Monte-Carlo model based on a cometary coma model (Combi & Delsemme 1980) but adapted for a planetary body with significant gravity (about 50% of water molecules escaping from Ceres remain gravitationally bound). We used an average surface temperature of Ceres’ surface of 175 K, meaning the temperature considered in Rousselot et al. (2011) (167 K) slightly increased to take into account the change of heliocentric distance, considering that the equilibrium temperature of a planetary body varies as r−0.5, r being the heliocentric distance.
We used an initial ejection velocity for water molecules given by a Maxwell distribution with a temperature T = 175 K, which likely represents the average kinetic temperature of a hypothetical atmosphere close to Ceres’ surface. These watermolecules move radially from Ceres with a decreasing velocity owing to the gravity field up to their photo-dissociation by the solar radiation. During their photo-dissociation, we consider that 91.8% of the water molecules create OH radicals, with an average ejection velocity of 1050 m s−1 (Crovisier 1989). The OH radicals are ejected isotropically from water molecules. We computed the trajectory of 107 water molecules for statistical purposes. The lifetimes used in our model come from Cochran & Schleicher (1993) for the water molecules (quiet Sun) and Schleicher & A’Hearn (1988) for the OH radicals. At the end, OH radicals are integrated along the line of sight according to the impact parameters and integrated for the slit geometry corresponding to the observing circumstances.
We tested three different versions of this model:

	(i) 
an isotropic ejection of water molecules everywhere in Ceres’ surface;


	(ii) 
an isotropic ejection of water molecules only for the sunward side; and


	(iii) 
an isotropic ejection of water molecules for the sunward side and the northern hemisphere.



In the end, in order to reach a total flux of 1.7 × 10−16 erg s−1 cm−2 arcsec−2 in the slit, with a fluorescence efficiency of 3.345 × 10−5 photon molecule−1 s−1, our model provided an upper limit for the water production rate [image: equation] equal to ~ 2 × 1026 molecules s−1 for all three cases mentioned above (within the uncertainty of our Monte Carlo simulation, which is about 0.1 × 1026 molecules s−1). The influence of the original location on Ceres ejecting water molecules seems to be very limited at the distance corresponding to our observations (6 arcsec at the geocentric distance of Ceres corresponds to a projected distance of 7000 km). This is probably due to the fact that we try to observe a dissociation product emitted isotropically from its parent molecule.
It is also interesting to test the influence of the temperature, since the value of 175 K is rather approximate and would represent only an average temperature because the temperature varies with a diurnal cycle. Hayne & Aharonson (2015) computed the average and maximum temperature as a function of the latitude for Ceres. Their Fig. 4 provides an estimate of these temperatures. For mid-latitudes the maximum of temperature (corresponding to the local afternoon) can reach ~220 K while the average temperature for a whole rotation period is ~140 K. For these extreme values our model provided a water production rate comprising between ~ 1.8 × 1026 (140 K) and ~ 2.3 × 1026 molecules s−1 (220 K).
Our conclusion is that the overall upper limit for the water production rate is ~ 2 × 1026 molecules s−1 (or 6 kg s−1). This value is similar to the water production rate computed by Küppers et al. (2014), which was also 2 × 1026 molecules s−1. Our non-detection is, consequently, significant. Our upper limit appears less stringent than the one obtained with the same instrument during our previous observations performed in 2007 (Rousselot et al. 2011). Such a difference is probably due to a larger airmass and to a larger scattered flux coming from Ceres itself.
	[image: thumbnail]	Fig. 3
Procedure to identify energetic protons. Comparisons between the background window (black) and the SEP event window (middle panel) do not show any enhancements in the excited energy levels of carbon or oxygen, indicating that no energeticprotons were present.



	[image: thumbnail]	Fig. 4
Final observational spectrum (yellow) near northern limb of Ceres, obtained with UVES instrument. A synthetic OH spectrum of the (0,0) band (A2Σ+ →X2Πi transition) is superimposed in blue.



	[image: thumbnail]	Fig. 5
Mean OH spectrum. This was obtained by summing the flux of the 11 brightest OH lines (after convolution). The green spectrum corresponds to the observational data, while the blue one is obtained from the synthetic OH spectrum shown in Fig. 4.



Table 1

Overview of all attempts to detect water vapor around Ceres.

4 Discussion
The new observations presented in this paper bring additional constraints on the origin of Ceres water vapor emission, but no strong arguments in favor of one origin. The easiest parameter to test, for the function of the water production rate measured, is the heliocentric distance. Thanks to the previous works mentioned above, plus our new observational data, we now have 12 different attempts at detecting water vapor at 12 different Ceres locations along its orbit. Among this data set, five provided positive results, and seven managed only to reach the upper limits on production rate. Table 1 provides details for all these attempts.
The semi-major axis of Ceres’ orbit being 2.768 au with an eccentricity of 0.0757, its heliocentric distance varies from 2.558 to 2.978 au,causing the solar flux received by its surface to vary by about 35% (significantly influencing the surface temperature and, consequently, water ice sublimation, if present near the surface). Alternatively, the present obliquity of its rotational axis is very small (~ 3°), preventing any significant effect related to its obliquity from significantly influencing water emission from specific areas. If the detected emission of water vapor is due to the influence of solar radiation, creating “classical” cometary activity with sublimating water ice, it should be correlated to the heliocentric distance.
Figure 6 represents the detections and non-detections of water vapor emission along Ceres’ orbit. No correlation can be found between heliocentric distance and water vapor production rates. Our newest attempt was obtained closest to perihelion with a sensitivity level similar to the HSO observations, which were obtained at larger heliocentric distances. During our observations no water vapor was observed. From the vapor production rates listed in Table 1, we note that the observations closest to perihelion (numbers 1, 2, 7, and 12) resulted in observed magnitudes and upper limitsless than or equal to those observed significantly further away (numbers 5, 6, and 8). The lack of any clear correlation between Ceres’ heliocentric distance and observed water vapor production rates does not favor the hypothesis of a water vapor emission created by sublimation of water ice analogous to comets (or, at least, if water vapor is emitted by this process, which is probable to some extent, then it is below the detection level).
If the emission of water vapor is not a function of the heliocentric distance, then it could be related, as mentioned above, to SEP events. The problem with studying the influence of these events is the difficulty in relating ion flux observed near Earth to the Ceres environment. The Dawn in situ observations are available only for atmospheric search attempts numbered 8 through 12 in Table 1. Dawn detected electron bursts interpreted as the foreshock of an atmosphere-supported bow shock, which appeared immediately following a solar energetic particle event (Number 8). The HST telescopic observations (Numbers 9–11) occurred during periods when the sun was relatively quiet; consequently, no energetic particles were detected by Dawn during any of these attempts, which is consistent with their non-detections. Low fluxes of energetic protons were also observed by a near-Earth spacecraft. Such a relationship would argue in favor of this mechanism as a source of water vapor emission, nevertheless such a small sample is not really significant from a statistical point of view.
For the telescopic observations without in situ SEP monitoring, we can use the average ion flux observed near the Earth by instruments like ACE EPAM as a proxy, except for IUE data, obtained before the launch of ACE mission, for which we used the OMNI data provided by the Space Physics Data Facility2. It does not necessarily reflect the level of energetic particles arriving at Ceres but is, nevertheless, indicative of possible SEP events that could impact the dwarf planet. The results are shown in Fig. 7. The 2 MeV proton fluxes reported in this plot should be regarded as a proxy for proton fluxes with lower energy (~100 keV), which is more efficient at sputtering water ice (but only 2 MeV proton fluxes are available for all the times of observations). Such a plot seemsto also confirm a relationship between SEP and water vapor production rates. While there appears to be a correlation, targeted telescopic observations during varying intensities of solar conditions need to be performed to establish the exact relationship between the solar energetic particles and water release.
Based on nine exposed water ice patches on Ceres recently detected by Dawn (Combe et al. 2019), Landis et al. (2019) computed, that water vapor due to sublimation of these sources (including ice-exposing impacts over the course of a Ceres year) should account for at least 0.16 kg s−1 but less than 0.98 kg s−1. These values are well below both our detection limit of 6 kg s−1 and the production rate detected with HSO. It is, consequently, difficult to confirm the contribution of ice sublimation from discrete patches to Ceres’ vapor production on the basis of the direct detection or non-detection of water vapor emission. These observationsare influenced by some other processes such as the ones mentioned above. Among them Schorghofer et al. (2017) mentioned the possibility of an optically thin layer of ice formed by condensation of water molecules around the winter pole. Such a reservoir could rapidly be released under the influence of a SEP event and would form a denser transient water exosphere. This process would need, however, enough time (i.e., at least about half a Ceres year) for this reservoir to replenish (i.e., longer than the time elapsed between the positive HSO observations). This hypothesis is compatible with the present day observations, but the origin of water molecules released during a SEP event remains uncertain.
	[image: thumbnail]	Fig. 6
Ceres’ position along its orbit. These positions correspond to the time of the different attempts to detect water molecules (the numbers refer to Table 1).



	[image: thumbnail]	Fig. 7
Water vapor production rate reported vs. 2 MeV proton flux observed by EPAM ACE at 1 au (averaged over 10 days prior to telescopic attempts). Ion fluxes for IUE times of observation come from the OMNI database.



5 Conclusions
The presence of an exosphere around Ceres, both inferred from Dawn observations of its surface and from ground-based observations, is an important element for understanding the physical properties of this dwarf planet. The five positive exospheric detections and their magnitude variation do not yet have a well-established production mechanism. The two main mechanisms believed to produce such amounts of water molecules are sublimation of water ice recently exposed by impacts or landslides, and sputtering from SEP events. The first mechanism does not seem to be confirmed by this work, because it would imply a correlation between the heliocentric distance and the observations of water molecules, which is contradictory to our non-detection performed just before perihelion. However, this non-detection calls for alternative sources of outgassing. In addition to SEP impacts we can highlight other possibilities such as large exposed patches of ice by impact or landslide at low latitude in a short window prior to the Küppers et al. (2014) observations, whose activity has since faded (Landis et al. 2017); or exposure of fresh ice via endogenic mechanisms.
A definitive conclusion would require more observational support. Future observations should ideally be conducted in situ both because of the difficulty to predict SEP flux at Ceres from Earth-based solar wind monitors and because of the difficulty in monitoring OH emission lines around Ceres from ground-based observations.
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Mean OH spectrum. This was obtained by summing the flux of the 11 brightest OH lines (after convolution). The green spectrum corresponds to the observational data, while the blue one is obtained from the synthetic OH spectrum shown in Fig. 4.


    

  
    Table 1 

Overview of all attempts to detect water vapor around Ceres.



	N
	Date
	Instrument
	Water production rate
	Heliocentric
	Reference



				(1026 molecules s−1)
	distance (au)





	1
	14 Jan 1990
	IUE+LWP
	<0.53
	2.64
	A’Hearn & Feldman (1992)



	2
	29 May 1991
	IUE+LWP
	1.4
	2.66
	A’Hearn & Feldman (1992)



	3
	24 Oct 2007
	VLT+UVES
	<0.7
	2.83
	Rousselot et al. (2011)



	4
	23 Nov 2011
	HSO+HIFI
	<1.0(a)
	2.94
	Küppers et al. (2014)



	5
	11 Oct 2012
	HSO+HIFI
	3–4(a)
	2.72
	Küppers et al. (2014)



	6
	24 Oct 2012
	HSO+HIFI
	2.0(a)
	2.71
	Küppers et al. (2014)



	7
	6 Mar 2013
	HSO+HIFI
	2.0
	2.62
	Küppers et al. (2014)



	8
	19 Jun 2015
	Dawn+GRaND
	3.0
	2.93
	Jia et al. (2017)



	9
	26 Aug 2015
	HST+COS
	<4
	2.95
	Roth et al. (2016)



	10
	3–7 Sep 2015
	HST+STIS
	<2.2
	2.96
	Roth (2018)



	11
	26 Oct 2016
	HST+COS
	<1.8
	2.88
	Roth (2018)



	12
	16 Feb 2018
	VLT+UVES
	<2
	2.57
	This work






Notes. (a) See Villarreal et al. (2017) for these values, based on private communication from Küppers et al. (2014).
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Ceres’ position along its orbit. These positions correspond to the time of the different attempts to detect water molecules (the numbers refer to Table 1).
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Water vapor production rate reported vs. 2 MeV proton flux observed by EPAM ACE at 1 au (averaged over 10 days prior to telescopic attempts). Ion fluxes for IUE times of observation come from the OMNI database.
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