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The ‘snowline’ conventionally divides Solar System objects into dry
bodies, ranging out to the main asteroid belt, and icy bodies beyond
the belt. Models suggest that some of the icy bodies may have migrated
into the asteroid belt'. Recent observations indicate the presence of
water ice on the surface of some asteroids®>, with sublimation® a
potential reason for the dust activity observed on others. Hydrated
minerals have been found®® on the surface of the largest object in
the asteroid belt, the dwarf planet (1) Ceres, which is thought to be
differentiated into a silicate core with an icy mantle’'". The pres-
ence of water vapour around Ceres was suggested by a marginal
detection of the photodissociation product of water, hydroxyl
(ref. 12), but could not be confirmed by later, more sensitive obser-
vations'’. Here we report the detection of water vapour around Ceres,
with at least 10°® molecules being produced per second, originating
from localized sources that seem to be linked to mid-latitude regions
on the surface'*". The water evaporation could be due to comet-like
sublimation or to cryo-volcanism, in which volcanoes erupt volatiles
such as water instead of molten rocks.

We observed Ceres with the Heterodyne Instrument for the Far Infrared
(HIFI)' on the European Space Agency’s Herschel Space Observatory'”
on four occasions between November 2011 and March 2013 (Extended
Data Table 1) as part of the MACH-11 (‘Measurements of 11 asteroids
and comets with Herschel’) guaranteed time programme (principal
investigator L.O’R.) and of a follow-up Director’s Discretionary Time
Program. We used HIFI to search for water vapour directly, because it
is more sensitive to water concentrated in the near-Ceres environment
than previous instruments used to search for hydroxyl (OH). We observed
the water ground-state line at a frequency of 556.936 GHz. The angular
diameter of Ceres was <1 arcsec for all observations, compared to the
beam width of HIFI, which was approximately 40 arcsec at the fre-
quency of the water line. Although we cannot resolve Ceres spatially,
we can derive information about the longitudinal distribution of the
water sources on the surface from the variation of the absorption over
the rotation of Ceres. Details of observations and data reduction are pro-
vided in the Supplementary Information and in Extended Data Table 1.

Figure 1 shows time-averaged spectra taken in October 2012 and on
6 March 2013, normalized to the thermal continuum of Ceres (measured
with the expected brightness, see Extended Data Table 2). At the frequency
of the water line, absorption in the thermal continuum of Ceres is clearly
visible in thelate 2012 observations, whereas in the 2013 data it is next to
aweaker emission line detected at the 3¢ level. The low outflow velocity
(0.3-0.7km s ') determined from the offset of the absorption line is com-
parable to the escape velocity of Ceres (about 0.52 km's™ L ref, 18), show-
ing that a fraction of the evaporated water does not escape from Ceres.
For line strengths and offset information, see Extended Data Table 3.

The strength of the absorption is variable on short timescales (hours;
Fig. 2) as well as on longer timescales (weeks and months; Extended

Data Fig. 1 and Extended Data Table 3). We interpret the short-term
variation in terms of localized sources on Ceres rotating into and out of
the hemisphere visible by Herschel. Figure 2 shows the correlation of
the strength of the absorption line with the position of features on the
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Figure 1 | Submillimetre water absorption line from the dwarf planet (1)
Ceres. The spectra of the ground-state transition line 1;o-1o; of ortho-water at
556.939 GHz were obtained on 11.83-11.92 October 2012 UT (a), 24.84-24.96
QOctober 2012 uT (b) and 6.13-6.55 March 2013 uT (c), with HIFI’s Wide-
Band Spectrometer. The spectra, which are the averages of the linear H and V
polarizations, were divided by the Ceres continuum thermal emission. The
abscissa represents the Doppler velocity in the Ceres frame, after correction for
the relative motion between Ceres and Herschel. The spectral resolution is

1.1 MHz (0.5kms™!) with 0.6 MHz sampling. The water line is seen in
absorption against the thermal emission of Ceres. Material moving towards the
observer causes the absorption line to be blue-shifted. In the 6 March

spectrum (c), a redshifted emission line is visible next to the blue-shifted
absorption line, showing that the exosphere of Ceres extends towards the limbs.
The possible polarization of this line is discussed in the Supplementary
Information. Overplotted on the 6 March spectrum is a model of the spectrum of
the water line for two active spots 60 km in diameter situated on the surface

of Ceres (red spectrum in c). The simulation takes into account the variation of
the sub-observer point longitude during the 10-hour-long observation. The
model spectrum is adjusted to the depth of the observed spectrum. The relative
strengths of the redshifted and blue-shifted peaks are correctly reproduced.
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Figure 2 | Variability of water absorption on 6 March 2013. a, Line area
of the water absorption line (normalized to the continuum emission of Ceres)
at 557 GHz as a function of the longitude of the sub-observer point.
Measurements are shown as red dots; error bars on the intensity are 1¢ and
the horizontal bars show the range of sub-observer longitudes covered by
individual measurements. The two conflicting data points at sub-observer
point longitude 4 =~ 110° were taken within a time interval of 9 hours
(corresponding to the rotation period of Ceres), and suggest temporal
variability at the regional scale. Vertical bands indicate the planetocentric
longitude of the dark regions: Piazzi (longitude, 123°, latitude +21°) and
Region A (longitude 231°, latitude +23°)'*'>". The curve in blue is the
result of a gas-kinetic model of the exosphere of Ceres®' (see Supplementary
Information). Water is released from localized sources 60 km in diameter
situated at the longitudes and latitudes of regions Piazzi and Region A, with
atotal production rate of 10*® molecules per second for each source. The surface
temperature of Ceres varies from 235K (subsolar, that is, when the Sun is at
zenith) to 168 K (morning and evening). The excitation and radiative transfer
models of the water 1,91y, line include excitation of the vibrational bands
by the Sun’s infrared radiation, excitation of the rotational lines by thermal
radiation from Ceres, collisions with water and self-absorption effects®

(see Supplementary Information). b, A map of Ceres from near-infrared
adaptive-optics imaging observations'. Piazzi and Region A are seen as

dark regions, with a bright centre within Region A.

Ceres surface that are known from ground-based'*"> and Hubble Space
Telescope' observations. In all observations that detected water vapour
from Ceres, the absorption line strength is strongly correlated with the
visibility of surface areas identified as dark regions (about 5% darker
than the average surface) in near-infrared observations. We identify
those regions as the likely source of most of the evaporating water. A
bright region known from observations in the visible region of the
spectrum does not appear to contribute. Possibly, the dark regions are
warmer than the average surface, resulting in efficient sublimation of
small water-ice reservoirs.

Although the small number of observations does not allow a unique
interpretation of the long-term variation, the lack of detection of the
water line at 2.94 astronomical units (AU; where 1 AU is the mean dis-
tance from Earth to the Sun) in November 2011 and its first detection at
2.72 AU are consistent with the steep increase of water-ice sublimation
between 3 AU and 2.5 AU (ref. 20). In addition, the larger absorption
strength on 11 October 2012 compared to the observations two weeks
later and five months later suggests sporadic changes in the water
evaporation. Given that the spin axis of Ceres is nearly perpendicular
to its orbital plane', we expect seasonal variations driven by spin-axis
obliquity to contribute little to the variability.
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We analysed the water exosphere of Ceres with a gas kinetic Direct
Simulation Monte Carlo* model (Extended Data Fig. 2) that considers
water vapour to be ejected from localized sources, and then to slow
down in Ceres’ gravity field. To simulate water spectra, we use a state-
of-the-art two-dimensional excitation model®, which considers excita-
tion by radiation from Ceres and the Sun and collisional excitation (see
details in Supplementary Information). The temporal variation of the
absorption line observed on 6 March 2013 is well described by a model
that considers outgassing from two sources coincident with dark regions
Piazzi and Region A (Fig. 2). Modelling predicts line emission at positive
velocities (Fig. 1), caused by gas expansion from dense to more rarefied
regions. The resulting total production rate of about 2 X 10°° mole-
cules (or 6 kg) per second of water requires only a tiny fraction of the
Ceres surface to be covered by water ice. The surface of Ceres receives
on average a solar input power of approximately 50 W m ™2 (a quarter
of the total solar power at the heliocentric distance of Ceres, with the
factor 1/4 being the ratio between the cross-section of Ceres and its
surface area). Because Ceres is located in the transition range between
the outer Solar System, where most of the solar energy will be re-emitted
as thermal radiation, and the inner Solar System, where most of the
energy will go into sublimation of the ice, we assume that half of the
energy will be used for sublimation. With a latent heat of sublimation of
2.5 % 10°Tkg ™", the corresponding sublimation rateis 10 > kgm s .
To sublimate 6 kg s~ ! of water ice, Ceres must have a surface area cov-
ered with water ice of 0.6 km?, or approximately 10~ of its total surface
area. If the activity is restricted to areas with a radius of about 100 km
(the approximate size of the identified source regions), the active sur-
face fraction required within those areas is still very small (<107 of
the surface area of the identified source regions).

An unexpected aspect of the data is that the absorption line appears
to be strongly linearly polarized in October 2012, whereas no signifi-
cant polarization was seen in March 2013. See Extended Data Table 3,
Extended Data Fig. 3, and Supplementary Information for further
analysis.

The measured water production is two orders of magnitudes higher
than is predicted from a model of sublimation maintained from water
supplied from the interior of Ceres®. In addition, the water activity is
most probably not concentrated on polar regions, where water ice would
be most stable. We propose two mechanisms for maintaining the observed
water production on Ceres. The first is cometary-type sublimation of
(near) surface ice. In this case the sublimating ice drags near-surface
dust with it and in this way locally removes the surface layer and exposes
fresh ice. Transport from the interior is not required. The second mech-
anism is geysers or cryovolcanoes, for which an interior heat source is
needed. For Jupiter’s satellite Io and Saturn’s moon Enceladus the
source of activity is dissipation of tidal forces from the planet****. That
can be excluded for Ceres, but some models suggest that a warm layer in
the interior heated by long-lived radioisotopes may maintain cryovol-
canism on Ceres at the present time (ref. 26 and references therein).

One way of distinguishing between the two mechanisms is to ana-
lyse the variation of the water activity of Ceres over its orbit. Taking the
activity of main-belt comets as a reference, cometary activity is expected
to be concentrated at the perihelion passage’. On the other hand, cryo-
volcanism receives its energy from the interior and so no dependence
on heliocentric distance would be seen, although sporadic variations of
activity are likely. The currently available data appear to be consistent
with the cometary hypothesis, but more observations are needed to
distinguish between these possibilities (see Fig. 3).

Although ground- and space-based observations may further map
the behaviour of Ceres over its orbit, the Dawn spacecraft mission*”
arriving to orbit Ceres in early 2015 is expected to be key in providing a
long-term follow-up on the water outgassing behaviour of Ceres. In
particular, it will provide long-term monitoring of the water outgassing
concentration and stability of the activity in the dark regions where we
suggest that the water-ice mantle of Ceres may reach the surface. Two
of the instruments on Dawn—the near-infrared spectrometer (VIR)
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Figure 3 | Water production of Ceres versus position on its orbit. Searches
for water activity on Ceres were performed with the International Ultraviolet
Explorer (IUE), the Very Large Telescope (VLT), and Herschel. The inner orbit
is that of Earth, the outer orbit that of Ceres. rh is the heliocentric distance
of Ceres and Delta is the distance between Ceres and the observer. If cometary
activity is the source of water on Ceres we would expect the onset of activity
to appear well before perihelion before becoming much weaker at some time
after perihelion. The pre-perihelion data are consistent with that picture. No
activity was detected by VLT and Herschel at less than 2.83 au; then Herschel
detected activity in all observations within 2.72 Au. The non-detection by IUE
at almost the same orbital position as one of the Herschel observations three
orbital periods earlier can be explained by the higher sensitivity of Herschel
for near-equatorial sources. The single observation postperihelion (a marginal
detection by IUE) does not allow us to draw conclusions about the behaviour
when Ceres is receding from the Sun. Dawn will visit Ceres on the
postperihelion arc. The water absorption was strongest in the first Herschel
detection on 11 October 2012, well before passing perihelion. To first order
this is not what we would expect for cometary activity. It may have been
caused by an analogue of a cometary outburst. Alternatively, it could have
been a volcanic eruption. In that case, the correlation of the detectability with
heliocentric distance may be coincidental. Additional observations are required
to distinguish better between different mechanisms for the water activity.

and the gamma ray and neutron detector (GRaND)—may contribute
significantly to this task. Although no observations of water are avail-
able for the orbital position of Ceres at the time of its arrival (Fig. 3) and
the heliocentric distances in the spacecraft’s initial few months around
Dawn of 2.85-2.95 AU appear to be unfavourable for detecting activity, it
may be that the post-perihelion activity is maintained to larger distances.

The identification of more than one water source on Ceres suggests
outgassing from a small ice fraction near the surface as opposed to spora-
dic activity triggered by a singular event like a recent large impact. This
supports the idea that Ceres possesses an icy mantle, and it also implies
that we have detected water activity in the asteroid main belt. If the
water is from cometary sublimation, it demonstrates that activity driven
by water sublimation is not limited to classical comets, but is present in
the asteroid belt as well. This supports the new vision of our Solar
System with a continuum in composition and ice content between
asteroid and comet populations.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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Extended Data Figure 1 | Long-term variability of water absorption.

The absolute value of the area of the water absorption line at 557 GHz

(line area normalized to Ceres continuum emission) is plotted for dates of
observations covering the same sub-observer point longitudes: 4 = 180°-204°
on 23 November 2011, 11 October 2012 and 6 March 2013 (black dots);

A =21°-103° on 24 October 2012 and 6 March 2013 (red dots). Error bars
are 1. The strength of the absorption is variable on timescales of hours or
months.
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Extended Data Figure 2 | Direct Simulation Monte Carlo calculations of
the exosphere of Ceres. a-c, Number density ny,0 (), velocity v (b) and
translational temperature T, (c) for water outgassing from an active spot about
60 km in diameter situated on the surface of Ceres at the subsolar point. The
Sun is towards the right. The total water production rate is 10*° molecules per
second. The Ceres surface temperature varies from 235K (subsolar) to 168 K.
See Supplementary Information. Stream lines are shown in black. The vortex
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seen on the night side is caused by the competition of molecules falling back on
the surface owing to gravity and those molecules diffusing outwards. The local
maximum in velocity observed above the active spot is also an effect of gravity.
The gravity of Ceres causes 3% of the evaporated molecules to fall back to the
surface, whereas 7% fall back owing to collisions between water molecules in the
atmosphere.
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Extended Data Table 1 | Overview of the acquired data

Start date and time Duration r A Sub-observer point  Sub-solar point Phase
A € As gs ¢
(UD) (s) Aavm  Aau ¢ ) ) ) ©
2011-11-23 11:31:20 4010 294 251 224-180 5 243-200 3 19
2012-10-11 19:53:46 8245 2.72 226 247-156 1 2774139 —~L 21
2012-10-24 20:04:28 8575 2.71 2.09 103-8 1 84-350 -1 19
2013-03-06 03:05:42 8575 2.62 a1 130-35 7 152-57 -3 22
2013-03-06 05:30:03 9146 2.62 231 34-293 ¥ 56-318 -3 22
2013-03-06 08:03:55 9146 2.62 231 292-192 7 317-214 3 22
2013-03-06 10:37:47 9146 2.62 231 191-90 =7 2134111 -3 22

Geometric parameters of the observations are the heliocentric distance of Ceres r, the Ceres-Herschel distance 4, the sub-observer point longitude A and subsolar point longitude As at the beginning and end
of each observation'#?°, the sub-observer point latitude ¢ and subsolar point latitude ¢ (refs 14 and 29), and the phase angle ¢. The Herschel observation identification numbers (Obsids) are 1342232694
(23 November 2011), 1342253122 (11 October 2012), 1342254428 (24 October 2012) and 1342266018-1342266021 (6 March 2013).

29. Chamberlain, M. A, Sykes, M. V. & Esquerdo, G. A. Ceres light curve analysis—period determination. /carus 188, 451-456 (2007).
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Extended Data Table 2 | Continuum brightness in the spectra

Date Measured continuum  Expected continuum
(UT) (Jy) (Iy)

23.48-23.53 November 2011 7.24 +0.65 7.35 04
11.83-11.92 October 2012  8.71 +1.16 9.78 L0035
24.84-2496 October 2012  11.48+0.72 11.54+0.6

6.13-6.55  March 2013 8.61+0.62 8.74 £0.4

Measured and expected brightness of the continuum. The expected thermal continuum was calculated with a thermophysical model®°. The estimated accuracy of the model is 5%.

30. Mdller, T.G. etal. Herschel celestial calibration sources: four large main-belt asteroids as prime flux calibrators for the far-IR/sub-mm range. Exp. Astron. http://dx.doi.org/
10.1007/510686-013-9357-y (in the press).
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Extended Data Table 3 | Characteristics of H,0 spectra

LETTER

Date Polarization Line area Offset Width Absorbance
(UT) (km s (kms™ (km s™) (%)
23.48-23.53 November 2011 H+V 0.07=0.10 - - <10
11.83-11.92 October 2012 H =107 L0012 Q260007 1374021 74
\% —0.43+0.12 —0.76+=0.15 096+0.26 42
H+V —0.79+0.10 —040+0.09 143+0.22 52
24.84-24.96 October 2012 H —0.56+0.09 —0.72+0.11 121+0.19 44
\% —-0.22+0.06 —0.16+0.09 0.61+0.18 34
H+A 031 L0006 —039L007 0731016 39
6.13-6.55 March 2013 H —-0.27+0.04 —0.67+0.05 0.69+0.10 37
\% -0.20+0.04 —0.69+=0.09 0.67+0.18 28
H+V -0.24 +0.03 —0.68+0.05 0.68+0.09 33

Results of Gaussian fits to the water 110-10; absorption line, after normalizing by the thermal continuum emission from Ceres. Offset refers to the radial velocity of the line centre relative to that of Ceres. The last
column provides the absorbance (the percentage of the continuum that is absorbed) at the line centre from a Gaussian fit to the absorption line (1o upper limit for the first observation). The V/H line area ratios are
0.40+0.12,0.38 =0.13 and 0.74 = 0.20, for 11 October, 24 October and 6 March, respectively.
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