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Some ESO Highlights in 2010-2015

P/2010 A2 - 
First potential 

asteroid collision

Snodgrass et al. 2010

Itokawa - NEO internal structure 
from YORP spin-up

Lowry et al. 2014

Owing to its higher acquisition rate (10 Hz), the Lucky Imager camera8,9

of the Danish 1.54-m telescope actually resolved the secondary events
into two rings, denoted 2013C1R and 2013C2R (C1R and C2R for short)
in Figs 1 and 3. We use the terms ingress and egress refer to the first
and, respectively, second of a pair of ring events at a given site. All the
Danish events are satisfactorily fitted by sharp-edged ring models
whose radial widths (W) in the ring plane and normal optical depths
(tN) are listed in Table 1. We also provide the equivalent depths
(Et 5 WtN), which can be related to the amount of material contained
in the ring10. C2R is about 40% narrower than C1R, and contains about
12 times less material. We note that no material is detected in the gap
between C1R and C2R, up to a limit of 0.004 in normal optical depth
and 0.05 km in equivalent depth (Table 1 and Extended Data Table 4).

By analogy with Saturn’s A ring11 or the dense rings of Uranus12, we
estimate that the surface density of C1R lies in the range 30–100 g cm22

(Supplementary Information). Then, the mass of C1R is equivalent to
that of an icy body with a radius of roughly 1 km, whereas C2R cor-
responds to a body of half that size. If the photometric variability of
Chariklo’s system between 1997 and 2008 is entirely due to the ring chang-
ing geometry3, we estimate the ring reflectivity to be I/F < 0.09 6 0.04
(I is the intensity of light reflected by the surface and pF is the incident
solar flux density). Thus, Chariklo’s ring particles would be signifi-
cantly brighter than those of Uranus’s rings13 (I/F < 0.05), but would
be significantly darker than those of Saturn’s A ring14 (I/F < 0.3). We
note that, if part of the photometric variability is caused by Chariklo
itself, then the ring material would be darker than estimated above
(Supplementary Information).

Constraints on Chariklo’s limb shape are based on only two occulta-
tion chords (Supplementary Information and Extended Data Table 5).
Our simplest model describes an oblate Chariklo surrounded by a cir-
cular equatorial ring system (Extended Data Table 6). The fitted limb
(Fig. 2) has an equivalent radius of 127 km (the radius of an equivalent
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Figure 1 | Light curve of the occultation by the Chariklo system. The data
were taken with the Danish 1.54-m telescope (La Silla) on 3 June 2013, at a rate
of almost 10 Hz and with a long-pass filter and a cut-off below 650 nm, limited
at long wavelengths by the sensitivity of the charge-coupled-device chip
(Supplementary Information). Aperture photometry provided the flux from
the target star and a fainter nearby reference star. Low-frequency sky
transparency variations were removed by dividing the target flux by an optimal
running average of 87 data points (8.7 s) of the reference star, resulting in a
final signal-to-noise ratio of 64 per data point. The sum of the stellar and
Chariklo fluxes has been normalized to unity outside the occultation. The
central drop is caused by Chariklo, and two secondary events, 2013C1R and
2013C2R, are observed, one at ingress (before the main Chariklo occultation)
and then at egress (after the main occultation). A more detailed view of
these ring events is shown in Fig. 3.
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Figure 2 | Chariklo ring system. The dotted lines are the trajectories of the
star relative to Chariklo in the plane of the sky, as observed from eight sites
(Supplementary Information), the arrow indicating the direction of motion.
The green segments represent the locations of ring C1R observed at each station
(1s uncertainty). For clarity, we have not plotted the detections made at the
TRAPPIST and 0.275-m telescopes (at La Silla and Bosque Alegre, respectively)
because they have larger error bars than their local counterparts, and would
supersede the corresponding green segments. Two ring events occurred during
camera readout times (red segments) at Bosque Alegre and Cerro Tololo,
and also provide constraints on the ring orbit. The ring events are only

marginally detected at Cerro Burek, but the signal-to-noise ratio is not
sufficient to put further constraints on the ring orbit and equivalent width.
An elliptical fit to the green and red segments (excluding, because of timing
problems (Supplementary Information), the SOAR events at Cerro Pachón)
provides the centre of the rings (open cross), as well as their sizes, opening angle
and orientation (Table 1). Chariklo’s limb has been fitted to the two chords’
extremities (blue segments) obtained at La Silla and Cerro Tololo, assuming
that the centres of Chariklo and the rings, as well as their position angles,
coincide. This is expected if Chariklo is a spheroid, with a circular ring orbiting
in the equatorial plane (see text and Supplementary Information).
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Ring system around centaur Chariklo

Braga-Ribas et al. 2014
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Pan-STARRS/Catalina/DECam - Main-belt complete to V=21 (D~4km),
TNOs 80% complete to V=21 (D~600km), NEOs 90% complete to D~0.8km
GAIA - Precise orbits for all objects during mission with V=20 and brighter
JWST - High-resolution opt/NIR studies of individual objects
LSST - 3-day cadence to V~24, increasing all populations by factor ~10
E-ELT - High sensitivity, high spatial resolution in opt+NIR.

The status in 2020+?
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Impact of ELT spatial resolution

E-ELT at H-band

ALMA (15km) @675GHz

NEOs

MBAs

TNOs/SDOs

Comets

Resolved NEO and Main-Belt binaries.
Accurate shapes/sizes + GAIA masses -> densities.
Mineralogy/compositional mapping of larger objects.
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Near-Earth Objects

• Small impactors from ATLAS/LSST. 
Trajectories and physical characterisation 
from astrometry, photometry and opt/NIR 
spectroscopy.

• Requires observations within 24 hours of 
discovery i.e. before they hit! High-speed 
guiding of >1 arcsec/sec required.

Chelyabinsk 2013

2008 TC3

2014 AA
Jenniskens et al. 2009

Chodas 2014
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• ~1 collision/disruption found per year - 
LSST should significantly increase this 
due to sensitivity+cadence.

• Current observations imply YORP spin-up 
disruptions more important than collisions.

• Requires early detection and monitoring.

Main-Belt Asteroids 596 Sheila

P/2013 P5

PSLSST

Rotational studies

Jewitt et al. 2014



ESO in the 2020’s, ESO, Garching, 19 Jan 2015Asteroids and Comets - Alan Fitzsimmons, QUB

Main-Belt Comets
• 3 now confirmed, probable instantaneous 

population of ~100.
• Collisional activation likely origin, but 

lifetimes and sublimation rates unmeasured.
• Requires deep imaging for all objects, 

sensitive spectroscopy for gas emission 
(UV/blue > 370nm) and model testing.

• Subject of several ESA/NASA proposals 
due to possible H2O origins and D/H.

Hsieh et al. 2015

Boehnhardt 1998

238P/Read

133P/Elst-Pizarro

Hsieh et al. 2011

313P/Gibbs
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The Astrophysical Journal Letters, 792:L2 (6pp), 2014 September 1 Cordiner et al.
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Figure 1. Contour maps of spectrally integrated molecular line flux observed in comets F6/Lemmon (top row) and S1/ISON (bottom row). Contour intervals in each
map are 20% of the peak. The 20% contour has been omitted from panel (e) for clarity. Negative contours are dashed. The rms noise (σ , in units of mJy beam−1 km s−1)
and contour spacings δ in each panel are as follows: (a) σ = 13.1, δ = 19.4σ , (b) σ = 10.9, δ = 25.2σ , (c) σ = 14.8, δ = 0.9σ , (d) σ = 13.6, δ = 2.3σ , (e) σ =
13.7, δ = 1.1σ , (f) σ = 11.0, δ = 9.6σ . Simultaneously observed continuum flux bitmaps are shown in blue for Lemmon and orange for ISON, with flux scales
shown at the far right. The continuum peaks are indicated with white crosses. Sizes (FWHM) and orientations of the Gaussian point-spread functions are indicated in
the lower left (hatched ellipses); observation dates and times are also given. Comet illumination phases (φ) and sub-solar points (∗) are indicated in the upper right in
panels (a) and (b); projected vectors in the direction of the Sun and the dust trail (the opposite of the comet’s velocity vector) are shown in panels (c) and (d). Spectra
in upper left of each panel show line flux (integrated over the map area) as a function of cometocentric velocity; dashed horizontal lines indicate the flux zero levels.

(A color version and supplemental data of this figure are available in the online journal.)

shows spectrally integrated flux contour maps for the observed
molecules in each comet, overlaid on bitmap images of the
(simultaneously observed) continuum emission.

Dramatic differences are evident between different molecu-
lar species observed in the same comet, and between the same
species observed in the different comets. By eye, the HCN dis-
tributions in both comets appear quite rotationally symmetric
about the central peak. For Lemmon, no offset between the
HCN and continuum peaks is distinguishable, whereas ISON’s
HCN peak is offset 80 km eastward of the continuum peak. Both
comets show a compact, strongly peaked submillimeter contin-
uum, but ISON exhibits an additional, fainter, tail-like feature
extending to the northwest, in approximately the opposite di-
rection to the comet’s motion (as marked by the “trail” vector
in Figure 1(d)). Cometary submillimeter emission is likely due
to large dust grains, !1 mm in size (Jewitt & Luu 1992), so
ISON’s submillimeter tail is consistent with the presence of a
debris stream following behind the comet’s orbit, as discussed
by Sekanina & Kracht (2014).

For HNC, the emission observed in comet Lemmon (detected
at 4.4σ confidence) is offset from the continuum peak by 500 ±
150 km to the west (Figure 1(c))—in an approximately anti-
sunward direction. By contrast, ISON’s HNC peak (Figure 1(d))
lies very close to (within 100 km of) the continuum peak. The
HNC map for ISON shows a wealth of remarkable extended

spatial structure, with at least three streams (identified at >6σ
confidence), emanating away from the main peak. The majority
of HNC emission from both comets is asymmetric, originating
predominantly in the anti-sunward hemispheres of their comae.

Formaldehyde also shows strikingly different distributions for
comets Lemmon and ISON (Figures 1(e) and (f)), highlighting
the complex nature of this species. Lemmon has a remarkably
flat and extended H2CO map, as demonstrated by the size
of the region traced by the 40% contour compared with the
other maps. The mean FWHM of the H2CO distribution is
d̄ = 2920 km (which is 3.5 times the instrumental PSF value
of d̄ = 840 km), and is significantly broader than both HCN
and the continuum, which have d̄ = 1480 km and 1180 km,
respectively. Lemmon’s H2CO map shows two main emission
peaks at distances ∼500–1000 km from the continuum peak
(although noise is likely responsible for some of the structure in
this map). By contrast, the H2CO distribution for comet ISON is
dominated by a strong, compact central peak (with d̄ = 600 km,
compared to d̄ = 320 km for the PSF), and has a relatively
symmetrical contour pattern, similar to HCN.

Further insight into the flux distributions can be obtained
by comparison of the azimuthally averaged radial flux profiles
(Figure 2). For each map, the HCN flux peak was taken as the
origin (except for the continuum maps, for which the continuum
peak was used). The average fluxes inside successive 0.′′05 thick

3

Bright Comets

Cordiner et al. 2014

• Near-nuclear gas-phase distributions 
now being obtained from ALMA.

• VLT + ESPRESSO, VLT+CRIRES, 
ELT-HIRES can allow C,N  isotopic 
ratios and even D/H from close 
Kuiper-belt comets.

Villaneuva et al. 2009

Comets Lemmon & ISON

D/H in Comet 8P/Tuttle
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Comets

• Distant activity at > 3AU is poorly studied  - 
67P results agree with significant activity at 
large distances. Requires 4m/8m monitoring.

• Inner coma chemistry and dust dynamics 
from ALMA/E-ELT extremely important for 
understanding classically observed species 
and dust/gas interactions.

4km
= E-ELT H-band spatial resolution @ 0.5AU

100,000km Snodgrass/ESO 2014

ESA/MPS/OSIRIS
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Centaurs and 
Trans-Neptunian Objects

• Resolved imaging/spectroscopy of large 
TNOs/Centaurs.

• Occultations of bright and faint TNOs 
using GAIA orbits and stellar positions.

• Photometry and spectroscopy of 
populations - why so different?

Haumea’s Dark Red Spot

2000km

Owing to its higher acquisition rate (10 Hz), the Lucky Imager camera8,9

of the Danish 1.54-m telescope actually resolved the secondary events
into two rings, denoted 2013C1R and 2013C2R (C1R and C2R for short)
in Figs 1 and 3. We use the terms ingress and egress refer to the first
and, respectively, second of a pair of ring events at a given site. All the
Danish events are satisfactorily fitted by sharp-edged ring models
whose radial widths (W) in the ring plane and normal optical depths
(tN) are listed in Table 1. We also provide the equivalent depths
(Et 5 WtN), which can be related to the amount of material contained
in the ring10. C2R is about 40% narrower than C1R, and contains about
12 times less material. We note that no material is detected in the gap
between C1R and C2R, up to a limit of 0.004 in normal optical depth
and 0.05 km in equivalent depth (Table 1 and Extended Data Table 4).

By analogy with Saturn’s A ring11 or the dense rings of Uranus12, we
estimate that the surface density of C1R lies in the range 30–100 g cm22

(Supplementary Information). Then, the mass of C1R is equivalent to
that of an icy body with a radius of roughly 1 km, whereas C2R cor-
responds to a body of half that size. If the photometric variability of
Chariklo’s system between 1997 and 2008 is entirely due to the ring chang-
ing geometry3, we estimate the ring reflectivity to be I/F < 0.09 6 0.04
(I is the intensity of light reflected by the surface and pF is the incident
solar flux density). Thus, Chariklo’s ring particles would be signifi-
cantly brighter than those of Uranus’s rings13 (I/F < 0.05), but would
be significantly darker than those of Saturn’s A ring14 (I/F < 0.3). We
note that, if part of the photometric variability is caused by Chariklo
itself, then the ring material would be darker than estimated above
(Supplementary Information).

Constraints on Chariklo’s limb shape are based on only two occulta-
tion chords (Supplementary Information and Extended Data Table 5).
Our simplest model describes an oblate Chariklo surrounded by a cir-
cular equatorial ring system (Extended Data Table 6). The fitted limb
(Fig. 2) has an equivalent radius of 127 km (the radius of an equivalent
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Figure 1 | Light curve of the occultation by the Chariklo system. The data
were taken with the Danish 1.54-m telescope (La Silla) on 3 June 2013, at a rate
of almost 10 Hz and with a long-pass filter and a cut-off below 650 nm, limited
at long wavelengths by the sensitivity of the charge-coupled-device chip
(Supplementary Information). Aperture photometry provided the flux from
the target star and a fainter nearby reference star. Low-frequency sky
transparency variations were removed by dividing the target flux by an optimal
running average of 87 data points (8.7 s) of the reference star, resulting in a
final signal-to-noise ratio of 64 per data point. The sum of the stellar and
Chariklo fluxes has been normalized to unity outside the occultation. The
central drop is caused by Chariklo, and two secondary events, 2013C1R and
2013C2R, are observed, one at ingress (before the main Chariklo occultation)
and then at egress (after the main occultation). A more detailed view of
these ring events is shown in Fig. 3.
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Figure 2 | Chariklo ring system. The dotted lines are the trajectories of the
star relative to Chariklo in the plane of the sky, as observed from eight sites
(Supplementary Information), the arrow indicating the direction of motion.
The green segments represent the locations of ring C1R observed at each station
(1s uncertainty). For clarity, we have not plotted the detections made at the
TRAPPIST and 0.275-m telescopes (at La Silla and Bosque Alegre, respectively)
because they have larger error bars than their local counterparts, and would
supersede the corresponding green segments. Two ring events occurred during
camera readout times (red segments) at Bosque Alegre and Cerro Tololo,
and also provide constraints on the ring orbit. The ring events are only

marginally detected at Cerro Burek, but the signal-to-noise ratio is not
sufficient to put further constraints on the ring orbit and equivalent width.
An elliptical fit to the green and red segments (excluding, because of timing
problems (Supplementary Information), the SOAR events at Cerro Pachón)
provides the centre of the rings (open cross), as well as their sizes, opening angle
and orientation (Table 1). Chariklo’s limb has been fitted to the two chords’
extremities (blue segments) obtained at La Silla and Cerro Tololo, assuming
that the centres of Chariklo and the rings, as well as their position angles,
coincide. This is expected if Chariklo is a spheroid, with a circular ring orbiting
in the equatorial plane (see text and Supplementary Information).
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Braga-Ribas et al. 2014

Lacerda et al. 2014

Chariklo’s Rings
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ESO support of Science Drivers for 
asteroids/comets in 2020+

• Accurate non-sidereal guiding for E-ELT - required for high 
spatial resolution imaging/spectroscopy of all solar system 
targets.

• Rapid response availability very important for transients on 8-m 
and 4-m (TOOs and DDTs) - collisions/disruptions/outbursts.

• Multi-colour monitoring should be available - LSST will only 
provide one bandpass at 3-day cadence.

• Low-res opt+NIR spectroscopy will remain central to asteroid/
comet studies - requires high-throughput instruments on NTT/
VLT/E-ELT.

• Sensitive high-cadence capability for occultation studies.
• Blue spectroscopy (<400nm) necessary for cometary studies.


