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Until now, rings have been detected in the Solar System exclusively around
the four giant planets1. Here we report the discovery of the first minor-body ring
system around the Centaur object (10199) Chariklo, a body with equivalent radius2

124±9 km. A multi-chord stellar occultation revealed the presence of two dense
rings around Chariklo, with widths of about 7 km and 3 km, optical depths 0.4 and
0.06, and orbital radii 391 and 405 km, respectively. The present orientation of
the ring is consistent with an edge-on geometry in 2008, thus providing a simple
explanation for the dimming of Chariklo’s system between 1997 and 20083, and for
the gradual disappearance of ice and other absorption features in its spectrum over
the same period4, 5. This implies that the rings are partially composed of water ice.
These rings may be the remnants of a debris disk, which were possibly confined by
embedded kilometre-sized satellites.

Chariklo is the largest known Centaur object orbiting in a region between Saturn and Uranus
with orbital eccentricity 0.171 and semi-major axis 15.8 astronomical units (1AU is the Earth-
Sun distance). It may be a former transneptunian object that has been recently (less than 10
Myr) scattered by gravitational perturbations from Uranus6. No clear detection of Chariklo’s
rotation has been made so far. Its surface is very dark with a geometric albedo2 0.035±0.011,
and it is subject to long-term spectral and photometric variabilities3, 4, 5, although no cometary
activity has ever been reported.

An occultation of an R=12.4 magnitude star by Chariklo was predicted7 to cross South
America on June 3, 2013; see Extended Data Figures 1 and 2. We obtained data from sites
distributed in Brazil, Argentina, Uruguay and Chile (Extended Data Table 1). While the
occultation by Chariklo itself was recorded at three sites in Chile, seven sites detected a total
of thirteen rapid stellar flux interruptions (secondary events), two of them being resolved into
two sub-events by the Danish 1.54m telescope at the European Southern Observatory (ESO)
at La Silla (Figure 1).

Displayed in the Extended Data (ED) and analysed in the Supplementary Information (SI),
all those secondary events (see ED Tables 2 and 3) can be readily explained by the presence
of two narrow and azimuthally homogeneous rings (Figure 2) whose widths and optical depths
are given in Table 1. Even if the events were generally not resolved (see ED Fig. 3), their
depths provide a measure of the integrated light loss of the events, which in turn depends on
the local geometry of the occultation in the plane of the sky. The fact that all the events are
consistent with an azimuthally homogeneous ring system makes other interpretations, such as
an ensemble of cometary jets, very unlikely.

Other evidence supports our interpretation of a flat circular ring system around Chariklo. The
ellipse fitted to the secondary events provides two possible ring pole positions (ED Table 4).
Our preferred solution is the one where the rings had an opening angle of 60◦ in 1996–1997,
and vanished out of view as they were observed edge-on in 2008, due to the orbital motion
of Chariklo relative to the Earth. It provides a simple explanation for the gradual dimming of
Chariklo’s system, by a factor of 1.75, during that period3. Further evidence is that the 2 µm
water ice band and the spectral slope below 0.55 µm, gradually disappeared4, 5 between 1997
and 2008, implying that water ice is present in the rings. Observations made in 2013 show
that the system brightened by a factor of about 1.5 since 2008, and that the water ice band
is detectable again, supporting our interpretation (R.D. et al., in preparation).
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Due to its higher acquisition rate (10Hz), 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 Fig. 3. Hereby, the term “ingress” (resp.
“egress”) refers to the first (resp. 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 (τ

N
), are listed in Table 1. We also provide the

equivalent depths (Eτ = Wτ
N

), which can be related to the amount of material contained in
the ring10. The ring C2R is about 40% narrower than C1R, and contains about 12 times less
material. 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 (ED Table 4).

By analogy with Saturn’s A ring11 or the dense Uranus’ rings12, we estimate that the surface
density of C1R lies in the range 30 – 100 g cm−2 (see SI). Then, the mass of C1R is equivalent
to an icy body of radius of roughly one kilometre, while the ring C2R would correspond to
a body of half that size. If the photometric variability of Chariklo’s system3 between 1997
and 2008 is entirely due to the ring changing geometry, we estimate the ring reflectivity
I/F ∼ 0.09 ± 0.04 (I is the intensity of light reflected by the surface, πF is the incident
solar flux density). Thus, Chariklo’s ring particles would be significantly brighter than those
of Uranus’ rings13 (I/F ∼ 0.05), but significantly darker than those of Saturn’s A ring14

(I/F ∼ 0.3). Note that, if part of the photometric variability is caused by Chariklo itself,
then the ring material would be darker than estimated above; see SI.

Constraints on Chariklo’s limb shape are based on only two occultation chords (see SI and ED
Table 5). Our simplest model describes an oblate Chariklo surrounded by a circular equatorial
ring system (see ED Table 6). The fitted limb (Fig. 2) has an equivalent radius of 127 km
(the radius of an equivalent spherical body), consistent with the value derived from thermal
data2, 124 ± 9 km, thus supporting our model.

From the Roche critical density limit15, we estimate in the SI that typical densities for
Chariklo and ring particles, are consistent to explain the present rings location. Moreover, an
unperturbed ring of some kilometres in width and thickness h should spread, due to inter-
particle collisions16, in 104/(h/metre)2 ∼ a few thousand years, assuming h of a few metres
(by analogy with Saturn’s rings). Furthermore, Poynting-Robertson drag16 should spread sub-
cm particles in a few million years at most (see SI). Thus, the rings are either very young or
actively confined. A confinement mechanism, may be provided by kilometre-sized “shepherd
satellites” that would have a mass comparable to that of the rings, see the SI.

We do not know if rings around minor bodies stem from a generic, yet unknown process, or
are exceptional systems. We note that many stellar occultations by main belt asteroids and
almost ten transneptunian events17, 18, 19, 20 did not reveal rings so far (nor did direct images).
Stellar occultations and appulses involving (2060) Chiron (another Centaur object similar in
size to Chariklo) in 1993 and 1994, revealed a narrow jet-like feature and diffuse material
around that object21, 22. This was interpreted as material ejected from the surface, supported
by the fact that Chiron is known to be an active comet-like object. It is unclear if the detection
of material around both objects is a mere coincidence, or if they share a common physical
process (noting that no cometary activity has been detected around Chariklo).

About 5% of the Centaur and transneptunian population23 are known to have satellites.
While the large satellites are thought to result from three-body captures, their small counter-
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parts are more likely to form from impacts24, or rotational disruptions25, possibly re-accreted
from a remaining disk after that. To date, no observations have shown satellites around
Chariklo (the rings span at most 0.04 arcsec around the primary, making direct detections of
associated small satellites a challenge). Several scenarios for Chariklo’s rings origin can be
proposed, all relying on a disk of debris where the largest elements acted as shepherds for the
smaller material: (1) an impactor that excavated icy material from Chariklo’s outer layers;
or destroyed a pre-existing satellite; or was itself disrupted during the impact; (2) a disk of
debris formed from a rotational disruption of the main body or fed by a cometary-like activity;
(3) two pre-existing satellites that collided through a mechanism yet to be explained or (4) a
retrograde satellite that migrated inward and eventually got disrupted by tidal forces.

Note that the mass and angular momentum of the rings and their hypothetical shepherds
are very small (by a factor of less than 10−5) compared to that of Chariklo. The typical escape
velocity at the surface of Chariklo is ∼ 0.1 km s−1. Thus, if an impact from an outsider
generated the rings, it must involve low incoming velocities. While the impact velocities in the
Main Belt of asteroids are of the order of 5 km s−1, they are ∼ 1 km s−1 in the outer Solar
System, and even lower before the Kuiper Belt was dynamically excited26, possibly explaining
why no rings have been found yet around main belt asteroids. Finally, Chariklo’s orbit is
perturbed by Uranus, which transferred the Centaur from the transneptunian region less than
∼ 10 Myr ago6. As estimated in the SI, a very close encounter at about five Uranus radii
is actually necessary to disrupt the ring system. Such an event has a small probability of
occurrence27, which supports the possibility that the rings formed in the transneptunian region
and survived the transfer episode.
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radial width normal optical depth equivalent depth

W (km) τN Eτ = W · τN (km)

ring C1R, Danish ingress 6.16 ± 0.11 0.449 ± 0.009 2.77 ± 0.04

ring C1R, Danish egress 7.17 ± 0.14 0.317 ± 0.008 2.28 ± 0.03

ring C2R, Danish ingress 3.6 +1.3
−2.0 0.05 +0.06

−0.01 0.18 ± 0.03

ring C2R, Danish egress 3.4 +1.1
−1.4 0.07 +0.05

−0.03 0.24 ± 0.02

Ring C1R radius (km) 390.6 ± 3.3

Ring C2R radius (km) 404.8 ± 3.3

Radial separation of rings C1R and C2R 14.2 ± 0.2 km

Gap between rings C1R and C2R 8.7 ± 0.4 km (τN < 0.004, Eτ < 0.05 km)

Opening angle B (deg) B= +33.77 ± 0.41

Position angle P (deg) P= -61.54 ± 0.14 (preferred) or 118.46± 0.14

Pole position (equatorial J2000)

solution 1 (preferred) solution 2

Right ascension (deg) αp = 151.30 ± 0.49 αp = 26.96 ± 0.29

Declination (deg) δp = 41.48 ± 0.21 δp = 03.44 ± 0.31

Table 1 | Ring physical parameters. The geocentric distance of Chariklo’s system at the
moment of the occultation, D = 2.031× 109 km, provides a scale of 9846 km per arcsecond
in the plane of the sky. All the secondary events besides those of the Danish 1.54m telescope
(Fig. 3) are satisfactorily fitted by a model where the rings C1R and C2R have widths and
optical depths that are averages of the Danish ingress and egress values given above, i.e.
WC1R = 6.6 km, τN,C1R = 0.38, WC2R = 3.4 km and τN,C2R = 0.06, see the SI. The ring
opening angle B is the absolute value of the elevation of the observer above the ring plane.
The position angle P is the angle between the semi-minor axis of the ring projected in the
plane of the sky, counted positively from celestial north to celestial east. By convention, it
refers to the projected semi-major axis that corresponds to superior conjunction. The solution
that best explains the photometric and spectral variations of Chariklo’s system3, 4, 5 is chosen
as preferred (see text).
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Figure 1 | Light curve of the occultation by 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 in
a long-pass filter and cut-off below 650 nm, limited in the red by the sensitivity of the CCD
chip, see SI for more details. 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 SNR of 64 per data point. The sum of the star 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 at ingress (before the main
Chariklo occultation) and 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 (see the SI for details), the
arrow indicating the direction of motion. The green segments represent the locations of ring
C1R observed at each station (at 1σ-level 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) as 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 bring further constraints on the ring orbit and equivalent width. An
elliptical fit to the green and red segments (excluding the SOAR events at Cerro Pachón due
to timing problems, see the SI) provides the centre of the rings (see open cross), as well as
their sizes, opening angle and orientation, see 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 coincide as well as their position angles. This assumption
is expected if Chariklo is a spheroid, with a circular ring orbiting in the equatorial plane, see
text and the SI.
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Figure 3 | Fits to the Danish ring events. The red curves are synthetic occultation
profiles produced by semi-transparent bands with square-well profiles (the blue lines), after
convolution by Fresnel diffraction, observed bandwidth, the stellar radius projected at Chariklo,
and the finite integration time. The open red circles are the values of the model for the times
corresponding to the observed data points at ingress and egress (panels a and b, respectively)
The χ2 values per degree of freedom of the fits to the four ring events vary from 0.4 to 1.2,
see the Extended Data Table 2. This indicates satisfactory fits, and shows that the events are
compatible with sharp-edged rings. The resulting widths and optical depths of rings C1R and
C2R are listed in Table 1, after the appropriate projections into the plane of the rings have
been performed. Examination of ED Table 3 shows that the widths and optical depths of ring
C1R at the Danish 1.54 m telescope differ moderately but significantly between ingress and
egress. The equivalent depth of ring C1R differs by 21% between ingress and egress. Similar
variations are observed in Uranus’ narrow rings, and might be associated with normal mode
oscillations that azimuthally modulates the width and optical depth of the rings10. Differences
between C2R ingress/egress are marginally significant.
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Extended Data Figure 1 | The Chariklo 03 June 2013 occultation campaign. The
continuous straight lines indicate Chariklo’s shadow track on Earth, while the dotted lines
correspond to the ring shadow, as reconstructed from our post-occultation analysis. The
shadows move from right to left, see the arrow. The red stars indicate the center of Chariklos’s
shadow at various UT times. The green dots are the sites where the occultation was detected.
The blue dots are the sites that had obtained data but did not detect the event, and the white
ones are the sites that were clouded out (Extended Data Table 1).

Extended Data Figure 2 | The occulted star spectrum and model. The star spectrum
obtained at Pico dos Dias Observatory/Brazil with the 1.6 m telescope and a Cassegrain
spectrograph. Observations were made with the spectrograph configuration, used a 600 l/mm
grating, giving a resolution of 2.3 Å/pixel covering from 3700 to 7700 Å. We obtained three
300 s exposures with a 2” slit. The calibration was done with the usual procedures and one
flux standard star (LTT6248). The thick blue curve represents the observed spectrum. The
red, orange and blue thin curves represent model spectra database35 used for comparison (see
text).
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Extended Data Table 1 | Circumstances of observations.
Site Coordinates Telescope Detector Observers

Lat dd:mm:ss Name Camera

Lon dd:mm:ss Aperture Exposure (s)

Altitude (m) Filter Cycle time (s) Notes

Main body and ring positive detections.

La Silla 29◦ 15’ 21.3” S Danish Lucky Imager C. Snodgrass,

- Chile 70◦ 44’ 20.2” W 1.54 m 0.1 J. Skottfelt, M. Rabus,

2336 Z 0.10091 U. G. Jorgensen

La Silla 29◦ 15’ 16.6” S TRAPPIST FLI PL3041-BB E. Jehin

- Chile 70◦ 44’ 21.8” W 0.6 m 4.5 C. Opitom

2315 no filter 5.7976456 s Some cycles 6.15-6.19 s

Cerro Tololo 30◦ 10’ 03.4” S PROMPT U47-MB J. Pollock

- Chile 70◦ 48’ 19.0” W 0.4 m(∗) 0.7

2207 no filter 2.0 Some 4 s cycles.

Cerro Pachón 30◦ 14’ 16.8” S SOAR SOI R. Duffard

- Chile 70◦ 44’ 01.35” W 4 m 3

2738 R 3.6–4.6 Unstable cycling.

Ring positive detections.

Santa Martina(†) 33◦ 16’ 09.0” S M16 Raptor/Merlin127 R. Leiva Espinoza

- Chile 70◦ 32’ 04.0” W 0.4 m 1.0 L. Vanzi

1450 no filter 1.0016887

Bosque Alegre 31◦ 35’ 54.0” S EABA Apogee AU9 C. Colazo

- Argentina 64◦ 32’ 58.7” W 1.54 m 3 E.M. Schneiter

1250 no filter 3.5616717 R. Melia

Bosque Alegre 31◦ 35’ 54.0” S ORBA C11 Apogee AU10 C. Colazo

- Argentina 64◦ 32’ 58.7” W 0.275 m 4 E.M. Schneiter

1250 no filter 4.71 R. Melia

Ponta Grossa 25◦ 05’ 22.2” S RCX 400 SBIG STL6E M. Emilio

- Brazil 50◦ 05” 56.4’ W 0.4 m 5 L. Mehret

909 no filter 9.78

Foz do Iguaçu 25◦ 26’ 05.4” S C11 SBIG ST-7XME D. I. Machado

- Brazil 54◦ 35’ 37.4” W 0.275 m 4 L. Lorenzini

185 no filter 5.65

Cerro Burek 31◦ 47’ 12” S ASH SBIG-STL11000 N. Morales

- Argentina 69◦ 18’ 25” W 0.45 m 7 The ring event was

2665 no filter 8.4 marginally detected.

Negative detections.

Santa Rosa 36◦ 38’ 16” S El Catalejo Meade DSI-I J. Spagnotto

- Argentina 64◦ 19’ 28” W 0.20 m 5

182 no filter 1

San Pedro 22◦ 57’ 12”S Planewave Apogee U42 A. Muray

de Atacama 68◦ 10’ 48” W 0.50 m 2 F. Char

- Chile(¶) 2400 no filter 2.871 B. Sandness

Montevideo 34◦45’ 20” S OALM FLI PL0900 S. Roland

- Uruguay 56◦11’ 23” W 0.46 m 2 N. Martinez

130 no filter 2.83 passing clouds.

The following stations were clouded out during the event.

Aigua-OAGA / Uruguay; Buenos Aires / Argentina

Itajubá-OPD; Rio de Janeiro-ON / Brazil.

(∗) Three identical telescopes were used (P1, P3, P5), with exposures starting 0.7 s from
each other.
(†) Universidad Catolica Observatory of Santa Martina (UCOSM).
(¶) The ASH2 (0.4 m) and ADO (0.38 m) telescopes were also used in this site, with larger
cycle times. 14



Site N(†) t
(∗)
C1R χ2

dof t
(∗)
C1R χ2

dof

ingress egress

Santa Martina 5 23,121.03±0.29 1.48 23,131.811±0.025 4.61

Bosque Alegre/1.54m 3 (23,094.265±0.17)(§) 1.08 23,111.44±0.14 0.27

Bosque Alegre/0.275m 3 (23,095.45±1.85)(?) 0.39 (23,109.45±1.75)(?) 0.94

SOAR 3 (23,118.8±1.3)(‡) 1.47 (23,138.4±1.4)(‡) 0.11

PROMPT 11 23,120.046±0.011 1.06 (23,140.445±0.155)(§) 0.81

TRAPPIST 3 23,120.9±1.9 2.99 23,140.88±0.53 2.01

Ponta Grossa 3 23,038.6±2.5 6.70 23,058.0±2.5 1.93

Foz do Iguaçu 3 23,057.5±1.7 1.64 23,074.1±2.0 0.42

Extended Data Table 2 | Timings of the ring events besides the Danish telescope.
(∗)Assuming that rings C1R and C2R have widths and optical depths that are averages of
the ingress and egress values at the Danish telescopes; i.e. WC1R = 6.6 km, τN,C1R = 0.38,
WC2R = 3.4 km and τN,C2R = 0.06, radial separation between rings C1R and C2R: 14.2 km.
The fitted time for the middle of ring C1R, seconds after 00:00:00 UT (3 June 2013).
(†)The number of fitted data points.
(§)Obtained from non-detections of the rings, see text.
(?)Confirms the ring detection at Bosque Alegre, but is not used in the fit of the ring
orbits due to larger error bars compared to the 1.54 m telescope.
(‡)The SOAR timings are probably affected by a systematic offset, and are not used in
the fits of the ring orbits and Chariklo’s limb shape, see text.
As Cerro Burek chord does not bring further constraints to our analysis, it is not listed
here.
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Extended Data Figure 3 | The fits to all the ring and Chariklo events. The black dots
are the data points and the horizontal bars indicate the corresponding intervals of acquisition.
The light curves are normalized between zero and unity (the latter corresponding to the full
flux from the star plus Chariklo), and are shifted vertically for better viewing. They are also
displaced in time by the indicated amount ∆t, in order to align the middles of the ring events.
The blue curves represent the ring model used to generate the synthetic profiles, plotted in red.
The ring widths and optical depths for La Silla (Danish and TRAPPIST telescopes) are taken
from the Extended Data Table 3. For all the other fits, we have used a unique ring model
defined by the ring geometry described in ED Table 4, and by the following widths and optical
depths: WC1R = 6.6 km, τN,C1R = 0.38, WC2R = 3.4 km and τN,C2R = 0.06,see footnotes of
ED Table 2. An expanded view of the fits to the Danish data is provided in Fig. 3.
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Ring N χ2
dof t W (km) τ

N
Eτ (km)

ingress

C1R 10 0.95 23,121.168±0.0007 6.16± 0.11 0.449± 0.009 2.77± 0.04

C2R 8 0.69 23,120.765±0.011 3.6+1.3
−2.0 0.05+0.06

−0.01 0.18± 0.03

Radial separation (C2R minus C1R): 14.6±0.4 km

Gap between rings C1R and C2R: 9.0±0.4 km τN < 0.004 Eτ <0.04 km

egress

C1R 10 1.19 23,140.462±0.0012 7.17± 0.14 0.317± 0.008 2.28± 0.03

C2R 8 0.71 23,140.847±0.006 3.4+1.1
−1.4 0.07+0.05

−0.03 0.24± 0.02

Radial separation (C2R minus C1R): 14.1±0.2 km

Gap between rings C1R and C2R: 8.3±0.2 km τN < 0.004 Eτ <0.05 km

Extended Data Table 3 | Physical parameters of rings C1R and C2R. N : number of
fitted data points (there are M = 3 free parameters: t, W and τ

N
); χ2

dof = χ2/(N −M),
the χ2 per degree of freedom; t: mid-times of ring events, in seconds after 00:00:00 UT (3
June 2013). The error bars quoted here are internal to the fits, and are given at 1σ level.
The error bars in absolute time, ±0.014 seconds, are larger than the error bars on the relative
times reported here, see text; W : radial width, measured in the plane of the rings (using the
ring pole given in Table 1); τ

N
: normal optical depth; Eτ = W · τ

N
: equivalent depth.
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Elliptical fit to the ring events, projected in the plane of the sky

Number of ring positions fitted: 14, number of adjusted parameters: 5, χ2
dof = 1.48

fc (km) gc (km) a (km) e B (deg) P (deg)

-2734.7±0.5 +793.8±1.4 390.6±3.3 0.444±0.006 +33.77±0.41 -61.54±0.14

or 118.46±0.14

Ring pole (equatorial J2000)

αp (deg ) δp (deg)

151.30±0.49 41.48±0.21 Solution 1 (preferred, see text)

26.96±0.29 03.44±0.31 Solution 2

Extended Data Table 4 | Ring geometry. The elliptical fit uses the timings and associated
error bars of Extended Data Table 2, and the methodology used in our previous works18, 20.
Definitions of listed parameters are (see also text): (fc, gc): centre of the ring in the plane of
the sky, counted positively toward local celestial east and north, respectively. This is the offset
to apply to Chariklo’s ephemeris in order to fit the observations. Transformation in arcsec can
be performed using a geocentric distance D = 2.031 × 109 km during the occultation. We
use here the star position given in Eq. 1 and the JPL#20 Chariklo ephemeris; a: apparent
semi-major axis of the ring projected in the plane of the sky; e: aspect ratio of the ring
e = (a−b)/a; where b is the apparent semi-minor axis of the ring projected in the plane of the
sky; P : The position angle defines the angle between the semi-minor axis of the ring projected
in the plane of the sky, counted positively from celestial north to celestial east. By convention,
it refers to the projected semi-major axis that corresponds to superior conjunction. B: the
ring opening angle, calculated from | sin(B)| = 1− e. Equivalently, it is the absolute value of
the elevation of the observer above the ring plane.

Site N ingress χ2
dof egress N χ2

dof

Danish(∗) 10 23,127.861±0.014 0.30 23,133.188±0.014 10 3.3

TRAPPIST 9 23,127.893±0.019 0.84 23,133.155±0.007 10 1.47

PROMPT 22 23,124.835±0.009 0.71 23,135.402±0.015 26 0.58

SOAR(†) 3 (23,124.34±0.59) 0.72 (23,134.597±0.009) 3 0.57

Extended Data Table 5 | Timings of the Chariklo event.

(∗) These timings were corrected by -1.622 seconds using the TRAPPIST times, see text for
details.
(†) These timings may be affected by a delay of about 0.5 s, and are not used for Charilklo’s
limb fitting, see text for details.
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fc (km)(∗) gc (km)(∗) Req (km) Requiv(km)
(†)

e P (deg)(∗)

-2734.7±0.5 +793.8±1.4 144.9±0.2 126.9±0.2 0.213±0.002 -61.54±0.14

Geocentric position derived from the occultation (J2000)(§)

Time (UT) Right Ascension Declination

06:30:00 16h 56min 06.4618s ± 0.006s −40◦31′ 30.009′′ ± 0.002′′

Extended Data Table 6 | Chariklo Physical Properties.

(∗) The centre and position angle of the elliptical fit to the Chariklo chords, were taken from
the ring fit, see Extended Data Table 4.
(†) Requiv = Req

√
1− ε is the radius of a circle having the same apparent area of the fitted

ellipse.
(§) The error is largely dominated by the star position error determination, not by the limb fit.
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Supplementary Information

1 Prediction and observations

The star UCAC4 248-108672 was found as a potential candidate for an occultation by the
Centaur object (10199) Chariklo in 3 June 2013. This event was discovered in a systematic
search7 conducted at the Max-Planck 2.2 m telescope of the European Southern Observatory
(ESO). The sky paths of 39 Transneptunian and Centaur objects from 2012.5 to 2014 were
imaged, and stars up to magnitude R ∼ 19 were astrometrically measured against the UCAC4
frame28.

The 3 June 2013 event involved one of the brightest stars to be occulted by Chariklo in 2013,
with R ∼ 12.4 and K ∼ 7.4. The shadow path was predicted to cross Brazil, Chile, Argentina
and Uruguay on 3 June 2013 around 06:25 UT (Extended Data Figure 1). Astrometric updates
of the star and Chariklo were performed at the beginning of May 2013 at the ESO 2.2 m
telescope and at the 0.6 m Boller & Chivens telescope of Pico dos Dias Observatory (OPD),
Brazil. These observations provided the following ICRF (J2000) star position: α = 16h 56min 06.4876s ± 0.0058s

δ = −40◦ 31′ 30.205′′ ± 0.0023′′
(1)

Further observations with the large field of view of the Astrograph for the Southern Hemisphere
(ASH) 0.45m telescope, Cerro Burek, Argentina, confirmed the predictions above, as Chariklo
and the candidate star could be imaged in the same field of view.

An observational campaign was organized with 14 different sites involved (Extended Data Ta-
ble 1). Information about the event, finding charts and tips were made available in a dedicated
web-page (http://devel2.linea.gov.br/~braga.ribas/campaigns/2013-06-03_Chariklo.
html).

2 Timing issues

Image calibration and light curve derivations proceeded as for our previous observations18, 19, 20.
Specific information, about some timing issues on some instruments, are given below.

Danish telescope - The best data in terms of signal-to-noise ratio (SNR) per second of in-
tegration, were obtained at the 1.54 m Danish telescope at La Silla, a site of the European
Southern Observatory (ESO) in Chile. The camera, a Lucky Imager from the Microlensing
Network for the Detection of Small Terrestrial Exoplanets (MiNDSTEp) consortium, acquired
6,000 images with exposure time 0.1 s and cycle time 0.10091 s in Z filter (a long-pass filter
with cut-off below 650 nm and limited in the red by the sensitivity of the CCD chip), starting
at 06:20:07 UT, see ED Table 1 for more details. The images were taken by cubes of 100,
each separated by about 0.3 s required for readout and saving. None of the ring events, and

http://devel2.linea.gov.br/~braga.ribas/campaigns/2013-06-03_Chariklo.html
http://devel2.linea.gov.br/~braga.ribas/campaigns/2013-06-03_Chariklo.html


star disappearance and re-appearance from behind Chariklo occurred during those blind time
intervals.

The Lucky Imager uses GPS (Global Positional System) to synchronize local dual NTP (Net-
work Time Protocol) servers to provide a high precision time reference. However, comparison
with the timestamps from the TRAPPIST29 (TRAnsiting Planets and PlanetesImals Small
Telescope) at the same observatory shows that the Danish timing was ahead by about 1.6 sec-
onds. This appears to be introduced by the software controlling the camera. It has a high
internal relative precision over the course of an observing sequence and writes timestamps
to the output file every 100 frames (10 seconds), but contains an offset from the absolute
reference time which varies with observing sequences taken on different nights. The origin
of this offset remains unknown. This said, the TRAPPIST timing is preferred because it has
been used in various occultation campaigns in the previous years without showing evidence of
timing offsets relative to other stations. In particular, a stellar occultation by Pluto observed
on 4 May 2013 from six stations in Argentina, Brazil and Chile (including TRAPPIST and the
Danish telescope) showed that all the stations had consistent timings, except for the Danish,
whose timing was lagging the other stations by about 2.5 seconds. So, we decided to use the
Chariklo occultation timings obtained at TRAPPIST, and then align the mid-occultation times
obtained at the Danish telescope with TRAPPIST, which requires a correction of -1.622 sec-
onds to the Danish timings. All the Danish timings quoted in the letter and here are given
with this correction applied. Note that the uncertainty in the absolute timing of the Danish
data comes from the uncertainties of the TRAPPIST occultation fit, or ± 0.014 s. However,
the relative timings of the Chariklo and ring occultations obtained at the Danish have a better
accuracy of the order of the millisecond (see ED Table 3).

SOAR - The Southern Astrophysical Research (SOAR) 4.1 m Telescope at Cerro Pachón,
Chile, acquired images in R band, with 3 s exposure time and 4.5 s average cycle time. The
timing of the star re-appearance from behind Chariklo at SOAR indicates a discrepancy of
about 0.5 s when compared to the same event observed at PROMPT (at CTIO), which is
located ∼ 10 km away from SOAR. We have no way to re-calibrate the SOAR timing using
another nearby station as a reference. The shift of about 0.5 s that needs to be applied to the
SOAR chord to be compatible with the PROMPT timing can be explained by a shutter delay
in the SOAR Optical Imager (SOI). Shutter delays of the order of the second are not unusual
in cameras that are not specifically designed for very high timing accuracy applications. Large
mechanical shutters of large format CCDs coupled to computer software and network issues
can result in delays of the image acquisition compared to the time stamped in the fits headers
of the images. Unfortunately we have not been able to calibrate this delay for SOI, and the
corresponding timings published in this work have not been corrected. Consequenty, although
the SOI data are important to confirm the Chariklo and the ring events, its timings are not
used for the ring orbit fitting, nor for the Chariklo limb fitting.

3 Fits to the ring events

The Danish light curve (Fig. 1) clearly shows the main body occultation surrounded by two
prominent drops (named C1R) which are themselves flanked by two smaller drops (C2R). In
both cases, the flux between the drops C1R and C2R goes back to unity, indicating that no
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material is detected between the two events, see the discussion below (Sec. 3.2).

3.1 Diffracting ring model

The rings are modelled as sharp-edged, semi-transparent bands of transmission T (along the
line of sight) and apparent width Wapp (along the occultation chord, see Fig. 2). We use an
algorithm30 that describes the Fresnel diffraction on such bands, with further convolution by
the finite bandwidth of the instrument, the stellar diameter and the finite integration time.

To generate the ring profile, we actually need v⊥, the perpendicular velocity of the star relative
to the local ring projected in the plane of the sky. This requires the knowledge of the ring
geometry, i.e. its opening angle B and position angle P , see ED Table 4. These two angles
are determined by an elliptical fit to the various events (the green segments in Fig. 2).

The optical depth along the line of sight, τ , is related to the transmission by T = exp(−2τ).
The factor two is caused by the diffraction on individual particles31, that scatters the light over
an Airy scale FA ∼ (λ/2r)D. Here λ is the wavelength of observation, r is the radius of the
particles, and D is the distance to Chariklo. Assuming that r is of the order of meters at most,
as in Saturn’s32 or Uranus’ rings12, and using D = 2.031 × 109 km, we obtain FA >∼ 50 km
in the red band, significantly larger than W⊥, the local perpendicular width of the ring in the
plane of the sky, that is of the order of only 5 km (ED Table 3).

Assuming a multi-layer particle ring, τ is related to the normal optical depth τ
N

by τ
N

=
τ · | sin(B)|. Finally, the radial width W of the ring (in the ring plane) is derived from W⊥
using the pole position given in ED Table 4. For a multi-layer ring, a physically relevant
quantity is the equivalent depth Eτ = W · τ

N
, which is related to the total amount of material

contained in the ring at the sub-occultation point10. The star radius rstar projected at Chariklo,

about 1 km (see below), is comparable to the Fresnel diffraction scale, FF =
√
λD/2 ∼ 0.8 km

in the red band. Hence it has to be correctly evaluated for a correct fit to the ring events.

To estimate the angular diameter of the occulted star, we consider its following magnitudes
mB = 15.24± 0.11, mV = 13.38± 0.07 (UCAC428), mJ = 8.67± 0.04, mH = 7.62± 0.04,
mK = 7.26± 0.08 (2MASS33), m3.35µm = 6.98± 0.05 and m4.60µm = 7.14± 0.05 (WISE34).
The comparison of the observed spectrum of the star (ED Fig. 2) with models35 of different
temperatures indicates an effective temperature between 3,500 and 4,000 K for the occulted
star. For the star’s spectral energy distribution, we therefore choose the Teff = 3, 750 K
template spectral energy distribution (log(g) = 2.0, solar metallicity). For the reddening, we
adopt RV = AV /E(B − V ) = 3.1, a standard interstellar dust model36. A simultaneous fit
of the photospheric angular diameter of the star and the selective extinction E(B − V ) to
the available photometry gives a relatively high extinction E(B − V ) = 0.68 ± 0.10 and an
apparent angular radius of 0.111± 0.002 milliarcseconds. The derived extinction is typical of
a star located close to the Galactic plane (galactic latitude +1.7◦), that could be a red giant
at a distance of the order of 1 kpc (M ≈ 0). The resulting angular diameter corresponds to a
star radius projected at Chariklo distance of rstar = 1.09± 0.02 km.
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3.2 Fits to the Danish ring events

Due to its higher acquisition rate (10 Hz), the Danish telescope is the only instrument that
could resolve the rings C1R and C2R. Extended Data Table 3 provides the three adjusted
parameters of each fit: the time t of the mid ring event, the radial width W (in the plane of
the ring) and its normal optical depth τ

N
(providing the equivalent width Eτ = W · τ

N
). Also

listed are the radial distances from ring C1R to ring C2R. The fits are shown and discussed in
Fig. 3. The error bars quoted in ED Table 3 account for the error bars stemming from the noise
in the data when performing the diffracting fits, and the errors bars caused by the uncertainty
in the ring opening angle B = 33.77±0.41 degrees (see ED Table 4), which modify the
projections of the various quantities of interest from the sky plane to the ring plane. Although
being of the same order of magnitude, the error bars caused by the noise in the data always
dominate the error bars caused by the uncertainty in B.

No material is detected between the events C1R and C2R, to within the noise level (Fig. 3).
Considering that the signal to noise ratio of the Danish light curve is 64 per data point
(Fig. 1), the 1σ upper limit of normal optical depth τN,gap for inter-ring material is given by
exp(−2τN,gap/| sin(B)|) = 1− (1/64), or τN,gap < 0.004. We also provide in ED Table 3 the
corresponding upper limits for the equivalent depth of that material.

In the rest of the text, the term “ingress”, resp. “egress”, will hereby refer to the first, resp.
second, of a pair of ring events at a given station.

3.3 Fits to the other ring events

Besides those of the Danish telescope, none of the ring events are resolved. They are detected
in one data point, with a drop of signal that only depends on the total equivalent depth of rings
C1R and C2R. To determine the timings of the events, we have fitted a model that includes
both rings, assuming that their widths, optical depths and radial separation are constant in
longitude. The values of those parameters are given in ED Table 2.

The fits to all the events are displayed in ED Fig. 3, while the timings and the quality factor χ2
dof

of the fits are listed in ED Table 2. Note that the PROMPT ingress ring event is detected over
two data points, but they were in fact obtained at two separate telescopes with overlapping
integration intervals (ED Table 1).

The worst fit is obtained for the ingress Ponta Grossa ring event. A closer inspection of the
fit (ED Fig. 3, third panel) shows that part of the high value of the residual is due to the
fact that the third fitted data point is higher than the synthetic point, while the second data
point, caused by the ring, is below the synthetic point by about the same amount (at 2.8σ
level). This shows that the observed discrepancy is likely to be caused by local noise. As
mentioned in the letter, the fits to the C1R events at the Danish reveals a small but significant
variation between ingress and egress. No significant variations of the equivalent depth of the
ring system (C1R plus C2R) with longitude are observed in the other events.

We also note that the rings are not detected at ingress in the Bosque Alegre 1.54 m telescope
data. This is consistent with an overhead interval of 0.56 seconds between two images. The
ingress and egress events were detected with Bosque Alegre 0.275 m telescope, confirming
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that the ring is actually present in this region. As they present larger error bars than the
non detection from the 1.54 m telescope at the same site, they are not used for the ring
fit. The egress ring event at PROMPT was not detected either, with only a possible, very
marginal detection of ring C2R. This is again consistent with a blind interval of 0.60 seconds
in the acquisition, due to an incomplete time coverage of the three PROMPT telescopes.
Assuming that the ring is uninterrupted, these non-detections are still useful as they provide
a ring position with good accuracy, and thus constrain further the ring geometry, see the red
segments in Fig. 2.

In total, we have fifteen ring detections in thirteen different ring positions (as in La Silla and
Bosque Alegre more than one telescope was used, and we are counting here each of Danish
double events C1R+C2R as a single event), as well as the two non-detections discussed just
above. At Cerro Burek the ring detections were marginal (less than 2.4σ), due to the long
integration time and limited signal-to-noise ratio, so they do not bring any further constraints
to our ring analysis. Note however, that the non-detection of Chariklo occultation itself
may provide relevant upper limits for the size of the main body. Excluding the two SOAR
events, because of timing problems, the rest of positive and negative detections provide the
ring geometry shown in Fig. 2. An elliptical fit to all the positions (weighted according to
their respective radial error bars) provides the centre (fc, gc) of the rings, the apparent semi-
major axis a of ring C1R (the semi-major axis of the ring C2R being 14.2 km larger), their
opening angle B and position angle P , see ED Table 4 for details. Assuming that the rings
have circular orbits (so that a coincides with the orbital radius of ring C1R), their apparent
ellipticity and orientation provide two possible ring poles, one being preferred as it explains
Chariklo’s photometric and spectroscopic variations, see the letter.

4 Ring photometry

The ring intrinsic brightness may be estimated by assuming that the dimming of Chariklo’s
system3 between 1997 and 2008 is entirely due to the gradual disappearance of the rings, as
their opening angle B went from 60 to 0 degrees, as predicted from our preferred ring orbital
solution given in Table 4 (NB. the solution 2 predicts that the rings were observed edge-on
in 1995, and wide-opened by about 50 degrees in 2008). Chariklo’s reflectivity (I/F )C(α)
at phase angle α is given by (I/F )C(α) = pCΦC(α), where I is the intensity of the light
reflected by the surface, pC is Chariklo’s geometric albedo and ΦC(α) is its phase function.
As absolute magnitudes will be considered here, we take α = 0, so that ΦC(0) = 1. Using
the same notation for the ring surface, but with subscript r, we obtain the ratio of the fluxes
received from the rings and Chariklo:

Fr
FC

=
(I/F )r
(I/F )C

· Sr
SC

.

Here SC = πR2
C is Chariklo’s apparent surface, where RC is the equivalent radius of the

body. The apparent surface area of a ring of radius a with radial width W is given by
Sr = 2π sin(B)aW .

Chariklo’s absolute visual magnitude varied3 from about 6.8 to 7.4 between 1997 and 2008,
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corresponding to a reduction of brightness by a factor of 1.75 with error bars that we estimate
as ± 0.15. Thus, Fr/FC ∼ 0.75±0.15 in 1997. The equivalent radius and geometric albedo
of Chariklo are estimated2 to be RC = 124± 9 km and pC = 0.035± 0.01. We consider here
that most of the flux comes from the ring C1R, which has aC1R = 391 km and W = 6.6 km
(ED Table 3), and B ∼ 60 degress in 1997, so that:(

I

F

)
r
∼ 0.09± 0.04. (2)

We may compare this value with the reflectivity of Saturn’s A ring14, which has an optical
depth comparable to that of ring C1R, (I/F )ring A ∼ 0.3. Conversely, Uranus rings13 α and β,
which also have optical depths comparable to that of C1R, (I/F )α,β ∼ 0.05. Thus, in terms
of reflectivity, Chariklo’s rings appear about three times darker than Saturn’s A ring, twice
as bright as Uranus’ α and β rings, and about three times brighter than Chariklo’s surface.
Finally, we see that a ring to Chariklo flux ratio Fr/FC ∼ 0.75 in 1997 (with B ∼ 60◦) would
imply a flux ratio Fr/FC ∼ 0.5 as of today (B ∼ 34◦).

Note that part of the photometric variation observed between 1997 and 2008 may be due to
the changing viewing geometry of Chariklo itself. For instance, if we accept that Chariklo is
an oblate spheroid with flattening 0.33 (derived from an apparent flattening 0.212 at opening
angle B ∼ 34 degrees in June 2013, see Section 6), then we calculate that its apparent surface
area varied by a factor of 1.23. This would reduce the ring contribution relative to Chariklo
from 0.75 (as estimated above) to about 0.50, which would in turn darken the ring by a factor
of 0.5/0.75 ∼ 0.65. As Chariklo’s shape is not known, however, this correcting factor cannot
be assessed precisely at present time.

5 Ring dynamics

The closest analogue to Chariklo’s rings in terms of structure is the Uranus system, with nine
dense and narrow rings10, some of them (in particular the α and β rings) comparing in widths
and optical depths to the ring C1R. In terms of composition and optical depth, the presence
of water ice in Chariklo’s rings (see the letter) make them akin to Saturn’s outer A ring11.
In addition, changes in the Chariklo’s spectrum from 1999 to 20084 indicate that the rings’
spectrum includes a steep slope below 0.55 µm, also seen in Saturn’s A ring14, where it is
attributed to some contaminant, possibly an organic compound or nanometre-sized grains of
iron and hematite.

We note also that an icy body like Chariklo, of radius ∼ 125 km, has a mass of the order
of 1019 kg, so that the mean motion at orbital radius ∼ 400 km is n ∼ 10−4 s−1. This is
comparable to the orbital mean motions of Uranus’ rings and of the outer part of Saturn’s main
rings. A collisional disk tends to stabilize near a Toomre parameter Q = csn/πGΣ ∼ 1, where
cs is the velocity dispersion, G is the constant of gravitation and Σ is the surface density. Thus,
similar particle composition, optical depths and mean motion, suggest dynamical parameters
like velocity dispersion, viscosity and thickness of Chariklo’s rings similar to those of their
Uranian and Saturnian cousins.

Finally, Uranus’ rings evolve in a rich environment of small satellites which probably have a
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close link to their origin and confinement, providing constraints on their formation1, 37, and
pointing toward a possible satellite system near Chariklo. This said, considering that the ring
diameter subtends 0.08 arcsec as seen from Earth, direct imaging of any satellite near the rings
is very challenging. Consequently, all the estimations given below remain speculative, and are
intended to provide order of magnitude considerations on the rings and their hypothetical
companion satellites.

An unperturbed collisional ring of width W spreads out on a time scale38 tν , where ν is the
kinematic viscosity of the ring:

tν ∼
W 2

ν
, (3)

A typical value of ν is ∼ nh2, where h is the ring thickness. Taking W ∼ 5 km (ED Table 3),
we derive tν ∼ 104/h2 years, where h is expressed in metres. Assuming h ∼ a few metres
(typical of Saturn’s A ring11), we obtain tν ∼ a few thousand years. Moreover, a ring with
a range of particle sizes around a typical value R, spreads due to Poynting-Robertson (PR)
differential drag, on a time scale16

tPR ∼
(
c2

4f�

)(
W

a

)
ρτR, (4)

where c is the velocity of light, f� is the solar flux density at Chariklo, a is the ring semi-major
axis, ρ the density of the particles and τ is the optical depth. Assuming icy particles, we
obtain a typical value of tPR ∼ 109R years for R expressed in metres, i.e. a few million years
for sub-cm particles. The effect of PR drag is even more drastic for smaller grains, with the
fall on the central body in a few million years for 100 µm-sized particles, and depletion of
micrometric particles by the radiation pressure (39) on a time-scale of months only. Even if
very crude, this estimation shows that Chariklo’s rings are either very young, or confined by
an active mechanism.

A classical theory invokes the presence of “shepherd satellites”. In its simplest version, the
shepherds confine the edges of the rings through torques Tm associated with discrete m+1 : m
mean motion resonances38:

Tm ∼ 8.5m2a4n2Σ
(
Ms

MC

)2

, (5)

where m is an integer, a is the semi-major axis and Ms and MC are the masses of the
satellites and Chariklo, respectively. As m increases, the resonances overlap and the torque
density (torque exerted per unit interval of semi-major axis) is

dT

da
∼ 2.5a3n2Σ

(
Ms

MC

)2 (a
x

)4

, (6)

where x is the distance between the satellite and the ring. Those torques must balance the
viscous torque caused by inter-particle collisions:

Tν = 3πna2νΣ, (7)

Making Tm = Tν in the case of discrete resonances, the radius Rs of a shepherd with density
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ρs is:

Rs

RC

∼
(
ρC
ρs

)1/3 (
h

ma

)1/3

∼ a few km

Concerning the gap between C1R and C2R, it must be opened in the overlapping resonance
regime (Eq. 6), in which case, the radius of the satellite is38

Rs

RC

∼
(
ρC
ρs

)1/3 (
h

a

)1/3 (
Wgap

a

)1/2

<∼ 1 km

where Wgap ∼ 8.5 km is the full width of the gap, see ED Table 3.

Complications arise because the viscous torque (Eq. 7) can be significantly reduced due to
the local reversal of the viscous angular momentum flux, caused by the satellite itself40. This
in turn reduces the masses of the shepherds estimated above. More elaborate theories are
beyond the the scope of this work, especially because we know nothing about the sizes and
locations of the putative shepherd satellites. The important point, however, is to note that
small, kilometre-sized satellites may confine Chariklo’s rings according to the standard model
of confinement.

6 Chariklo size and shape

Chariklo’s limb is determined by using the ingress and egress timings as given in ED Table 5,
and proceeding as for the elliptical fit to the ring events (ED Table 4). As explained earlier,
the SOAR timings may have suffered from shutter delays and are not used in the limb fitting.
This leaves us with three occultation chords, two of them (Danish and TRAPPIST) being
virtually identical, finally providing only two independent occultation chords, one at La Silla
and one at Cerro Tololo.

If Chariklo’s rings have circular orbits, their projections in the plane of the sky are ellipses whose
centre should coincide with Chariklo’s centre of mass. If Chariklo is a homogeneous spheroid
or ellipsoid, this centre of mass coincides with the limb centre. Forcing the limb and the ring
centres to coincide, we are left with M = 3 free parameters for the limb fit, its semi-major axis
Req, apparent oblateness ε = (Req − b)/Req (b is the semi-minor axis) and position angle, to
adjust in N = 4 independent data points (the four extremities of the occultation chords, see
Fig. 2). The fit is thus overdetermined, and, in general, a satisfactory solution is not expected.

However, we note that the ring centre (fc, gc) (see ED Table 4) is on the line that connects
the centres of the two chords used for the limb fitting. This means that a solution for which
the centre of the elliptical limb coincides with the centre of the rings does exist. This is
encouraging evidence that the rings are indeed concentric with Chariklo.

We have explored values of the apparent oblateness ε from 0 to 0.45 in steps of 0.0025, and
position angle P from -180◦ to 180◦ in steps of 0.25◦ (with the centre fixed to fc, gc). At
each step, the best Req, the corresponding χ2 and the radial residuals are stored. From the
best solution (reached at the minimum value χ2

min), we obtain 1σ-error bars by varying the χ2

function from χ2
min to χ2

min + 1. The best fit corresponds to a projected ellipse with equivalent
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radius Requiv =
√
Req · b = 128.57 ± 0.03 km, apparent flattening ε = 0.212 ± 0.002 and

position angle P = −53.5◦±0.25◦. Note that those are formal 1σ error bars from the fit, that
may not reflect the real size determination error, as our limb profile result can be affected by
topographic features of the order of some kilometres41. The fit also provides the astrometric
position of Chariklo with respect to the star (ED Table 6).

The best elliptical fit presents very small radial residuals at all the four points (0.7 km), which
indicate a satisfactory solution. Nevertheless, we see that with P = −53.5◦, the limb is not
aligned with the rings, having a mismatch of about 8◦ (ED Table 4).

If Chariklo is an oblate spheroid, this discrepancy is not expected. So we investigate the sim-
plest possible solution, where both the centre and the position angle of Chariklo are coincident
with those from the rings (ED Table 4). In this case, we are left with M = 2 free parameters
for the limb (Req and ε) to fit on N = 4 chord extremities. By the same procedure described
above, we obtain an elliptical fit with semi-major axis of Req = 142.9 ± 0.2 km and flattening
ε = 0.213 ± 0.002 (1σ internal error bars), see ED Table 6. If Chariklo is an oblate spheroid
observed with a tilt angle B = 33.77 degrees (i.e., equal to the ring opening angle), then the
corresponding true flattening would be 0.330.

The solution’s radial residual is almost 4 km (rms), which is fully compatible with the pres-
ence of putative topographic features in Chariklo’s limb41. We stress that, due to possi-
ble topographic features, our effective error bars are of the order of some kilometres. This
fit has an equivalent radius of Requiv = 127 km (and corresponding geometric albedo of
0.031), compatible with the thermal measurements2 made with the Herschel Space Telescope
(Requiv = 124 ± 9 km). Note, however, that Herschel’s results are model dependent, and
(like our results) may give different values to Chariklo’s equivalent radius and albedo if it is an
irregular body.

7 Chariklo Roche limit

A ring is expected to lie inside its Roche zone, the region where a body with critical density
ρRoche is pulled apart by tidal forces15. Note that some minor mixing between small satellites
and ring, like the Saturn satellites Pan and Daphnis, is allowed at the boundary. The limit
aRoche is related (Eq. 8) to the central object density ρC and its equatorial radius Req (i.e.,
the limb semi-major axis).

ρC =
γ ρRoche

4π

(
aRoche
Req

)3

(8)

The dimensionless parameter γ describes the geometry of the assembling components, for
instance we have γ = 4π/3 if the particles are spherical; γ ∼ 1.6 if the material of the body
is uniformly spread into its lemon-shaped Roche lobe42, and the unlikely low value γ ∼ 0.85 if
we have an incompressible fluid (providing the classical Roche limit).

None of the parameters ρRoche, ρC and γ are known (only to factors of several) for the
Chariklo system. Assuming that the rings lie near the Roche limit at aRoche = 400 km, taking
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Req ∼ 145 km from ED Table 6, we have that ρC = 1.67 γ ρRoche. Assuming plausible values
for γ and ρRoche (knowing that typical values1 for ρRoche are 0.5 g cm−3, for Saturn’s outer
ring, and 1.2 g cm−3 for Uranus outer rings), we see that an ice body density for Chariklo
(∼ 1 g cm−3) can explain the ring position, respecting the Roche limit constraint.

8 Ring disruption by a planet encounter

As Chariklo is on an unstable orbit with a short life-time (10 Myr) controlled by Uranus6, it
is instructive to calculate the encounter distance with the giant planet, ∆disrupt, that would
disrupt the ring. Binary system disruption by an encounter with a giant planet had been
studied as a mechanism of satellite capture43, the closest distance to avoid disruption is given
by the classical Hill sphere for a three body encounter:

∆disrupt ∼ a
(

3MU

MC

)1/3

(9)

Here MU ∼ 1026 kg is Uranus’ mass, a ∼ 400 km is the ring radius and MC ∼ 1019 kg is
Chariklo’s mass, providing ∆disrupt ∼ 0.0008 AU ∼ 5 Uranus radii. More sophisticated analysis,
like the effect of the ring orientation with respect to Uranus during the encounter, may change
this number but will keep the same order of magnitude.

Simulations that were aimed at studying satellite capture by the giant planets27, had shown
that less than 0.001% of the test objects had close encounters with the giant planets of that
order.
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