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ABSTRACT

Context. After the discovery of rings around the largest known Centaur object, (10199) Chariklo, we carried out observation cam-
paigns of stellar occultations produced by the second-largest known Centaur object, (2060) Chiron, to better characterize its physical
properties and presence of material on its surroundings.

Aims. We aim to provide constraints on (2060) Chiron’s shape for the first time using stellar occultations. We investigate the detectabil-
ity of material previously observed in its vicinity using the 2018 occultation data obtained from South Africa Astronomical Observatory
(SAAO).

Methods. We predicted and successfully observed two stellar occultations by Chiron. These observations were used to constrain its
size and shape by fitting elliptical limbs with equivalent surface radii in agreement with radiometric measurements. We also obtained
the properties of the material observed in 2011 with the same technique used to derive Chariklo’s ring properties in our previous works,
used to obtain limits on the detection of secondary events in our 2018 observation.

Results. Constraints on the (2060) Chiron shape are reported for the first time. Assuming an equivalent radius of Requiy = 1051’? km, we
obtained a semi-major axis of a = 126 + 22 km. Considering Chiron’s true rotational light curve amplitude and assuming it has a Jacobi
equilibrium shape, we were able to derive a 3D shape with a semi-axis of a = 126 = 22 km, b = 109 + 19 km, and ¢ = 68 + 13 km,
implying in a volume-equivalent radius of R,,= 98 + 17 km. We determined the physical properties of the 2011 secondary events
around Chiron, which may then be directly compared with those of Chariklo rings, as the same method was used. Data obtained from
SAAO in 2018 do not show unambiguous evidence of the proposed rings, mainly due to the large sampling time. Meanwhile, we
discarded the possible presence of a permanent ring similar to (10199) Chariklo’s C1R in optical depth and extension.

Conclusions. Using the first multi-chord stellar occultation by (2060) Chiron and considering it to have a Jacobi equilibrium shape,
we derived its 3D shape, implying a density of 1119 + 4 kg m™. New observations of a stellar occultation by (2060) Chiron are needed

to further investigate the material’s properties around Chiron, such as the occultation predicted for September 10, 2023.

Key words. comets: individual: (2060) Chiron — minor planets, asteroids: general — planets and satellites: rings —

Kuiper belt: general

1. Introduction

After discovering rings around the Centaur object (10199)
Chariklo, it was proposed that this feature may be common
among distant small Solar System objects (Braga-Ribas et al.
2014). The centaur object (2060) Chiron is the second largest
object of its kind. It has an equivalent diameter of 210*!} km
(model dependent), measured using data from the space tele-
scopes Spitzer and Herschel, as well as from the Atacama Large
Millimeter Array (ALMA; Lellouch et al. 2017).

Fundamental properties such as size and shape for objects of
this kind can be obtained from Earth-based observations using
stellar occultations (Ortiz et al. 2020)'. High-cadence observa-
tions in terms of time and high signal-to-noise ratio (S/N) allow

' An updated list of the detected stellar occultations by outer

Solar System objects that we are aware of can be found at http:
//occultations.ct.utfpr.edu.br/results (Braga-Ribas et al.
2019).

for detecting or setting upper limits to the presence of material
around the occulting body, for instance, on dust shells, jets, or
rings (Elliot et al. 1995; Ortiz et al. 2020).

Secondary events on previous stellar occultation by (2060)
Chiron have been reported for events in 1993, 1994, and 2011
(Bus et al. 1996; Elliot et al. 1995; Ruprecht et al. 2015). They
were all interpreted as dust or jets coming from Chiron’s sur-
face, as it has presented periods of cometary activity (Tholen
et al. 1988; Belskaya et al. 2010). In 1989, Meech & Belton
(1989) were the first to detect a comma around Chiron. Later,
Luu & Jewitt (1990) analyzed 1988—-1990 data, further investi-
gating Chiron’s activity. As far as we know, no non-gravitational
acceleration has been detected so far.

The November 29, 2011 occultation was observed using the
Infrared Telescope Facility (IRTF), which detected the main
body event, and from Faulkes Telescope North (FTN), which
had a much higher cadence and S/N, but with no detection of the
main body (Ruprecht et al. 2015). The latter data presented two
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Table 1. Observational circumstances of the September 8, 2019 Chiron occultation.

: (1)
Site Longitude E  Latitude N Elevation Telescope Camera Cycle O flux Observers
(m) aperture (mm) time (s)
Nandrin/BE 0526295 5031248 261 406 Watec:OI0HX 256 016 O-Schreurs,
E. Fernandez
Dourbes/BE 0434560 5005259 195 400 Watec-910HX 128 023  R. Boninsegna
Ludiver/FR  -014342.1 4937469 179 400 RAPTOR Kite 050 042 - Colas, D. Bihel,
J. Lecacheux
Paris/FR 0220265 4849269 79 250 ASIIZ4MM 150 033 J. L. Dauvergne
Forcarei/ES  —0822 152 4236384 670 507 Watec:910HX 256 011  H. Gonzdlez

Notes. ("Read-out time is negligible for these cameras, so the exposure time equals the cycle time.

pairs of sharp secondary events that resembled those observed
around Chariklo in 2013. These data were further analyzed by
Sickafoose et al. (2020).

Ortiz et al. (2015) analyzed the reported absolute magnitude
variation and the decrease of the amplitude of its rotation light
curve, together with the secondary events relative to Chiron posi-
tions detected thus far, to argue that Chiron may also have a ring
system. The final word on the presence of rings around Chiron
depends on new observations of a stellar occultation with high
cadence and S/N or on a visit of a spacecraft such as Centaurus
(Singer et al. 2019).

In this work, we presented the first multi-chord stellar occul-
tation by Chiron, observed on September 8, 2019, from four
different sites. It gives further constraints on Chiron’s size and
shape. We also present a single chord detection observed from
South Africa Astronomical Observatory (SAAO) on November
28, 2018, setting an upper limit on the detection of secondary
events.

2. Stellar occultation of September 08, 2019

This stellar occultation event was predicted by the Lucky-Star
project’ using the Numerical Integration of the Motion of an
Asteroid (NIMA), as described in Desmars et al. (2015), and the
second Gaia Data Release (DR2) catalog (Gaia Collaboration
2018). The prediction path was updated using the astrometric
position obtained at Pico dos Dias and Calar Alto Observatories
and the astrometric position derived from the November 2018
occultation event (see Sect. 3).

The occulted star has the number 2741744913738549760 on
the third Gaia Data Release (DR3) with a G magnitude of 16.52.
The event had a shadow velocity of 22.8 km s‘l, relative to the
geocenter. The position of the star from the Gaia DR3 catalog
was propagated using parallax and proper motion to the event
date, resulting in the following geocentric position at the epoch:

a = 00h10m12174303 + 0.1600 mas,
6 = +04°37°0479141 + 0.2824 mas,

where mas stands for milliarcsec.

An observation campaign was organized and observations
were eventually made from five sites. The observation setups
can be found in Table 1. Two sites in France (Ludiver and Paris)

2 https://lesia.obspm. fr/lucky-star/
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Nandrin/BE
ver/FR ‘Dourbes/BE

Fig. 1. Post-diction map of the event observed on September 8, 2019.
The arrow at the bottom right indicates the motion of the shadow. The
black lines represent Chiron’s shadow path, the blue dots are the sites
that detected the occultation, and the red one shows where data were
acquired but no event was detected.

and two in Belgium (Nandrin and Dourbes) positively detected
the event (Fig. 1). Unfortunately, the Belgian sites were in the
same line with respect to Chiron’s shadow path. Therefore, even
if both were used, only three effective chords were available to
derive the object’s visible limb at the event time. Observations
from Forcarei/ES were negative, that is, it did not detect the
occultation by Chiron since it was south of the actual shadow
path.

The occultation light curves (see Appendix A) were obtained
using differential aperture photometry using the Package for
the Reduction of Astronomical Images Automatically (PRAIA;
Assafin et al. 2011). The ingress and egress times were cal-
culated by modeling the light curve considering a sharp-edge
occultation model convolved with Fresnel diffraction, the appar-
ent stellar diameter at the object’s distance, and the finite
exposure time of each data set (more details can be found
in Braga-Ribas et al. 2013; Souami et al. 2020). The shortest
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Table 2. Event times and chord length of the four positive sites on September 8, 2019 occultation.

Site Ingress (UTC) Egress (UTC) Chord length (km)
Dourbes/BE  23:04:12.10 £ 0.42  23:04:17.79 = 0.70 138 £ 13
Nandrin/BE ~ 23:04:08.00 + 0.43  23:04:13.40 + 0.92 146 + 28
Ludiver/FR  23:04:27.96 + 0.22  23:04:33.94 + 0.42 135 + 11
Paris/FR( 23:04:20.39 + 0.56  23:04:25.47 + 0.79 116 + 22
Notes. P Times not shifted, see text.
integration time was 0.5 s at the Ludiver site, translating into 50 - N
11.4 km per data point along the track. Considering that the stel-
lar apparent diameter equals 0.08 km, estimated using its B, V, I
and K magnitudes and van Belle (1999) equations for a main 0 £
sequence star, and the Fresnel scale at D = 17.85 au (astro-
nomical units) is Ly = VAD/2 = 0.932 km, the light curves are
smoothed mainly by the exposure time. =50 1 AUd/,,
The timings of the event are presented in Table 2. Time- S/ER
stamping was ensured to be referenced to the Universal Time — —~ _1q -
Coordinate (UTC) on the order of a millisecond by Global Posi- E
tioning System (GPS) devices for all stations, except at Paris/FR, 7
which had no reliable time source. The observation at Planetar- —150 -
ium Ludiver/FR was made using a Raptor CMOS Kite camera
and TimeBox system (Gallardo et al. 2021) and registered the
images in ser’ format. Nandrin/BE site used a GPSBoxSprite- —200 1
VTI, and Dourbes/BE site used an International Occultation
Timing Association Video Time Inserter (IOTA-VTI) system®, —250 4
both with Watec 910HX video cameras, and the avi video for-
mat was used for registering the images. Paris/FR used a ZWO
ASI174MM camera and registered the event using ser file for- —300 - -

mat. All the data sets were converted to individual fits frames
using Tangra software version 3.7.3°. The video GPS times are
inserted at the end of the video camera exposures, so the time
of individual frames were subtracted by half an exposure time to
give the time of the middle of the integration correctly (details
in Benedetti-Rossi et al. 2016; Barry et al. 2015).

2.1. Fit of the elliptical limb

The corrected times were projected in the sky plane and used to
determine Chiron’s limb shape at the time of the occultation. It
is possible to see in Fig. 2 that the Paris chord is clearly shifted
with respect to the other sites. As it did not benefit from a reli-
able time source, we shifted it forward by 0.9 s by minimizing the
dispersion of the fitted ellipses with respect to the chord extrem-
ities. Due to the distribution and errors of the detected chords, a
wide range of ellipses can be fitted.

The most recent and accurate work on determining Chiron’s
size, available in the literature, combined thermal fluxes with
mid/far infrared fluxes to derive Chiron’s relative emissivity at
radio (mm and sub-mm) wavelengths (Lellouch et al. 2017).
We considered their spherical approach, which gives an area-
equivalent diameter of 210*]} km, as we understand it to be the
most conservative one. For instance, the error bar of the size
given by this model encloses all the other scenarios (e.g., differ-
ent roughness and elliptical profile). We used the aforementioned

3 Simple uncompressed video format for astronomical capturing:
http://www.grischa-hahn.homepage.t-online.de/astro/
ser/

4 https://occultations.org/

5 http://www.hristopavlov.net/Tangra3/

100 50 0 =50 -100

f (km)

200 150
Fig. 2. Occultation chords in blue, with error bars in red, observed
on September 08, 2019. From north to south, we have the chords
from Ludiver/FR, Nandrin, and Dourbes/BE (same line), and Paris/FR.

Gaia DR3 propagated star position and NIMAv10 provide the f; and go
during the geocenter’s closest approach.

equivalent diameter as upper and lower limits on our fitting pro-
cedure to restrict the range of possible elliptical limbs compatible
with our observed chords.

Our elliptical limb shape fitting to the occultation chords is
detailed in Braga-Ribas et al. (2013) and Souami et al. (2020), for
example. In short, we generated a large set of ellipses, varying
their semi-major axes a’ from 90 to 160 km by steps of 1 km,
their oblatenesses € = (a’ — b")/a (where a’ and b’ are the semi-
major and semi-minor axis of the apparent ellipse) from O to
0.625 by steps of 0.005, and their Position Angles (PA)® from
—90° to +90° by steps of 2°. Moreover, in this procedure, we
imposed that the area-equivalent radius, Requiv = a@ V1 — €, of the
ellipse be consistent with the Lellouch et al. (2017)’s value within
the error domain mentioned above, that is, 98 < Requiy < 111 km.

For each ellipse, the free parameters of the fit were the coor-
dinates of body center (f., g.) projected in the sky plane. This fit
returned the classical y? value based on the radial residuals of the
fit, that is, the radial distance of the chord at the ingress/egress,
Iiobs, to the tested ellipse, r;cq1, proportional to the radial uncer-
tainty, Oagial, Of the ingress/egress time (Eq. (1)). The results

6 The Position Angle is the angle between the celestial north and the
minor-axis orientation, measured positively to the east.
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Fig. 3. Combinations of the limb-fitting parameters shown in each
panel. The 1o-level solutions are plotted in black. The solutions above
this limit are shown in different colors, as defined in the color bar. Solu-
tions above the 30~ are shown in yellow.

Table 3. Elliptic fit to the Chiron’s limb from the September 8, 2019
occultation.

Equivalent radius™ (km)  Requiy = 105%5

Semi-major axis (km) a=126+22
Position angle (deg) PA = 11+33
Oblateness €=027+0.18

Notes. (VTaken from Lellouch et al. (2017), see text.

were sorted from the minimum value sznin’ and for all the ellipses
up to x> + 1 to define the marginal 1o error bar of each parame-
ter. The results are displayed in Fig. 3 for various parameters of
interest.

N

V= Z (i obs — ri,cal)z. 0

.2
P O radial

Table 3 summarizes the results of the fit (limb’s size, shape,
and orientation) and Fig. 4 displays the best ellipse in black and
the 1o-level solutions in gray.

2.2. Size and shape constraints

Although challenging due to the presence of coma and ring,
rotational light curves have been observed for Chiron, giv-
ing a synodic rotation period of P = 5.917813 + 0.000007 h
(Marcialis & Buratti 1993). Groussin et al. (2004) derived a true
light curve amplitude of Amg = 0.16 = 0.03, which is the light
curve amplitude that we would observe if the object’s pole is
perpendicular to the line of sight. This implies an axial ratio
b/a =B = 0.862 +0.023, for a triaxial body with axes a > b > c.
Considering the pole direction given by Ortiz et al. (2015) to
be the same as that of the main body, the opening angle (B)
with respect to the object’s equator was B = 42° in 2019. So, the
observed semi-major axis a of the ellipse can be considered as
the actual equatorial radius of Chiron within a factor of 1.16 (at
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Fig. 4. Same as Fig. 2, with the best fitting ellipse plotted in black
(e.g., the lowest x? value) and the 1o-level ellipse plotted in grey. The
green spot in the center of the ellipses represents their respective cen-
ters. The Paris chord was shifted forward by 0.9 seconds for the best
alignment with the other sites (see text for details). The green line below
the ellipses is the negative chord observed from the Forcarei site.

maximum), given the known rotational variability and the fact
that the rotational phase of Chiron at the time of the occultation
was not known, implying that » = 109 + 19 km.

If Chiron has a Jacobi shape (i.e., fluid hydrostatic equi-
librium), we can expect c/a = y = 0.53905 + 0.00785 for a
plausible density of 1,119 + 4 kg m™3 and rotation period of
P = 5917813 + 0.000007 h, which would give a semi-minor
axis of ¢ = 68 + 13 km, using Chandrasekhar (1987) formal-
ism. Under these assumptions, Chiron has a volume-equivalent
radius of Ry = 98 + 17 km.

We verified if the proposed ellipsoid agrees with the
observed chords by assuming that Chiron has the same pole as
the rings proposed by Ortiz et al. (2015) (i.e., the ring’s plane
crosses the object’s equator). As the rotational phase during
the 2019 event is unknown, we must test all the phases. Being
w the angle of the object’s major-axis (a) with respect to the
intersection of the object’s equatorial plane and the Interna-
tional Celestial Reference System (ICRS) fundamental plane, as
defined in Archinal et al. (2018), we note that values of w in a
range of 90° (i.e., one forth of a phase) provides compatible fits
with the observed chords (Fig. 5). Figure 6 shows the best fit of
Chiron as a Jacobi ellipsoid fitted to the 2019 occultation chords.

3. Stellar occultation of November 28, 2018

Also predicted by the Lucky Star project, this event was of
interest due to the small shadow velocity of only 5.77 km s~!,
relative to the geocenter, thus allowing a high spatial reso-
lution per data point. The occulted star was the Gaia DR3
2646598228351156352, with a magnitude G = 17.28. Propagat-
ing the position of the star from the Gaia DR3 catalog epoch
using parallax and proper motion to the time of the event, its
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Fig. 5. Test of all possible rotation phases, considering Chiron as a

Jacobi ellipsoid. Rotation phases within a range of 90° are compatible.

1001

g - go [km]

—100

100 0 ~100

f-fy [km]
Fig. 6. Best fit of the Jacobi ellipsoid with a = 126 =22 km, b =
109 + 19 km, and ¢ = 68 + 13 km derived for Chiron, with a w = 120°,
represented by the big black dot, which also indicates the position of the

major-axis a. Here, fy and g, are the center of the ellipse presented in
Fig. 4.

geocentric position at epoch is:

a = 23h46m04333575 + 0.2508 mas,
6 = +02°13'0575270 + 0.3445 mas.

Observations were arranged at the SAAO and at the Boy-
den Observatory, both in the Republic of South Africa. A third
site was used in Namibia, the Automatic Telescope for Opti-
cal Monitoring (ATOM); (see Hauser et al. 2004, for details on
this facility). Table 4 provides circumstantial details and Fig. 7
displays the post-diction map.

The occultation could only be detected from SAAO. Using
an exposure time of 1.5 seconds and no filter, each data point
has a spatial resolution of 8.65 km and S/R = 14. Using the
same procedures described in Sect. 2, the occultation light curve
and the ingress and egress times were obtained (see Table 5).
The stellar apparent diameter was estimated to be 0.3 km and

Fig. 7. Post-diction map of the November 28, 2018 event. The black lines
delineate Chiron’s shadow path, the blue dot is the SAAO site where
the occultation was detected, the red dot is Boyden, where data were
acquired but no event was detected, and the white dot (ATOM) could
only start acquisition after the actual local closest approach.

the Fresnel scale at D = 18.3538 au is Ly = 0.945 km, so,
again, the light curve smoothing was largely dominated by the
exposure time.

The chords in the sky plane are displayed in Fig. 9. The large
exposure time (10 s) used at Boyden Observatory smooths any
putative short event, making it undetectable. Considering the
long chord observed from SAAOQ, a long chord (at least one expo-
sure time) would be detected from Boyden as well. As no flux
drop was seen from there (Fig. A.1), we can conclude the center
of Chiron was north of SAAO. This is a crucial constraint for the
search of secondary events caused by the putative rings proposed
by Ortiz et al. (2015).

4. Constraints on the secondary events

As mentioned earlier in this work, secondary events have been
observed in the past during stellar occultations by Chiron (Bus
et al. 1996; Elliot et al. 1995; Ruprecht et al. 2015) and it has
been suggested that they may have been caused by a ring system,
jets, or a dust shell (Ortiz et al. 2015; Sickafoose et al. 2020).
The only data set presented in this paper that offers useful limits
on the detection of material around Chiron, while considering
the image cadence and S/N, is the one obtained at SAAO in
November 2018 (discussed further in this section).

4.1. Reanalysis of 2011 data

We re-assessed the physical properties of the features observed
during the occultation by Chiron in 2011 (Ruprecht et al. 2015)
when symmetrical secondary drops were detected around Chi-
ron. Under the assumption that they are rings, as proposed by
Ortiz et al. (2015), we followed the same procedures as those we
used to analyze (10199) Chariklo’s rings; (see Braga-Ribas et al.
2014; Bérard et al. 2017; Morgado et al. 2021).

Using the FTN data, as presented in Fig. 4 of Ruprecht et al.
(2015) and reproduced in Fig. 2 of Sickafoose et al. (2020), we

A72, page 5 of 10
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Table 4. Observational circumstances of the November 28, 2018 Chiron occultation.

. Longitude E  Latitude S  Elevation Telescope Cycle®
Site (o ’ ;/) (o ’ //) (m) aperture (mm) Camera time (S) flux Observers
SAAO 2048378 3222419 1760 1016 SHOC® 1.5 0.08  A. Sickafoose
Boyden 2624170 2902 19.8 1372 1500 Alta-US5 10 0.08 P. van Heerden
ATOM @ 163005.6 2316 19.7 1800 700 DU888_BV 1.0 0.20  F. Jankowsky

Notes. "Read-out times are negligible for these cameras, so the exposure time equals the cycle time. ("Observation initiated after the actual local
closest approach. ®SHOC stands for Sutherland High-speed Optical Cameras, see Coppejans et al. (2013).

Table 5. Derived event times and chord length as observed from SAAO

on November 28, 2018. 400 { == SAAO N
—— Boyden T
. E «—
Site SAAO/SA 300
Ingress (UTC) 20:50:12.51 £0.06 s 200 -
Egress (UTC)  20:50:43.80 £0.10 s
Chord length 180.5 £ 0.9 km
100 A
S
1.2 < 0 A
1.0 °
2 osf —100 -
g osf A2 A4
g o04f Al A3 =200 1
<ZS 0.2t ]
] L [ e —300 1
027530 931 932 933 9848 9858 9868 9878
Time relative to 2011-11-29 08:00 UT [seconds] —400 1, T T —
400 200 0 —-200
Fig. 8. Reanalysis of the FTN data obtained during the November 29, f (km)

2011 stellar occultation by Chiron; (Ruprecht et al. 2015; Sickafoose
et al. 2020). Adopting the preferred pole position proposed on Ortiz
et al. (2015), we fit the light curves with two sharp-edged semi-
transparent rings, accounting for the stellar velocity perpendicular to
the ring as measured in the ring plane. Data are shown in black, the ring
models are plotted in blue, and the red curves are the synthetic light
curves, accounting for diffraction, stellar diameter, and finite integra-
tion time. The green crosses at the bottom are the fit residuals to the
synthetic light curve. The times were corrected by —7 s with respect
to the values published in Ruprecht et al. (2015) and Sickafoose et al.
(2020), so they are back to their original values (see text).

first corrected the timing of those plots to their original values,
which are presented in the above-mentioned references with a
shift forward of 7 s to account for the geographic offset between
FTN at Haleakala and IRTF at Mauna Kea. Using the preferred
pole position of Ortiz et al. (2015), with ecliptic coordinates
A =144°, B = 24°, we calculated the opening angle with respect
to the object’s equator (i.e., the sub-observer point), which was
B =59.6° in 2011, and the relative star velocities perpendicular
to the rings, as measured in the ring plane. With these values,
we fitted two sharp-edged rings with different sizes and opacity,
accounting for diffraction (see the Extended Data in Braga-Ribas
et al. 2014; Bérard et al. 2017, for further details). We tested ring
widths varying from 0.5 to 4 km and opacity from 0O to 0.6. The
resulting fits are shown in Fig. 8.

Table 6 shows the perpendicular velocity relative to the rings,
ULring, the mid-time of each detection, (fyiq), the apparent radial
width, (W’), where “apparent” refers to the quantity measured in
the sky plane, the radial width, (W,), in the ring plane, the appar-
ent opacity, (p’ = 1 — 1/1,), the normal opacity to the ring plane,
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Fig. 9. Reconstructed geometry of 2018 event with the rings as proposed
by Ortiz et al. (2015). The large blue segment corresponds to the chord
detected from SAAOQ and the small ones are the expected location of the
rings. The magenta dashed line corresponds to each exposure from the
Boyden observatory negative chord.

(pn = |sinB|(1 — 4/1 = p)), for a monolayer ring, the normal
optical depth to the ring plane, (ty = |sinB|(7’/2), for a poly-
layer ring, where 77 = —In(1 — p’), and the equivalent width,
(Ep = Wi py).

They are consistent with the values of Sickafoose et al.
(2020) but differ due to (i) the applied velocity to calculate
the widths and (ii) a factor of two between the apparent and
the actual ring optical depths due to light diffraction by indi-
vidual ring particles, as per Cuzzi (1985) and the discussion in
Bérard et al. (2017). This factor of two applies in the cases where
the Airy diffraction scale on individual particles with radius r
Lan ~ (4/2r)D, is larger than the width of the ring. In visible
wavelengths and assuming ring particles with sizes of ten meters
at most, this provides Lx 2 80 km for D = 18.3538 au, hence
validating our assumption (i.e., the actual ring optical depth is
half of the one measured with the occultation light curve). Con-
sequently, our equivalent width (E},) values are almost half of
those given by Sickafoose et al. (2020).

4.2. Searching for rings

To search for the proposed rings in the November 28, 2018 SAAO
data set, we used the preferred pole position of Ortiz et al. (2015)
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Table 6. Ring properties obtained from Faulkes 2011 data.

Ring properties from the 2011 detection

Al A2 A3 A4
Ulring (kms™h) 7.18 6.99 8.67 8.73
tmia () 931.01 £0.02 932.06 £0.02 985.78 £0.01 986.80 + 0.02
W’ (km) 1.53 £ 0.15 238 £0.20 2.07 £0.37 3.27 £ 0.39
W; (km) 222+0.21 3.63+£0.29 1.98 + 0.36 3.12 +£0.37
)2 0.61 +0.06 0.47 £0.04 0.62 + 0.06 0.40 £ 0.06
PN 0.32 £ 0.04 0.23 £0.03 0.33 £0.04 0.20 £ 0.03
™ 041 +£0.14 0.27 £ 0.08 042 +£0.16 0.22 £0.09
E, (km) 0.71 £ 0.11 0.85 £0.12 0.65 £0.14 0.61 = 0.12

Notes. We used the same nomenclature as used by Sickafoose et al. (2020), where A1 and A2 correspond to the drops before the closest approach
and A3 and A4 after the closest approach. (¥ Seconds after 08:00 UT. Corrected by —7 s; see text.

12} A 1
) IS A_/
0.8} ]
N
5 0.6}
£
50.4F
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Seconds relative to 2018-11-28 00:00 UT

74976

Fig. 10. Search for the Chiron’s rings proposed by Ortiz et al. (2015)
with the properties given by Sickafoose et al. (2020) using the SAAO
data obtained during the November 28th 2018 occultation. The gray
regions indicate the ring’s expected positions from Ortiz et al. (2015).
The left (resp. right) panel presents the data before (resp. after) the
occultation by the main body.

(A ~ 144°, B ~ 24°) and the ring parameters derived from our
re-analysis of the 2011 data (Table 6). From the event geometry
(Fig. 9), we can estimate the time intervals where the proposed
rings are expected (small blue segments).

Using the properties of the rings found in Sect. 4.1, we
searched a region of 20 s (or ~115 km) around the expected rings
locations, on both sides (before and after the main body ingress
and egress). This corresponds to about seven times the total dura-
tion of the occultations by the rings and gap. The best fit for the
ingress is obtained a few kilometers farther than the expected
location (~36 km) and has a y? value per degree of freedom of
/\/;z)df = 0.59 (Fig. 10, left panel). For the egress, the best fits occur

at the expected location, with a Xﬁ 4 = 1.09 (Fig. 10, right panel).

To assess the detection level of ring material, we analyzed the
SAAQO light curve, following the same procedures as in Bérard
et al. (2017). We considered the data up to 2000 km from Chi-
ron’s center, excluding the main body occultation part. The light
curve was converted into flux as a function of radial distance to
the object’s center, counted in the ring plane. Accounting for the
standard deviation of the light curve, we obtained a 1o upper
limit of p” = 0.08 for the apparent opacity (p’ = 0.24 at the 30
level), see the red (resp. green) dashed line in Fig. 11. From the
relation 7" = —In(1 — p’), we derive an upper limit of 7/ = 0.25
(30 level) for the apparent optical depth.

The star velocity at the ring plane was 7.99 km s~!, yielding a
spatial resolution of 12 km per data point. If existent, individual
rings of this width would be detectable if py = 0.09 or 75 >
0.09. The proposed rings would then be detected at a 2.60 level
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Fig. 11. Light curve of the flux versus the distance to Chiron’s center
in the ring plane. The dashed lines in red and green correspond to the
detection limits at the 1 and 30 levels, respectively. The yellow dotted
line corresponds to the expected depth of the occultation promoted by
the proposed rings.

during ingress and at a 2.2¢0 during egress (see the yellow dashed
lines in Fig. 11). This means that the expected ring signatures
were too weak to be assertively detectable in this data set with a
30 or higher confidence level.

4.3. Searching for a shell of material

The SAAO data can also be used to put upper limits on the
detection of a shell of material around Chiron. Using the same
procedure as the previous section, the light curve was con-
verted to flux versus distance to the object’s center, but here the
data were projected to the sky plane. Considering the standard
deviation of the light curve, we obtain an apparent opacity of
p’ = 0.08 at the 10 level and p’ = 0.24 at the 30 level, which
represents an apparent optical depth of 7’ = 0.25 (307). Here, we
considered the full resolution of 8.65 km allowed by the data set.

If we consider that a shell of material can be spread over a
large region, we should also search for symmetrical drops over
several kilometers radially to the object’s center. To do so, we
binned the data using windows of 45 and 81 km (according to
the proposed structures in Elliot et al. 1995) and obtained appar-
ent optical depth limits of 7/ = 0.11 and 0.08 at the 30 level,
respectively. As we can see in Figs. 12 and 13, no symmetrical
or smooth flux drops are seen in both graph.
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Fig. 12. Similar as Fig. 11, but the data were smoothed to a resolution
of 45 km per data point.
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Fig. 13. Similar as Fig. 11, but the data were smoothed to a resolution
of 81 km per data point.

5. Conclusions

We have presented here the first multi-chord stellar occultation
by Chiron. Sizes determinations were made using different tech-
niques before this work. For instance, Groussin et al. (2004)
combined visible, infrared, and radio observations to derive a
diameter of 142 + 10 km; Fornasier et al. (2013) combined
Herschel and Spitzer thermal data to derive (among other solu-
tions) an equivalent diameter of 218 + 20 km. Lellouch et al.
(2017) reanalyzed the previous data adding observations made
with ALMA to derive an equivalent diameter of 210 + 10 km
for a spherical model. They have also considered an elliptical
model and the influence of the putative rings, but they found
that neither help to reconcile the discrepant diameter determi-
nations. We decided to use their spherical model as the most
conservative approach and give reliable limits to Chiron’s appar-
ent equatorial diameter (Requae = 126 + 22 km) and oblateness
(e =0.27 £ 0.18).

Considering the derived true rotational light curve amplitude
of Amy = 0.16 £ 0.03 (Groussin et al. 2004) and assuming a
Jacobi shape (i.e., fluid hydrostatic equilibrium), we can expect
Chiron’s semi-axis to be a = 126 + 22 km, b = 109 + 19 km,
and ¢ = 68 + 13 km, implying a model-dependent density of
1119 + 4kg m™3, for a rotation period of 5.917813 h, and a
volume-equivalent radius of Ry, = 98 = 17 km. With these
values, we can obtain the first estimation of Chiron’s mass of
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Table 7. Chiron’s astrometric positions from 2018 and 2019
occultations.

Event date Right ascension Astrometric
(dd-mm-yyyy) (hh mm ss.s) uncertaint
Instant (UT) Declination (mas) y
(hh:mm:ss.s) (G|

28-11-2018 23 46 04.35419 +0.26
20:50:43.14 +02 13 05.25822 +0.35
08-09-2019 00 10 12. 73280 +0.91
23:04:26.20 +04 37 05.26207 +0.45

4.8 + 2.3x10'® kg. When Chiron is viewed equator-on, the aver-
age equivalent surface radius is Rsequiy = 89 + 16 km, it can be
used with the true absolute magnitude of 7.28 + 0.08 in V band
obtained by Groussin et al. (2004) and Magy = —26.74 for the
Sun, to calculate Chiron’s geometric albedo to be py = 0.076 +
0.026, which is not in agreement with their value of 0.11 + 0.02;
however, as discussed by Ortiz et al. (2015), they did not con-
sider the presence of the putative rings, which may contribute
to up to 30% of the total reflected flux. Even if Chiron does not
exhibit a Jacobi equilibrium shape, which might be the case, it
is reasonable to consider that it does not diverge much from the
here proposed shape.

We reanalyzed the secondary events observed in 2011 using
Faulkes Telescope (Ruprecht et al. 2015; Sickafoose et al. 2020)
and obtained the properties of the rings using the same pro-
cedures as Braga-Ribas et al. (2014); Bérard et al. (2017),
considering the size and pole orientation proposed by Ortiz et al.
(2015).

Data obtained from South Africa Astronomical Observatory
allowed for a search for signatures of the proposed ring system.
No clear evidence of the presence of the rings was found, mainly
due to the long exposure time needed to record the occultation
event. If the structures observed in 2011 were present in the 2018
data, they would have been detected at 2.60- during the ingress
and 2.20 at the egress. These values are too low to claim any
detection. Figure 11 clearly shows that many drops are below the
1o level, but none below the 30 level. We note that a ring such
as the C1R, the main ring of (10199) Chariklo (Morgado et al.
2021), would have been detected above the 30 level.

We also searched for broad features, such as a shell of mate-
rial, and found no evidence. The upper limits are 7/ = 0.25,
0.11, and 0.08 for shells spread over ~9, 45, and 81 km, respec-
tively. Elliot et al. (1995) reported a feature (F2) with width
~74 km and a maximum optical depth of 7" ~ 0.11. Consider-
ing the detection limit for apparent optical depth obtained with
the 81 km-smoothed curves, the F2 feature would be detected
outside the 30 level.

Chiron is currently in a region of the sky characterized by a
low density of stars, so relevant occultation events by this object
are very rare. Thus, observations of new occultation events are
needed. Adding the astrometric positions of the events presented
here (Table 7) and those presented in Rommel et al. (2020),
we searched for future events. A promising event will occur on
September 10, 2023 (Fig. 14)’, which may allow for more precise
size and shape determinations and contribute further information
on Chiron’s environment.

7 Further information can be found in the Lucky Star event’s webpage
https://lesia.obspm. fr/lucky-star/occ.php?p=123202
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Object Diam  Tmax
2060 Chiron 178 km

dots <> ra_offset_dec
8.9s 60 s <> +0.0 +0.0

year-m-d h:m:s UT ra__dec__J20060__candidate C/A P/A vel Delta G* long
2023-09-10 05:09:06.060 01 06 30.3762 +08 44 41.751 0.246 156.91 -19.96 17.89 13.3 310

Fig. 14. Most promising upcoming occultation event by Chiron on
September 10, 2023. Solid black lines correspond to the main body
shadow path, while the blue dashed lines the projected distance of
the proposed rings. Prediction based on the latest NIMA ephemeris
(NIMAV15, available on the Lucky Star web page), using astrometric
positions from all the detected occultations by Chiron and the Gaia DR3
catalog.
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Appendix A: Occultation Light Curves

The occultation light curves obtained from the here reported
events are presented in Fig. A.1. The first four light curves from
the 2019 event allowed to constrain Chiron’s size and shape.
The last light curve from the 2018 event allowed searching for
secondary events around it.
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Fig. A.1. Black lines and dots are the data obtained from each site, the blue lines the opaque band, and red lines the modeled light curve, convoluted
to the exposure time. Times are given in seconds after midnight of the event date. The site names are given in each panel. The green vertical dashed
lines on Boyden’s panel indicate the theoretical ingress and egress times.
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