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Abstract

With the great success of stellar occultations in probing trans-Neptunian objects (TNOs), these observations have
become ubiquitous, leading to significant advances in our knowledge of TNOs. As stellar occultation predictions
have improved, it has become feasible to predict and observe stellar occultations by satellites of TNOs. In this
work, we develop a robust methodology for predicting occultations by large TNO satellites based on the most up-
to-date and accurate ephemerides available. We validated our methodology by reproducing several previously
recorded occultations by Hi‘iaka, and then used it to predict—and successfully observe—stellar occultations of
two other satellites, Namaka and Tinia. As a demonstration of the scientific return of such occultations, we
provide the detailed prediction, observation, and analysis of the Tinia occultation. For the satellite of Uni (2002
UXo,s5), we recorded two positive occultation chords that yielded projected circular and elliptical profiles with
equivalent diameters of 180.8 & 0.6 and 193.0 £ 1.0 km, respectively. Using the published absolute magnitude for
the system and Tinia’s relative brightness with respect to the primary, we derived an absolute magnitude of Hy
= 6.476 + 0.183 mag for Tinia. This corresponds to geometric albedo values of py = 0.139 +0.023 and py
= 0.122 £ 0.02 for circular and elliptical solutions, respectively. Under the assumption of equal albedos, we
obtained a diameter of D = 571 & 53 km and D = 610 = 53 km for the primary. Our methods provide a precise,
simple, open-source technique for predicting TNO satellite occultations, enabling diverse investigations into the
properties of TNOs and their satellites as demonstrated for Tinia.

Unified Astronomy Thesaurus concepts: Trans-Neptunian objects (1705); Classical Kuiper belt objects (250);
Asteroid satellites (2207); Open source software (1866); Orbit determination (1175); Stellar occultation (2135)

1. Introduction

In recent years, stellar occultations have become the dominant
technique to measure the size and shape of trans-Neptunian
objects (TNOs) (for a review see J. L. Ortiz et al. 2020; B. Sic-
ardy et al. 2024). The veritable revolution in stellar occultations
has come as the result of ultraprecise astrometric catalogs of stars
(Gaia Collaboration et al. 2016, 2023) and ever-better
ephemerides of TNOs (e.g., J. Desmars et al. 2015). Because
of these improvements in astrometry, many large TNOs have
been probed by stellar occultations, allowing for measurements
of size (e.g., B. Sicardy et al. 2011), shape (e.g., G. Benedetti-
Rossi et al. 2016), albedo (e.g., J. Ortiz et al. 2012), density (e.g.,
J. L. Ortiz et al. 2017), topography (e.g., F. L. Rommel et al.
2023), and binary nature (e.g., R. Nolthenius et al. 2025).
Occultations have also been instrumental in discoveries of
atmospheres and rings around TNOs (W. B. Hubbard et al. 1988;
J. L. Ortiz et al. 2017; B. E. Morgado et al. 2023; K. Arimatsu
et al. 2026).
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Satellites orbiting large TNOs are common, with ~70% of
TNOs with estimated diameters >700 km hosting secondaries
(J. W. Christy & R. S. Harrington 1978; M. Brown et al. 2005;
M. E. Brown et al. 2006; K. S. Noll et al. 2006; M. E. Brown
& T.-A. Suer 2007; A. H. Parker et al. 2016; C. Kiss et al.
2017; S. S. Sheppard et al. 2018; for a review, see also
M. E. Brown 2008; K. S. Noll et al. 2020). However, despite
many of these large bodies having been detected during stellar
occultations, relatively few of their satellites have been
observed so far (F. Braga-Ribas et al. 2025). Occultations
can provide critical physical measurements, giving crucial
context for the formation and evolution of TNO satellite
systems. Among the few satellite occultations observed,
surprising and diverse constraints have been revealed. For
example, Weywot—Quaoar’s largest known satellite—has a
surprisingly low albedo (E. Fernandez-Valenzuela et al. 2026),
while Hi‘iaka—Haumea’s larger satellite—has a higher albedo
than Haumea itself (E. Fernandez-Valenzuela et al. 2025).

In addition to providing measurements of satellites' physical
properties, astrometry from satellite occultations can signifi-
cantly enhance our understanding of the orbital motion of the
system (F. Braga-Ribas et al. 2025; F. Rommel et al. 2025b).
Satellites act as probes of the gravitational potential of their
primaries, providing interesting and unique constraints on the
shape and internal structure of TNOs (B. Proudfoot et al.
2024a, 2024b). For example, recent occultation-derived
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astrometry of Weywot, combined with two decades of
monitoring with the Hubble Space Telescope (HST), has
shown that Quaoar’s gravitational harmonics are smaller than
expected based on its external figure, implying Quaoar may
have undergone significant differentiation (B. Proudfoot
et al. 2025).

In this work, we describe a technique for predicting
occultations by TNO satellites. We present orbital ephemer-
ides for 11 TNO satellites, based on the most up-to-date orbit
fits available in the literature, and demonstrate how they can be
used to predict stellar occultations. We validate our techniques
and ephemerides by reproducing two previously published
occultations of Hi‘iaka (E. Fernandez-Valenzuela et al. 2025),
finding close agreement with the recorded events. We also
present the full methodology used to predict a stellar
occultation by Namaka, previously reported only in prelimin-
ary form (F. Rommel et al. 2025a). Finally, we report the
prediction and observation of an occultation by Uni’s
(provisionally designated 2002 UXj,s) satellite Tinia.

2. Predicting Satellite Occultations

In addition to the accurate stellar catalogs (Gaia Collabora-
tion et al. 2016, 2023) and TNO ephemerides (J. Desmars
et al. 2015) required for recording TNO occultations, satellite
occultations require precise knowledge of the satellite’s orbit.
The mutual orbits of TNO satellites/binaries have been
extensively studied in the literature (e.g., K. S. Noll et al.
2008; W. Grundy et al. 2019; K. S. Noll et al. 2020; B. Prou-
dfoot et al. 2024b), with more than 40 binaries with uniquely
determined orbits. Most of these systems have orbital solutions
precise to the milliarcsecond level.

Occultation predictions require ephemerides in an absolute
astrometric reference frame. First, we consider the ephemeris
of a TNO with a satellite. Unresolved astrometric measure-
ments provide a determination of the center of light of the two
components, which lies somewhere along the line between
them. Since the flux contribution of each component scales as
D?, while the mass contribution scales as D>, the center of light
of a single observation will not necessarily coincide with either
the center of the primary or the barycenter. However, the
center of light will revolve around the barycenter at the mutual
orbit period. Given enough randomly spaced observations over
many mutual orbit periods, the heliocentric ephemeris (Fpeiio)
will, to first order, approximate the ephemeris of the system
barycenter.

Next, we focus on the satellite ephemeris. The satellite orbit
solutions are generally only provided in a primaricentric (i.e.,
centered on the primary) reference frame (o). Since the
barycenter and primary center are not coincident, an additional
transformation must be included, and the barycenter position
(Tvary) defined from the center of the primary. Then, the
ephemeris of the secondary, referenced to the solar system
barycenter (SSB), can be written as

Faat = Thelio + (Forb — rbary)- (D

The relationship is graphically shown in Figure 1.
Unfortunately, ryyy depends on the system mass ratio
(g = My/M,), but few TNO systems have well-measured mass
ratios (M. E. Brown & B. J. Butler 2023; M. Brozovi¢ &
R. A. Jacobson 2024; B. Proudfoot et al. 2024a). Still, in the
small mass ratio regime (¢ < 1), barycentric wobble of the
primary is minimized, making occultation predictions feasible,
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Figure 1. A not-to-scale schematic representation of how our method
constructs ephemerides for TNO satellites.

although the unknown wobble does provide an additional
source of uncertainty. For near-equal-size binaries, the
uncertain mass ratio adds huge uncertainties, making predic-
tions functionally useless.

The barycentric wobble can be calculated based on either a
known mass ratio (in the few cases with a measured ¢g) or
an assumed value when assuming equal densities and

equal albedos. For the latter case, the mass ratio is
10-0-62m

q = , where Am is the difference in magnitudes
between the primary and secondary. Then,
q
Foay = d , (2)
ary 1 +4

where «a is the satellite’s semimajor axis.

The equal density, equal albedo assumption is unlikely to be
true for almost all TNO systems. The albedos of satellites are
often quite different from their primaries, and satellites are
likely to be lower density given their smaller sizes (F. Rommel
et al. 2025b). Satellites with higher albedos than their
primaries (like Hi‘iaka; E. Ferndndez-Valenzuela et al. 2025)
will cause overestimation of g and ry under the equal
density /albedo assumption, while satellites with lower albedos
(like Weywot; E. Ferndndez-Valenzuela et al. 2026) will have
the opposite effect.

Satellites with lower densities will again overestimate ¢ and
Tvary- Therefore, relaxing the assumption, we find that

Pa| P 32
qm—z(—‘) , 3)
P\ P2

where pq, p, and p;, p, are the albedos and densities of the
primary and secondary, respectively. Although typically
p2/p1 < 1, p1/p> could be in a wide range of values. For
instance, Quaoar and Weywot have p;/p, between 2 and 3
(E. Fernandez-Valenzuela et al. 2026). This uncertainty
provides a fundamental barrier to predictions of occultations
by TNO satellites.

To limit the growth of uncertainties from uncertainties in
Thary, our work focuses on the subset of TNO systems with the
smallest predicted barycentric wobbles, thus limiting the
overall prediction uncertainty. We set a (somewhat arbitrary)
upper limit of <20 mas, chosen to be near the boundary where
uncertainties significantly affect the uncertainty in occultation
predictions and slightly above the limit of successfully
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Figure 2. Barycentric wobble as a function of separation and mass ratio for
TNO binaries with unique orbit solutions. Mass ratios are estimated under the
assumption of equal albedo and equal density and are uncertain by a factor of a
few (except for Eris and Haumea; M. E. Brown & B. J. Butler 2023;
B. Proudfoot et al. 2024a). Binaries labeled in bold have had successful
occultation detections of their companions (E. Ferndndez-Valenzuela
et al. 2025, 2026; F. Rommel et al. 2025a, 2025b, this work). Objects above
the red dashed lines present more than 20 mas in astrometric wobble.

observed stellar occultations by satellites. In Figure 2, we
show the expected barycentric wobble of TNO binaries with
unique orbit solutions, assuming equal albedos and densities
for systems without direct measurements of g.

2.1. SPICE Kernels

Using the detailed outputs of orbit fits provided by the
MultiMoon project (for an introduction, see D. Ragozzine
et al. 2024; for results, see B. Proudfoot et al.
2024a, 2024b, 2025, 2026; C. Collyer et al. 2025;
M. A. Nelsen et al. 2025; F. Rommel et al. 2025b), we are
able to create ephemerides with sufficient accuracy to predict
occultations. For this, we encode orbital information into
SPICE kernels (C. H. Acton 1996). Although the Markov
Chain Monte Carlo (MCMC) methods used by MultiMoon
produce statistical samples of orbit solutions, SPICE kernels
cannot easily incorporate a large number of such samples.
Instead, we use the MCMC sample with the highest posterior
probability (likelihood X prior probability), the maximum
a posteriori sample (MAPS), akin to using the “best fit.”

Although the MAPS may not be representative of the bulk
of the probability mass—especially if the posterior distribution
is multimodal or heavy-tailed—the orbit solutions we find are
typically normally distributed with the MAPS near the median
of the posterior distribution (for example, see Figure 1 of
B. Proudfoot et al. 2024a). We tested this method against one
that built an ephemeris based on an ensemble of orbit
solutions. The two methods provide nearly identical predic-
tions and well within the shadow path uncertainties. Since the
ephemerides based on many orbit solutions required signifi-
cantly more computational cost, we decided to simply use
the MAPS.

Using the MAPS orbital elements, we use MultiMoon to
integrate the orbital motion of the satellite, outputting
Cartesian positions (x) and velocities (v) (referenced to the
center of the primary in J2000 ecliptic frame) at a 15 minute
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time step. This time step is fine enough to provide high-quality
position estimates. The outputs x and v are then converted into
SPICE kernels using the the mkspk tool.® The kernels use
Hermite interpolation (Type 13 SPKs) to maximize simplicity
in data input (see mkspk documentation for more detailsg).
All our SPICE kernels are provided on GitHub.'"’

2.2. Building Predictions

With SPICE kernels in hand for satellites, making predic-
tions of occultations is relatively straightforward. Combined
with a heliocentric ephemeris of the barycenter, which can be
downloaded from JPL Horizons, we use the Stellar Occultation
Reduction and Analysis (SORA) package (A. R. Gomes-Jinior
et al. 2022) to generate predictions using the sora.
prediction module.

By nature of our SPICE kernels being for systems with
relatively small barycentric wobble, we can account for the
barycentric offset using an iterative approach. As an initial
step, we make occultation predictions assuming g = 0,
allowing for a broad and rapid search for potential events.
After identifying a set of candidate events, we can update each
prediction to account for the barycenter’s offset relative to the
primary. For each candidate event, we determine the position
of the satellite (in the primaricentric frame) at the moment of
closest approach. Then, using an estimated mass ratio (which
can either be manually input or based on an equal albedo,
equal density assumption), we can determine the position of
the barycenter at the time of the candidate event. Finally, we
offset the satellite’s ephemeris (using the ephem.add off-
set function in SORA) and remake the prediction. This
iterative approach allows us to easily account for the
primaricentric—barycentric offset, while being fairly computa-
tionally simple.

2.3. Uncertainties

Our prediction code also allows for conservative calculation
of uncertainties in the occultation prediction. Uncertainty in
our predictions of satellite occultations come from four main
sources: stellar positions (o), the heliocentric TNO ephemeris
(0,), the primaricentric satellite ephemeris (o), and the
uncertainty in the barycentric correction (o). Except for the
oy and o, these sources of uncertainty are independent. In the
case of o, and o, both are functions of the uncertainty in the
satellite orbit solution; however, o, is typically overwhel-
mingly dominated by the uncertainty in g. Thus, we treat all
the sources of uncertainty as independent. Combined, the total
uncertainty can be written as

2 2 2 2 2
Otor = Ox + Up + Os + Ops (4)

where o, and o, are those typically accounted for when
predicting stellar occultations, and can be easily found from
Gaia stellar catalogs (Gaia Collaboration et al. 2023) and JPL
Horizons. For simplicity, we assume Gaussian uncertainties
with no R.A./decl. covariance, since different sources for
ephemerides do not always report covariance. Since a
covariance acts to reduce the uncertainty volume to lie along

& hups: //naif.jpl.nasa.gov /naif /utilities.html
° htps: //naif.jpl.nasa.gov/pub/naif /toolkit_docs/C/ug/mkspk.html
19 https://github.com /benp175 /tno-binary-tools /tree /main /ephem
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Figure 3. On-sky positional uncertainties of Uni’s satellite, Tinia. In the left panel, we show the ephemeris uncertainty over the span 2025-2035 averaged over Uni-
Tinia’s 8.3 day orbit. In the right panel, we show the ephemeris uncertainty around the time of the observed occultation (see Section 3.2). Gray dashed, dotted, and
dotted—dashed lines show the uncertainty contributions from the satellite orbit, the primary’s heliocentric orbit, and the barycentric wobble, respectively. Solid,
colored lines show the combined uncertainty given by Equation (4). Uni’s heliocentric ephemeris uncertainty is given by JPL Horizons (JPL#56).

a certain R.A./decl. orientation, treating the uncertainties as
noncovariant acts only to overestimate the uncertainty.

On the other hand, o, can be difficult to determine, as it can
vary as a function of the satellite position around the primary
(see right panel of Figure 3). To provide these, we used a large
posterior sample of orbit solution from MultiMoon orbit fits
to calculate the on-sky uncertainty in the satellite orbit. Since
propagation of the orbit solutions comes at significant
computational expense, we provide uncertainties at a coarser
resolution than the ephemerides. We found that a 2 hr time
step was a reasonable compromise between resolution and
computational expense. Unfortunately, these cannot be
incorporated into our SPICE kernels, so we provide separate
uncertainty files to estimate the uncertainty in the satellite orbit
solution.

Lastly, since the mass ratios—and therefore the barycentric
offsets—of most TNOs are unknown, care must be used when
deriving 0,. In the case of a system with a measured mass

ratio,
- 2 ao 2
2 a q
oy = + , Q)
b (1+q) ((1+q)2)

where a is the satellite’s semimajor axis in on-sky angular
distance and (o,, 0,) are the uncertainties in (a, g). For a
system without a measured mass ratio, we transform
Equation (3) into log space (useful for dealing with
uncertainties stated in multiplicative factors) and linearize
the equation to derive the uncertainty in the barycentric

correction. Assuming the ¢ uncertainty dominates the overall
uncertainty, this yields

g__J13
a(1+q)2 5 Inf, (6)

where f is the multiplicative factor by which the density and
albedo ratios are uncertain. Assuming f = 2 (i.e., the selected
values for p,/p; and p,/p, are correct within a factor of 2) and
a small mass ratio (¢ < 0.3), o, is well approximated by
0p & Toff, Where rogr is the total barycentric offset assumed (for
example, see Figure 2). By default, we use this approximation
in our satellite prediction code. In practice, when predicting
occultations, we found it useful to test a variety of g values to
get a more intuitive idea of how strongly the assumed ¢ affects
the final prediction.

To illustrate the long-term change in the uncertainty of
satellite ephemerides, in Figure 3, we show the long-term and
short-term evolution of Tinia’s on-sky uncertainty. Over short
timescales relevant for predicting occultations, o, can vary
rapidly as a function of the mutual orbit period. On longer
timescales, over which we average the contribution from the
mutual orbit period, uncertainties slowly grow due to slow
divergence of orbit solutions (both heliocentric and satellite).

Using these relations, we are able to estimate the uncertainty
in both R.A. and decl. However, when making occultation
predictions, uncertainty is best measured along track (equiva-
lent to timing uncertainty) and across track. Using the on-sky
position angle of the occultation chord, we transform R.A./
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decl. uncertainties into along-/across-track uncertainty. These
uncertainties are then incorporated into our prediction map.
Our complete prediction code, which includes the determina-
tion of uncertainties, is publicly available on GitHub."'

3. Observations of Satellite Occultations

In the past 5 yr, several stellar occultations by TNO
satellites have been detected, which can be used to validate our
prediction methods. In this section, we reproduce predictions
for occultations by Haumea’s satellite Hi‘iaka, which were
successfully observed in 2021 (E. Ferndndez-Valenzuela et al.
2025). We also describe in detail our prediction of an
occultation by Haumea’s other satellite Namaka, which we
preliminarily reported on previously (F. Rommel et al. 2025a).
Lastly, we present the first-ever prediction and successful
occultation observation of Tinia, Uni’s (provisionally desig-
nated 2002 UX,s) satellite.

We note that other examples of satellite occultations exist,
which could further validate our methods. In some cases, no
unique orbit solution for the system has been determined (e.g.,
2000 YW, 34; M. Vara Lubiano 2023). Notably, Huya and
Quaoar’s satellites have been detected multiple times
(F. Rommel et al. 2025b; E. Ferniandez-Valenzuela et al.
2026); however, the current ephemerides from MultiMoon
use those occultation detections, making independent valida-
tion impossible. We do note that we provide the Huya satellite
and Weywot ephemeris for future predictions.

3.1. Hi‘iaka and Namaka

As reported in E. Ferndndez-Valenzuela et al. (2025),
Haumea’s largest satellite, Hi‘iaka, was detected in two events
in 2021 April. The original predictions were made using the
Miriade service (J. Berthier et al. 2009), which provided the
ephemeris of Hi‘iaka (F. Gourgeot et al. 2016), combined with
the NIMA ephemeris of Haumea (J. Desmars et al. 2015).
Using the SPICE version of the B. Proudfoot et al. (2024a)
ephemeris of Haumea’s satellites and JPL#130 ephemeris for
Haumea, we postdicted both 2021 occultations, finding strong
agreement between our predicted shadow path and the sites
with reported positive occultation chords (Figure 4).

With a validated prediction pipeline for occultations of
Haumea’s satellites, we searched for additional upcoming
occultations. This effort paid off, predicting that Haumea’s
smaller satellite—Namaka—would occult a 17th magnitude
star just a few minutes after Haumea itself on 2025 March 16
UT. We requested time at the NASA-IRTF telescope in
Hawaii and successfully recorded both occultations by the
primary and secondary. A preliminary report was provided in
F. Rommel et al. (2025a) alongside a prediction of the event
based on a preliminary version of our satellite prediction code.
Since then, our methods have been updated to correct for the
(estimated) barycentric wobble of Haumea, so we are
providing a new prediction map in Figure 5. Again, the close
agreement between prediction and observation confirm our
pipeline’s effectiveness.

We note that when searching for additional occultations by
Hi‘iaka and Namaka, we found significant disagreement
between the various ephemeris services that provide ephemer-
ides for Haumea’s satellites, especially for Namaka. Miriade

" hitps: //github.com/benp175 /tno-binary-tools /tree/main /occultation
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@ Melika

Figure 4. Independent predictions of the stellar occultations by Hi‘iaka (using
the JPL#130+-SPICE kernel from this work) on 2021 April 6 UT (top panel)
and 2021 April 16 UT (bottom panel). The nominal shadow path is shown in
black, with 1o uncertainties shown in red and the shadow direction of
movement shown by the black arrow. Green diamond markers show the
locations of observing stations with positive detections and red circular
markers show negatives.

Figure 5. Predicted stellar occultation by Namaka on 2025 March 16 UT
(using the JPL#130+SPICE kernel from this work), in the style of Figure 4.

(J. Berthier et al. 2009; F. Gourgeot et al. 2016)—which
was able to successfully predict occultations by Hi‘iaka
(E. Fernidndez-Valenzuela et al. 2025)—predicted that no
occultation by Namaka would be visible from Earth’s surface.
Likewise, JPL Horizons predicted no occultation. These
differences seem to arise from either insufficiently complex
gravitational models or faulty datasets.

First, focusing on JPL Horizons, as found by J. Hao et al.
(2024), the ephemerides for Haumea’s satellites appear to
incorporate a sign error originally pointed out by B. Proudfoot
et al. (2024a). On the other hand, Miriade independently
corrected the sign error, but only used a Keplerian orbit model
to construct their ephemerides. For Hi‘iaka—more distant
from Haumea and more massive than Namaka—this provides
quite a good description of its motion, allowing for usable
predictions of Hi‘iaka occultations. For Namaka, however,
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Figure 6. Predicted stellar occultation by Tinia (black dotted lines) with 1o
uncertainty marked as red dashed lines. The observed shadow path is marked
by the blue solid lines considering Tinia’s minimum size as obtained in this
work. Stations with positive detections are represented by green diamond
markers, while negatives are shown as red circles. The black arrow shows the
direction of movement of the shadow over Earth’s surface.

non-Keplerian effects from Haumea’s oblateness and N-body
interactions with Hi‘iaka quickly build up, rendering this
ephemeris unable to accurately predict the recorded occulta-
tion. The B. Proudfoot et al. (2024a) ephemeris accounts for
both these effects, while also using an updated and sign-
corrected dataset.

The differences among various sources highlight the
necessity for high-quality ephemerides when predicting stellar
occultations by Haumea’s satellites—as well as TNO satellites
in general. The close match between our predictions and the
location of recorded positive datasets (Figures 4 and 5)
provides successful validation cases for the use of both our
prediction pipeline and the B. Proudfoot et al. (2024a)
ephemeris.

3.2. Tinia: 2025 October 6 UT

In addition to the prediction and detection of Namaka, we
also predicted an occultation by Tinia, the satellite of Uni
(provisionally designated 2002 UX55), crossing over Europe
on 2025 October 6 UT. Our prediction used the Multi-
Moon Keplerian ephemeris of Tinia (B. Proudfoot et al.
2024b) combined with the JPL Horizons heliocentric
ephemeris of Uni (JPL#56) in our prediction pipeline.
Our confidence in Uni’s heliocentric ephemeris was further
strengthened by a single-chord occultation of Uni captured
from the Sierra Nevada Observatory in 2024 November,
which provided a preliminary confirmation of the JPL
Horizons orbit (when compared with other ephemerides,
e.g., J. Desmars et al. 2015). Our final predicted shadow
path, accounting for the barycentric correction estimated by
a mass ratio ¢ = 0.0315 between Tinia and Uni (estimated
based on diameters from M. E. Brown & B. J. Butler 2017),
is shown in Figure 6. The circumstances of the event are
shown in Table 1.

In total, four observation stations were able to record data
from mainland Spain and La Palma, providing two positive
and two negative chords. Table 2 presents the instrument setup
and location for each participating station. The images were
first corrected for bias/flats (when available) and then
submitted to differential aperture photometry with our well-
tested IDL and Python tools. Every dataset used at least two
calibration stars to account for atmospheric transparency
variations. Nonocculted stellar flux was normalized to unity
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Table 1
Event Parameters and Geocentric Astrometry of Tinia at Closest Approach

Stellar and Event Information

Gaia DR3 11939394903626368
03:40:29.549009 + 0.041
09:17:17.920904 + 0.035

Target star
R.A. (hh:mm:ss &+ mas) (J2016.0)
Decl. (dd:mm:ss.ss 4+ mas) (J2016.0)

Duplicated source 0 (false)
RUWE 1.033
Stellar magnitude (G) 15.96
Stellar magnitude (BP) 16.70
Stellar magnitude (RP) 15.11
Geocentric distance (au) 38.84
Stellar diameter (km) 0.35
Shadow velocity (kms™") 18.32
Fresnel scale (km) 1.42

Exposure time effect (km) 183.2 and 18.32

Tinia Astrometry (Geocentric)
at 2025-10-06 03:59:52.70 UT

Profile solution R.A.
(hh:mm:ss 4 mas)
Decl.
(dd:mm:ss.ss + ss)

Circle 03 40 29.55456 + 0.42
09 17 17.93645 + 0.49

Ellipse 03 40 29.55458 + 0.42
09 17 17.93610 = 0.49

using a first-degree polynomial for all derived occultation light
curves while fluxes inside the event were maintained as
measured (Figure 7).

Deriving the immersion and emersion times of both
positive light curves made use of the classical y* fitting
technique as implemented in SORA v0.3.2 (A. R. Gomes-
Janior et al. 2022). Due to the large exposure time and
significant dead time between images taken from the
Montsec observing station, only a single exposure was able
to capture the occultation. This makes it difficult to
determine whether the single exposure caught immersion,
emersion, or both. We tested two scenarios: assuming
published equivalent diameter and that the exposure caught
immersion only yields an extreme oblateness of ~0.8. While
not impossible, such an extreme elongation finds no support
in the current data. We therefore favor the emersion solution,
in which the exposure caught emersion only and immersion
happened during the dead time between two consecutive
images. This scenario provides a closer match when
projecting the solution in the plane of the sky and comparing
with the La Hita positive chord. The derived immersion and
emersion times used in this analysis are presented in Table 2.
The occultation chords projected in the plane of the sky are
shown in Figure 8.

Given that only two positive chords (four data points) are
available—especially since one point is extremely uncertain—
the classical x* minimization permits fitting only a circular
profile to the observations. This yields a spherical object’s size
of 180.8 £ 0.6 km and a single astrometric point (Table 1)
suitable for orbit refinement. The three data points only allow
us to determine an elliptical profile if we assume that (i) Tinia
has an oblate spheroidal shape with fixed projected ellipse
oblateness (in this work we selected 0.2 as an example); and
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Table 2
Observing Stations and Time Instant Measurements
Montsec La Hita Sierra Nevada Liverpool
Near city Lleida X Granada La Palma
Country Spain Spain Spain Spain
Latitude (deg) 42.0517 39.5680 37.0641 28.7625
Longitude (deg) 0.7297 —3.1833 —3.3847 —17.8792
Altitude (m) 1570 770 2896 2388
Aperture (m) 0.80 0.77 1.50 2.00
Telescope TJO X T150 LT
Immersion (UT) 03:57:04.0 + 3.0 03:57:21.523 + 0.030 X X
Emersion (UT) 03:57:10.6 £ 0.09 03:57:30.657 £+ 0.035 X X
Exposure time (s) 10.0 1.0 3.0 1.183
Dead time (s) 35 0.0 2.1 0.046
Camera CCD42-40 STL11000-SOE Andor iKon-L RISE
Time source GPS PC+NTP PC+NTP PC+NTP
Filter SDSS ! Clear Clear V+R
Observer T. Santana-Ros N. Morales F. J. Aceituno N. Morales
Note. x indicates not applicable or a negative chord.
—— Model ¢+ LaHita T Montsec —— Montsec

~ —100 1 = LaHita

8 2 === Sierra Nevada Observatory

< La Palma-Liverpool Telescope

P 2001

= 1 ~.

o ~.
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s 2 '\,\
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~
Figure 7. Normalized stellar flux ratio with uncertainties as measured from =500 N .\-\
each station, as a function of time. The red solid lines represent the positive .
light-curve models used to obtain the Tinia immersion and emersion instants. E <—T \'\.
The La Hita light curve was displaced by unity for visualization purposes. —600 T T T >~
600 400 200 0
f (km)

(ii) its rotation pole is aligned with its orbit pole, at a position
angle'? of 64.13. This choice aligns Tinia’s equator with its
orbit plane, a fairly reasonable assumption given that tidal
forces are expected to damp the obliquity of Tinia. Therefore,
the projected ellipse center coordinates (f, g) and the
semimajor axis were the free parameters, with a initialized at
117.5 km and allowed to vary within £ 15 km, corresponding
to the published uncertainty on the equivalent diameter
(210 £ 30 km). The best-fit solution indicates a center slightly
south of the circular solution astrometry and a semimajor axis
of a = 107.9 £ 0.5 km, yielding an area-equivalent diameter
of 193 + 1.0 km (black and gray ellipses in Figure 8).

The published binary system absolute magnitude is
3.873 £0.02 (S. Fornasier et al. 2013), and from discovery
data, Tinia is 2.5£0.2 mag fainter than the primary.
Therefore, we can calculate the absolute magnitude of Tinia as
Hy = 6.476 = 0.183 mag. Now, using the absolute magnitude
and both profile solutions obtained from the stellar occultation,
we calculate two values for Tinia’s geometric albedo:
py = 0.139 + 0.023 and py = 0.122 + 0.020. Assuming
that both components have the same geometric albedo, we can
derive D = 571 £53 km and D = 610+ 53 km for Uni’s
diameter. These values are smaller than—but still within 20 of
—the published thermal diameters of D = 665+29 km

12 Defined from celestial north measured eastward (counterclockwise).

Figure 8. Positive chords (solid green and blue) with uncertainties (solid red)
and negative records (dashed—dotted purple and orange) projected at the sky
plane. The origin refers to the expected satellite position (JPL#56+SPICE
kernel from this work) at the closest approach instant as seen from the
geocenter (2025 October 6 03:59:52.7 UT). The orange dotted circle
represents the best circular profile fit, while the black ellipse shows the fitted
elliptical profile with a fixed oblateness of 0.2, with the gray area delimiting
the 30 solutions. The black arrow points to the primary location at the instant
of the satellite occultation.

(S. Fornasier et al. 2013) and 659 38 km (M. E. Brown &
B. J. Butler 2017).

4. Discussion and Conclusions

In this paper, we presented a methodology for predicting
stellar occultations by satellites of TNOs. We validated this
approach using previously observed events and applied it to
new observations of Namaka and Tinia. The latter served as an
end-to-end demonstration of the tool’s precision and scientific
reach, even in a poor data quality scenario. Our results
demonstrate that our ephemerides and prediction pipeline
enable reliable prediction of satellite occultations.

For Tinia, we obtained a minimum size of 180.8 & 0.6 km
for a spherical satellite—our preferred solution. As an
experiment to see how equivalent diameter varies, we assumed
that Tinia’s projected semiminor axis is aligned with its orbital
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Figure 9. A prediction for a favorable occultation of Tinia in 2026 December. Blue solid lines show the nominal shadow path, with 3¢ errors shown as red dashed

lines. Timing uncertainty for the event is 71 s (30).

pole direction, i.e., Tinia orbits the primary in an equatorial
and circular orbit, then fitted an ellipse with fixed 0.2
oblateness. This results in an equivalent diameter of
193 £1.0 km. Both results agree within error bars with
Tinia’s published thermal derived diameter and the system’s
geometric albedo (S. Fornasier et al. 2013; 210 + 30 km and
0.1073:9%  respectively).

To further test our prediction methodology and to better
understand the physical characteristics of Tinia, we have
searched for favorable occultations by Tinia between 2026 and
2028. Among the few events found, the most promising
opportunity to further constrain Tinia’s physical properties will
occur in 2026 December (Figure 9). With reasonably small
uncertainties (30 errors are shown by red dashed lines in
Figure 9) and a relatively bright star (G = 14.9 mag), we
expect that this event may enable a large campaign to precisely
determine Tinia’s size and projected shape. Within a few
minutes of this event, Uni will also occult the same star, with
its shadow passing over central Africa.

Continued observations of TNO satellite occultations can
provide an important source of advancement in our under-
standing of these fascinating bodies. Most obviously, measur-
ing the size, shape, and albedo of TNO satellites using stellar
occultations produces meaningful constraints on the formation
and history of TNO satellites. More indirectly, occultations
provide an accessible way to improve our knowledge of
satellite orbits. Typically, astrometry of a TNO satellite is only
measurable with the largest and most advanced telescopes,
such as the HST, the James Webb Space Telescope, or ground-
based telescopes with adaptive optics like Keck. In contrast,
occultation observations are accessible to small telescopes that
are available to orders of magnitude more observers. Thus,
satellite occultations open the doors to a greater variety of
investigations into satellite orbits.

One particularly interesting application is using satellite
occultations to measure the mass ratio of a TNO binary. Since
occultations capture the absolute astrometric positions of
bodies, capturing several occultations of both a primary and its
satellite—ideally during the same events—can directly
measure the mass ratio of a system.
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