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Stellar occultations, when a distant object passes in front of a star and casts a
shadow on Earth, are a powerful tool to probe the physical properties of solar
system bodies. They enable precise size and shape measurements and can

reveal rings, satellites, atmospheres, or surface features. Here we present
results from two stellar occultations by Hi‘iaka, dwarf planet Haumea’s largest
satellite, observed in April 2021. The second event yielded the first docu-
mented multi-chord occultation involving a trans-Neptunian satellite other
than Charon. Combining these data with photometric observations, we find
that Hi’iaka is a triaxial ellipsoid with a volume-equivalent diameter of

370 +20 km and a density of 640 + 80 kg/m3, indicating a porous interior. The
visible geometric albedo is 0.76 + 0.15, (~30% higher than Haumea’s). The
combination of low density and rapid rotation (9.68 + 0.02 hours), under the
assumption of a homogeneous body, indicates that Hi‘iaka deviates from
hydrostatic equilibrium.

Hi’iaka is the largest satellite of the trans-Neptunian object (TNO) and
dwarf planet Haumea', which orbits the Sun at an average distance of
approximately 43 au with an orbital inclination of around 28°. Some
aspects of the Haumea system lead to the expectation that Hi'iaka
should be in a synchronous orbit, i.e., that its rotational and orbital
periods are equivalent. Specifically, one of the favored formation
scenarios of the system is a non-catastrophic graze-and-merge
collision’® that produced Hiiaka, and Haumea’s other satellite
Namaka, close to Haumea, with subsequent outward migration of the
satellites onto synchronous orbits. This formation theory is consistent
with the nearly circular orbit of Hi'iaka*, the presence of two satellites,
and the existence of a ring system’. However, Hi'iaka’s semi-major axis
is nearly 50,000 km and it takes approximately 49 days to complete an
orbit around Haumea*, but needs only around 9.8 h to complete one
full rotation®. These factors combine for a synchronization time longer
than the age of the solar system, which is typically associated with the
capture formation scenario. On the other hand, Hi'iaka’s spectrum
presents strong water ice absorption features very similar to those in
the spectra of Haumea and the other collisional family members”*,
strongly indicating that Hi'iaka formed from Haumea’s mantle. While
much is known about Hi'iaka’s orbit and the Haumea system, more
information is required about the physical properties of Hi'iaka itself in
order to better constrain the formation mechanisms.

Aside from spacecraft visits, stellar occul-tations are perhaps the
most powerful method to obtain high-precision constraints on a
body’s physical properties, including the diameter, shape, albedo,
and density (when combined with reasonable mass estimates). A
stellar occultation occurs when a solar system body passes in front of
a background star, making the star disappear and resulting in a
shadow path from which the shape and dimensions of the object can
be reconstructed. Detecting one of these events for a trans-
Neptunian object can be difficult because these objects’ orbits
usually present larger uncertainties than their angular diameters.
Furthermore, when predicting a stellar occultation by a satellite, the
uncertainty on the predicted position of the object includes both the
TNO'’s orbital uncertainty and the uncertainty of the satellite’s orbit
around the primary. Therefore, predicting a stellar occultation by a
TNO satellite is extremely challenging and was first successfully
demonstrated for Hi’'iaka in 2021. All other (non-Charon) satellites
studied via stellar occultations published so far have been serendi-
pitous detections (e.g’,). The detection of these two stellar occulta-
tions by Hi'iaka represents an inflection point in the use of this
technique.

In this work, we analyze the results from the two stellar occulta-
tions produced by Hi'iaka and extract its physical properties. We place
these properties in the context of the formation scenarios that have
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been proposed so far to understand the origins of Hi'iaka, the Haumea
system, and the Haumea family.

Results

On April 6™ and 16™, 2021, Hi'iaka occulted the stars Gaia EDR3
1229416731870211200 (or UCAC4 531-055227) and Gaia ER3
1229336188348183808 (or UCAC4 531- 055209), with Gaia G-band
magnitudes of 12.6 and 12.4, respectively (see Table 1 for detailed
information on the occulted stars). For April 6™, a total of 15 telescopes
located in Spain, Morocco, and Algeria attempted to observe the
stellar occultation. Only one positive detection was obtained in this
campaign with the TRAPPIST-North telescope in Oukaimeden
(Morocco'®). On April 16™, a large campaign involving telescopes all
over the continental United States and southern Canada, including the
Research and Education Collaborative Occultation Network (RECON)
and the International Occultation Timing Association (IOTA), was
carried out. A total of 30 telescopes attempted to observe this stellar
occultation, resulting in five positive detections (plus one visual non-
recorded detection not included in the analysis). The locations of the
observatories can be seen in Fig. 1.

The specifications of the observations are provided in the Meth-
ods section, under the subsection Stellar Occultations: Observations
and Results, along with the photometric procedures applied to the
images. We obtained a unique light curve from each of the telescopes
that reported observations. The normalized positive light curves
(those where the star disappears, also known as chords) can be seen in
Fig. 2, where offsets to the relative flux have been added for clarity.
From each chord, we extract the moment in which the star disappears
and reappears, otherwise known as the ingress and egress times. The
results are presented in Table 2, together with the duration of the
occultation in seconds.

The occultation times with their 1-o uncertainties are translated to
a bi-dimensional frame (f,g) with origin on the object’s position as
given by its ephemeris at the instant of the closest approach (see

Fig. 3). In this work, we used the Hi'iaka ephemeris from the Miriade
service combined with the Haumea ephemeris from JPL (orbit ID #110).

The methodology used in this work consists of creating a large set
of 3D triaxial shape models with a homogeneous surface brightness
and random values for the a, b, and c true semi-axes (where a>b>c)
using the equations provided by". We also made use of the known
rotational light curve from®, new observations to obtain the rotational
phase at which the stellar occultations occurred (see Method Section,
subsection Hi’'iaka’s Rotational Light Curve Observations and Results),
and Haumea'’s aspect angle.

The resulting triaxial ellipsoid has semi-axes a=240+40,
b=180+30, and c=143+7 km, with an aspect angle of =68 +3°,
which is in agreement with the aspect angle of Haumea (assumed to be
that of the ring). This value was calculated to be §=76.2° + 0.5° in 2017
and it has decreased since then by no more than 5 degrees’. Our result
is also in agreement (within the 2-¢ level) with the aspect angle pro-
vided by the pole orientation given in'? for Haumea, 71.1%§ , deg, at the
time of the occultation, confirming the idea of the rings being near the
equatorial plane. On April 16th, the position angle of Hi‘iaka’s limb was
112° + 3° (Table 3). Since the occultation occurred near a maximum in
the rotational light curve (see Section Methods, Subsection Rotational
Light Curve Results), this angle should closely match the projected
orientation of Hi‘iaka’s spin axis. This means that Hi’iaka’s spin axis is
aligned with that of Haumea within the error bars. The projected
shapes fitted to the correspoding chords for each occultation are
shown as black lines in Fig. 3.

The ellipsoidal fit provides a rotationally averaged area-equivalent
diameter of 360 + 30 km for April 16™. To obtain the geometric albedo
in V-band, p,,, we used the equation:

D=Cp,'*107M/3 @

where D is the effective diameter, C =1330 +18 km is a constant”, and
H\, =3.16 + 0.12 mag is Hi'iaka’s absolute magnitude, at the time of the

Table 1 | Information about the occulted stars

Occultation Designation Coordinates® Magnitudes Stellar diameter® Hi'iaka's
date Gaia EDR3 Right Ascension Gaia catalog in V-band at distance (au)
UCAC4 Declination UCAC4 ' Hi'iaka’s
distance
2021-04-06 12294167318702112 14" 24™ 28°.6760 G=12.628 ~ 0.026 mas 49.394
00 +16° 06' 30".952 V=12.824 ~ 0.935 km
531-055227 K=11.000
2021-04-16 12293361883481838 14h 23™ 52°.5983 G=12.428 ~ 0.025 mas 49.371
08 +16° 10’ 40".237 V=12.585 ~ 0.913 km
531-055209 K=10.981
*Gaia EDR3 coordinates corrected from proper motion for the occultation date.
PEstimated from the V and K magnitudes of the star, using equation 6= ‘Oos;gﬂ o2,
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Fig. 1| Maps showing the locations of the observatories involved in the
observing campaigns on April 6™ (left) and 16" (right). Blue dots indicate
positive detections of the stellar occultation, red dots indicate no detection of the
stellar occultation, and black dots indicate no observations due to bad weather or
technical problems. Green lines indicate the final shadow path of Hi'iaka

considering the respective projected diameter for each event (370 and 360 km for
the left and right plots, respectively) while the gray lines show the predicted path.
The black arrows located at the bottom right corner of the maps depict the sense of
motion of the shadow path. These maps were generated using the SORA package
(https://sora.readthedocs.io/latest/).
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occultation. The value of H, was determined as described in the
Methods section, accounting for the instantaneous H,, corresponding
to the rotational phase. Using this approach, we obtained an albedo
value of 0.74 +0.15.

Discussion

The high geometric albedo of Hi'iaka (0.74 + 0.15) is among the larger
values within the TNO population'. The derivation of this high geo-
metric albedo was made using the equivalent diameter from the
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Fig. 2 | Light curves of the positive detections from April 6" (top panel) and
April 16" (bottom panel), 2021. Observational data are represented by colored
points with their corresponding uncertainties in the same color, with the exception
of RAO for which the standard deviation of the data was used as the uncertainty.
The error bars for the Annapolis data are smaller than the symbol size and therefore
not visible in the figure. The square-well fit models for each light curve describing
the occultation of the star are depicted by the solid, colored lines. In the bottom
panel, offsets have been applied in the y-axis for clarity. Light curves are plotted in
time as seen from each observatory. No residual flux is seen during the occultation.

occultations and the absolute magnitude of Hi'iaka was determined
using 5 different methods (see Methods Section). These are the two
parameters that appear in Eq. 2 for the geometric albedo.

It is surprising that the geometric albedo of Hi’iaka is higher than
that of the object from which it presumably originated (Haumea’s
albedo is 0.51+0.02%). Hi'iaka is currently thought to have formed
from the proto-Haumea after a geophysically-driven rotational
fission*” or from a collisionally induced rotational fission (e.g.'®,)
rather than from a catastrophic collision”. Therefore, it is expected
that the composition of Hi’iaka should be similar to that of the mantle
of Haumea, which is dominated by water ice'®. Nevertheless, the high
geometric albedo of Hi'iaka is consistent with a re-evaluation of the
thermal data from the Haumea system using the occultation-
determined size and shape®. In that re-analysis it was shown that the
amplitude of the rotational-thermal light curve requires Haumea’s
satellites to be highly reflective so that their thermal contributions
become very small. In fact, the thermal modeling gives the best results
with a Hiiaka of roughly 300 km in diameter, consistent with our
occultation-derived size.

It must also be noted that water ice spectral features in Hi’iaka’s
spectrum are deeper than those of Haumea itself ("*°, also from private
communication with Jonathan Lunine using data from the JWST 1273
GTO program), where the equivalent depth of the water ice bands is
shown to be larger for Hi'iaka than for Haumea (80% versus 60%,
respectively). This might mean that the water ice in Hi'iaka could be
fresher or purer than that of Haumea or have particle sizes larger than
those on Haumea'’s surface. The very large geometric albedos of the icy
Saturnian satellites Enceladus and Tethys come from water ice surfaces
with ice particle sizes in the range of 50-100 g m (see?"*?). In summary,
it might be possible that the water ice particles on Hi’iaka are similar to
those of Enceladus and Tethys, yielding a higher albedo compared to
Haumea. Whether there is a resurfacing mechanism other than colli-
sions remains to be seen. Cryovolcanism does not seem very likely in a
body of around 400 km in diameter, according to simulations of its
internal structure that show no significant heating from
radionuclides® in this size range nor from heat generated through the
tidal interaction with Haumea. Differentiation could occur for a rock-
to-ice ratio over 0.8, which due to Hi’'iaka’s theorized formation sce-
nario and the density we obtained (see below) does not seem very
likely.

Using the 3D shape obtained through our fit, we obtained a
volume-equivalent diameter of 370 +20 km. The modeling work of* is
subject to a degeneracy between Haumea’s J2 and Hiiaka’s mass,
meaning the modeling results for Hi'iaka’s mass cannot necessarily be
trusted. We instead use a mass of 16+2x10™® kg calculated by’
assuming Haumea’s J2 is 0.16, which is reasonable for a differentiated
body. We obtain a density of 640 + 80 kg m™. This density is consistent
with that expected for a TNO of this size** and is also compatible with
the idea that Hi'iaka was re-accumulated from the mantle of Haumea
after rotational fission or a non-catastrophic collision. The density of

Table 2 | Ingress and egress timings for April 6" and 16*, 2021

Date Observatory Ingress Egress Chord size o
(1)) (uT) (s) (mag)

April 6 TRAPPIST North 23:29:24.04+0.03 23:29:34.99+0.02 10.95+0.04 0.014

April 16" ROMR 06:33:59.6+0.3 06:34:10.1+£0.3 10.5+0.4 0.05
Annapolis 06:34:00.1+£0.7 06:34:06.9+0.7 7x1 0.1
MSGO (JHU) 06 : 34 : 01.379£0.006 06 :34:09.54+0.04 8.14+0.04 0.088
UM 06:34:02.78+0.04 06 :34:08.04+0.04 5.26+0.06 0.089
RAO 06:35:54.3+0.2 06:36:04.8+0.2 10.6+0.3 0.14

In this table, o corresponds to the data standard deviation calculated from the data prior to and after the occultation.
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Fig. 3 | Chords and projected ellipses from the ellipsoidal fits to Hi'iaka's shape
as observed during the two stellar occultations, shown with respect to the
offsets between Hi‘iaka’s observed positions and its predicted positions from
the Miriade ephemeris combined with Haumea’s JPL#110 orbit. Left panel: The
black ellipse represents the best fit to the positive chords from the stellar occul-
tation on April 16" using least-squares minimization. The gray shaded region
represents the solutions from the Monte Carlo simulations. The black arrow at the
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bottom shows the direction of the body motion. The segments of different colors
correspond to the chords from the observing sites indicated in the legend (using
the nomenclature of Table 2). Right panel: The single positive chord from the
occultation on April 6™ is shown (red line) fitted to the ellipses obtained after
projecting the 3D model to the corresponding rotational phase at the moment of
the April 6" occultation. The small black dots indicate the center of the ellipses. In
both panels the errors of the chords are present but may be too small to see.

Table 3 | Details of the positive and closer negative detections
on April 6%, 2021

Site (MPC Code) Latitude (N) Telescope Aperture Filter Detection

City Longitude (W) Detector/instrument Texp (8) Observers

Country Altitude (m) Synchronization Te (s)

TRAPPIST 31.2061 60 cm None Positive

North (Z53) Emmanuel Jehin

Oukaimeden 7.8664 - 2

Morocco 2,751 - 2.87

TAR 28.301 46 cm Negative

Tenerife 16.510 ERglicence

Spain 2,390

LT (13) 28.812 2m Negative

La Palma 17.879 Roboue

Spain 2,396

CRAAG (008) 33.32626 279 mm None Negative

Bellil 313157 WATEC 910 HX/RC g;%‘;"::ssa
CCIR PAL

Algeria 801

CRAAG (008) 32.48490 279 mm None Negative

Melika 3.68656 WATEC 910 HX/RC Zek CTOshee NS
CCIR PAL

Algeria 546

Abbreviations are defined as follows: International Astronomical Union Minor Planet Center
Observatory Code (MPC Code); Liverpool Telescope (LT); Center of Research in Astronomy,
Astrophysics and Geophysics - Algiers Observatory (CRAAG); cycle time (i.e., time between
exposures (Te,,); exposure time (T¢).

the material in Haumea’s mantle is estimated to be around 1100 kg m™,
If Hi'iaka was formed from the same icy material flung off due to
Haumea’s fast rotation, then the re-accumulation of this material into a
satellite would result in a very porous, icy object, compatible with the
calculated density. It is well known that the composition of moons
formed after catastrophic collisions would be mainly that of the
impactor, not that of the target, which is one of the deficiencies of the
initial formation models of a catastrophic collision (see, e.g.”*,). Addi-
tionally, Hi'iaka’s rotational light curve amplitude has not changed
over the last 15 years, which may indicate an obliquity close to 0°%, and
also supports the stages 3 and 4 of the formation scenario descri-
bed in'.

Regarding the three-dimensional shape obtained for Hi'iaka, it
must be noted that it is not consistent with that of a homogeneous
body in hydrostatic equilibrium for the resulting density and the
known rotation period. A body with a density of ~ 600 kg m™ rotating
in ~ 9.68 h should have adopted a Maclaurin shape according to the
figure of equilibrium formalism in?. Stellar occultation results have
found this to be a common outcome for most TNOs for which 3D
shapes have been obtained, see for instance the case of Haumea’ or
2003 VS,”. In the case of Hi'iaka and 2003 VS,, contrary to Haumea, we
do not expect differentiation due to their relatively small sizes. Dif-
ferentiation for ice bodies with radii larger than 200 km was studied
by*, and found to be non-negligible. However, it is small enough that
the deviation induced by differentiation in these bodies would not be
detectable. The most likely reason behind this deviation of hydrostatic
equilibrium shape is probably some material strength. Therefore,
Hi'iaka, similar to many other bodies, may have an equilibrium shape
that deviates from hydrostatic equilibrium, resulting in lower density
values as obtained in this work.

Methods

Prediction of the stellar occultations

The two stellar occultations by Hi’iaka in April 2021 were predicted
using the Gaia EDR3 catalog®® and the orbital elements given by the Jet
Propulsion Laboratory (https://ssd.jpl.nasa.gov/horizons/app.html#/).

The first occultation, on April 6™, 2021, was predicted to cross
North Africa from Somalia to Morocco; the second occultation on April
16, 2021, was predicted to cross the continental United States from
North Carolina to Oregon. These predictions had relatively large error
bars, with the main source of error coming from the position of Hau-
mea. In order to refine the prediction of the shadow paths, we took
additional images of the unresolved Haumea-Hi'iaka system using
different ground-based facilities, as described below.

On February 26", 2021, we obtained images with the 2-m Liver-
pool Telescope (LT) at La Palma with the 10:0 instrument, the Sloan r
filter, and 300-second integration times. On March 10, 14®", 15%, 17%,
22" and 23, and April 10", 2021, observations were obtained with the
Sierra Nevada 1.5-m telescope using the 2k x 2k CCD camera in 2x2
binning mode with 300-second integration times and the Johnson R
filter. On April 10", 2021, we obtained observations from the 1.6-m Pico
dos Dias telescope using the Andor Ixon 4269 CCD with the Johnson R

Nature Communications | (2025)16:10926
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Fig. 4 | Residuals of the astrometric data to Haumea's orbit versus the angular separation of Hi'iaka with, respect to Haumea obtained from the Miriade service.
Each point corresponds to the median of the residuals, obtained per night per telescope. The line depicts a linear fit to the data points.

filter and 300-second integration times; and on April 17th observations
were obtained with the DLR 4kx4k CCD camera of the Calar Alto
observatory 1.2 m telescope, using exposure times of 300 s, binning
2x2 and the Johnson R filter.

We obtained high-accuracy astrometric data to anchor Haumea'’s
JPL#110 orbit as explained in®. From each observing night and tele-
scope, we obtained the position of the barycenter of Haumea with
respect to Hi'iaka, resulting in a total of 10 points. The photocenter of
Haumea plus Hi’iaka rotates around the barycenter, so when plotting
the photocenter residuals with respect to Haumea'’s orbit versus the
position of the satellite (which was obtained from the Miriade service),
we were able to determine the position of the barycenter in right
ascension and declination using linear fits (which is the same method
used to predict the stellar occultation by Haumea in 2017°, see Fig. 4). A
similar derivation of the offsets can be found in*°, where the available
orbit at that time was JPL#108 (instead of the more recent JPL#110 as in
this work). We note that Namaka is not detectable at the level of pre-
cision achievable with the data. On one hand, Namaka’s mass is one
order of magnitude smaller than Hi’'iaka’s, which translates to pertur-
bations in the period of a few minutes of time. On the other hand, the
difference in brightness between Haumea and Namaka (which
according to* is around 100 times lower) translates into an effect of
around 7 mas. This level of precision is possible thanks to the high
astrometric accuracy of the Gaia EDR3 catalog, which allows TNO
positional measurements from the ground with a typical accuracy of 10
mas, provided that the SNR is high enough and that we corrected for
differential chromatic refraction by using a similar approach as in*
using magnitudes and color information from the Gaia DR3 catalog for
the stars in the field of view. The offsets with respect to JPL#110 are
15+ 6 milliarcseconds (mas) and —32 + 6 mas in declination and right
ascension, respectively. The resulting prediction for the April 6™
occultation after this analysis moved northward with respect to the
initial prediction, now crossing from Somalia to the north of Morocco
and including the southern portion of the Iberian Peninsula, with an
uncertainty of 8 mas.

Although the star to be occulted by Hi'iaka was adequately
bright (V' =12.8 mag), the region of the predicted shadow path was
not home to a large number of telescopes. Most of our telescopes
were located in Spain (mainland and Canary Islands). We obtained
one positive detection from Morocco and several negatives from
Algeria and Spain. The predicted and actual, reconstructed shadow
paths can be seen in the left panel in Fig. 2, with the center path being
determined as in*%,

A new analysis for the second occultation, considering the motion
of Hi'iaka about the system barycenter and the stellar occultation on
April 6™, moved the predicted shadow path northward with respect to
the initial prediction, resulting in a path that crossed North America
from New York (United States of America) to British Columbia

(Canada) with an error bar of 8 mas. Since the star for the second stellar
occultation by Hi'iaka was also very bright (V =12.6 mag), the event
was favorable even for very small telescopes. We arranged a campaign
with professional and amateur observers all over the United States and
Canada to record the stellar occultation. The final, real path deviated
from the last predicted path by 24 mas (see Fig. 2, right panel). The
occultation of this star was positively observed from six different
telescopes, but only five produced useful data.

Stellar Occultation Observations and Data Reduction

Here we describe the most relevant observations for the analysis of the
stellar occultation, i.e., the observations where the detection was
positive. Note that in both events, no negative detections were used to
constrain the body because they were not close enough to constrain
Hi'iaka’s size and shape.

In both occultations, we obtained time-series imaging or video
recording using each of the telescopes and cameras listed in
Tables 3 and 4. All computers were synchronized using Network Time
Protocol (NTP) servers or Video Time Inserters (VTI), which were time-
synchronized by Global Positioning System (GPS) devices. The acqui-
sition time of each image was inserted on the corresponding image
header, while for the video acquisition the time was written over the
frames. All charge-coupled device (CCD) imaging time series covered
at least 15 minutes before and after the predicted occultation time in
order to obtain both a good baseline to characterize the occultation
and the noise level before and after the event.

If possible, no filters or very wide bandpass filters were used to
maximize the signal-to-noise ratio (SNR) of the star to be occulted. In
the case of the FITS images, they were calibrated using standard pro-
cedures for dark/bias subtraction and flat-fielding correction. No
standard calibration was applied to the data sets obtained in video
format.

For the FITS images, we performed synthetic aperture photo-
metric techniques using DAOPHOT routines® and searched for the
optimum aperture to minimize the scatter of the photometry. The
photometry was performed on the occulted star (blended with Hau-
mea’s system) with respect to reference stars in the images in order to
monitor and compensate for small transparency fluctuations or seeing
variations, with the exception of Morocco’s light curve, for which only
the occulted star appears in the FoV. In the latter case, we normalized
the light curve (flux versus time) using the LightCurve module within
the SORA package®. For all other cases, the light curves were nor-
malized by dividing the relative flux by the mean relative flux level of
the blended star plus Haumea’s system (outside of the occultation
event). Photometric errors were obtained with the DAOPHOT routines
that use Poisson noise estimations. If the gain values (number of
electrons per count) of the camera devices were not known, the indi-
vidual photometric errors were rescaled using the standard deviation
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Table 4 | Details of the positive and closer negative detections
on April 16, 2021

Site Latitude (N) Telescope Aperture Filter Detection
City, State Longitud Detector/instrument Texp (8) Observers®
Country Altitude (m) Synchronization Te (s)
ROMR 39.8449758 356 mm None Positive
Holtwood, -76.2839233 QHY174M 0.5 HoARals
Pensilvania
USA 185.8 GPS 1
Conti Private 38.936961 280 mm v Positive
Observatory Dennis Conti
Annapolis, -76.490728 StarlightXpress H694 2
Maryland
USA 4 NTP server 3.44
MSGO (JHU) 39.331780 508 mm BYL Positive
Baltimore, -76.623250 AS16200MM 0.075 GV
Maryland
USA 93.3 0.150
UMD 39.0021 152 mm None Positive

EW & BH
College Park, -76.9560 GX-FW-28S5M-C 0.533
Maryland
USA 53 GPS 0.533
RAO® (661) 50.868039 406.4 mm None Positive
Calgary, Alberta -114.29142 Sony Alfa 7 s 2 HERMEILN
Canada 1,272 2
RECON 41.270533 1.83m None Negative
Kelowna, British -87.375261 3.5 SAR
Columbia
Canada 205
Plaskett 48.520286 1.83m Negative
Telescope Dmitry Monin
Victoria, British -123.418147
Columbia
Canada 230

Abbreviations are defined as follows: Ryan Observatory at Muddy Run (ROMR); Maryland Space
Grant Observatory (MSGO); John Hopkins University (JHU); University of Maryland Astronomy
Observatory (UMD); Rothney Astrophysical Observatory (RAO); Baader Yellow Longpass (BYL);
exposure time (T,,,) cycle time (i.e., time between exposuresT).

2Observer name’s abbreviations are defined as follows: Alex de la Vega (AV), Zafar Rustamkulov
(ZR), Elizabeth Warner (EW), Bryan Holler (BH), Denis Conti (DC), Roxanne Kamin (RK), Al Ryan
(AR), Bernie Earls (BE), Phil Langill (PL), Ruben Morales (RM), Larry McNish (LM), Adam W.
Rengstorf (AWR).

®Data from RAO were binned to reduce noise, with individual exposure times of 0.625 s.

of the data separating the resulting light curves in two regions, outside
and inside the event.

In the case of RAO (Rothney Astrophysical Observatory, Calgary)
a MPEG Transport Stream video file was provided. We converted this
file to the AVI file format using ffmpeg software in order to reduce
and analyze it with PyMovie/PyOTE®. An acoustic time signal from a
time signals simulator (also known as WWV) was recorded along with
the video on the audio track. Specific time markers (based on the
acoustic time signal) were set before and after the occultation (by
ear) inside PyOTE in order to get the absolute time of the recording
and of each individual frame. In this case, the photometric errors
were obtained from the standard deviation of the data by evaluating
the parts prior to and after the occultation, and the occultation itself,
independently.

Analysis of the positive detections of the stellar occultations

From the positive-detection light curves, we obtained the time at
which the star disappeared and reappeared (also known as ingress and
egress timings, respectively) by fitting the light curves to a square-well
function in which the main parameters of the model were the drop in
brightness and the times of the ingress and egress. The uncertainties
were calculated by considering the errors in the photometric mea-
surements and the cycle time, which were the two largest sources of

uncertainty. The Fresnel diffraction (see*®) was evaluated using the
Fresnel scale equation:

_ M 2
-y, @

where 1=600 nm was the average central wavelength for the CCD
observations, and 4 was Hi'iaka’s geocentric distance (49.4 au), which
resulted in F=1.5 km. On the other hand, the stars’ angular diameters
were both around 0.9 km (see Table 1). Both scales are smaller than the
scale of sampling at Hi'iaka’s distance from our measurements, given
that the shortest cycle time achieved in one of the observatories was
0.15 s, which corresponds to 3.8 km at the 25.67 km/s average speed of
Hi’iaka in the sky plane. The remaining observatories had even poorer
sampling.

In the cases in which the ingress and/or egress occurred during a
dead-time, the timings were calculated by obtaining the time from the
previous image (when the camera was reading the data) and adding the
cycle time T./2 (taking into account that the used photometric
pipelines provide the time at the middle of the exposure) which is
required to locate the timing at the middle of the dead-time. The
uncertainty in this case is calculated as half of the dead-time interval.

Rotational Light Curve Observations and Data reduction
Observations and data reduction for Hi’iaka’s rotational light curve. A
total of four runs were carried out to obtain time-series photometric
data of the Haumea-Hi’iaka system during 2021 and 2022 using two
different ground-based observatories:

* The 1-m telescope Artemis located at Teide observatory in

Tenerife (Canary Islands, Spain) during May 2021 and March and
May 2022, whichis part of the SPECULOOS robotic telescope
network®. The camera located at this telescope is an Andor iKon-L
0f 2048 x 2048 pixels providing a field of view (FoV) of 12'x12’, and
a pixel scale of 0.35” pixel™. Images were acquired with the Exo
blue cutting filter and an exposure time of 240 s in order to obtain
the highest possible SNR (with an average of ~ 400 for each
night). We used the 2 %2 binning mode during the first night in
May 2021, however, we realized that no binning provided a higher
SNR; therefore, we switched to 1x1 binning from that night
forward. Each night (with the exception of March 29, 2022) we
acquired more than one complete rotation period of Haumea,
which is ~ 3.9 h.
The 1.23-m telescope at Calar Alto Observatory in Almeria (Spain).
A 4 x4 DLR-MKIII CCD camera is located at this telescope with a
FoV of 21.5x21.5" and a pixel scale of 0.32” pixel™. Images were
acquired with the Johnson R filter with an exposure time of 300s,
and we obtained an average SNR of ~ 400. Images were taken
with 2x2 binning.

For both telescopes, the image calibration was performed fol-
lowing standard procedures of bias and/or dark subtraction and flat
field correction. Stars with high SNR were selected and checked for
variability. Given the slow speed of Haumea on the sky (I’ d™) we could
use the same set of comparison stars within the same run, with the
exception of March 2021, for which the first night (when 2 x 2 binning
was used) was treated separately.

For the Artemis telescope, we performed synthetic aperture
photometry to measure the flux of the target and stars with IRAF
software and then calculated differential photometry with Python
scripts. Finally, we obtained the Johnson-Cousins R magnitudes by
performing absolute calibration using the PHOTOMETRYPIPELINE*
with the SDSS-R9 catalog. In the case of the 1.23-m telescope at Calar
Alto, we used our own codes written in IDL to perform relative
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photometry on the images (as done in, e.g.***°,). No absolute calibra-
tion was done in this case.

To our knowledge, this is the first time that the rotation light curve
of a known satellite was obtained from photometric data of a TNO
system by removing the shape model of the main body.

Rotational Light-Curve Results

To fully constrain Hi’iaka’s physical properties, knowledge of the
rotational phase for both stellar occultations was required. Hi’iaka’s
rotational properties were first studied in® using data from the Hubble
Space Telescope (HST) in 2009 and the Magellan Baade telescope at
Las Campanas Observatory in Chile in 2010. They obtained a double-
peaked rotational light curve with a period of approximately 9.8 h,
with the single significant digit after the decimal point indicating an
uncertainty on the order of 0.1h (no formal errors were provided). At
this level of uncertainty, rotational phase information becomes unre-
liable after only a few days; considering the one-decade time-gap
between these rotational light curves and the stellar occultations, all
rotational phase information was completely lost. Therefore, we nee-
ded to carry out new photometric observations close in time to the
stellar occultations in order to accurately determine Hiiaka’s rota-
tional phase at the time of the occultations to be able to reconstruct
Hi’iaka’s 3D shape. A detailed description of these observations and the
processing performed on these images can be seen in the supple-
mentary material in the Methods Section.

The ground-based telescopes and instruments used to obtain
Hi'iaka’s rotational light curve did not have the spatial resolution to
separate Haumea and Hi’iaka. Therefore, we needed to extract Hi'iaka’s
rotational light curve from Haumea’s. We folded all data using the well-
known rotation period of Haumea, 3.915341+ 0.000005 h*, and then
fit the data to a fourth-order Fourier function. While a second-order
function would reproduce the overall shape of the Haumea rotational
light curve, a fourth-order function also accounts for the most pro-
minent surface heterogeneities detectable within the uncertainty of
our data (a similar procedure was done in*’). The residuals from the fit
to the observational data contain Hi’iaka’s rotational light curve, which
can be seen by folding the residuals using Hi’iaka’s rotation per-
iod from®.

We applied the Lomb periodogram technique**** to the residuals
of our observational data as implemented in the Scipy package of
Python (see Fig. 3, left panel). For a single-peaked rotational light
curve, the maximum spectral power corresponds to a rotation period
of 4.84 h. However, we are aware of the triaxial shape of Hi'iaka from®,
which means that the rotational light curve should present two peaks
due to shape effects. Therefore, the rotation period is double the value
obtained from the periodogram, which results in 9.68 +£0.02 h. The
uncertainty of the rotation period was estimated by fitting a Gaussian
function to the peak in the Lomb periodogram that provides the most
probable rotation period and calculating the full width at half max-
imum. The final rotational light curve of Hi'iaka can be seen in Fig. 3,
right panel.

Three-Dimensional Model

The occultation times with their 1-o uncertainties were translated to a
bi-dimensional frame (f,g) with the origin on the object’s position as
given by its ephemeris at the instant of closest approach. In this work,
we used the Hi'iaka ephemeris from the Miriade service combined with
the Haumea ephemeris from JPL (orbit ID #110). Each immersion and
emersion pair, translated to the (f,g) plane, provided one precise
measurement across the object’s profile, given in kilometers (km),
which hereafter is called a “positive chord”. When a large enough
number of positive chords, plus close non-detections (hereafter
“negative chords”) are available, it is possible to accurately reproduce
the object’s instantaneous profile as observed during the occultation

at a sub-kilometer level of accuracy®*‘. However, the negative chords
obtained in the events described in this work were not close enough to
the body to provide constraints on the object’s profile. Additionally,
objects larger than 200 km are expected to adopt a shape under
hydrostatic equilibrium®, either a McLaurin or Jacobi ellipsoid shape®.
The projection of such shapes into the sky plane will directly translate
into an ellipse, thus being reasonable to fit an ellipse to the extremities
of the positive chords obtained on April 16™. We cannot fit an ellipse to
the occultation on April 6™ because, to avoid degeneracy, at least five
points are required and only two were available.

Considering that Hi’iaka orbits Haumea in the same equatorial
plane as Haumea’s ring, we can reasonably assume that the satellite’s
aspect angle (the angle between the line of sight and the body’s spin
axis) would fall within the same range as Haumea’s. Based on our
current knowledge about the satellites of large TNOs, a putative
inclination of Hi’iaka’s spin axis relative to Haumea is unlikely. There-
fore, the methodology used in this work consists of creating a large set
of 3D models with a homogeneous surface brightness and random
values for the a, b, and c true semi-axes using the equations provided
by*¢. We also made use of the known rotational light curve from®, new
observations to obtain the rotational phase at which the stellar
occultations occurred, and Haumea’s aspect angle to constrain Hi'iaka
modelled tridimensional shape.

The simulated models had an aspect angle ranging from 60° to
80° and, assuming a homogeneous albedo distribution, a rotational
light curve amplitude between 0.17 and 0.25 mag. The range of aspect
angles and light curve amplitudes were chosen to account for the
many uncertainties regarding Hi’iaka’s orientation, here assumed to be
similar to Haumea'’s. Note that the rotational light-curve amplitude was
taken from® because rotational light curves obtained closer to the
event were not directly obtained from the satellite but rather as an
indirect measurement through the observation of the system. How-
ever, we do not expect appreciable changes in Hi'iaka’s rotational light
curve amplitude, since its rotational light curve did not change
appreciably between 2007 and 2020*. The amplitude was calculated
with Eq. 1 in®, with a tolerance of 0.03 mag applied to accept the
ellipsoids, considering the uncertainty in the exact scattering law and
potential deviations from a perfect ellipsoid. Finally, the 3D models
were rotated to match the phase obtained in the previous section for
the April 16™ occultation and compared to the occultation chords. We
used a Monte Carlo approach with 10000 simulated models, a gaus-
sian distribution of the occultation error bars, and a minimization
procedure that searched for the minimum quadratic separation
between the chord extremity and the fitted model.

The resulting 10000 ellipsoids that, projected to the sky plane at
the given rotational phase, better reproduced the profile observed on
April 16", were also rotated to Hi’'iaka’s rotational phase at the time of
the April 6™ occultation. The projected ellipse parameters can be seen
in Table 5. The ellipses were then compared to the single-chord
detection by using least-squares and leaving only as free parameters
the center (f,g). Due to the length and accuracy of this single-profile
measurement, most of the center solutions (~90%) fall very close to
the positive chord, implying a potential equatorial detection (Fig. 4),
within the error bars.

The distribution of the parameters for the 10000 tridimensional
simulated models is presented in Supplementary Fig. 1. The ellipse
parameter distributions for April 16th and April 6™ are shown in
Supplementary Fig. 2 and 3, respectively. Note that due to the dis-
tribution of (f,g), and the plot scale needed for Supplementary Fig. 2,
the histogram peak is difficult to see behind the red vertical line.
Additionally, the non-gaussian distribution for the histogram of x
and y parameters in Supplementary Fig. 2 can be explained by the
additional constraints needed to obtain the object’s profile from a
single-chord detection.
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Table 5 | Elliptical parameters of the projected body shape from the best-fit in terms of least-squares minimization

Event as b/ 6 f g D/ D Py

(km) (km) (deg) (km) (km) (km) (km) (%)
16" 220+ 40 15010 112+£3 79010 —-180+40 360+ 30 360+20 8010
6™ 230+40 150+10 110+£10 —660+10 —-330+40 360+ 30

Abbreviations are as follows: semi-major and -minor axes of the projected ellipse (a7, and br), position angle of the semi-minor axis of the ellipse (), the offsets in the East-West and North-South
directions between the predicted and the reconstructed positions of Hi‘iaka's center (f and g, respectively), the instantaneous and rotationally-averaged volume-equivalent diameter (D7, and D), and

the geometric albedo (p).

Hi'iaka’s absolute magnitude H,

Hiiaka’s absolute magnitude was not straightforward to obtain
because our ground-based observations could not resolve the system.
It is worth noting that most published values of Haumea’s absolute
magnitude include not only Haumea but the whole system (Haumea +
ring + satellites). Also, when measuring the flux in HST images, the flux
of Haumea also includes the ring because HST is not able to resolve this
part of the system. In order to calculate Hi'iaka’s absolute magnitude
we first obtained Hi’iaka’s relative magnitude with respect to Haumea +
rings in five different ways (in the following points Haumea refers to
“Haumea + rings”):

* Ref. 48 obtained resolved images of Haumea and Hi'iaka from
which they obtained a magnitude difference of 2.76 + 0.18 in the /
band. This value accounts for the rotational variability of Haumea,
since they averaged several mea-surements taken along half of the
rotational period of Haumea. Other authors have obtained the
relative brightness of the Haumea - Hi'iaka system from resolved
images'*%, however, they did not account for Haumea’s rotational
variability, which introduces large errors in the relative brightness
between the objects. Therefore, we considered as the best
estimated relative magnitude the one from*’. Assuming Hi’iaka’s
spectrum is very similar to Haumea (a reasonable assumption
since their colors are also very similar®), the relative magnitude
between Haumea and Hi’'iaka in H band should be the same as
in V band.

From resolved HST images at visible wavelengths®, report a factor
of ~ 10 difference in flux of Haumea compared to Hi’iaka, which
translates to 2.5 mag,.

* Haumea’s rotational light curve amplitude, Am, measured from
resolved HST images of the system is 0.320 + 0.006 mag>°. On the
other hand, Haumea’s Am measured from the ground (i.e.,
including the brightness of Hi’iaka) in the same year of the HST
images was 0.29 + 0.01 mag (using the models in°). The difference
in amplitude is moderated by the presence of Hi'iaka, which is
always contributing to the flux of the unresolved system. Using
the equationAm= — %log%"x , where F;, and F,,, are the flux at
minimum and maximum brightness of the rotational light curve,
respectively, we calculated the variation in flux needed to obtain
an amplitude of 0.32 mag of ~ 34%. In order to decrease that
amplitude to 0.28, we needed to introduce an extra flux of ~ 15%.
For Hi'iaka to contribute 15% of Haumea’s flux, the relative mag-
nitude between both objects must be 2.1. If we apply the same
exercise considering the uncertainties in each case, then the
relative magnitude of Hi’iaka with respect to Haumea should be
between 1.54 and 2.55 mag,.

Similar to the strategy in the previous point, but this time using
Hi'iaka’s rotational light curve, we know that Hi’iaka’s rotational
light curve amplitude from HST images is 20%
(Am=0.218 £ 0.002 mag), while the amplitude from our ground-
based observations obtained as an indirect measurement by
removing Haumea’s contribution to the data is 0.012 mag. This
means that Hi'iaka’s rotational light-curve is being “smoothed” by
the flux reflected by Haumea and the remaining components of
the system, resulting in a noticeably “flatter” rotational light-

curve. In order to obtain such a decrease in the amplitude of the
rotational light curve of Hi'iaka, we need an object 17 times
brighter than Hi’iaka. This means a difference of 3.1 mag. We note
that the amplitude of the rotational light curve in 2021 (if taken
with HST, i.e., when the ground-based observations were taken)
may be smaller than 20%, and therefore this last value of relative
magnitude between Haumea and Hi'iaka may be overestimated.

* The photocenter of the system should be defined by the following
equation:

Tyxy + Xy,

Photocenter =
Iy +1,

©)

where /I,; and /,, are the intensities of Haumea and Hi'iaka, respectively,
and x,; and x;, are the positions of Haumea and Hi'iaka, respectively. If
f=1,/Ixy, then:

TGy +fxp) _ Xy +fXy

14(+f) 1+f

Photocenter =

“)

If we set the coordinate system at the position of Haumea, then
xy =0, so

Photocenter = fxn (5

1+f

At the maximum distance of Hiiaka from Haumea x,=14",
whereas the photo-center position is 0.09” (as can be seen in Fig. 1).
Thus, f=0.09/(1.4 — 0.069). This corresponds to a 2.916 mag differ-
ence between Hi'iaka and Haumea. We note that the photocenter
revolves around the barycenter, and that the distance from Haumea to
the barycenter is ~ 0.005", therefore, if the photocenter reaches
0.09” from the barycenter, Haumea would be an extra 0.01” closer to
Hi’iaka (this is assuming that the mass ratio between Haumea and
Hi’iaka is 100). In this case, f = 0.06, which corresponds to 2.899 mag.
Therefore, the relative magnitude should be between 2.916 and
2.899 mag.

If we consider the results from all of these methods, we obtain a
weighted-average relative magnitude of 2.76 +0.12 mag. Using the
models in’ for the absolute magnitude of Haumea + rings, the absolute
magnitude in 2021 was 0.45 mag. This means that Hi'iaka’s absolute
magnitude is 3.21+ 0.12 mag. The uncertainty has been calculated as
the standard deviation of the results from the different methods. This
value needs to be corrected by the rotational light curve at the phase of
the stellar occultation by —0.05 mag.

Data availability

Source data is available as a Source Data file. This work has made use of
data from the European Space Agency (ESA) mission Gaia (https://
www.cosmos.esa.int/gaia), processed by the Gaia Data Processing and
Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/
dpac/consortium). This research is based on observations collected
at the Centro Astronémico Hispano-Aleman (CAHA) at Calar Alto
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(Spain), the Liverpool Telescope at the Observatorio del Roque de los
Muchachos in the Canary Islands (Spain), the TRAPPIST telescope
(Morocco), and the Tx40 telescope at the Observatorio Astrofisico de
Javalambre in Teruel (Spain). Source data are provided with this paper.
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