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Abstract

2007 ORg is currently the third largest known dwarf planet in the trans-Neptunian region, with an effective
radiometric diameter of 1535 km. It has a slow rotation period o#l5 hr that was suspected to be caused by tidal
interactions with a satellite undetected at that time. Here, we report on the discovery of a likely moon of
2007 OR, identfied on archivaHubble Space Telesco¢FC3/UVIS system images. Although the satellite is
detected at two epochs, this does not allow an unambiguous determination of the orbit and the orbital period. A
feasible 1.55.8 - 107 kg estimate for the system mass leads to a likei136 day orbital period. The moon is

about 4" 2 fainter than 2007 O in HSTimages that corresponds to a diameter of 237 km assuming equal albedos
with the primary. Due to the relatively small size of the moon, the previous size and albedo estimates for the
primary remains unchanged. With this discovery all trans-Neptunian objects larger than 1000 km are now known
to harbor satellites, an important constraint for moon formation theories in the young solar system.

Key words:astrometry- Kuiper belt objects: individugR0070OR10 — methods: observationalminor planets,
asteroids: general techniques: photometric

1. Introduction 2. Observations and Data Analysis
(225089 2007 ORp (2007 ORo hereafter is a large 2.1. Archival Hubble Space Telescope Observations

(D 1500 km and distant(currently atryeji, = 87 ay trans- ;

Neptunian objec{TNO). In a recent study, Pal et 4R016 at %V?,g?e(;?é’h\évagnoggggvel\%xﬂJgsmggggesgﬁ%?ellgiscg|p:e
analyzed light curves of 2007 QRobtained with the K2\ groyn) and on 2010 September (@oposal ID: 12234, PI:
mission of theKepler Space Telescapdhey found that  \y Frasey. Both proposals used similar strategies, observing
2007 OR rotates very slowly relative to other TNOs, with & e target with a set of visual range and near-infréteds of
most likely period ofPr,; = 44.81+ 0.37 hr. The canonical  the WFC3UVIS and IR cameras. Due to the better spatial
explanation of slow rotation for Iarge bodies is tidal interaction resolution, visual range observations are preferred in identify-

with a fairly massive satellite. As discussed in Pal g8l ing unknown satellites, and we used the WPFQBIS
the rotation period of 2007 QRsuggests that the suspected observations to look for potential moons of 20079k
moon would be at an apparent separation 6480”08 these series of measurements.

assuming tidal locking and depending on their mass ratio. At the first epoch(2009 November 6, 17:08:36 start time
However, a smaller satellite at a larger separation could have2007 ORwas observed with the WFZBVIS camera system
slowed down the rotation of 2007 @fRo the observed value, using the 512-pixel sub-array mode with the UVIS1-C512A-
but may not have been massive enough to force synchronouS$UB aperture, in a series of four measurements with the
rotation. F606W-F814W-F606W-814W filters. Each measurement
Assuming that the primary is the only notable body in the lasted for 129 s. A similar strategy was followed at the second

system, the integrated thermal emission indicates thatPOch(2010 September 18, 15:54:12 start fimmeow taking
2007 OR, has a diameter d535723; km, making it the third ~ four measurements with the UVIS2-C512C-SUB aperture and

largest dwarf planet, after Pluto and HR&! et al2016. With using the F606\WF775W-F606W-=775W filter combination.

this diameter, 2007 ORis larger than the étially recognized The F606W measurements lasted for 128 s, while the length of

< - the F775W measurements were 1Xdee also Tablé).
dwarf planets Makemake and Haumea. If a large satellite is There is a faint source in the vicinity of 2007 QRhat

present, the diameter of the primary could be correspondinglyappears in both epochs and in all images and at the same
smaller. To date., no satellite or binarity of 2007,@QRas been location with respect to 2007 QRat each epocksee Table
reported in the literature. and Figurel)

Motivated by these questions, we have checked 2004 OR We used the drizzle images and routines built on the

observations in theHubble Space Telescoprchive and  paAopHOT-based APER function in IBLto obtain aperture

identi_ﬁed a likely satellite. _In. this Letter,.we describe the photometry and astrometry of the photocenters of both
putative moots characteristics as derived from these

observations. " Interactive Data Language, Harris Geospatial Solutions.
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Table 1

Summary Table of the Derived Satellite Characteristics as Observed on théSbate$imey and with the Filters Given Below
Epoch Filter tint m h
(D) O] (mag @) @) (ay (ay (deg
2455142.2136 F606W 128 4.250.28 $0.1664+ 0.025 $0.436+ 0.025 85.960 85.683 0.63
2455142.2159 F814W 128 4.390.30 $0.164+ 0.025 $0.429+ 0.025
2455142.2188 F606W 128 4.610.29 $0.1624+ 0.025 $0.4234 0.025
2455142.2211 F814W 128 4.430.38 $0.170+ 0.040 $0.4454 0.040
2455458.1619 F606W 129 4.130.18 $0.154+ 0.025 0.183+ 0.025 86.175 85.263 0.27
2455458.1642 F775W 114 4.640.30 $0.1894+ 0.040 0.188+ 0.040
2455458.1669 F606W 129 4.170.19 $0.158+ 0.025 0.182+ 0.025
2455458.1692 F775W 114 4.310.23 $0.1474+ 0.040 0.199+ 0.040

Note. The table also lists the integration tin{gg), the brightness difference with respect to 2007 §¥Rm), the offset in ecliptic coordinates relative to 2007,R
( , ), the heliocentri¢ry) and geocentric distancés), and the phase ang(e) at the time of the observations.

2007 ORp and the suspected satellite. In the 2009 November 6satellite have very similar colors from theto the | bands,
images, aperture photometry could be performed for bothroughly covered by the thré¢ST/WFC3filters used. Wdind
targets separately, in both bar(@06W and F814W In the it very unlikely that two independent, co-moving sources with
case of the 2010 September 18 images, however, the satelliteimilar brightness and both having the same color as
was too close to 2007 QR and reliable photometry of the 2007 ORo would be found in the vicinity of 2007 QR at
moon could only be performed after the subtraction of two epochs. Therefore, we hypothesize that the two sources we
2007 ORg's point-spread functio@PSH. This was modeled found at the two epochs are two appearances of the same
using the TinyTim(Krist et al.2010 software, using speft satellite.
setups of date, camera system, tasgeixel position, focal With these colors, both 2007 @Rand the satellite are
length, and spectral energy distribution of the taigatkbody =~ among the reddest objects known in the trans-Neptunian
of 5800 K). The TinyTim-created drizzle model images were region.
adequate to subtract the contribution of 200Z&Rom the In general, red TNOs are seen to have higher albedos than
original drizzle images. The beft-parameters of the model ~gray objectssee Lacerda et a2014). Since both 2007 O
PSF were determined using Levenbéfgrquardt nonlinear ~ and the satellite are extremely red, our data suggest that they
least-squaresitting. The extracted relative positions of the are likely to have similar albedos, and that the albedo of
satellite are listed in Table 2007 ORy (py = 0.089 probably applies to the satellite

At the first observational epoch, 2007 @Rnoved with an ~ as well. .
average_ apparent velocity of = S0733H! and v = For the 2007 ORy, system we adopt the absolute magnitudes
$0”47 k°t in Ecliptic longitude and latitude. The total motion @nd colors found in Boehnhardt et @014, i.e.,Hy, = 2734,

observed in the sequence of exposures Wd$ 2.5 pixel. Hr=1749, B —V =1738,V — R = 0786, andR — I =
At the second epoch, the apparent velocities were= 0"79. Consideration of the contribution of the satellite to the

$1786 Kt andv = 0701 KL, and the total observed motion total brightness of the system increases the absolute brightness
was 0733 (8 pixel9. Within each epoch, the position of the Magnitude of 2007 ORby 0%03, while the colors are nearly
secondary source relative to 2007@Ras constant to within ~ Unchanged. This results in yH= 6757 0726 for the
the measurement errors of our astrom@tee Figurel). Since satelllte_. We use this value in the size and thermal emission
those astrometric errofs 0704) are much smaller than the Calculations below.
observed motion of 2007 QR we corfirm that the secondary ) . )

We alSO determined the brightness diﬁ:erence betWeen The two set of observations allowed us to set some

2007 OR, and its moon for each measuremésee Tablel). constraints on the orbit of the satellite around 2007OW/e
As in the case of relative astrometry, proper photometry wasassume that the orbit of the satellite is circular as circularization
only possible after subtracting the PSF of the primary in thetimes are typically sigficantly shorter than the age of these
second epoch images. systems(Noll et al. 2008. Then, the apparent ellipse of the
The uncertainties in the relative brightness determinationorhit is a projection of the circular orbit, with 2007 Qfn the
reflect the low signal-to-noise ratio of the satellite detection, center in a co-moving frame. The two orbital positionSneel
especially at théirst epoch, when we detected it at thet3 by the two set of observations do not determine the orbit
significance level. There is a notable change in the brightnessinambiguously, but allow a family of ellipses to fikted, as
( 073) of the satellite relative to 2007 QRbetween the two  presented in Figur®. In our case, the possible position angles
epochs. As the light curve of 2007 @Ris shallow (Pal of the ellipses range from°Xo 51° (from north to east in
et al. 2019, only a maximum of 0709 difference can be Ecliptic coordinatés The semimajor and semiminor axes of
attributed to the rotation of the primary. However, shapg and the smallest ellipse ar¢ 6 and @22 (29,300 and 13,600 km
or albedo variegations on the surface of the satellite can easilwith 21° position angle. For smaller and larger values within
account for the remainin@ux difference. The mean brightness the 1°-51° range the semimajor axes increase quickly and get
differences are found to be m(F606W) = 4723 + 0724, infinitely large at the limiting position angles.
m(F775W) = 4743 + 0730, and m(F814W) = 4735+ A reliable estimate for the mass of 2007{Ran be
0725. As these are nearly equal in all bands, 20074@Rd its obtained using the size limits of the thermophysical model
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Figure 1. Hubble Space Telescof#~C3/UVIS images of 2007 OR. Upper row: 2009 November 6 measurements, F6@BY2W-F606W-F812Wfilter series;
bottom row: 2010 September images, F60&R75W-F606W--775Wfilter series. The suspected satellite can be most readilyfidémtn the F606W images and is
marked by a white arrow on each imagerth is up and east is left, in Ecliptic coordinates

calculations (Pal et al. 2016, Dgi = 1316-1610km. As The expected orbital period of a satellite can be estimated
2007 ORy is a fairly large object, internal porosity is likely using the formalism in Murray & Dermoi999, assuming
negligible and a lower limit for the density can be set to tidal dissipation and requiring that the current semimajor axis is
1.2gcn?3, a typical value for medium size TNGBrown significantly different from the initial one. In this case, the
2013 Barr & Schwami2016 Kovalenko et al2017). For an orbital period isP o _163/13Q’3/13_61’3/13m,75/13, wherek is the
upper limit we use the densities of the largest dwarf planetstidal Love numberQ is the quality factor of the primary, is
Pluto and Eris and adopt 2.5 g & With these assumptions, the ratio of the primary to the satellite mass, apds the mass
the mass of 2007 O would be 1.55.810% kg. Then, with of the primary. With some reasonable assumptions for these
the smallest possible semimajor axis the orbital periods woulgParametergsee also Brown & Schalle2007 Brown et al.
be 18/5-36¢4, depending on the system mass assumed 2005, and assuming an evolution of 4.5 Gyr, we can estimate
The two 6b’served positions alsdfide the orbital phases for the possmle orbital perlod's. In the equal albgdo and equal
aspeckcora(elpsd,and e phase iferncecan b use to 71y S25E, e mase atods 350, e b and ow
ﬁnd_t_hose orbnql pgrlods tha_lt are compatible with the observe nd 76days. Orbital periods around 35days require a
positions, considering the time spent between the two set o

: L . X ignificant (>2.5x) internal density difference between the
observations(315795). The semimajor axis and the orbital primary and the moon. This is, however, reasonable concerning

period also dénes the system mass according to Keplétird  he known higher densities of the largest and the mid-sized
law. We applied this scheme to all ellipstted to the two  TNOs (see, e.g., Brow2013 Kovalenko et al2017). In the
satellite positions, determined the compatible orbital periods,case of a low albedo modp, 5%) and a low-mass primary,
and calculated the related systems mass values. The results afife orbital period would b® 100 days. These calculations
presented in Figur8. The shortest orbital periods compatible show that the preferred orbital periods are in the range of
with the phase differences for any of thted ellipses are  35-100 days, and that the orbits with the smallest semimajor
19405 for progradéblack doty and 1923 for retrogradéred axes and shortest perio® 20 day$ may not be the most
dot9 sense of revolution. Shorter orbital periods would require likely ones.

a mass too high for our upper limi{sipper left corner in

Figure3). Although only some well-dmed orbital periods are 3. Thermal Emission of the System

allowed there, there are several of these possible orbital period | the case of Makemake, a dwarf planet of similar size, the
groups in the 26100 day range. This means that neither the satellite may have a sigiant contribution to the thermal
orbital period nor the system mass can be constrained furthegmission of the system due to the possibly large albedo
by the two existingdSTobservations. Although they cannot be difference(Lim et al. 201Q Parker et al2016. In the case
fully excluded, orbital periods longer tharl00 day become  of 2007 ORo, however, the primary is rather dark;, =
increasingly unlikely as the satellite would spend most of the().()ggo_»géol09 (P4l et al.2016. We calculated the possible
time at large apparent distances. We have found three groups @ontribution of the satellite to the thermal emission using the
possible periods at 126, 210, and 630days, but no  Near-Earth Asteroid Thermal Model mod®EATM; Har-
additional orbital periods were idefidid for >1000 days. ris 1998 assuming geometric albedos in the range of 2% to 9%
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scattered disk that is the dynamical class of 2007,0Re
typical geometric albedos are between 4% and 9%.

We have recalculated the bet NEATM models for
2007 ORy, itself by correcting the measured Hers¢RACS
flux for the contribution of a satellite with extremely low
albedo and beaming parameter.

In this case, the satellite would haxg= 0.02, = 0.6, and
a corresponding diameter o450 km, resulting iflux densities
of 0.99, 1.37, and 1.24 mJy in the HersgRACS 70, 100, and
160 m bands. After correcting for this contribution, the bist-
models for 2007 OR itself prefer high beaming parameter
values of 2.5, with Deg 1500 km. However, these high

values are very unlikely given the slow rotation of 2007,©0R
Therefore, we also calculated the W#ssize of the primary
using afixed beaming parameter value of 1.8, too, the best-
fit obtained in P4l et a(2016 dashed line in Figuréd). This
providesDes = 1360 km and a corresponding geometric albedo
of py = 0.11. This size is still larger than the previous estimate
for 2007 ORy by Santos-Sanz et a2012 and also that of
Haumea(Fornasier et aR013 1240787 km), but smaller than
that of Makemake(Ortiz et al. 2012 14306-1502 km). We

Kiss et al.

the physical conditions in the still dynamically cold disk in the
young solar system.

With the determination of 2007 QRs satellités orbit by
future observations, we will also be able to put constraints on
the level of possible tidal dissipation and estimate whether the
satellite alone could have slowed down the rotation of
2007 ORg to the observed 45 hr value. The bulk density of
the 2007 OR, system would also be of sididant interest,
especially in comparison with that of Makemake, an object of
very similar sizg D 1430kn), but with much higher albedo
(0.4 versus 0.09 for 2007 QR and covered in volatile CHce
(Brown et al.2015 Lorenzi et al.2015.

Data presented in this Letter were obtained from the
Mikulski Archive for Space TelescopdMAST). STScl is
operated by the Association of Universities for Research in
Astronomy, Inc., under NASA contract NAS5-26555. Support
for MAST for nonHSTdata is provided by the NASA @fe
of Space Science via grant NNX0O9AF08G and by other grants
and contracts. The research leading to these results has received
funding from the European Unions Horizon 2020 Research and

emphasize again that this is an extreme situation any realisti¢nnovation Programme, under Grant Agreement No. 687378;

surface assumed for the satelfje  0.04) leaves the Pal et al.
(2019 size estimat¢D 1535 k) unchanged.

4. The Importance of the Satellite of 2007 OR;,

Multiple systems are very useful tools for unraveling the
main physical properties of TNdsee, e.g., Noll et aR008),

When diameter measurements are available, these are the only
cases when a reliable estimate of the average density can be

obtained. Densities provide information on the internal
structure and formation process@rown 2013 Vilenius
et al.2014 Grundy et al2015 Barr & Schwamk2016.

In a recent paper, Parker et @016 reported on a possible
discovery of a moon around the dwarf planet Makemake.
However, the satellite was idefidid at a single epoch only.
Existence of a moon orbiting 2007 @Rvould mean that all
known Kuiper Belt objects larger than 1000 km host
satellites, including the four recognized outer dwarf planets:
Pluto, Eris, Makemake, Haumea, plus Orcus and Qugloar
sample discussed in Barr & Schwani#t9lg, and now
2007 OR.

While the densities in the additional cagbtakemake and
2007 OR) are not yet known, we can estimate the mass ratios
g, assuming some realistic albedos and near-equal densitie
For Makemake the "0 magnitude _difference(Parker
et al. 2016 results inq = 2 - 10°°-5 - 10°%, assuming equal

or darker albedos for the satellite than that of the primary. For

2007 ORg equal albedos givg = 0.004, low albedos for the
satellite result ing 0.01. With these mass ratios all large
bodies in our list havg < 0.1 and most systems haye 0.01.

from the GINOP-2.3.2-15-2016-00003 grant of the National
Research, Development and Innovatiofficgf(Hungary; and
from the LP2012-31 grant of the Hungarian Academy of
Sciences. Funding from Spanish grant AYA-2014-56637-C2-
1-P is acknowledged, as is the Proyecto de Excelencia de la
Junta de Andaluca, J. A. 2012-FQM1776.

Facility: HST(STIS).
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