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ABSTRACT

This paper reports the discovery and orbital characterization of two extreme trans-Neptunian objects (ETNOs),
2016 QVgg and 2016 QUgg, which have orbits that appear similar to that of a previously known object, 2013 UH3s.
All three ETNOs have semi-major axes @ 172 AU and eccentricities € 0:77. The angular elements (i; I;Q) vary
by 6, 15, and 49 deg, respectively between the three objects. The two new objects add to the small number of TNOs
currently known to have semi-major axes between 150 and 250 AU, and serve as an interesting dynamical laboratory
to study the outer realm of our Solar System. Using a large ensemble of numerical integrations, we find that the
orbits are expected to reside in close proximity in the (a;€) phase plane for roughly 100 Myr before diffusing to more
separated values. We find that an explanation for the orbital configuration of the bodies as a collision product is
disfavored. We then explore other scenarios that could influence their orbits. With aphelion distances over 300 AU,
the orbits of these ETNOs extend far beyond the classical Kuiper Belt, and an order of magnitude beyond Neptune.
As a result, their orbital dynamics can be affected by the proposed new Solar System member, referred to as Planet
Nine in this work. With perihelion distances of 35 — 40 AU, these orbits are also influenced by resonant interactions
with Neptune. A full assessment of any possible, new Solar System planets must thus take into account this emerging
class of TNOs.

* NSF Graduate Research Fellow
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1. INTRODUCTION

In addition to its major planets, the Solar System
contains a vast number of small, rocky bodies with a
variety of orbital elements. The orbits of these minor
bodies provide an important record of the history of
our Solar System. In particular, the history of impacts
and binary dissociations, which leave minimal observ-
able traces, can be discerned through dynamical tech-
niques in the asteroid belt (e.g., Nesvorny et al. 2002),
among Jovian satellites (e.g., Nesvorny et al. 2003), and
in the Kuiper belt (e.g., the case of Haumea; Brown
et al. 2007).

This paper reports the discovery and dynamical char-
acterization of two new extreme trans-Neptunian ob-
jects, and a third previously known body, all of which
exhibit similar orbital elements. Unfortunately, the dis-
covery and characterization of objects with common his-
tories becomes more difficult in the outer Solar System
(beyond Neptune), where the surface density of known
objects is much lower than in the asteroid belt, and ob-
jects are often observable only near perihelion. Although
an initial velocity dispersion of a few hundred meters
per second will result in orbits that disperse quickly, the
semi-major axes, eccentricities, and inclinations of such
objects are expected to remain differentiable from the
background (see Figures 2 and 3 of Marcus et al. 2011).
As a result, groups of objects with similar orbital ele-
ments require additional study to discern whether or not
they actually have a common origin. Haumea is the best
example of a Kuiper Belt collisional family (Ragozzine
& Brown 2009; Schlichting & Sari 2009; Volk & Malho-
tra 2012). Since its initial discovery, more family mem-
bers (which have orbits similar to each other) have been
found and confirmed.

Among the population of trans-Neptunian objects
(TNOs), unidentified families certainly exist. Recent
progress towards identifying such associated objects in
the outer Solar System comes from the work of de la
Fuente Marcos & de la Fuente Marcos (2018), who per-
formed a correlation analysis on outer Solar System ob-
jects and found a number of potentially associated ob-
jects. One leading candidate for an associated pair of
ETNOs beyond 150 AU is the case of 2004 VN112 and
2013 RFgg (de Leén et al. 2017), which have been pro-
posed to have come from a binary dissociation event (de
la Fuente Marcos et al. 2017). The identification of ad-
ditional associated objects in the Solar System beyond
Neptune will enable a better understanding of binary
dissociation mechanisms at all orbital locations.

In recent years, dedicated (Bernstein et al. 2004; Pe-
tit et al. 2017) and serendipitous surveys (Gaudi 2004;
Liu et al. 2015; Gerdes et al. 2017) have allowed for the

discovery of many new objects with more distant orbits
than was previously thought possible (Allen et al. 2001),
allowing for the identification of new trends. Trujillo &
Sheppard (2014) observed an alignment in argument of
perihelion for the most distant TNOs, and Batygin &
Brown (2016) subsequently pointed out an additional
alignment in longitude of perihelion. This clustering
was used as evidence for the Planet Nine hypothesis.
Since then, an additional group of eight extreme TNOs
in this class (with a > 250 AU) has been found. Less
distant TNOs, with semi-major axes between 150 AU
to 250 AU, can also provide insight towards the Planet
Nine hypothesis, as it remains unclear exactly where
the demarcation between the TNOs influenced mainly
by Neptune and those influenced primarily by Planet
Nine should lie. As a result, the identification of new
ETNOs with semi-major axes in the range a = 150-250
AU not only expands our census of the outer Solar Sys-
tem, but provides further constraints on the Planet Nine
hypothesis.

In this paper, we use data from the Dark Energy Sur-
vey (DES) to discover two new objects in the outer
Kuiper Belt with large semi-major axes. Motivated by
the importance of identifying potential family candi-
dates in the outer Solar System, we examine the appar-
ent similarities between their orbits with each other and
with another previously-discovered Kuiper Belt Object
(KBO). With semi-major axes a 170 AU and aphe-
lion distances 300 AU, these new objects add to the
growing inventory of distant objects in the Solar Sys-
tem. Motivated by the uniqueness of the large orbital
distances (as these objects are the tenth and eleventh
known objects to have semi-major axis between 150 and
250 AU), we also evaluate their orbital dynamics.

Section 2 describes the observational results, including
the methods used in DES and the analysis that speci-
fies the orbital elements of the newly discovered bodies.
The dynamics of these objects is studied in Section 3,
which considers whether the apparent similarity in their
orbits is potentially due to random chance. In Section
4, we investigate the role of mean-motion resonances in
the dynamics of these objects, considering both possible
resonances with Neptune and with the proposed Planet
Nine. The paper ends in Section 5 with a summary and
a look to the future.

2. DISCOVERY

The Dark Energy Survey (DES) (Dark Energy Sur-
vey Collaboration et al. 2016) is an optical survey that
observes nearly 5000 square degrees of the southern sky
using the 4-meter Blanco telescope at the Cerro Tololo
Inter-American Observatory in Chile. DES had a nom-
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Figure 1.

The path of 2016 QVgy and 2016 QUgy over the course of the entire (to-date) DES survey. Nights on which the

objects were detected by DES are shown as dots along each trajectory. The objects were initially identi ed in the S1, S2, and X1
supernova elds, which are indicated by outlines of the DECam focal plane. Additional observations were subsequently added

from wide survey exposures outside these elds.

inal survey allocation of 525 nights over ve years from
September 2013 through February 2018; a portion of
a sixth season is planned for late 2018. DES uses the
Dark Energy Camera (DECam) (Flaugher et al. 2015), a
prime-focus camera with a 3 square degree eld of view
and a focal plane consisting of 62 separatekRk 4K
red-sensitive CCDs. There are two distinct DES survey
modes: the wide survey and the supernova survey (Bern-
stein et al. 2012). Wide eld survey elds are observed
roughly 2-4 times per 6-month observing campaign in
each of the ve grizY photometric bands, to nomi-
nal single-exposure 10 depths of g = 23:6, r = 23:3,

i =22:8,z =221, and Y = 20:7 (Morganson et al.
2018), with the result being eventual periodic complete
coverage of the 5000 square degree survey area in each
wavelength band. In contrast, the supernova survey
comprises ten distinct DECam pointings where repeated
observations in the griz bands are made roughly every
6 days. The ten supernova elds are small (3 square de-
grees each) compared to the wide eld (which makes up
the remainder of the 5000 square degrees of the survey
area), but their dense observing cadence and somewhat
greater depth makes them well-suited for moving object
searches. So far, TNO discoveries have come from both
supernova survey (Gerdes et al. 2016) and wide survey
(Gerdes et al. 2017; Becker et al. 2018; Lin et al. 2018)
DES data.

2.1. Detection of 2016 QVgg and 2016 QU

The original detection of these objects came in super-
nova survey data from the DES 2016-17 observing cam-
paign (DES Year 4; Diehl et al. 2018). Data from these
elds were processed with the DES di erence imaging
pipeline (Kessler et al. 2015). A template image was
subtracted from each new search image, and statistically
signi cant sources in the subtracted image were identi-
ed. Artifacts and non-psf-like sources were rejected
using the techniques in Goldstein et al. (2015), resulting
in a relatively clean catalog of single-epoch transients.
We then identi ed pairs of detections within 20 nights of
each other whose angular separation was consistent with
what would be expected given the predicted earth-re ex
motion of a distant object. Once a database of pairs had
been constructed, we linked the pairs into chains of ob-
servations by testing the goodness of t of the best- t or-
bit to each chain and requiring the reduced chi-squared

2=N < 2 (Bernstein & Khushalani 2000) to qualify as
a detection. The reduced chi-squared of the ts were
1.75 for 2016 Q\4g, 1.3 for 2016 QUgg, and 1.1 for 2013
UH15.

After the initial barycentric orbit was determined for
both objects, we searched for additional detections in
wide-survey and supernova exposures from epochs both
before and after the discovery opposition. Indeed, 2016
QUgg was found to have appeared in a supernova eld on
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Figure 2. The top panel shows the orbits of all currently
known ETNOs with g > 35 AU and a > 150 AU. The objects
with 150 < a < 250 AU are shown in light blue, and objects
with a > 250 AU are in pink. The three objects we discuss
in this work (which we call the triplet objects) are boxed
and in blue, and the dashed object is the high-inclination,
recently discovered extreme TNO 2015 BPsi9 (Becker et al.
2018). The bottom panel shows a closer view of the orbital
geometries of the triplet objects. The lled-in circles indicate
their position on the orbit at discovery (near perihelion).

two nights in October 2013, less than a month after the
start of the survey. The trajectories of these objects over
the full ve years of the survey are shown in Figure 1.
The full ve-year DES data set allows both orbital arcs

over multiple oppositions, resulting in total arc lengths

1 of 1481 and 1537 days for 2016 Q¥ and 2016 QU

respectively.

2.2. Physical Parameters

After data processing, we found the best t orbital
elements for the two newly discovered bodies using the

1 The arc length of an object is the number of days between the
earliest and latest observations of the object.

tting algorithm from Bernstein & Khushalani (2000).

We computed re ned astrometric positions for each wide
eld observation using the WCSfit  software (Bernstein
et al. 2017), which provides astrometric solutions ref-
erenced to the GAIA DR1 catalog (Gaia Collaboration
et al. 2016). This process included corrections for the
e ects of distortions on the DECam CCDs, as well as
for chromatic terms from lateral color and di erential
atmospheric refraction. The t for 2016 QV g9 used a
series of 99 total exposures taken between December 21,
2013 and January 11, 2018. 2016 Q44 was t using

a series of 39 observations taken between October 12,
2013 and December 26, 2017. For consistency, we also
ret the orbital elements for 2013 UH15 using the 10
available observations. The best-t values, along with
magnitudes and colors derived from DES photometric
measurements, are presented in Table 1. The colors for
2016 QVgy and 2016 QUg were computed by subtract-
ing simultaneous (de ned as taken on the same night,
to account for systematic variability between nights that
would lead to subtracted colors drifting when measure-
ments from multiple nights were combined) measure-
ments for each color and averaging across all measure-
ments for an object. We ignore object rotation because
each supernova eld exposure sequence analyzed here
consists of a set ofyriz exposures and lasts just 14 min-
utes in total. This is much less than the typical rotation
period of a TNO, so the color measurements at each
epoch can be regarded as essentially simultaneous. The
colors of 2016 Q\4s and 2016 QUig are consistent with
each other to within 1 for all four wavebands.

The orbital elements of 2016 Q\49 and 2016 QUkg are
remarkably similar to each other and also to known ob-
ject 2013 UHy5 (Sheppard & Trujillo 2016). These three
objects have quantities @; €) varying by less than about
2 percent among the three bodies, and the remaining
angles (;!; ) are also similar: in particular, the orbits
of 2016 QVgy and 2013 UHs appear to be nearly per-
fectly aligned. Figure 2 shows the orbits of the three
bodies. The top panel shows all of the known ETNOs
with semi-major axesa > 150 AU and perihelion dis-
tancesq > 35 AU. A close-up of the orbits of the two
new objects and their previously discovered counterpart
is shown in the bottom panel.

The orbits of these objects are not identical, and simi-
lar orbits do not prove a common origin. However, con-
sidered in the context that these objects reside in the
outer Solar System, in a sparsely-populated region of or-
bital parameter space @ > 150 AU), such similar orbits
are unusual and merit further study. The size ratios be-
tween the objects is also intriguing: assuming albedos
of 10%, 2016 Q\g, 2016 QUkg, and 2013 UH; have
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Table 1. Orbital elements of the three ETNOs considered in this work.

2016 QVgo

2016 QUso

Parameter 2013 UH3s
a 173.6 1.7 AU
e 0.798 0.002

i 26.081 0.001 deg
! 282.87 0.06 deg
176.543  0.001 deg

Epoch 2456594.5804 JD 2456647.6445 JD 2456575.6372 JD

Time of Perihelion 2472269.15 14.12 JD 2469915.40 0.21JD 2459260.79 0.60 JD

Perihelion 35.0 0.7 AU 39.95 0.02 AU 35.249 0.007 AU

Aphelion 312 3 AU 303.45 0.09 AU 307.63 0.03 AU
Absolute magnitude 7.7 5.9 7.95

g-r (mag) - 0.66 0.10 0.64 0.09

r-z (mag) - 0.43 0.12 0.44 0.17

i-z (mag) - 0.15 0.18 0.17 0.18

r-i (mag) - 0.31 0.11 0.23 0.17

171.70 0.05 AU
0.76731 0.00007
21.38750 0.00007 deg
281.093 0.004 deg
173.2150 0.0002 deg

171.40 0.02 AU
0.79439 0.00002
16.97552 0.00002 deg
303.337 0.004 deg
102.8996 0.0002 deg

Note |Solution for 2013 UH 15 was computed using data from JPL's SSDG SBDB calculated at epoch
JD 2458000.5 as written in Table 1 of de la Fuente Marcos & de la Fuente Marcos (2017). The arc
lengths of DES observations were 1481 and 1537 days for 2016 Q¥ and 2016 QUgy respectively.
Colors of 2016 QVge and 2016 QUsg come from DES's multi-waveband observations. As 2013 UH;s
has not been observed by DES and the observations used to compute its orbit were all taken in

r-band, there do not yet exist colors for this object.

sizes of 280 km, 110 km, and 120 km respectively. If all
three objects are assumed to have the same albedo and
density, the two smaller objects (2013 UHs and 2016
QUgy) have about 15% the mass of the largest object,
2016 QVss.

2.3. Observational Bias

Due to the small survey area (the relatively small sky-
area three-square-degree supernova elds) where these
objects were initially detected, it is possible that the
apparent similarity in their orbital elements comes from
bias in their detection locations. If this were the case, we
would expect TNOs with the (a;e;i) of these objects to
be more easily recovered by our detection pipeline. This
would mean that the association between the objects is
only due to a bias in the sensitivity of our pipeline.

To test this, we simulate roughly 440,000 clones of
objects dynamically similar to those considered in this
work. The orbital elements of these clones are drawn
from uniform distributions with semi-major axis 150 <
a < 1000 AU, perihelion distanceq > 30 AU, and in-
clination i uniformly distributed between 0 and 180 de-
grees. Choosing this population of clones allows us to

Figure 3. DES selection function for objects with perihelion

distances greater than 30 AU and semi-major axis greater
than 150 AU and smaller than 1000 AU. The orbital elements

of 2016 QVss and 2016 QUge are denoted by triangles. Note
that the two triangles are overlapping in the top panel due

to the objects' similarity in semi-major axis.
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identify the selection biases of DES; this initial distri-
bution is not meant to represent a realistic Kuiper Belt
population. Using the computed orbits of these objects,
we then determine which orbits could be detected in
DES observations in the rst three observing campaigns.
First, we eliminate objects whose sky positions or appar-
ent magnitudes made them unobservable by DES. Then,
of the remaining clones, we test which would be observ-
able and linkable by our pipeline. Clones are considered
linkable in the supernova data if they are detectable in
three or more DES exposures (on di erent nights), with
neighboring exposures separated by 20 nights or fewer.
A total of 6446 unique clones were determined to
be observable using these criteria, and those surviving
clones are plotted in Figure 3. These histograms show
the distribution of instantaneous orbital elements for
linked clones, as a fraction of the input uniform distribu-
tions. Since the resulting distributions are fairly at and
do not show any strong preference for orbital elements
around the (a; e; i) values of 2016 Q\49 and 2016 QUkg,
we can be con dent that our detection of two objects
with such similar orbits is not due to observational bias.

3. DYNAMICS AND ORBITAL SIMILARITIES

In order to study the dynamics of these three objects,
we employ a numerical model, as these ETNOs fall in
the Neptune scattering region (with perihelion distances
inthe g 35 45 AU range). As a result, their behav-
ior can be driven by resonant e ects (Saillenfest et al.
2017; Volk et al. 2018) and their energy di usion can be
driven by close encounters with Neptune (Duncan et al.
1987). Because the evolution of these objects depends on
the aforementioned short-period e ects, numerical sim-
ulations are an e ective tool for understanding their dy-
namics (for comparisons of numerical and analytic treat-
ments in related contexts, see, e.g., Becker & Adams
2017; He & Petrovich 2018). In this work, we use N-
body code Mercury6 to evaluate the evolution of these
three objects in the presence of the four giant planets.
We exclude the terrestrial planets and use a time-step
of 20 days, with a hybrid symplectic and Bulirsch-Stoer
(B-S) integrator. In each integration, we include test
particle clones of each of the three TNOs, with orbital
elements for each drawn from the covariance matrices
resulting from our ts and corresponding to the values
in Table 1. We integrate the orbital elements for each
TNO to a common epoch before beginning the simula-
tions. Simulations are run in two batches, one forwards
and one backwards in time for 4.5 Gyr each. These sim-
ulations allow us to study the orbital evolution of these
three objects (which we call the triplet' objects) and
assess their similarity. Before considering the potential

association between the three TNOs, however, we ex-
plore their dynamics individually.

3.1. Individual Dynamics

Although all three of the triplet objects currently have
long-period orbits, these ETNOs are not decoupled from
the rest of the Solar System as their perihelia are bound
to Neptune. This e ect is evident in Figure 4, which
shows the evolution of the semi-major axis, eccentric-
ity, and inclination of a representative subset of triplet
object clones. Due to scattering interactions with Nep-
tune, the semi-major axis of the triplets changes rapidly
and their eccentricities grow. As a result, not all clones
survive the entire Solar System lifetime. In fact, only
36% of the clones of 2016 QL4 survive the full 4:5 Gyr
simulation; similarly, only 45% of the clones of 2013
UH31s survive. Interestingly, the clones of 2016 Q\g
are signi cantly more stable, with 89% of clones surviv-
ing, possibly because of its larger perihelion distance.
The stability fractions for the backwards integrations
are similar, as expected, with 29% clones surviving for
2016 QUsg, 47% for 2013 UHs, and 82% for 2016 Q\4g.

To characterize this behavior in more detail, we con-
sider how the orbital elements of clones of a single object
change over time. For example, in Figure 5, we present
several snapshots of the eccentricity distribution of the
surviving clones of 2016 Qldg. Initially, this distribu-
tion is tightly centered around the best-t value. As
the system evolves, the eccentricity distribution spreads
apart, as shown by the three panels in Figure 5. In
order to further characterize this behavior, we consider
the time-evolution of the distribution width of several
parameters.

In particular, we focus on the distribution width of
the parameter 1=a (which scales with orbital energy),
orbital eccentricity e, and inclination i. We compute the
standard deviation of the parameter of interest among
all surviving clones of each object at every time step.
The resulting time evolution of is shown in Figures 6
(for 1=aand e) and 7 (for i) on a log-log plot.

The initial distribution of clones of each orbital ele-
ment resembles a Gaussian, centered at the best t value
of the parameter. In Figure 6, we show the behavior of

for the parameters =a and e. For the rst few mil-
lion years, the distribution hardly changes, as the orbits
of the clones do not evolve on such short time scales.
Over the span of four billion years, however, the spread
in the clones increases. Linear ts to the blue (2016
QUgg) and purple (2013 UH;s) -curves nd a slope of
m  0:4, which indicates that these clones spread apart
in a sub-di usive manner. Note that di usion can be
described as a random walk, so that quantities should
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Figure 4.

Time-evolution of the semi-major axis, eccentricity, and inclination for representative clones of each object. The

clones are initialized with sets of orbital elements that are statistically equivalent to the best- t parameters. The clones of 2016
QVsgg are shown in green, 2016 QU in blue, and 2013 UH;s in purple.

Figure 5. Snapshots of the eccentricity distributions for the
surviving clones of 2016 QUsy at three epochs. At early times
(1 Myr), the eccentricities of the clones are tightly centered
around the best-t value (left panel). At later times, this
distribution spreads apart, with distributions shown for 100
Myr (middle panel) and 1 Gyr (right panel). The full time
evolution of the distribution widths is shown in Figure 6.

increase with time / t'“2. One might expect the dis-
tribution of orbital elements to behave similarly, as a
random walk in phase space, due to scattering interac-
tions with Neptune (subject to an absorbing boundary
at e = 1, where objects are ejected from the Solar Sys-
tem). If this were, in fact, a di usion process, we would
expect to see a straight line with slopem = 0:5 on the
log-log plot. However, it is evident that the observed be-
havior is not a pure random walk, as the time evolution
of the values are somewhat slower.

The behavior of the green -curve (2016 QVgg) di ers
from the two others. It appears that the dynamics of
2016 QVgg are not as dominated by Neptune scatter-
ing as are the other two objects. This trend is evident
in the much higher number of surviving clones of 2016
QVgg cited above. The reason for this di erence is likely
due to the higher perihelion distance of 2016 QY as
compared to the other objects. With a perihelion of
g 40 AU, this object is more detached from Neptune
and experiences fewer (and less disruptive) close encoun-

Figure 6. The time evolution of the widths of the dis-
tributions of the orbital parameters 1 =a and e. Here s
de ned to be the standard deviation of the distribution of a
given orbital element for a population of clones, which have
been integrated numerically forward in time. The dashed
lines show linear ts to the curves (in the log-log plot) for
the time span 0.1 Myr { 4.5 Gyr for all three objects. The
slopes for 2016 QU and 2013 UH;s are m  0:4, which
is somewhat shallower than the benchmark value m = 0:5
expected for di usive behavior. 2016 QV g9 does not appear
to t the linear trend well.

ters. In addition, the evolution of 2016 QVgy may be
a ected more strongly by mean-motion resonances with
Neptune, a possibility that we discuss in Section 4.1.
In Figure 7, we show the time-evolution of the width
of the inclination distribution for the three objects. Ini-
tially, the width grows, roughly following a line with a
slope of unity on the log-log plot, but appears to sat-



