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ABSTRACT

This paper reports the discovery and orbital characterization of two extreme trans-Neptunian objects (ETNOs),

2016 QV89 and 2016 QU89, which have orbits that appear similar to that of a previously known object, 2013 UH15.

All three ETNOs have semi-major axes a ≈ 172 AU and eccentricities e ≈ 0.77. The angular elements (i, ω,Ω) 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, e) 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., Nesvorný et al. 2002),

among Jovian satellites (e.g., Nesvorný 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 RF98 (de León 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 QV89 and 2016 QU89 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 identified in the S1, S2, and X1
supernova fields, which are indicated by outlines of the DECam focal plane. Additional observations were subsequently added
from wide survey exposures outside these fields.

inal survey allocation of 525 nights over five 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 field of view

and a focal plane consisting of 62 separate 2K × 4K

red-sensitive CCDs. There are two distinct DES survey

modes: the wide survey and the supernova survey (Bern-

stein et al. 2012). Wide field survey fields are observed

roughly 2-4 times per 6-month observing campaign in

each of the five grizY photometric bands, to nomi-

nal single-exposure 10σ depths of g = 23.6, r = 23.3,

i = 22.8, z = 22.1, 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 fields are small (3 square de-

grees each) compared to the wide field (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 QV89 and 2016 QU89

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

fields were processed with the DES difference imaging

pipeline (Kessler et al. 2015). A template image was

subtracted from each new search image, and statistically

significant sources in the subtracted image were identi-

fied. 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 identified pairs of detections within 20 nights of

each other whose angular separation was consistent with

what would be expected given the predicted earth-reflex

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 fit of the best-fit or-

bit to each chain and requiring the reduced chi-squared

χ2/N < 2 (Bernstein & Khushalani 2000) to qualify as

a detection. The reduced chi-squared of the fits were

1.75 for 2016 QV89, 1.3 for 2016 QU89, 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

QU89 was found to have appeared in a supernova field on



Three Similar ETNOs 5

Figure 2. The top panel shows the orbits of all currently
known ETNOs with q > 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 BP519 (Becker et al.
2018). The bottom panel shows a closer view of the orbital
geometries of the triplet objects. The filled-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 five years of the survey are shown in Figure 1.

The full five-year DES data set allows both orbital arcs

over multiple oppositions, resulting in total arc lengths
1 of 1481 and 1537 days for 2016 QV89 and 2016 QU89

respectively.

2.2. Physical Parameters

After data processing, we found the best fit 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.

fitting algorithm from Bernstein & Khushalani (2000).

We computed refined astrometric positions for each wide

field 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

effects of distortions on the DECam CCDs, as well as

for chromatic terms from lateral color and differential

atmospheric refraction. The fit for 2016 QV89 used a

series of 99 total exposures taken between December 21,

2013 and January 11, 2018. 2016 QU89 was fit using

a series of 39 observations taken between October 12,

2013 and December 26, 2017. For consistency, we also

refit the orbital elements for 2013 UH15 using the 10

available observations. The best-fit values, along with

magnitudes and colors derived from DES photometric

measurements, are presented in Table 1. The colors for

2016 QV89 and 2016 QU89 were computed by subtract-

ing simultaneous (defined 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 field exposure sequence analyzed here

consists of a set of griz 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 QV89 and 2016 QU89 are consistent with

each other to within 1σ for all four wavebands.

The orbital elements of 2016 QV89 and 2016 QU89 are

remarkably similar to each other and also to known ob-

ject 2013 UH15 (Sheppard & Trujillo 2016). These three

objects have quantities (a, e) varying by less than about

2 percent among the three bodies, and the remaining

angles (i, ω,Ω) are also similar: in particular, the orbits

of 2016 QV89 and 2013 UH15 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 axes a > 150 AU and perihelion dis-

tances q > 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 (a > 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 QV89, 2016 QU89, and 2013 UH15 have
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Table 1. Orbital elements of the three ETNOs considered in this work.

Parameter 2013 UH15 2016 QV89 2016 QU89

a 173.6 ± 1.7 AU 171.70 ± 0.05 AU 171.40 ± 0.02 AU

e 0.798 ± 0.002 0.76731 ± 0.00007 0.79439 ± 0.00002

i 26.081 ± 0.001 deg 21.38750 ± 0.00007 deg 16.97552 ± 0.00002 deg

ω 282.87 ± 0.06 deg 281.093 ± 0.004 deg 303.337 ± 0.004 deg

Ω 176.543 ± 0.001 deg 173.2150 ± 0.0002 deg 102.8996 ± 0.0002 deg

Epoch 2456594.5804 JD 2456647.6445 JD 2456575.6372 JD

Time of Perihelion 2472269.15 ± 14.12 JD 2469915.40 ± 0.21 JD 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

Note—Solution for 2013 UH15 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 QV89 and 2016 QU89 respectively.
Colors of 2016 QV89 and 2016 QU89 come from DES’s multi-waveband observations. As 2013 UH15

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 UH15 and 2016

QU89) have about 15% the mass of the largest object,

2016 QV89.

2.3. Observational Bias

Due to the small survey area (the relatively small sky-

area three-square-degree supernova fields) 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 distance q > 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 QV89 and 2016 QU89 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 first 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 different 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 flat and

do not show any strong preference for orbital elements

around the (a, e, i) values of 2016 QV89 and 2016 QU89,

we can be confident 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

in the q ∼ 35− 45 AU range). As a result, their behav-

ior can be driven by resonant effects (Saillenfest et al.

2017; Volk et al. 2018) and their energy diffusion can be

driven by close encounters with Neptune (Duncan et al.

1987). Because the evolution of these objects depends on

the aforementioned short-period effects, numerical sim-

ulations are an effective 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 fits 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 effect 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 QU89 survive the full 4.5 Gyr

simulation; similarly, only 45% of the clones of 2013

UH15 survive. Interestingly, the clones of 2016 QV89

are significantly 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 QU89, 47% for 2013 UH15, and 82% for 2016 QV89.

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 QU89. Initially, this distribu-

tion is tightly centered around the best-fit 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 σ of the parameter of interest among

all surviving clones of each object at every time step.

The resulting time evolution of σ is shown in Figures 6

(for 1/a and 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 fit value

of the parameter. In Figure 6, we show the behavior of

σ for the parameters 1/a and e. For the first 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 fits to the blue (2016

QU89) and purple (2013 UH15) σ-curves find a slope of

m ≈ 0.4, which indicates that these clones spread apart

in a sub-diffusive manner. Note that diffusion 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-fit parameters. The clones of 2016
QV89 are shown in green, 2016 QU89 in blue, and 2013 UH15 in purple.

Figure 5. Snapshots of the eccentricity distributions for the
surviving clones of 2016 QU89 at three epochs. At early times
(1 Myr), the eccentricities of the clones are tightly centered
around the best-fit 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 ∝ t1/2. 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 diffusion process, we would

expect to see a straight line with slope m = 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 σ values are somewhat slower.

The behavior of the green σ-curve (2016 QV89) differs

from the two others. It appears that the dynamics of

2016 QV89 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

QV89 cited above. The reason for this difference is likely

due to the higher perihelion distance of 2016 QV89 as

compared to the other objects. With a perihelion of

q ≈ 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 σ of the dis-
tributions of the orbital parameters 1/a and e. Here σ is
defined 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 fits 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 QU89 and 2013 UH15 are m ≈ 0.4, which
is somewhat shallower than the benchmark value m = 0.5
expected for diffusive behavior. 2016 QV89 does not appear
to fit the linear trend well.

ters. In addition, the evolution of 2016 QV89 may be

affected 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-
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Figure 7. The time evolution of the width σ of the incli-
nation distribution, where σ is defined as in Figure 6. The
guiding dashed line has a slope of 1 on this log-log plot,
showing that initially the width of the distribution grows,
but soon plateaus to a roughly constant value. This indi-
cates that the inclination distribution has reached a point
after which it does not significantly change; this distribution
is shown in the inset plot for 2016 QU89.

urate on a time scale of order 0.1 Gyr, indicating that

the inclination distribution remains approximately the

same for the rest of the evolution. Notice that this last

decade and a half in time corresponds to most of the age

of the Solar System. This final inclination distribution

is shown for 2016 QU89 in the inset plot; most of the

distribution falls in the range 15 – 25 degrees.

These results (in particular, Figures 4, 6, and 7) show

that the future orbits of these objects diverge steadily on

relatively rapid timescales. As a result, any similarity in

their current-day orbits must be due to either a recent

event (such as fragmentation or a binary dissociation

event), the past attainment of an orbital resonance that

would force the objects to maintain similar orbits, or by
random chance. Taking this dynamical evolution into

account, we now consider possible explanations for the

similarity of the orbits of these three objects. In the

next section, we evaluate the probability that the orbits

of these objects are similar by random chance.

3.2. Comparison of Orbits

To evaluate the likelihood that the orbits of these ob-

jects are similar merely by coincidence, we compare the

orbital similarity of the triplets to that of randomly cho-

sen groups of three objects drawn from several control

distributions.

First, we define a dimensionless distance metric to

characterize a set of three objects. This function d(t)

is taken to be the sum of the pairwise distances in the

space of orbital elements. Specifically, we use the sum

of Euclidean metrics acting on the scaled elements a, e,

and i for each pair of TNOs, i.e.,

d(t) =
∑
j 6=k

[(
aj(t)− ak(t)
1
2 (aj0 + ak0

)

)2

+ (1)

(
ej(t)− ek(t)
1
2 (ej0 + ek0

)

)2

+

(
ij(t)− ik(t)
1
2 (ij0 + ik0

)

)2
]
,

where j and k denote the objects, and the subscript 0

denotes the initial orbital elements of the objects.

Next, we choose a clone of each of 2016 QV89, 2016

QU89, and 2013 UH15 from the measured orbit posteri-

ors and compute the above metric distance at the cur-

rent epoch. Repeating this process for 125, 000 distinct

combinations of clones, we compute the current average

distance between our triplet.

From this analysis, we have a measure of the current-

day orbital similarity of these three objects. To explore

whether this distance is remarkable among the larger

set of objects in the outer Solar System, we compare

the current average distance of the triplet objects to

several different representative distributions of TNOs,

shown in Figure 8. Each of the distributions was cre-

ated by drawing 125,000 sets of three objects from the

specified population of TNOs and computing their cur-

rent day metric distance. The green distribution (MPC

Set 1) contains all of the TNOs reported to the Minor

Planet Center with a > 50 AU, e > 0.45, q > 30 AU;

the purple population (MPC Set 2) contains all of the

distant objects reported to the Minor Planet Center (we

note that this includes Neptune trojans); and the blue

population is the uniform test particle distribution from

de la Fuente Marcos et al. (2017), with 150 < a < 800

AU, 0.7 < e < 0.95, i < 55◦, and 30 < q < 90 AU.

The red vertical line in Figure 8 shows the current

day average distance between our triplet objects. It is

clear that this red line falls on the far left of all three

TNO distributions considered. For MPC Set 1, 4023

members of the 125,000 sets in the control population,

or 3.2%, were more similar than the observed triplet.

For MPC Set 2, 96 of 125,000 sets, or 0.077%, were

more correlated; finally, for the distribution drawn from

de la Fuente Marcos et al. (2017), 1137 out of 125,000

sets, or 0.9096%, were more correlated than the triplet.

The robust nature of this result leads us to conclude that

the current day similarity of 2016 QV89, 2016 QU89, and

2013 UH15 is highly unusual, even when compared to a

variety of background populations.

Considering the distance between objects, as outlined

above, may provide an effective method of identifying

other triplet sets from the whole population of KBOs.

Toward this end, we apply our analysis to the dwarf
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Figure 8. A plot showing the current metric distance between the objects 2016 QV89, 2016 QU89, and 2013 UH15 (red vertical
line) as compared to the distances between random sets of three objects drawn from several distributions. The green population
(MPC Set 1) contains all of the TNOs reported to the Minor Planet Center with a > 50 AU, e > 0.45, q > 30 AU; the purple
population (MPC Set 2) contains all of the TNOS reported to the Minor Planet Center; and the blue population is the test
particle distribution from de la Fuente Marcos et al. (2017), where 150 < a < 800 AU, 0.7 < e < 0.95, i < 55◦, and 30 < q < 90
AU. As we can see, the triplet objects discussed in this work are currently closer together in phase space than most objects, for
all three distributions considered. For all MPC objects, we used barycentric orbital elements with solution epoch 2458200.5 JD,
which were converted from heliocentric orbital elements coming from an MPC file downloaded on 9-Jun-2018.

planet Haumea and its associated family members. Al-

though a full characterization of the dynamics of the

Haumea system is beyond the scope of this work, it

provides a useful test of our method. The Haumea sys-

tem contains two moons, which are known from previous

literature to be associated (Brown et al. 2007; Levison

et al. 2008; Schaller & Brown 2008; Ragozzine & Brown

2009; Schlichting & Sari 2009; Leinhardt et al. 2010;

Volk & Malhotra 2012).

For this test, we compute the current day metric dis-

tance among all possible sets of three objects drawn from

the Haumea family. We find that the Haumea triplets

have distances directly comparable to the values com-

puted for our triple system. The metric distance for

triplets of objects drawn from the Haumea family ranges

from 0.0024 to 1.28, showing that the correlated Haumea

family is much more similar by our metric than the gen-

eral control populations considered in Figure 8. One

should keep in mind, however, that the dynamical envi-

ronment of the Haumea family is significantly different

from that of the new triplet. Jupiter has a much larger

effect on the evolution of Haumea due to its closer prox-

imity. Moreover, it is possible that the break-up of the

original dwarf planet into its present family members

was caused by rotational fission (Snodgrass et al. 2010;

Ortiz et al. 2012). As a result, comparisons between

these two sets of objects can only be made at the order

of magnitude level.

The main conclusion from the distance analysis of

this section is that the triplet objects (2016 QV89, 2016

QU89, and 2013 UH15) are statistically more correlated

than the general population of TNOs. Using the dis-

tance metric from equation (1), we compare their or-

bital elements to those derived for three different con-

trol populations. For each population considered, the

triplet objects are among the most correlated; however,

we cannot exclude that the similarity in overall orbits is

due to random chance.

Since the similarity between the semi-major axes of

the triplets is the most unusual out of the other pa-

rameters, we consider one more test. Recomputing the

metric we used previously for only semi-major axis, as

follows,

da(t) =
∑
j 6=k

(
aj(t)− ak(t)
1
2 (aj0 + ak0)

)2

(2)

yields the histograms in Figure 9. In this figure, we

compare MPC Set 1 and the de la Fuente Marcos distri-

bution, which have similar eccentricities to our objects.

We find that compared to the present day distance

between our triplet objects, 0.08% of trials in Set 1 are

more similar than our triplet and 0.01% of trials in the

dlFM set are more similar. We exclude Set 2 because

it includes Neptune trojans, which we expect to have

fixed, identical values of semi-major axis.

The analysis based on semi-major axis alone describes

these objects as more remarkable than the full met-

ric using all orbital elements. The existing population

of TNOs with semi-major axis values greater than 150

AU remains small, with these three objects representing

roughly 10% of the known total at the time this paper

was written. As such, it seems striking that these three

would reside in the same ∼2 AU of such a large param-

eter space. One explanation that can force objects to
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Figure 9. A plot showing the current metric distance for semi-major axis only (Eq. 2) for the three objects considered in
this work, as compared to the distances between random sets of three objects drawn from our control distributions (MPC Set
1 contains all of the TNOs reported to the Minor Planet Center with a > 50 AU, e > 0.45, q > 30 AU, the de la Fuente
Marcos (dlFM) distribution is the test particle distribution from de la Fuente Marcos et al. 2017, where 150 < a < 800 AU,
0.7 < e < 0.95, i < 55◦, and 30 < q < 90 AU). The inset shows a zoom-in on the left side of the distribution, with the red
vertical line indicating the current distance among our three triplet objects.

attain particular values of semi-major axis (but affect

the objects’ eccentricities and inclinations less directly)

is orbital resonance, which we discuss in the next sec-

tion.

4. 2016 QV89, 2016 QU89, AND 2013 UH15

AS RESONANT OBJECTS

To explore the possibility that the semi-major axis

similarity of the triplets is explained by orbital reso-

nances, we evaluate the likelihood of these objects falling

into resonances with other Solar System bodies, specifi-

cally, Neptune and the proposed new Solar System mem-

ber Planet Nine. We find that the resonant dynamics in

each of these two cases are distinct.

4.1. Resonances with Neptune

Thus far, we have discussed only the scattering inter-

actions that these three objects experience due to Nep-

tune. In theory, however, these ETNOs, although dis-

tant, may be affected by mean-motion resonances with

Neptune. In fact, recent work by Volk et al. (2018) has

identified two objects with semi-major axes of 129.8 AU

and 129.9 AU as living in the 9:1 resonance with Nep-

tune. These two objects are currently the most distant

TNOs known to reside in Neptune resonances.

Inspired by this finding, we perform a similar analysis

on the clones of our three objects. We identify intervals

of time in which the period ratio between a clone and

Neptune is approximately constant, and then test reso-

nances up to 29th order, considering resonances that fall

into the period ratio interval (PNep/PTNO) ± 0.1. For

each resonance argument, we generate plots of the time-

Figure 10. The fraction of time each object considered
in this work spends in a Neptune resonance in a 4.5 Gyr
backwards integration. To compute the fraction of time, we
sum the total time spent in resonance by all of the clones
of an object and divide by the total survival time of those
clones. 2016 QV89 is the most resonant object of the three,
spending about 20% of its time in resonance.

evolution and identify intervals of libration by finding

low-point-density regions in the plots.

The output of the above analysis allows us to identify

the time intervals during which a clone is securely li-

brating in a resonance. Interestingly, we find that these

three objects often experience resonant interactions with

Neptune, which usually last tens of millions of years.

Summing over the evolution of all of the clones, we find

that 2016 QV89 is resonant most often, with 21% of the

total integration time spent in resonance, while 2016

QU89 and 2013 UH15 spend 8% and 14% of the time in

resonance, respectively (see Figure 10).
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Figure 11. Histograms showing the time spent in resonant
configurations with Neptune. The bins on the x-axis rep-
resent the union of the ten most populated resonances for
each object. The fraction of time spent in a resonance is
computed by summing over all clones of an object, using the
same procedure as in Figure 10 (see text).

The most populated resonances for these three objects

are shown in Figure 11. Here we take the ten most pop-

ulated resonances for each of the three objects and then

consider their union. Since the most populated reso-

nances are not the same for all three bodies, we plot sev-

enteen resonances in total. As expected, most of these

resonances are quite high order. For instance, the most

populated resonance for 2016 QV89 is the 2:27 commen-

surability, which corresponds to a semi-major axis of

about a = 170 AU, close to its current day value. An

example of such a resonant instance is shown in Figure

12.

It is important to note, however, that these intervals

of resonance are transient. None of the clones of these

objects are currently in resonance, so they cannot be

classified as resonant TNOs according to the standards

of Gladman et al. (2008). Nonetheless, the fact that

these objects are likely to have been in Neptune reso-

nances in the past provides an additional explanation

for their orbital similarity. As shown in Figure 12, even

after true resonance is lost, a TNO may reside in a semi-

major axis value close to the (previously) resonant value

for some time. It is possible that these objects were re-

cently in the same Neptune resonance and are presently

Figure 12. An example of the 2:27 resonance in the back-
wards integrations for 2016 QU89. The top panel shows the
semi-major axis evolution and the bottom panel plots the
appropriate resonance argument over the same time interval.
The time spent in resonance is brief, less than 20 Myr. Note
that time interval for the libration of φres (bottom) clearly
corresponds to the regime of constant semi-major axis evo-
lution (top).

evolving away from that state, explaining their current

similarity in semi-major axis.

4.2. Resonances with Planet Nine

Recently, observed correlations in argument of perihe-

lion (Trujillo & Sheppard 2014) and then in longitude

of perihelion (Batygin & Brown 2016) among the most
distant TNOs have led to the proposal of a ninth Solar

System planet, often called Planet Nine or Planet X. If

this proposed planet exists, it would also provide a net-

work of mean-motion resonances in which TNOs could

reside. In this section, we consider how the three ET-

NOs discussed in this work fit into the context of the

Planet Nine hypothesis.

As shown in Figure 2, the orbital orientation (as de-

fined by the longitude of perihelion, $) of these three

objects appears to be anti-aligned with the proposed

orientation of the Planet Nine orbit. This clustering is

thus consistent with the orbits of the extreme TNOs first

used to infer the existence of Planet Nine and predict

its orbit. However, these objects have semi-major axes

(a ∼ 171 − 173 AU) significantly shorter than those of

TNOs thought to be dominated by Planet Nine-induced

dynamics. (Note that different models for Planet Nine
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imply different inner boundaries (in a) for the region

affected by the putative planet. The most recent analy-

sis, Batygin & Morbidelli 2017, shows that objects with

a > 250 AU are likely to reside in the regime influenced

by Planet Nine). As a result, despite the consistent

orbital properties of these three ETNOs, it is unclear

whether these objects could be part of the securely anti-

aligned population.

In addition to maintaining the apsidally anti-aligned

population, Planet Nine has been shown to generate

TNO orbits that are apsidally aligned with the orbit

of Planet Nine, and others that experience apsidal cir-

culation (Batygin & Brown 2016; Batygin & Morbidelli

2017; Khain et al. 2018). In the presence of Planet Nine,

these three objects of interest could fall into either the

anti-aligned or circulating categories. In this section,

we discuss the dynamics of these TNOs in the presence

of representative Planet Nine candidates and consider

possible mean-motion resonances.

To differentiate between the behaviors outlined above,

we define the difference between the longitude of peri-

helion of Planet Nine and a TNO as

∆$ ≡ $ −$9, (3)

where $ is the longitude of perihelion of the TNO and

the subscript 9 denotes the orbital elements of Planet

Nine. Previous studies have shown that objects that

are heavily influenced by Planet Nine do not retain a

constant ∆$ (Beust 2016; Batygin & Morbidelli 2017).

Instead, TNOs aligned with Planet Nine experience li-

bration around ∆$ ∼ 0◦, anti-aligned objects librate

about ∆$ ∼ 180◦, and circulating objects have ∆$ that

circulates (by definition) through all values in [0◦, 360◦].

To determine which class of behavior a given TNO ex-

periences, it is not enough to know only its current ∆$;

we need to integrate its orbit forward in the presence of

Planet Nine and the current Solar System, and analyze

the time-evolution of its ∆$. To evaluate the effect of

Planet Nine on the orbital similarity of these three ET-

NOs, we use numerical simulations similar to those run

in the previous section, but now including Planet Nine.

Different incarnations of Planet Nine lead to distinct

behaviors for these three ETNOs. Since the orbital el-

ements of Planet Nine are not yet well constrained, we

vary its orbit over a range of parameter space (as in

Becker et al. 2017) to examine each class of possible in-

teractions between Planet Nine and the three ETNOs

under consideration. As shown below, we examine each

of the possible dynamical classes that these objects could

belong to by adjusting Planet Nine’s orbit, and focus on

the question of the orbital similarity of the triplet ob-

jects in each of these cases.

It is important to note that an exhaustive survey of

parameter space, as well as determining the exact lim-

its of the Planet Nine parameters that cause each type

of behavior considered are interesting questions, but be-

yond the scope of this work. Instead, we consider two

test cases to illustrate — but not comprehensively study

— the regimes of possible behavior.

In Section 4.2.1, we study a Planet Nine candidate

with semi-major axis a9 = 315 AU, an eccentricity e9
= 0.5, and an inclination i9 = 20 degrees. This orbit

lies near the inner edge of the parameter space pro-

posed for Planet Nine and is found to induce apsidal

anti-alignment in the triplet orbits. In Section 4.2.2,

we then consider a Planet Nine candidate with orbital

elements a9 = 505 AU, eccentricity e9 = 0.5, and incli-

nation i9 = 20 degrees. This orbit lies near the center of

the proposed parameter space and allows for the triplets

to be apsidally circulating.

For the numerical work carried out in this section, all

simulation parameters (time-step, etc) are identical to

those of earlier integrations, with the exception of the

introduction of a massive body in the form of the one

proposed within the framework of the so-called Planet

Nine hypothesis.

4.2.1. ETNOs with Anti-Aligned ∆$

Independent of considerations of their orbital similar-

ity, these three objects are currently roughly anti-aligned

with the orbit of the proposed Planet Nine, with a longi-

tude of perihelion $ = ω+Ω that orients their orbits be-

tween Sedna and 2012 VP113 (Figure 2). As mentioned

above, however, an instantaneous anti-aligned ∆$ is

not sufficient to sort these objects into the anti-aligned

class, as they could just be opportunely observed ET-

NOs whose ∆$ are truly circulating. In the presence

of an appropriately chosen Planet Nine, however, these

objects do experience librations in the offset of longitude

of perihelion around ∆$ ∼ 180◦.

Given the parameters of Planet Nine, it is possible to

approximate the semi-major axis threshold at which the

anti-alignment of the distant Kuiper Belt begins (Becker

et al. 2017; Batygin & Morbidelli 2017). That is, de-

pending on the orbit of Planet Nine, we can estimate

which outer Solar System objects are expected to expe-

rience librations about ∆$ ∼ 180◦. Assuming a fixed

mass for Planet Nine, the location of this threshold is

determined (in part) by the perihelion distance of Planet

Nine, and is thus a function of a9 and e9. Using these es-

timates as a guideline, we run a 1 Gyr integration of the

clones of the three ETNOs in the presence of the four gas

giants and a Planet Nine with orbital elements a9 = 315

AU, e9 = 0.5, i9 = 20◦, ω9 = 150◦, Ω9 = 120◦, and
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mean anomaly M9 = 180◦, which are parameters that

fall in the anti-aligned region for these objects. Indeed,

these simulations show that the ETNOs experience li-

bration in the offset of longitude of perihelion around

∆$ ∼ 180◦.

Due to their anti-alignment, these objects reside in an

orbit-crossing region with Planet Nine. In order to avoid

close encounters and consequent instability, such ET-

NOs are often in mean-motion resonances with Planet

Nine (Malhotra et al. 2016; Millholland & Laughlin

2017). In fact, they exhibit a more complicated behavior

now known as “resonance hopping” (Becker et al. 2017;

Batygin & Morbidelli 2017; Hadden et al. 2017), where

the objects are often locked into mean-motion resonance,

but transition into different resonances over the age of

the system. It is important to note that mean-motion

resonances, which correspond to libration of resonant ar-

guments φ (e.g., φ = (p+ q)λ9− pλ− q$9), are distinct

from apsidal resonances, which correspond to libration

of ∆$.

As one working example, Figure 13 shows the behav-

ior of a clone of 2016 QV89 over a time interval for which

it resides in a 5:2 resonance with Planet Nine. The top

panel shows the nearly constant semi-major axis evolu-

tion that is characteristic of resonance, and the bottom

panel shows the librating resonance argument φ. In this

plot, we only show the time interval during which this

object is truly in resonance. However, 2016 QV89 often

resides in near-resonance for billions of years, most likely

experiencing nodding behavior (Ketchum et al. 2013) in

which it transitions back and forth from a librating to

a circulating resonance argument (note that similar be-

havior has been reported in Millholland & Laughlin 2017

and Becker et al. 2017 for some of the longer-period ET-

NOs, such as Sedna).

An example of resonance hopping behavior is shown

in the bottom panel of Figure 14, which displays the

evolution of the triplets in the presence of Planet Nine.

It is clear that in this dynamical regime, these objects

spend more time with constant semi-major axis than in

the transient, highly variable regimes in between. In

other words, the triplet objects effectively “hop” from

one value of semi-major axis to another.

In contrast, the top panel shows the evolution of the

triplet objects in the presence of the current Solar Sys-

tem only (without Planet Nine). Here we see that the

objects tend to spend more of their time scattering,

with more highly variable semi-major axes, and only

spend short time intervals with nearly constant orbital

elements. In other words, rather than continually hop-

ping between semi-major axis values, the objects only

occasionally get “stuck” into a resonance. As such, this

Figure 13. Possible 5:2 resonance between 2016 QV89 and
Planet Nine. The top panel shows the time evolution of the
semi-major axis for a clone of 2016 QV89 that lands in a
5:2 resonance with Planet Nine. The bottom panel shows
the corresponding resonance angle given by the argument
φ = 5λ9 − 2λ− 3$9. The resonance angle is clearly librating
and thus indicates a mean motion resonance with Planet
Nine.

plot highlights the difference between the effects of “res-

onance sticking” (top) and “resonance hopping” (bot-

tom)2.

In light of this dynamical behavior, perhaps it is not

as surprising to find a collection of ETNOs with simi-

lar semi-major axes. Rather than invoking collisions to

explain the origin of this associated ETNO triplet, an
alternate explanation is that these three objects are cur-

rently in the same mean-motion resonance with Planet

Nine. Since resonances result in semi-major axis oscilla-

tions with a finite width, it is not necessary for the three

ETNOs to have identical values of a as long as they are

similar. In fact, the observed differences of a few percent

correspond to a relatively narrow libration amplitude of

the resonance argument.

Of course, we cannot know whether these objects are

in fact in resonance with Planet Nine until the planet

is discovered (or ruled out). For a given orbit of Planet

Nine, however, we can search for librating resonance an-

gles among the clones in our simulations. It is important

2 For a recent numerical characterization of resonance sticking
in the Kuiper Belt, see the analysis by Yu et al. (2018).
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Figure 14. The top panel shows the rapid semi-major axis
evolution of a few representative clones of the triplet objects
in the current Solar System. The bottom panel shows the
constant-a evolution induced by the addition of Planet Nine
with a9 = 315 AU, e9 = 0.5, i9 = 20◦ into the system.

to note that to achieve anti-aligned behavior for these

triplet objects, we have chosen Planet Nine parameters

that fall on the inside of the typically accepted range of

(a9, e9). The original authors — as well as subsequent

analyses — have shown that the perihelion distance of

Planet Nine is likely to be q9 ∼ 250 AU, which is signif-

icantly larger than our choice of q9 ∼ 150 AU. Taking

this difference into account, the next section considers

a more typical set of parameters for Planet Nine. As a

consequence, the triplet objects lose their anti-alignment

in ∆$ space.

4.2.2. ETNOs with Circulating ∆$

Given the current arguments $ of the three objects

under consideration, it is possible that their orbits are

in fact circulating in ∆$ and do not remain confined in

physical space. Given their observed semi-major axes,

which are smaller than the typical values for which

Planet Nine dominates TNO dynamics, the ∆$ for

these ETNO orbits are likely to circulate even in the

presence of Planet Nine. In this case, the currently ob-

served anti-alignment with the proposed Planet Nine or-

bit is due to chance. Even with circulating ∆$, the dy-

namical behavior of the ETNOs could be driven by (i)

resonant or (ii) secular interactions with Planet Nine, as

discussed below.

Figure 15. Possible 5:1 resonance between 2016 QV89 and
Planet Nine. The top panel shows the time evolution of the
semi-major axis for one clone of 2016 QV89 that lands in a
5:1 resonance with Planet Nine. The bottom panel shows
the corresponding resonance angle given by the argument
ϕ = 5λ9 − λ − 3$9 − $. The resonance angle is clearly
librating and thus indicates a mean motion resonance with
Planet Nine.

Resonant Case. In theory, some ETNOs with cir-

culating ∆$ could be trapped in mean-motion reso-

nances with Planet Nine. Despite their potentially orbit-

crossing behavior, these objects would be able to remain

stable in the presence of Planet Nine due to the asso-

ciated phase-space protection mechanism. In this case,

the form of the librating resonance angle is different from
the anti-aligned case (Batygin & Morbidelli 2017). An

example of an object with circulating ∆$ but which also

has a librating resonance argument is shown in Figure

15.

If the triplet objects are in this dynamical class, then

the similarity of their orbits could be explained by their

mean-motion resonance with Planet Nine, as in section

4.2.1 above for the anti-aligned class.

Non-Resonant Case. Although objects circulating

in ∆$ may be in mean-motion resonances with Planet

Nine, not all must be in this synchronized state in order

to avoid close encounters with Planet Nine. Depending

on the exact orbit of the planet, it is possible for the

objects with circulating ∆$ values to follow trajectories

that avoid orbit-crossing configurations. In this case, the

behavior of these objects is driven by secular interactions
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with Planet Nine, and although these objects are not in

true resonance, their dynamics are marked by regions of

constant semi-major axis evolution.

5. CONCLUSION

This paper has reported the discovery of two new ex-

treme trans-Neptunian objects, 2016 QV89 and 2016

QU89. Our main findings can be summarized as follows:

[1] These two objects may be associated with each

other and with the ETNO 2013 UH15. The three ob-

jects have orbital elements (a, e) that differ by less than

about 2 percent among the three bodies, and the remain-

ing angular orbital elements (i, ω,Ω) fall within ranges

of 9, 20, and ∼ 70 degrees (see Table 1). For 2016 QV89

and 2016 QU89, the observed colors are statistically in-

distinguishable (see Table 1). However, we cannot state

with certainty that the apparent simularities in orbits

are not due to random chance.

[2] The existence of this triplet ETNO system has im-

portant ramifications for the dynamics of the outer Solar

System. Numerical integrations indicate that the three

bodies tend to stay together in parameter space for time

scales of order of 100 Myr, but diverge over longer spans

of time (see Figure 4). In addition, the probability that

three random ETNOs happen to lie so close in orbital

element space is low (see Figure 8), but this possibility

cannot be excluded with current data. These objects

should be considered a candidate system for a common

origin in future analyses.

[3] These objects are not likely to be in true resonances

with Neptune at the current epoch. However, it is pos-

sible that they were in resonances in the recent past;

this possibility could explain the present-day similarity

in their semi-major axes. These objects appear to ex-

hibit “resonance sticking” in our simulations, generally

residing outside of Neptune resonances but “sticking” to

resonances for short periods of time.

[4] The existence of this triplet ETNO system has

important implications for the Planet Nine hypothesis.

The orbits of the three ETNOs under study should be

sufficiently distant from the Sun that they would be

influenced by the proposed Planet Nine, even though

their orbital distances fall below the a ∼ 250 AU cut-

off used previously in some works (ex: Millholland &

Laughlin 2017; Becker et al. 2017; Batygin & Morbidelli

2017) to describe the population most susceptible to

Planet Nine’s influence. In particular, in the presence of

Planet Nine, with canonical orbital elements and mass,

the long-term evolution of semi-major axes for the three

bodies is markedly different, as they exhibit “resonance

hopping” whereby long stints in resonance are disrupted

by short bursts of migration in semi-major axis. In ad-

dition, if Planet Nine exists with a semi-major axis near

the low end of its proposed range, then it can cause

the ETNO orbits to be apsidally anti-aligned (as ob-

served). The apparent alignment of the physical orbits

of these objects with that predicted by Planet Nine re-

quires future work to determine the true extent of Planet

Nine’s dynamical influence, as the 250 AU cutoff may

not be sufficient to describe the population of objects

shepherded by Planet Nine.

Future discoveries and their associated dynamical

studies will expand the census of known ETNOs and

allow for a better determination between the various

scenarios presented in this work.
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