N

N

OSSOS. XVII. An upper limit on the number of distant
planetary objects in the Solar System
Edward Ashton, Brett Gladman, J.J. J Kavelaars, R. Lynne Lynne Jones, K. Simon
Simon Krughoff, Mike Alexandersen, Michele T Bannister, Ying- Tung Chen,
Stephen Gwyn, Jean-Marc C. Petit, et al.

» To cite this version:

Edward Ashton, Brett Gladman, ].J. J Kavelaars, R. Lynne Lynne Jones, K. Simon Simon Krughoff, et al..
OSSOS. XVII. An upper limit on the number of distant planetary objects in the Solar System. Icarus, 2021,
356, pp.113793. 10.1016/j.icarus.2020.113793). <hal-03388778)

HAL Id: hal-03388778
https://hal.science/hal-03388778v1

Submitted on 20 Oct 2021

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to'flizition
HAL Authorization


https://hal.science/hal-03388778v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Highlights

OSSOS. XVIIL An upper limit on the number of distant planetary objects in the Solar System

Edward Ashton,Brett Gladman,J. J. Kavelaars,R. Lynne Jones,K. Simon Krughoff,Mike Alexandersen,Michele T. Bannister, Ying-
Tung Chen,Stephen Gwyn,Jean-Marc Petit,Kathryn Volk

e We searched ~167 square degrees for distant (>300 au) Solar System objects down to m, = 25.5.

e Using a survey simulator we turned our null result into an upper limit of ~ 1000 Pluto sized objects in the distant Solar
System.

e Our analysis highlights interesting aspects in the distribution of detection distances, at both perihelion and aphelion.
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ARTICLE INFO ABSTRACT

Keywords: Beyond the giant planets there is a collection of bodies left over from the epoch of planet formation.
Kuiper belt; Planetary Formation; Dwarf The objects that are just beyond Neptune are more easily detected than those that journey hundreds
planets of au away; all such highly eccentric objects have been observed inside 150 au. We are interested

here in a population of Pluto to Mars-sized planets that were almost certainly present in the early
Solar System, some of which may now be stranded in the distant Solar System. Using data from the
Outer Solar System Origins Survey (OSSOS), which covers ~167 square degrees down to r ~25, we
searched for objects beyond 300 au using a rarely used search technique. To find such objects we
created catalogues of all the sources that were stationary (to the level of the astronomical seeing) in
three images taken over 2 hours. We then searched for which such ‘stationary’ objects were not present
days/weeks/months before and after. Although other astronomical phenomena (e.g. supernovae) were
discovered, no slow moving Solar System object was found. From the null detection and using a survey
simulator, we obtain a model-dependent 95% upper limit of ~1000 on the number of ‘planetary’
objects (with absolute magnitudes, H,., less than 2) in the distant Solar System. To our knowledge
this is the first published limit for objects of this scale beyond 300 au. We show that if there are a
small number of Mars-scale objects still in the distant Solar System, despite being brighter they may
have escaped detection in other surveys due to their slow rates of motion.

1. Introduction would it be? If the object was within 165 au it had a roughly
2/3 chance of being found by the Schwamb et al. [18] (or
the smaller/shallower surveys of Sheppard et al. [22], Rabi-
nowitz et al. [17], Bannister [1] and Brown et al. [6]) search
of the ecliptic, unless it was particularly highly inclined, or
currently in front of the galactic plane. This leaves the region
beyond 165 au as the most likely to yield new detections.
The majority of TNO surveys are unable to detect objects
moving <0.5”/hr, which corresponds to 300 au at opposi-
tion. We were thus motivated to search existing multi-night
survey data looking for objects beyond these distances.

At the beginning of this 2017 investigation, the two sur-
veys that could detect Pluto-sized or larger objects beyond
300 au distance were the Spacewatch Survey[12], which cov-
ered a sky area of ~ 8,000 square degrees, and aforemen-
tioned Schwamb et al. [18] survey, which covered ~12,000
square degrees. Larsen et al. [12] estimate they were able
to detect the motions of objects out to 1250 au although, as
they stated, with their magnitude limit of m, ~ 20.5 they can
only detect Jovian sized objects at this distance. Schwamb

Planet formation is a complex process. Regardless of the
details of how planets form, there are planets and minor bod-
ies of all sizes observed or inferred in both the Solar System
and other stellar systems. The planet building process (and
subsequent collisional erosion) yields the current size distri-
bution.

Trans-Neptunian Objects (TNOs) are icy bodies out be-
yond Neptune. The very upper end of the TNO size dis-
tribution is not well determined due to small number statis-
tics; there are currently only three known Pluto-sized objects
(Pluto, Eris, and captured Triton).

There were likely at least 1000 Pluto scale objects pro-
duced during planet formation in the outer Solar System [23,
14]. Even though almost all of these Pluto-sized minor bod-
ies were ejected from the Solar System, it would be very
surprising if the three already discovered Pluto-sized TNOs
in the Solar System were all that remained. If there was an-
other Pluto-sized or larger object in the Solar System, where

¥4 eashtonephas. ubc. ca (E. Ashton) et al. [18] indicate that they were able to detect the motions
ORCID(S): 0000-0003-4143-8589 (M. Alexandersen); of objects out to 1000 au, although their limiting magnitude
0000-0003-3257-4490 (M.T. Bannister); 0000-0001-7244-6069 (Y. Chen); of m, = 21.3 corresponds to Pluto only out to 165 au. After

0000-0001-8736-236X (K. Volk)

Ashton et al.: Preprint submitted to Elsevier Page 1 of 7



OSSOS. XVII. An upper limit on the number of distant planetary objects in the Solar System

10F

Radius (Pluto Radii)

1 I . .
300 400 600 1000 2000

Distance (au)

Figure 1: Minimum visible planet radius as a function of dis-
tance for four surveys: Schwamb et al. [18] (blue), Holman
et al. [9] (magenta), Sheppard and Trujillo [21] (red), and this
work (black). The solid lines represent the limit of the region
of phase space which an object can be detected by the surveys.
The diagonal lines correspond to the limiting R band magni-
tude, these values are converted to radius by scaling Pluto’s
apparent magnitude (using Pluto’s albedo). The shaded green
area is the region of phase space that this work is sensitive to,
with light green if there is overlap with other surveys, and dark
green being parameter space unique to this study.

our current work began, two more surveys have been used
to search for slowly moving objects. The Pan-STARRS data
has been searched for objects out to 2000 au [9]. The survey
has a limiting magnitude of m, = 22.5, which would detect
Pluto out to 250 au, and covered nearly the whole sky north
of -30° in declination (excluding the galactic plane). Shep-
pard and Trujillo [21] searched a thousand square degrees
and state sensitivity to objects out to 500 au; because multi-
ple telescopes were used, their limiting m, magnitude varied
from 24 to 25.5, with a majority of their observations having
depths m, = 24-24.6.

Figure 1 shows the combinations of distance and ob-
ject size that can be detected in the three of the surveys de-
scribed above and in this work. In regards to detecting Pluto
sized objects at distances greater than 300au, the surveys
of Schwamb et al. [18] and Holman et al. [9] are not deep
enough. Sheppard and Trujillo [21], on the other hand, would
have been able to see Pluto sized objects out to almost 500
au, but only with a small fraction of their survey. Most of
their survey could not see objects fainter than m, = 24.6,
which is Pluto at 350 au.

In this paper we present the data set used (Section 2), de-
tails of our searching method and the results (Section 3), and
how we turned the null result into an upper limit on the num-
ber of Pluto sized objects in the outer Solar System (Section
4).

2. Data

The data used for this work come from the Outer So-
lar System Origins Survey (OSSOS), designed to detect and
track alarge sample of TNOs in the 10-300 au distance range.

The survey covers a small fraction of the the ecliptic’s area:
~167 square degrees that is split up into eight, roughly equally
sized, regions of sky known as blocks [3]. OSSOS’ depth
depends on the image quality (IQ) of the triplets (see next
paragraph).Thus the limiting magnitude varies from block
to block and ranges from m, = 24.5 to 25.2.

The OSSOS observing cadence can be conceptually bro-
ken up into two parts, the imaging for discovery on one night
(“triplets’) and images for tracking, and thus orbit determi-
nation, taken on various other nights (‘confirmation’). The
triplet consists of three 287-sec images taken with 1-hour
spacing, which were used to discover the TNOs using a moving-
object detection software pipeline [15]. The confirmation
images are single images taken at a variety of time inter-
vals both before and after the triplet. The majority of the
confirmation images reach deeper depths than the triplet im-
ages, either via a better IQ, longer exposure time, or a wider
filter [3]. Most fields had a least one confirmation image
taken in the a couple of days after the triplet, at least one a
week after, at least one at + one month, and one at + two
months. In some cases there were confirmation iamges that
were =+ three months from the triple. This cadence produced
complete TNO orbital linkages; here we use the confirma-
tion images for a different purpose (see below). The OS-
SOS cadence also contains confirmation images taken in the
following opposition, these confirmation images were only
used in this work if a block was considered to contain too
few confirmations in the discovery opposition. For a more
complete understanding of OSSOS please refer to Bannister
et al. [2] and Bannister et al. [3]

3. Method

Because we expect only a few Pluto-sized objects to be
in the outer Solar System today and OSSOS only covered a
small fraction of the ecliptic, we did not expect to find any
objects in this search. Thus the goal of this work was to do
a quick search to estimate a first upper limit on the number
of distant Pluto-sized objects in the Solar System, to a factor
of two to three accuracy. Thus, when in our data analysis we
realised that it was possible to do something ‘slightly bet-
ter’ but at a much larger time expense, we chose to mildly
sacrifice precision.

To detect TNOs, OSSOS employed the commonly used
method of searching for linearly moving objects in three short-
cadence discovery triplet images. A TNO’s on-sky rate of
motion at opposition, in ’/hour, can be approximated by 150/d,
where d is the object’s heliocentric distance in au. The origi-
nal search set a lower limit of ~0.5’/hour, which would com-
fortably detect motion in the triplet images. Motion slower
than 0.5”/hour corresponds to objects beyond 300 au but
resulted[2] in a rapidly increasing number of false positives
due to stationary sources being flagged as moving due to
centroiding jitters. OSSOS thus did not search these rates.
In order to detect these (<0.5”/hour) Slow Moving Objects
(SMOs) we use a different technique, searching for objects
that appeared stationary in the triplet images, within some
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tolerance, but did not reappear in most of the confirmation
images (some similarities to [6]). This allows us to be sen-
sitive to Pluto-scale and larger objects at great distance.

The first step of our algorithm is to create a catalogue
of all the objects that appear stationary in each triplet. This
was achieved by matching sources in the existing OSSOS
source catalogues. Each triplet image has two source cata-
logues, one created using wavelets[15] and the other using
S-Extractor[5]. For an object to be classed as ‘stationary’ it
needed to appear in all six catalogues of the triplets (2 cat-
alogue creation methods for each of the 3 images). When
matching sources from two different catalogues, the toler-
ance used was a weighted combination of the seeing on the
two images and the distance an object moving at 0.5”/hour
would have traveled. The seeing was used as a proxy for the
uncertainty in the source position since the catalogues did
not contain an estimate for these uncertainties.

We then identify all of the confirmation images where
the (RA, Dec) sky position of a given stationary object is
on the pixels of that confirmation image. This task was not
trivial due to the slow drift in image position that OSSOS
used to minimise TNO loss off the edges of the imaged sky
areas. This necessitated a highly accurate absolute plate so-
lution, which OSSOS already had. Each confirmation im-
age that contained the desired (RA,Dec) is considered ‘on-
pixels’ for a particular stationary object. The catalogues for
each on-pixels confirmation images are searched for a match
to the stationary object. The seeing of the worst triplet image
and the confirmation image, added in quadrature, were used
as the tolerance for this search. If the stationary object was
matched to a source in the on-pixels confirmation image cat-
alogue, then the object was considered ‘found’ on that con-
firmation image. Each stationary object thus has a different
number of potential detections on the full set of confirmation
images.

Some of the confirmation images had poorer IQ than the
triplet and thus the faintest stationary objects were not de-
tected on all of its on-pixels confirmation images. Therefore
we needed to classify the stationary objects as either being
bright, where the object should always be detected regard-
less of the seeing, or faint, where the object was below the
mag limit on some fraction of the worst confirmation images.
This boundary between the bright and faint was determined
by simply examining graphs showing at which flux there was
a drop off in average number of confirmation detections per
stationary object (i.e. the average number of detections per
stationary object is fairly constant for fluxes brighter than
this boundary and steadily decreases as the flux decreases
below it). For the OSSOS fields and depths, the ratio of
faint to bright objects was approximately unity. We deter-
mined that this drop off simply starts when the object is too
faint to be seen on the worst confirmation image, at which
point the likelihood of finding these faint objects again in the
confirmation image depends on a comfirmation image’s see-
ing. If a faint stationary object was not found on a confirma-
tion image whose (RA,Dec) is present, but that confirmation
image’s seeing was bad enough to fail a quality check, then

that confirmation image is not counted as on-pixels for the
stationary object. We assume that the bright objects should
always be detected in the confirmation images, independent
of the seeing. On average there were about 10 useful confir-
mation images per stationary object.

Any stationary object that did not reappear in any of the
confirmation images, which would be the desired signal of a
real SMO, were placed in a candidate list. To negate the pos-
sibility of a SMO not making it into the candidate list due to
a chance cosmic ray or asteroid causing a false detection at
that position on a confirmation image, stationary objects that
were found on up to two confirmation images were included
in the candidate list. The remaining objects had multiple de-
tections and were considered ’confirmed’ stationary objects.

All candidates were vetted by an operator looking at cutouts
of the images centred on the candidate. In a rapid first pass,
only the triplet images were visually examined to reject any-
thing that was obviously not a point source. In a second
pass, all of the images where a candidate is on-pixels were
looked at (the triplet, and all confirmation images where that
(RA,Dec) is available).

After applying this method to each field of each OSSOS
block, no SMOs were found. The number of first pass can-
didates per square degree ranged from tens to a few hundred,
with roughly a third of these candidates making it to the sec-
ond pass. Almost all of the candidates were false positives,
the exception being 66 detected supernovae (see Fig 2 for an
example). These supernovae were at peak brightness near
the time of the triplet, so they usually were not seen in the
confirmation images before the triplet and only visible in a
couple of the confirmation images taken a few days/weeks
after. Thus not exceeding the maximum two detection over
all confirmation images needed to still be a candidate.

The vast majority of false positives suggested for vetting
were very faint stars or caused by halos of bright stars. That
is, in the diffraction halo of bright stars local peaks in bright-
ness can occur and the pipeline identifies these as (station-
ary) objects, or a faint source in a very good-seeing triple
may be not get into the confirmation catalogs. In both these
cases the nature of the candidate is obvious to the human op-
erator. A rarer and interesting type of false positive are opti-
cal ghosts caused by internal reflections of very bright stars
which then appear as faint sources with normal (or nearly
normal) point-spread functions. The barely different point-
ings for each triple image caused the location of the optical
ghost to move, but only barely perceptibly and thus less than
the stationary tolerance for the triplets. For the confirmation
images, however, the blocks shifted enough that the optical
ghost is no longer anywhere near its position in the triplets.
This mimics the signal that of a real SMO with the main dif-
ference being the usually non-linear movement of the optical
ghosts in the triple. For the few cases where the non-linearity
was less pronounced, we examined the projected position of
the optical ghost in the confirmation images a few days later.
Because the optical ghost had apparent rates of only a few
tenths of an arcsecond per hour, their projected positions a
day later were less than 10 arcseconds away from their triplet
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Figure 2: Images of a supernova event (centre of the red cir-
cles) in the outskirts of a distant galaxy that was identified as
a SMO candidate by our code, because it was only detected by
the code on two (out of 24) confirmation images. The top row
contains images taken 2 months (left) and 1 month (right) be-
fore the triplet. The three triplet images are in the middle row.
The bottom row contains images taken a day (left), 1 month
(middle) and 8 months (right) after the triplet. The sudden
appearance and fading out on the timescale of a month is char-
acteristic of a type 1a supernova. Each cut out is about 10"
wide.

positions. If they were actually SMOs finding them in the
confirmation image a couple of days later would have been
trivial. None of the ‘optical ghosts’ re-appeared, thus prov-
ing that these signals were not SMOs. Over the entire survey,
26 optical ghosts were found.

4. Survey Simulator

Even though no SMOs were discovered, we can use this
null result, along with the fact that the initial OSSOS search
did not find any nearby objects of this size, to place an up-
per limit on the number of large (Pluto-sized and bigger)
TNOs in the outer Solar System, subject to some assump-
tions. Firstly we assume that the code would have found a
real SMO, if there was one above the mag limits, since ob-
jects that behaved similarly to a SMO (optical ghosts) made
itinto the candidate list. Therefore no planting and finding of
artificial objects was required to establish a magnitude detec-
tion limit, because we assume that the efficiency of the code
to find a real SMO of a certain r-band magnitude is the same
as that established for an OSSOS TNO in that same block
[3], allowing us to use the OSSOS survey simulator, both of
which rely on the detection efficiency of the triplet, as the
recovery/confirmation rate is very high. This is an approxi-
mation, but good enough for our factor of 2 to 3 estimate.

The OSSOS survey simulator works by creating one ob-
jectat atime from an input orbital and size distribution model
and assessing whether this object would have been found by
OSSOS. For more detail see Kavelaars et al. [11], Lawler
etal. [13].

The orbital distribution we use for potential large semi-
major axis objects consists of a uniform semi-major axis, a,
ranging from 150 au to 999 au. We assume that the pericen-
tre distance, g, distribution is uniformly distributed starting
from g = 37 au out to 99 au. The inclination distribution
used is the typical sin i times a Gaussian; because a SMO
would be either a scattering or detached object and thus will
be part of the hot population, we use a width of 13° [16]. All
the other parameters (longitude of ascending node, the argu-
ment of perihelion, and the mean anomaly) are uniformly
distributed from 0 to 360°.

For the simulated size distribution, we wanted to exam-
ine objects ranging from the smallest object that we would
have been able to detect up to a Mars-sized object. A Mars-
sized object (with Pluto’s albedo) would have an absolute
magnitude, H,, of -3. Known large TNO’s have compar-
atively high albedos; if distant large TNOs objects were to
have lower albedos then they would have to be larger in size
for us to detect them (the product of albedo and reflecting
area being constant). The smallest object that we can detect
would have an apparent mag of 25.5 at 300 au, correspond-
ing to an object with H, =~ 0.7. The matching tolerance used
in making the stationary catalogue allowed the algorithm to
find objects moving slightly faster than 0.5”/hour, due to the
seeing of the triples. The closest object the algorithm de-
ployed here could detect was actually slightly closer than 300
au. Due to this, and that the range would be a convenient 5
magnitudes, we decided to simulate objects down to H, =
2 (a range spanning 5 magnitudes corresponds to a change
in radius by a factor of 10). Therefore the H, mag range we
used was -3 to 2.

For the functional form of the absolute magnitude distri-
bution of our simulated population, we look to known TNOs
whose distribution is often represented with an exponential
law of the form

N(< H) « 10 (1

where N(< H) is the cumulative number of objects that have
an absolute magnitude of ‘H’ or less and « is the logarith-
mic slope. The value of « is known to differ for different H
ranges. For objects brighter than H,, of 6, the known TNOs
exhibit two slopes with a transition at H, ~ 3 (Figure 3).
The values for a are @ = 0.14 for the shallow slope and a =
0.61 for the steep slope. The largest H, value in our desired
range, H, = 2, corresponds to H,, ~ 2.5, which is lower
than the apparent transition near 3. Thus the simulated sam-
ple is situated in the range where the H, distribution slope
is shallow. Because there is no clear argument that the slope
would change for TNOs larger than Pluto, we used a log-
arithmic size distribution with a slope of a = 0.14 for the
entire simulated population.
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Figure 3: The cumulative heliocentric absolute visual magni-
tude H, distribution of the known TNOs down to H, = 8 (blue
line). Two exponential functions are plotted (dashed lines) to
guide the eye and match the slope of the data; note that these
are not fits to the data. The logarithmic slope, @, of each
exponential function is displayed above each line. The obvious
roll-over beyond H, ~ 6 is due to the increasing observational
incompleteness of fainter TNOs. Data obtained from the Mi-
nor Planet Center.

To get a 95% upper limit from the survey simulator we
need to estimate the population size needed so that the chance
of getting no detections is < 5%. This corresponds to hav-
ing an expected value of 3 simulated detections (for Poisson
statistics, as e™> ~ 5%). Therefore we ran the survey sim-
ulator until we got 3 detections, and the number of objects
generated serves as an estimate of the 95% upper limit on
the true intrinsic population of these large objects. We ran
the simulator to get 1000 independent estimates for this up-
per limit (only the random seed changed). A histogram of
the 1000 trials is shown in Figure 4. The sample has a me-
dian value of 1100. Although this value is model dependent,
as stated earlier we were only looking for a factor of two to
three accuracy, and we found that moderate changes in the
parameters did not affect our conclusions.

While studying the survey simulation, we noted an in-
teresting aspect of the observational biases. To study the
distance distribution of detectable objects, we define a quan-
tity F, which we refer to as the fractional orbital distance, to
measure how far beyond perihelion the objects were when
detected.

F=4-4
Q0-g¢

where d is the object’s heliocentric distance at detection, and
g and Q are the objects perihelion and aphelion distance, re-
spectively. Thus F moves smoothly from O to 1 as d goes
from ¢ to Q, and its distribution provides insight into the
concentration of detection at perihelion or aphelion. Unsur-
prisingly, the intrinsic distance distribution for these highly
eccentric objects (black line, left panel in Figure 5) has a
peak at F = 1 due to a long residence near aphelion caused

@

0.0007 T ™

Frequency

500 1000 1500 2000 2500 3000 3500
Total Number of Objects

4000 4500

Figure 4: A histogram constructed from the 1000 estimates
of the 95% confidence upper limt on the population of large
(-3< H, <2) planetary scale bodies currently in the outer Solar
System. The median of this distribution (dashed line) is taken
to be our best estimate for the upper limit.

by Kepler’s second law. The small spike at perihelion (F=0)
is due objects having close to zero radial motion and thus
spend more time near the circle r = g (see Figure 6), even
without detection bias. We then compare the F distribution
of the simulated detections for 3 different magnitude ranges
(-3<H,<-2,-1<H,<0,1< H, <2). The smallest ob-
ject range (dwarf planets) are predominantly found at low F
values (near perihelion) due to the fact that a vast majority of
them are only above the magnitude limits when near perihe-
lion. This phenomenon, that perihelion flux bias wipes out
the aphelion spike in the distance distribution, is not new and
was first illustrated in Jones et al. [10]. In contrast the left
panel in Figure 5 shows that the largest detected objects are
more uniformly spread in detection d (example Gerdes et al.
[7]) and in addition still maintain a strong detection spike at
aphelion. This is simply because the Mars-scale objects can
be detected further out, including the frequent case of being
near aphelion. The implication is that past surveys with sim-
ilar depths could have detected the flux from a Mars-sized
object; at this size the most likely single case is being above
the magnitude limit while near apocentre. Even though such
an object would be visible, at hundreds of au away it was al-
most certainly below the survey rate cuts and would not be
identified as a moving target and thus missed. However, most
of the previous wide-field surveys searching for distant Solar
System objects do not go to 24th magnitude, but should still
be able detect (in terms of flux) a Mars-sized object out to few
hundred au. According to Schwamb et al. [20] & Schwamb
et al. [19] the current pipeline for detecting moving objects
in Large Synoptic Survey Telescope (LSST) cannot detect the
motion of objects beyond 200 au. Unless LSST include a
search method, like ours, that examines multi-night data for
objects that do not move perceptibly in a single night, they
could miss a Mars-sized object near apocentre.

The fractional orbital distance is related to the true anomaly
of course, but provides different insights. The right panel in
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Figure 5: The fraction of objects with a certain fractional orbital distance, F (left), and the true amonaly (right) for different
H, magnitude ranges are red for -3 < H, < -2, green for -1 < H, < 0 and magenta for 1 < H, < 2. Each group has around
90,000 values which are split up into 15 bins. The intrinsic population (black line) is added for reference. The spike of the
intrinsic population near F=0 is real and due the radial component of the heliocentric velocity being small. Note that a range of
semi-major axes are represented here, allowing for a few of the even physically smallest (magenta-coded) objects to be detected

near apocentre.

Figure 5 shows the true anomaly distribution for both the
intrinsic population and for the simulated detections for the
same three H,-magnitude ranges as the left panel; we only
plot the true anomaly from O to x since it is symmetric around
7. The intrinsic distribution nicely shows how this large-e
population spend more time at higher true anomaly due to
Kepler’s Second Law. It also shows how the detection bias

eventually truncates the distribution at large-enough true anomaly

producing a detection maxima in the range of true anomaly 2
- 2.5 (for these relatively large objects). These maxima cor-
respond to the small bumps in the F distributions between
F = 0.1 — 0.4 in the left panel of Figure 5. What the true
anomaly plot hides is the increase in detections near peri-
helion, which is represented as the spikes at F = 0 in the
left hand plot, which is present even in the intrinsic distri-
bution but is magnified in the detected sample. This occurs
because while the time spent near a true anomaly of zero
is indeed small, the time spent near r ~ ¢ is not (Figure
6). This perihelion spike (which is even more pronounced
for lower eccentricity orbits) is an important phenomenon in
flux-limited surveys if one is going to determine whether the
distribution of detection distances matches a model because
large swaths of true anomaly have nearly the same reflected
flux, and it is the distance distribution that is thus critical.
Gladman et al. [8] clarifies how this is also affected by, and
can thus help constrain, the absolute magnitude distribution.

5. Discussion & Conclusion

After searching through the ~167 square degrees of the
OSSOS data for a slow moving object beyond 300 au, 66
supernovae and 26 optical ghosts were found but no slow-
moving solar system objects. By simulating high semi-major
axis TNOs we obtain an understanding of the statistics of
the objects we were sensitive to. Although this work is the
first search sensitive to Mars-scale objects at 500-1000 au,

Figure 6: Schematic of an eccentric orbit (solid ellipse) that
has been divided into segments of equal true anomaly. Dotted
circles represent the perihelion and aphelion distances. Near
perihelion, an object’s heliocentric distance is relatively con-
stant over a large range of true anomalies, producing a concen-
tration of detections with r ~ ¢ (as demonstrated in Figure5)

the upper limit of ~1000 objects from -3 < H, < 2 is not
very constraining. Half of this distribution (H, < -0.5) cor-
responds to Pluto-scale and larger objects. Estimates based
on the fact that three such objects (Pluto, Eris and Triton)
are currently known have been used to predict that ~ 1000 -
4000 must have existed in the very early Solar System during
the planet migration phase (e.g. Nesvorny and Vokrouhlicky
[14]), given an estimated ‘retention efficiency’ of order 1073.
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Thus, a current upper limit of 1000 such bodies is not very
constraining to these late-stage planetary formation models,
as those models would indicate <10 such objects likely re-
main in the outer reaches of the Solar System. Our modeling
does indicate, however, that if a few such objects still exist
in the scattering or detached populations of the outer Solar
System, they may very well have been near aphelion moving
so slowly that previous deep (mp ~24-25) surveys would
have been unable to detect them. LSST would need to alter
their pipeline to be able to detect these extremely slow mov-
ing targets using their multi-night data. If we crudely scale
from our 0.3% of detection to LSST, by saying that survey
will cover 50 times the ecliptic sky area of OSSOS down to
a similar depth, LSST has a 15% chance of finding a single
(-3 < H, <?2) ‘planet’, if these objects are distributed in the
scattering population roughly like as assumed here. Because
the H-magnitude distribution is shallow, usage of large aper-
tures is not as important as sky coverage, the sum of existing
wide-field surveys (eg. Sheppard and Trujillo [21], Bernar-
dinelli et al. [4]), some of which is far from the ecliptic, pro-
vides an even smaller chance of success than LSST of finding
such a distant planet.
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