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ABSTRACT

We report the orbital distribution of the Trans-Neptunidneats (TNOs) discovered dur-
ing the High Ecliptic Latitude (HiLat) extension of the CalaaFrance Ecliptic Plane Survey
(CFEPS), conducted from June 2006 to July 2009. The HiLatpoment was designed to
address one of the shortcomings of ecliptic surveys (lik&ERE), their lack of sensitivity to
high-inclination objects. We searched 701 #Hefisky ranging from 12to 85° ecliptic latitude
and discovered 24 TNOs, with inclinations betweefi ib104. This survey places a very
strong constraint on the inclination distribution of thet komponent of the classical Kuiper
Belt, ruling out any possibility of a large intrinsic fraoti of highly inclined orbits. Using the
parameterization of Brown (2001), the HiLat sample comthiméth CFEPS imposes a width
14° < o < 15.5°, with a best match fos = 14.5°. HiLat discovered the first retrograde TNO,
2008 KV 3, with an almost polar orbit with inclination 104and (418993),a scattering object
with perihelion in the region of Saturn’s influence, with- 400 AU andi = 68°.

Subject headings. Kuiper Belt, surveys

1. Introduction

The Kuiper Belt is widely thought of as a left-over flattenadkdof planetesimals extending from
~ 30 to a thousand AU from the Sun. Several Kuiper Belt surveykdground by investigating the gross
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properties of the TNO diameter and orbital distributiors large samples (Jewitt et/al. 1996; Gladman et al.
2001; Millis et al. 2002} Trujillo et &l. 2001). It is now olmis that this region must have been heavily
perturbed late in the process of giant planet formation. Kiiper Belt's small mass and the existence of
many objects with large orbital inclinations {p to 50) indicate that a process either emptied most of the
mass out of the primordial Kuiper Belt or, more dramaticathat the Kuiper Belt was transported to its
current location during planetary migration. Recent medeiggest stellar encounters (e.g., Levisonlet al.
(2010); Brasser et al. (2012)) or the existence of a 9th pl@atygin & Brown 2016) may play an important
role in shaping the outer solar system.

The dynamical structure of the Kuiper Belt is much more canphan anticipated by the commu-
nity. Surveys with known high-precision detection effidas and which track essentially all their ob-
jects, to avoid ephemeris bias (Kavelaars ét al. 2008; Jetrads 2010), are needed to disentangle these
details and the cosmogonic information they provide. Theada-France ecliptic plane surve (CFEEDS)
(Jones et al. 2006; Kavelaars etial. 2009; Petit et al.| 201 helPeafter), was a fully characteriéhrvey
that tracked more than 80% of its discoveries to orbit clinsﬂiorﬁ. Although discovering and tracking
only 169 TNOs, this survey produced solid science contidbigtto Kuiper Belt science (PL; Jones €t al.
2006; Kavelaars et al. 2009; Gladman et al. 2012). Withaatabcurate calibration and extensive tracking,
it is risky to perform quantitative interpretation of thébdal distribution of the 800 multi-opposition TNOs
in MPC database with unknown detection and tracking biakmses et al. 2010).

The inclination distribution of the ‘main’ Kuiper Belt is morecognized as bimodal (Brown 2001;
Kavelaars et al. 2008), with a ‘cold’ component of objectshwinclination width around 3and a ‘hot’
component with a very broad inclination distribution, mui&le the disk/halo structure of the galaxy. This
discovery came at the same time as the realization that thecmponent appears to have a different colour
distribution than the hot component (Doressoundiram |&Q)2; Tegler et al. 2003; Fraser & Brown 2012;
Peixinho et al. 2015). The orbital distribution of thesethigclination objects has a huge lever arm on mod-
els of outer Solar System formation and evolution, whicHude ideas like passing stars (Ida et al. 2000;
Kenyon & Bromley 2004; Morbidelli & Levison 2004; Kaib et/#011) that predict mean inclinations in-
creasing with semimajor axis, rogue planets (Gladman & (2@06) that predict inclination decreasing
with semimajor axis or transplanting almost all TNOs to theeirrent locations during a large-scale reorga-
nization of the planetary system (Thommes ét al. 1999; losvet al. 2008; Nesvorny 2015).

For both components the distribution of orbital inclinatican be modelled a3(i) o sin (i) exp (—i2/20?)
(Brown 2001). The distribution of the hot component appdarbave a Gaussian width of at least
15° (P1;|Brown[ 2001; Kavelaars etlal. 2009; Gulbis et al. 2010j,donstraining the largest inclinations
is difficult because detection biases in ecliptic surveyangily disfavour their discovery. About two dozen

Ihitp: //www.cfeps.net

2A survey is characterized when all detection circumstaaceknown: telescope pointings, efficiency of detectiontwmag-
nitude and apparent motion, ..., so that one can simulatutivey. It is fully characterized if tracking has no orbhés. An object
is characterized when its detection efficiency is large ghdhat it is accurately determined (Petit ef al. 2004)

3Assigning an orbit to a dynamical class, as defined by Gladehah (2008)
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TNOs with orbital inclinations in excess of 4@re now known. Eris, the belt's most massive known mem-
ber (Brown et al. 2005), is in this group along with 2004 xfR(discovered by our group during CFEPS;
Allen et al.[2006), the lowest-orbit known TNO with semi-major axis beyond 50AU.

Kuiper Belt objects with large inclinations spend the mi&joof their time at high ecliptic latitudes
(Fig.[1) and are poorly represented in the ecliptic surveydyding the main component of CFEPS). Even
more dramatically, it has become clear that the size digtdb of the high inclination component is flatter
(number of objects increases slower when size decreasesjié ecliptic component (P1; Levison & Stern
2001; Bernstein et al. 2004; Fraser et al. 2014). So deepeeysiconcentrating on the ecliptic will be
increasingly dominated by low inclination objects.

The situation at the end of 2006 was that a large fraction@&iy within a few degrees of the ecliptic
had been covered by a few large surveys, with magnitudeslimthe range ofn p=20-23. Being insensitive
to high inclination objects (Fid.l 2), ecliptic surveys ha@or sensitivity to the width of the hot population.
Thanks to two deep blocks of 11 de@ne at 10 and another at 20ecliptic latitude) the CFEPS efficiency
decreases less than most other ecliptic surveys towardeheagliptic latitudes. Still, although CFEPS
preferes a hot population inclination widthof 16°, it could not reject a width of 25 Actually what
limits the value ofv is the relative decrease of the number of low and intermediedination objects when
increasingr. Using the converted Palomar Schmidt, Trujillo & Brown (20@ad examined the majority of
the northern sky to a depth etz ~ 20.5 (limit for median observing conditions), discovering salef
the largest known objects; several of these large-indtinawbjects (like Eris) were close to the depth and
motion limits of that survey due to their great distancese HSSENCE Supernova Survey (Becker ét al.
2008) announced the detection of 14 TNOs found in imagesrtayve 11 ded to ' ~ 23.7 in the ecliptic
latitude range -21to -5°; this work also showed that once outside of the ecliptic ctive sky density is
consistent with even a uniform distribution in latitude. cBwa distribution would not be rejected by any
characterized surveys known at the time. We decided to peréodeep survey to magnituder ~ 23.5—
24.0 at high & 15°) ecliptic latitudes, called HilLat, to probe the hot compuainef the Kuiper Belt at sizes
smaller than achieved by the Palomar wide area survey [[0rgjiBrown/2003) and SDSS. Although HiLat
is insensitive to objects with inclinations belowléxliptic latitude (Figl.R), it complements existing sursey
because its design makes it very sensitive to objects hawatigations beyond 20-3C° (Fig.[2).

This manuscript describes the observations carried outglthe six years of the project and provides
our complete catalog (the HiLat release) of off-ecliptideséions and characterizations along with fully
linked high-quality orbits. In summary, the ‘products’ bktHiLat survey consist of four items:

1. Alist of detected HiLat TNOs, associated with the sky tmraof discovery,

2. a characterization of each survey discovery observétietection efficiency as a function of magni-
tude, motin on sky; rate range searched; pointing of obtens etc.),

3. a Survey Simulator that takes a proposed Kuiper Belt medelbses it to the known detection biases
of the HiLat blocks and produces simulated detections toooepared with the real detections, and

4. the updated CFEPS model populations accounting for thattdietections.
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Fig. 1.— Fraction of time spent at each ecliptic latitudeda@ample object with an orbital inclination of 50
degrees. Previous surveys have mostly concentrated orclpti@latitudes where their sensitivity to high
inclinations objects is comparatively low (central gregiom). A survey concentrating on the area between
40-50 latitude (like parts of HiLat, see Tallé 1 and Hig. 3, leftygregion), where high inclination objects
spend much of their orbital period, would be more sensitivihése objects.
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Fig. 2.— An illustration of the contrasting detection effiacies of CFEPS (solid line) and HiLat (dashed
line) as a function of ecliptic inclination, given their aat pointing histories. The orbital distribution model
used here is the one derived from CFEPS, except for the atimlim which was drawn uniformly between
0-9C. The scaling of each histogram is arbitrary, what mattere fethe relative efficiency of a given
survey to different inclinations.
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2. Observations and Initial Reductions

The discovery component of the HiLat project imaged00 square degrees of sky, all of which was
at ecliptic latitude larger than 22 extending almost to the North ecliptic pole {8%-ig.[3). Discovery
observations, comprising a triplet of images 1 hour aparh em the date listed in Tablé 1, andailing
observation, a single image acquired a few nights away fturdiscovery triplet, were all acquired using
the Canada-France-Hawaii Telescope (CFHT) MegaPrimerzawtgich delivered discovery image quality
(FWHM) of 0.7-0.9 arc-seconds in queue-mode operation® okiservations occured Itocks of 11 to
32 contiguous fields, cycling three times between the fieléh® number of fields observed in a series was
chosen such as to havel hour between two consecutive observations of the same ¥\ébegn a block was
too large to be observed within one night, it was split into sub-blocks observed during close-by nights,
with similar observing conditions. All discovery imagingtd is publicly available from the Canadian
Astronomy Data Centre (CAIIE\;

The HiLat designation of a block was: a leading ‘HL' followéy the year of observations (6 to
9) and then a letter representing the two week period of tlae yewhich the search observations were
acquired (example: HL7j occured in the second half of May7208imilar to CFEPS naming scheme.
Discovery observations occurred between June 2006 and20i(& for the coverage below 6@cliptic
latitude, followed by observations betweerf &hd 85 ecliptic latitude from May to July 2009. This last
part of the survey is simply named HL9 as it was acquired ao2figuous blocks over this time span.

The discovery fields were chosen in order to maximize ourit@hsto the latitude distribution of the
Kuiper Belt, in particular the high inclination TNOs. Obgimig at high ecliptic latitude ensured that we
observed only high-inclination TNOs, and greatly decrddbe pressure for follow-up observations, as the
number of TNOs per unit area drops sharply away from the tazlif he ecliptic longitudes were chosen
to avoid the galactic plane, and maximize our chances toigebwkry and tracking observations (due to
typical weather at time of opposition for the discovery fi@dserving request pressure on the telescope).
Each of the discovery blocks was searched for TNOs using awid Object Pipeline (MOP; see Petit et al.
2004). Tablél provides a summary of the survey fields, ingagircumstances and detection thresholds.
Subsequent tracking, over the next 2 or more oppositiortgjroad at a variety of facilities, including CFHT,
summarized in Tablgl2. The field sequencing and follow-uptagy of this survey are similar to those of
CFEPSI|(Allen et al. 2006; Kavelaars etlal. 2009; Petit et@Gl12. Our discovery and tracking observations
were made using short exposures designed to maximize thieeéfy of detection and tracking of the TNOs
in the field. These observations do not provide the highigi@t flux measurements necessary for possible
taxonomic classification based on broadband colours of Tal@swe do not comment here on this aspect
of the HiLat sample.

“http://www.cadc.hia.nrc.gc.ca



Table 1. Summary of Field positions and Detections.

Block RA Dec Area Fill Detections Ecl. lat. Discovery limit diection limits

HRS deg deg§ Factor D T range (deg) date filter 7rap rate (“/h) direction (deg)
HL6I 18:16 -06:49 15 0.80 0 0 11:50-20:50 2006-06-23 r.MHA96022.37 0.5t06.1 -17.81t0 16.4
HL6r 22:37 +07:04 16 0.80 7 6 12:20-16:40 2006-09-18 r.MR96023.89 0.5t06.1 -43.6t0 -8.2
HL7a 13:06  +55:00 32 0.90 0 0 49:40-60:00 2007-03-18 r.MR96023.58 0.5t05.7 6.6t047.8
HL7b  11:33 +37:30 32 0.88 0 0 27:00-35:40 2007-03-23 r.MR96022.89 0.5t05.4 -10.0to 33.8
HL7c  11:33 +29:30 32 0.89 4 4 19:50-28:40 2007-03-21 r.MR96023.72 0.5t05.8 -3.1t0 36.3
HL7d 12:49  +57:00 32 0.84 0 0 49:30-59:50 2007-04-09 r.MR96023.28 0.5t0 4.6 -25.710 26.9
HL7e 13:23  +52:58 32 0.87 0 0 49:40-60:10 2007-04-22 r.MR96(23.47 0.5t04.7 -25.2t027.0
HL7j 16:22 +12:53 32 0.90 5 5 22:50-40:20 2007-06-12 r.MA96023.49 0.5t05.6 -22.0t0 19.8
HL7I 17:47 +18:03 27 0.90 0 0 37:50-45:00 2007-06-12 r.MA96023.35 0.5t06.2 -10.1t0 22.1
HL70 22:12 +22:02 32 0.90 0 0 20:30-39:40 2007-08-20 r.MR96022.74 0.5t06.3 -28.0t0 1.2
HL7p 22:.06 +19:23 32 0.84 4 4 19:40-39:10 2007-09-06 r.MR96023.85 0.5t06.2 -41.3t0-7.3
HL7s 23:59 +27:54 31 0.98 0 0 19:30-37:00 2007-09-19 r.MR96(023.38 0.5t06.3 -35.3t0-3.9
HL8a 09:24 +63:30 30 0.90 1 1 40:00-50:20 2008-01-08 r.MR96023.76 0.610 6.6 22.1t050.1
HL8b  09:52 +61:60 25 0.90 0 0 40:30-49:50 2008-01-09 r.MR96023.24 0.6t06.6 26.0t0 54.0
HL8h 16:32 +09:58 11 0.88 0 0 29:10-35:50 2008-05-05 r.MR96023.91 0.5t06.2 5.41t035.8
HL8i 16:21  +25:33 11 0.90 0 0 44:40-47:30 2008-05-09 r.MRA96024.31 0.5t06.3 8.1t0 37.5
HL8k  17:35 +24:25 12 0.90 1 1 44:50-49:50 2008-05-11 r.MR96024.63 0.5t06.4 16.4t041.0
HLS8I 17:36  +19:15 13 0.90 0 0 39:40-45:550 2008-05-13 r.MHA96024.15 0.5t06.3 13.0to 38.8
HL8m 16:58 +23:15 12 0.90 0 0 39:50-49:50 2008-05-30 r.MR96024.26 0.5t06.1 -7.91t026.1
HL8n 16:53 +22:33 11 0.89 1 1 39:40-50:30 2008-05-31 r.MR96024.80 0.5t06.1 -9.1t025.5
HL8o 16:48 +23:00 12 0.90 0 0 39:30-50:20 2008-06-07 r.MR96024.26 0.5t05.8 -17.7t021.1
HL9 18:45 +55:08 219 0.92 1 1 59:30-85:20 2009-06-16 r.MR96024.28 0.5t0 20.0 -20.0t0 90.0

Grand Total 701 24 21

Note. — RA/Dec is the approximate center of the field. Fill tBads the fraction of the rectangle Area covered by the nwaat useful for TNO
searching. D is the number of TNOs detected in the block, estumber of them that have been tracked to dynamical clzasifi. Only one HL6r
detection with apparent magnitude beyond the charactienizbmit, was not tracked to a high-quality orbit. The liinig magnitude of the survey s,
is in the SDSS photometric system and corresponding to a 4f8eecy of detection. Detection limits give the limits dmetsky motion in rate (“/hr)
and direction (“zero degrees” is due West, and positive éd\tbrth).



Table 2. Follow-up/Tracking Observations.

UT Date Telescope Obs. UT Date Telescope Obs.
2006 Nov 22 WIYN 3.5-m 8 2008 Aug 31 CFHT 3.5-m 6
2007 Apr 13  CFHT 3.5-m 6 2008 Oct 22 WIYN 3.5-m 9
2007 May 14 Hale 5-m 13 2008 Dec 15 Hale 5-m 13
2007 May 14 KPNO 2.1-m 7 2008 Dec 20 WIYN 3.5-m 17
2007 Jul 26  CFHT 3.5-m 3 2009 Jan 26 CFHT 3.5-m 7
2007 Sep 10  WIYN 3.5-m 8 2009 Mar 25 Subaru 8.2-m 2
2007 Sep 13 CFHT 3.5-m 20 2009 Apr 22 Subaru 8.2-m 5
2007 Sep 15 Hale 5-m 25 2009 Jun 19 WIYN 3.5-m 30
2007 Oct07 CFHT 3.5-m 6 2009 Jul 18 CFHT 3.5-m 5
2007 Nov 08 WIYN 3.5-m 17 2009 Jul 23 Hale 5-m 31
2008 Mar 04 CFHT 3.5-m 12 2009 Aug 17 Hale 5-m 6
2008 Mar 08 CFHT 3.5-m 3 2009 Aug 18 CFHT 3.5-m 6
2008 Apr 04 CFHT 3.5-m 10 2009 Sep 12 CFHT 3.5-m 4
2008 May 02 WIYN 3.5-m 21 2009 Sep 13 CFHT 3.5-m 27
2008 May 05 CFHT 3.5-m 21 2009 Oct 12 CFHT 3.5-m 8
2008 May 28 CFHT 3.5-m 14 2009 Nov 15 CFHT 3.5-m 4
2008 Jun 01  CFHT 3.5-m 3 2010 Jan 20 CFHT 3.5-m 3
2008 Jun 07  CTIO 4-m 20 2010 Mar 19 Hale 5-m 12
2008 Jun 22  MMT 6.5-m 4 2011 May 02 Magellan 6.5-m 8
2008 Jul 07  Gemini South 8.1-m 5 2013 Feb 08)  Gemini North 8.1-m 42
2008 Aug 05 CFHT 3.5-m 24 2013 Jul 05 NOT 2.5-m 13
2008 Aug 30 CFHT 3.5-m 52 2013 AUg 0% Gemini North 8.1-m 32

Note. — All observations not part of the HiLat discovery synare reported here. UT Date is the
start of the observing run; Obs. is the number of astrometgasures reported from the observing run.
Runs with low numbers of astrometric measures were eithgedvout by poor weather, or not meant
for HiLat object follow-up originally.(a) This is the date of the first observation; targets were oleserv
twice a month throughout the semester.
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Fig. 3.— Geometry of the HiLat discovery-blocks. The RA areclrid is indicated with dotted lines. The
solid curves show constant ecliptic latitudes &f 80°, 60°, 80°, from bottom to top. The blue rectangles
mostly along the eclitpic indicate CFEPS pointings, thenagtangles indicate the HiLat survey pointings.
The red diamond indicates the position of Neptune on 2018407
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3. Sample Characterization

As is now the norm|(Trujillo & Jewitt 1998; Jewitt etlal. 199&ladman et al. 1998; Truijillo et al.
2000; Gladman et al. 2001 ; Petit etlal. 2006; Kavelaars| &049; Petit et al. 2011), we characterized the
magnitude-dependent detection probability of each dsigollock by inserting artificial sources in the im-
ages. We performed differential aperture photometry fohed our detected objects observed on photomet-
ric nights. Our photometry is reported in the Sloan sysleokd(Bita et al. 1996) with the calibrations con-
tained in the header of each image as provided by the ELIXtRg®sing software (Magnier & Cuillandre
2004). It can be found in Tablg$ 3 dd 4. All HiLat discovergetvations that detected TNOs were acquired
in photometric conditions in a relatively narrow range afiag conditions due to queue-mode acquisition.

Those real objects in each block that have a magnitude erigiwhn that block’s 40% detection prob-
ability are considered to be part of the Hilataracterized sample. Because detection efficiencies below
~ 40% determined by human operators and our software diveretd €t all 2004), and since characteriza-
tion is critical to our goals, we are unable to utilize the parfaint-ward of the measured 40% detection
efficiency level for quantitative analysis (although weadhese discoveries, the majority of which were
tracked to precise orbits). Ttaharacterized HiLat sample consists of 21 objects of the 24 discovered
(Table[3). The magnitude distribution of objects detectaghter than our cutoff is consistent with the
shape of the TNO luminosity function (Petit etlal. 2008) ameitlypical decay in detection efficiency due to
gradually increasing stellar confusion and the rapiddéilat the SNR limit.

4. Tracking

For typical (i.e., low ecliptic latitude) surveys to depth~ 23.5-24, the observing load of tracking
observations to secure the objects and determine thetsadgiresents many times the time spent for discov-
ery. In such a case,-a700 square degree survey with fully tracked objects wouldrbgibitive. However,
because HilLat covers very high ecliptic latitudes, the neindf object per square degree at our limiting
magnitude goes down dramatically beyond 30-akd we detected only 24 objects (21 characterized).
Hence the tracking observing load was much lower than foicéptie survey and

All of the 21 characterized and 2 of the 3 non-characteriZzgidats were followed for at least 3 op-
positions. Obijects that still had uncertain dynamicalsifasations were then followed up to 7 oppositions,
mostly for resonant or near-resonant objects. The globbease of the complete observing record for all
HiLat objects is available from the MPC _(Petit etlal. 20153 dhe entire astrometric data for the HiLat
objects can be found on the Besancon TNO datg)a'ée correspondence between HiLat internal designa-
tions and MPC designations can be determined using Tabled[d ar from the Besangcon TNO database.
All characterized and tracked objects are prefixedHhyand are used with the survey simulator for our
modelling below.

®http: //tnodb.obs-besancon.fr/
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Table 3. Characterized Object Classification.

DESIGNATIONS a e i R mr  op Hy Comment
CFEPS MPC (AU) ) (AU)

Resonant Objects

HL6r3 2006 SG415 | 47.931(6) 0.2915(1) 31.376(0) 35.009 2327 003 7.75 21
HL7j3 2007 LG38 | 55.45(2)  0.4340(3) 32579(0) 32219 2293 009 7.68 5:2

HL7cl 2007 FN51 | 87.49(3)  0.6188(2) 23.237(0) 39.100 23.20 0.06 7.17 51|
HL7j4 2007 LF38 | 87.57(3)  0.5552(2) 35.825(0) 48.432 2253 0.09 554 51|

Inner Classical Belt

HL7pl 2007 RY326 | 38.817(9) 0.06776(9)  25.479(0) 37.952 2320 0.12 7.30

Main Classical Belt

HL6r1 2007 RL314 | 40.386(8) 0.0386(4) 21.057(1) 40.771 2297 0.07 6.79

HL6r5 2006 SE415 | 42.599(8) 0.027(1) 18.517(1) 42.266 23.73 012 7.40
HL6r6 2006 SF415 | 43.20(2)  0.077(1) 15.712(0) 40.713 23.87 0.09 7.70
HL7c2 2007 FM51 | 45.53(1)  0.159(1) 20.221(1) 42561 23.00 0.15 6.59

HL7p2 2007 RW326| 45.92(1)  0.2355(2) 20.5000) 35.127 23.70 010 8.16 I(L7:9
HL7p3 2007 RX326 | 46.096(7) 0.1565(3) 25.029(0) 39.343 2330 030 7.25

Detached/Outer Classical Belt

HL6r2 2006 SH415 | 49.759(9)  0.2539(3) 25.048(0) 38.189 23.60 006 7.71
HL7c3 2007 FO51 | 50.37(3)  0.2873(6) 27.946(0) 37.560 22.87 0.19 6.99 1(13:6
HL7j5 2007 LE38 | 54.05(1)  0.2267(1) 35.966(1) 41.800 2327 0.07 6.93
HL6r4 2007 RM314| 70.81(2)  0.4846(2) 20.884(0) 42.622 22.70 017 6.33 1(18:5
HL7jL 2007 LJ38 | 72.37(3)  0.4698(3) 31.540(0) 38.848 23.07 019 7.03 (154
HL8kl 2008J041 | 87.35(2) 0.5431(1)  48.815(0) 44.453 2457 012 7.91

Scattering Disk

HL8al 2008 AU138 | 32.392(3) 0.3745(2)  42.826(1) 44518 22.93 023 6.29
HL8N1 2008 KV42 | 41.532(4) 0.49138(7) 103.447(0) 31.849 23.73 0.03 8.52
HL7j2 2007 LH38 | 133.93(4) 0.72523(8) 34.197(0) 37.376 23.37 0.03 7.50 P[19
HLOM1 2009 MS9 | 348.9(2) 0.96847(1)  68.016(0) 12.872 21.13 0.09 9.57

Note. —a: semimajor-axis (AU)ge: eccentricity;:: inclination (degrees)R: distance to the Sun at discovery time
(AU); m,: apparent magnitude of the object in MegaPriméilter; o,-: uncertainty on the magnitude in that filtéf;- is
the absolute magnitude in r band, given the distance atwisgpin Comment column, M:N: object in the M:N resonance;
I: indicates that the orbit classification is insecure (ségd@®an et al.| (2008) for an explanation of the exact meaning)
(M:N): the insecure object may be in the M:N resonance. Fewtibital elements the number in “()" gives the uncertainty
on the last digit.
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Table 4. Non Characterized Object Classification.

DESIGNATIONS a e i R my oy H, Comment

CFEPS MPC AU ° AU

Resonant Objects

uHL7c4 2007 FP51 | 44.760(6) 0.2017(1) 25.606(0) 36.688 23.80 0.20 8.02 20D:11

Detached Classical Belt

UHL7p4 2007 RZ326| 52.676(8) 0.3465(1) 37.268(0) 38.300 23.93 0.09 7.98

Non classified objects

UHL6r7 2006 SN415| — — —  38(7) 2450 025 8.65

Note. — Same as TaHlé 3 for non characterized objects.
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The tracking observations provide sufficient informatiorailow reliable orbits to be determined such
that unambiguous dynamical classification can be achievele majority of cases. Orbital elements are
computed using the Bernstein & Khushalani (2000) ‘orbfitieo Ephemerides errors for the coming year
are as small as a few tenths of an arcsecond for several sbfbers have uncertainties up to of order
10 arcseconds. Our protocol was to pursue tracking obsemgatintil the semimajor axis uncertainty was
< 0.1%; in Tabled B and]4, orbital elements are shown to the pogcisith which they are known, with
typical fractional accuracies on the order of a fedv*. In the cases of resonant objects even this precision
may not be enough to precisely determine the amplitude afes@nant argument, or even securely classify
them as resonant. Thanks to our intensive tracking effgriachical classification is possible for 100% of
the characterized sample.

4.1. Orbit classification

We follow the dynamical classification scheme_of Gladman.gR808), which was also used to de-
termine the classification of the CFEPS sample. In this sehéine Kuiper Belt is divided into three broad
orbital classes based on orbital elements and dynamicalvimh We first check if the object is resonant
(currently in MMR with Neptune or Uranus), then see if it igm@ntly scattering (practically defined as a
variation of semimajor axis of more than 1.5 AU in a forwanthei integration over 10 Myr). If not, it is
a classical or detached object: Inner classical if semirmeje is interior to the MMR 3:2 with Neptune;
main classical if semimajor axis between the 3:2 and 2:1 MRer classical if semimajor axis beyond
the 2:1 MMR ancd: < 0.24; detached if semimajor axis beyond the 2:1 MMR ans 0.24).

Using this classification procedure, 7 of our 21 charaateriabjects remain insecure, as defined in
Gladman et al. (2008), due to their proximity to a (high-aydesonance border where the remaining astro-
metric uncertainty makes it unclear if the object is actusdlsonant. We list these “insecure” objects in the
category shown by the majority of the clones (Gladman et@)82 and give the nearby resonance in the
comment column. Tablg 3 gives the classification of all ctt@rized objects. None of these objects had
archival observations before our discovery. Table 4 gikiesctassification of the tracked objects below the
40% detection efficiency threshold, hence deemed un-diesized and not used in our Survey Simulator
comparisons.

The apparent motion of TNOs in our opposition discovery fiescapproximately ("/hr) ~ (147 AU)/R,
whereR is the heliocentric distance in AU. With a typical seeing of-®.9 arcsecond and a time base of
70-90 minutes between first and third frames, we were semsdiobjects as distant d&~ 125 AU, pro-
vided they are brighter than our magnitude limit. Despite fiensitivity to large distances, the most distant
object discovered in HiLat lies at 48.4 AU from the Sun (HL, A4 insecure resonant object in the 5:1 MMR
with Neptune|(Pike et al. 2015)).
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5. Results

CFEPS data presented in P1 were modelled independentlygamrier, main, outer/detached classical,
the scattering and various resonant populations by P1 aadnGn et al. (2012). The model for the main
classical belt is refered as the L7 model hereafter. Acogrth P1, the cold component may very well exist
only in the main classical belt. The hot component, on théreoy) permeates the whole belt, from the inner
classical, to the main classical, to the outer/detachedabel all the resonances. The cold component was
well constrained by the Ecliptic component of the survey.

HiLat was designed to have maximum sensitivity to highimation objects (Fid.12), and thus places
strong constraints on the distribution of high-inclinatiobjects, i.e., the hot population. The goal is thus to
improve the L7 model.

5.1. Main Classical belt and L7 model

Our aim is to create a model that is compatible with both thEE% and HiLat detections. We are able
to account for HiLat detections by slightly changing someapaeters of the L7 orbital model, affecting only
regions of phase space not well constrainted by CFEPS aetectHere we concentrate on the model for
the main classical belt, because this dynamical class alomgtitutes nearly a third of the full HiLat sample.
With the parameterization of L7 model, HiLat is sensitivenakt exclusively to the hot component. Hence
this is the part of the model that will be modified in the foliog. However, in what follows, we always run
the full L7 model, including all components: kernel, stitr@nd hot components.

5.1.1. Orbital model

To estimate the quality of a model, we compare the surveyctigtesample to the sample returned by
passing our intrinsic model through a survey simulator ((saees et al. 2006, for details). Acceptance of a
model is based on the Anderson-Darling statistic for each efi, ¢ [perihelion distance]R andr’ and its
level of significances (probability of the null hypothesis [the simulated and theerved samples are drawn
from the same underlying distribution] being correct),edetined using a bootstrap method (Press et al.
1992).1—s gives the rejectability of that hypothesis. As for CFEPSrgject a model when the rejectability
exceeds 95%. We determine the rejectability on the maximiuatt @ indicators we consider. When creating
the L7 model, P1 split the phase space into sub-regions (sperlix A of P1) to help separate the hot and
cold components and account for the kernel and stirred caergs. HiLat detects almost exclusively the
hot component, and the sample size is small, thus we detertimnsignificance examining the full orbital
phase space occupied by the main-belt.

Using the improved survey simulator (See Bannister let &1162) for a description of the improve-
ments) against the CFEPS detections, the L7 model for the olassical belt retains the same level of
significance £20%) as with the previous survey simulator.
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212 To combine the CFEPS and HiLat sample we must make a colotgatimn. CFEPS was run mostly
213 With the ¢’ filter, except for 1 block with the’ filter, and the pre-survey block with the R filter. HiLat
214 Was run entirely with the’ filter. The improved Survey Simulator correctly handlesveys observed in

215 different filters, and accepts as input the colours of eagdcbbHere, for compatibility with previous works,
216 We assumg’ — ' = 0.7 andg’—R= 0.8 (this assumption agrees with more recent results from OS$S8@S

217 Outer Solar System Origin Survey; Bannister et al. 2016a).

218 When the biased L7 model is tested agaijnst the HiLat detestithei andg distributions of the hot
219 component are rejectable:at95%. An important feature of the L7 model for the main classhet is theg

20 distribution of the hot component (see Appendix A of P1),skhs essentially uniform between two limits,
221 With rapid roll-over at both ends, with a width of 0.5 AU. Thpper limit is poorly constrained by CFEPS.
222 To account for HiLat detections, we moved the upper rollrafehe hot-componeni distribution from 40
23 to 41 AU, still with a width of 0.5 AU. Because HilLat did not éet any main classical belt object with
24 g < 35 AU, we must impose a sharp cut-off on top of thdependent lower-limit of the hot-component
225 distribution. The new parameterization is described inéqupx[A. Using this slight tuning of the L7 model
26 continues to provide an acceptable match to the CFEPS ddteample, when considered independent of
227 the HiLat sample. Extending thgdistribution of the L7 model somewhat allows compatigiltith the
228 HilLat ¢-distribution.

229 Thei-distribution of the HiLat main classical belt detected gpéaris incompatible with the hot compo-
220 hentofthe L7 model. The CFEPS detected sample stronglgtsegehot population with a narrow inclination
231 width because that model does not yield the correct ratiovdxt low inclination and high inclination as
232 compared to the detections in the CFEPS sample. The CFERSesajects much larger inclination distri-
233 butions ¢ > 30°; see Figl %, dashed line) only because of the relative latdwoinclination objects in these
234 distributions. The HiLat detected sample, on the contraajgcts any model with too wide an inclination
235 distribution because this survey is very sensitive to tigh limclination orbits. Even the inclination width
236 o = 16° preferred by CFEPS has a long tail containing too many abjedh ¢ > 35° which would have
237 been detected by HiLat. But being completely insensitiviewoinclination orbits (HiLat cannot detect any
238 Of them), it can accept any values @fas long at they allow enough objects upitez 35°. Thus HilLat

230 IS consistent with all values of from 7.5 to 15.5 (Fig.[4, dash-dotted line). Together, the two surveys
20 combine high CFEPS sensitivity at low inclinations and Hit@mproved sensitivity at high inclinations.
21 The result is shown in Fil] 4. Because our model rejectioesthold is set at 5% significance, this analysis
22 indicates that an acceptable value for each of CFEPS and Béparately and for their combination, is an
243 inclination widthe in the range 14-15.5, where all three curves exceed the threshold.

244 Separately, CFEPS and HiLat favor different values for thdtiwand only marginally agree at the
25 intersection (see Fifl 4). There is tension between the lm@dlewed by the two data sets. This raises
26 doubts on the parameterization used here. Gulbis et al0jafAfroduced an inclination distribution given
247 by sin (i) times a Gaussian of width, centered on a valug greater than Oto fit what they called the
248 Scattered population (AppendiX A). Pike et al. (2015) diel $ame to study the 5:1 MMR population. P1
249 Mentioned the possibility to use a similar functional foronrépresent the Classical belt hot population
250 inclination distribution, but concluded that the fit was damnough with the usual distribution and that the
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Fig. 4.— Modelling the hot component of the main classicadl. bdinimum level of significance of all 6
Anderson-Darling tests far, e, 4, ¢, R, andr’, as a function of the hot population inclination distrilouti
width, for CFEPS alone (dashed line), HiLat alone (dasheddine) and CFEPS and HiLat combined (solid
line). The dotted line shows the 95% rejection thresholg;randel with significance level below that line is
rejected. The bumpiness of the curves is due to randomnéss gurvey simulator and in the bootstrapping
of the Anderson-Darling statistics.
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data did not demand the increased complexity of the extranpater. Applying this functional form to the
CFEPS, HiLat and CFEPS+HiLat sample also does not impravéettel of significance enough to warrant
the increased complexity of the extra parameter. So ouepeaf model retains the previous inclination
distribution functional form, with a widtlr = 14.5°. We note, however, that the functional form here,
while useful for discussion, is not a good description ofghgsical distribution of high-inclination TNOs.

5.1.2. Population estimates

Population estimates are dependent on the orbital modeltaskescribe each TNO component, which
we are slightly modifying from P1. They also depend on theemirmodelling of the survey operation
and detection efficiency. As explained.in Bannister et &164a), the survey simulator has been improved
to better represent the exact selection and rejectionteftgabjects based on measured magnitude rather
than intrinsic magnitude. This has the potential of suligthy affecting the population estimates due to the
steep slopes of the absolute magnitude H distributions.

We follow the same procedure aslin Kavelaars et al. (2009di@an et al.l (2012), and P1. We run
our model, generating simulated objects, passing thenugiirthe survey simulator until we have detected
the same number of objects in the simulation as in the reakg(s). We record this number and repeat
the procedure 500 times. This gives us the distributionkefyi population size. Tablg 5, columns A, gives
the population estimates, using our new modeli/{o< 8.0 to compare with P1. Compared to P1, we use
the newg-distribution and ani-distribution with widtho, = 14.5°. Our CFEPS estimates are statistically
undistinguishable from P1 estimates.

Although the various population estimates for a given conemb have overlapping error bars, HiLat
estimates population sizes at just a little over half thd$eREPS. This is also reflected in the larger than ob-
served fraction of objects detected from HiLat when runmogmodel through the combined CFEPS + Hi-
Lat survey simulator; 12% of the simulated detections amenfHiLat, while they represent only 6% of
the real sample. This larger fraction from HiLat means theleh@lus survey simulator are more efficient
at detecting objects in HiLat survey, hence needing a smatfiderlying population to reach the required
number of detections. This may be due to our choicg efr’ color for TNOs, a necessary parameter when
combining surveys done in different band passes.

Up to now we used thg/ — ' = 0.7 colour derived from CFEPS sample for all components. Howeve
the cold belt objects are redder than the hot ones (Doredgammet all 2002; Tegler etlal. 2003). If the hot
objects detected by HiLat are bluer thein— r’ = 0.7, then the number of objects brighter thAy = 8.0
needed to match the real detections is larger. Accordingadsdf (private communication, 2016), the cold
component has a typical colot8 < ¢’—r' < 1.1, while the hot component comprise mostly neutral objects
with 0.4 < ¢’ — ' < 0.7, and a small fraction of objects as red as the cold compofabtel%, columns B,
gives the population estimates when using- ' = 0.45 for the hot component ang — ' = 0.95 for the
cold component. The three population estimates become coonpatible with each other, and the fraction
of simulated detections from HiLat in CFEPS+HiLat simwas becomes 7%, similar to the real detected
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Table 5. Model dependent population estimatestgr< 8.0.

Population CFEPS HiLat CFEPS+HiLat

A B A B A B
hot 3,7007800  3,5007700  2,10071305  2,70073150  3,5007700  3,400755)
stirred 2,7007850  2,600T390  1,55075200 2, 00072390 2,60075%0 25007330
kernel 8007229 7507125 4507250 6007700 8007125 7507159

Note. — Our model estimates are given for each sub-populatithin the Kuiper belt. The uncertainties
reflect 95% confidence intervals for the model-dependentilptipn estimate. Remember that the relative
importance of each population will vary with the uppHy, limit. The A columns correspond to a uniform
colourg’ — v’ = 0.7, while B columns havg’ — r’ = 0.45 for the hot component ad — ' = 0.95 for the
cold component.
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fraction. This result provides (unsurprising) evidencetfe already known differenf — 7’ colours of the
various components, which must be accounted for when cangpdetections in different filters.

5.2. Other populations

The HilLat characterized sample included six outer clagsicdetached objects, roughly half as many
as were identified by CFEPS (P1 identified 13 non-scattemog-resonant objects beyond 48 AU). P1
established that the outer-detached population can iprated as a smooth extention beyond the 2:1 MMR
of the hot main classical belt. We confirm this result with ®fS=-HiLat detection. We note however that
the HiLat sample alone allows inclination width3° < o < 30°, possibly more excited than for the main
classical belt. The combined CFEPS+HiLat sample allowshalination width12.5° < ¢ < 20°. This is
in agreement with the outer-detached population being agmaxtension of the hot classical population.
We estimate the population beyond 48 AU H,, < 8.0) = 950013200, very similar to P1 estimate.

The HiLat characterized sample contains 4 resonant obj€uts is in the 2:1 MMR and another one
in the 5:2 MMR with Neptune. These represent a small cortiohuto the known populations of these reso-
nances from characterized surveys like CFEPS. HiLat mad®jaortant contribution to our understanding
of the resonant population by discovering two objects in3ieMMR (only 1 was known from CFEPS),
and another very close to the 5:1 MMR, HL8k1 = 2008;JJ& 87.356 AU; scientific interpretation of these
discoveries have been reported in Pike et al. (2015).

5.3. Exotic objects: 2008 K\{; and (418993) 2009 M$

Amongst its 21 characterized detections, HiLat discov&redtraordinary TNOs. Both are scattering
objects. The first one was discovered on May 31st, 2008 in@diienoderate ecliptic latitude-(30°). It
is HL8n1 = 2008 K\4s, the first known retrograde TNO. Details about this object @hat it tells us about
the origin and dynamical evolution of exotic scatteringeatt$ is developed in Gladman et al. (2009).

The second object is HL9m1 = (418993) 2009 jVifliscovered on the 26th of June 2009 at a distance
of 12.9 AU from the Sun and an ecliptic latitude of°71t has a larged ~ 350 AU) and highly-inclined
(z ~ 68°) orbit (Fig.[8), which is also highly eccentrie ¢ 0.968). Inbound at 13 AU at time of discovery,
the pericenter of this extreme orbit wad 1 AU in February 2013, so (418993) is transiting the randgeeof
liocentric distances where comets have been observed torigeactivel(Meech & Svorzn 2004). (418993)
thus may be the first observable object that has been in dééstooage at hundreds of AU for of order
5,000 years. Under the hypothesis that this is a comet froistand source (either the inner Oort Cloud, or
something else as yet unknown), it is also quite possible(#18993) has never been interior to Saturn’s
orbit (unlikely to be true for the known Centaurs, which ofteave their perihelia altered as they interact
with the giant planets).

A plausible scenario is that (418993) is a former Oort-clalgect that has had its orbit changed
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Fig. 5.— Trans-Neptunian objects with> 10 AU in orbital a /i space, in ASTORB database as of August
2nd, 2016. Since its discovery, 2009 MS (418993) stands out as unique (with other 300 AU TNOs
having inclinations in the ‘normal < 20 deg range). 2008 K); is also very peculiar with a retrograde
orbit almost polar, having only one other object with simiabit, 2011 KT;,.
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from nearly parabolicq >1000 AU) to highly eccentric by an encounter with Saturn,rdis or Neptune.
(418993) is currently only dynamically meta-stable on thdeo of ~10 Myr, and may never have come
inside the water-sublimation zone (heliocentric distanufes—6 AU). Many comet nuclei have been studied
after the development of a coma, but only after the comets ledithe inner Solar System and are very dim
(Lamy et al/ 2004). MS9 had the advantages that, at time obd&y, it was bright«’ ~ 22), inbound, and
had no obscuring coma. Assuming an albed®.04 (common for comet nuclei, Lamy etlal. 2004, but on
the lower end for TNOS), this object has a radit®0 km. Not only is (418993) unique dynamically, but if it
had become an active comet, it would have been the largesttaurnleus in recent times, after Hale-Bopp
(C/1995 01, radius = 37 km; Lamy et/ al. 2004).

At its discovery distance of 13 AU, no coma has been detectemhalysis of our deep August 2009
CFHT images, to a limit of 28 mag/arcgec Other shorter-period comets have been observed to start
cometary activity as far out as 12-14 AU from the Sun (1P&yalit 14 AU and 2060 Chiron at 12 AU,
Meech & Svoren 2004). We observed (418993) at the Paloman5hugust 2009, and determined that it
has a~ 0.4-mag lightcurve with a period of over either 6.5 (single pedjkor 13 hours (double peaked;
Fig.[8). Studying a possible cometary activity on this objegjuires determining the rotational phase to
remove this predictable brightness change. We obtaingeshofobservations to monitor the cometary ac-
tivity from Aug. 2010 to Feb 2011 but detected none. From 204& end of 2014, many observations
of (418993) have been reported to MPC, around its perihglassage, but none have reported detection of
cometary activity.

6. Summary and discussion

The HiLat survey was designed to address one of the shomgsmdf CFEPS, its lack of sensitivity
to high-inclination objects. HiLat imaged about 700 sqg.deom 12 to 85 ecliptic latitude. The survey
was performed at CFHT in the filter and achieved limiting magnitudes raging frorh= 22.4 for the
shallowest field to’ = 24.8 for the deepest field. Being at high ecliptic latitude, thevey detected only
24 objects, of which 21 are brighter than the charactedrdimit. Thanks to the small number of objects
and to our careful follow-up strategy, we tracked all chtedzed objects to precise orbit determination and
orbital classification.

HiLat detected 6 objects from the hot main classical belt. ddeafirm the global parameterization of
this component found by CFEPS. An important finding of CFERS that theg-distribution of the hot
classical component is essentially flat between 35 AU and4Qwfith poor constraint on this upper limit.
The HiLat sample requires us to move the upper limit to 41 Aldluding the HiLat sample and survey in
the analysis, we decrease sightly the width of the inclomatlistribution of the hot component to= 14.5°.

The high sensitivity of HiLat survey to TNOs on highly-inodid orbits permits formal rejection at high
confidence of 'wider’ orbitak-distributions for the hot classical belt, and to a lesseemixthe detached
components. CFEPS survey already rejected 'narroiv@istributions. Having ai-distribution with little
contribution below about F0and not extending much beyond°380 is difficult to achieve with a broad
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Fig. 6.— Preliminary lightcurve from 18 and 19 August 20090Rsar data. The magnitudes are relative
to 8 field stars (with the mean removed). r-band (red diamamd) g-band (green triangle) photometry
was obtained on both nights, while the i-band (blue star) agiired only on the first night. The r- and
g-band magnitudes have been arbitrarily adjusted to the sa@an to show that there is no strong rotational
colour dependence. The amplitude~i§.4 mag. Observations acquired on the 19 August 2009 have bee
arbitrarily shifted by 26 hours. This plot shows that theigetis around 6.5 hour if single peaked or around
if double peaked 13 hour. Although the single peaked salgagems incompatible with this plot, the quality
of the data does not allow to reject it firmly. Thus one needsngér time span to really characterize the
lightcurve.
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gaussian centered @t distribution. It becomes increasingly clear that eq. (7Bmown (2001) is not the
approrpiate representation for this distribution and gbimg different should be considered. The distribu-
tion proposed by Gulbis et al. (2010) is an interesting fmlesi A new ¢-distribution could have profound
cosmogonic implications that would need to be investigated

The exotic highei- objects like those found in HiLat (Fi¢l 5) do not fit into thisciure; we will
call these: ~ 90° objects the ‘halo’ component. Due to our sensitivity to higblinations, these do not
represent the tail of the 14.aussian. Instead, these objects may point to a new sowatéedds large-
TNOs into the planetary system (Gladman et al. 2009). Thissimaultaneously be the source of the Halley-
Type comets (see Levison ellal. 2006). Recently, Batygin &\Br (2016) pointed to (418993) as possible
evidence that this source might be related to an undiscdy#amet in the distant solar system~ 500 au);
producinga < 50 objects like 2008 K\, requires pulling objects from such a largesource down to such
small semimajor axes and is exceedingly difficult due to igh Bncounter speeds with Neptune and Uranus
(Gladman et al. 2009).

The OSSOS Survey (Bannister etlal. 2016a,b) will allow afadnsideration of the details of the
i-distribution of the main hot component and the relativetica of objects that must be in this halo popula-
tion. The use of our characterized Hilat survey (coupledR&RS and OSSOS) permits powerful constraints
to be placed on the/q/: distribution generated by any proposed model of where terseme objects are
coming from.

A. Appendix A

We here detail the minor tuning to the L7 algorithm used toegate the hot population of the main
classical belt, motivated by the HiLat sample’s greatesseity. The new algorithm becomes:

e a perihelion distance distribution that is mostly uniform between 35 and 41 AU hngbft shoulders
at both ends extending overl AU; the PDF is proportional td/([1 + exp ((35 — ¢)/0.5)][1 +
exp ((¢ — 41)/0.5)]); any object withg <35 AU is rejected;

e reject objects withy < 38 — 0.2i (deg) to account for weaker long-term stability of lgwerbits at
low inclination.

The inclination distribution for the hot component remaif§) o sin(i) exp (—i?/20?), but witho =
14.5°.
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